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Synopsis 

Probing structure and druggable space of viral G-quadruplexes using dual-

functional nucleoside analogs 

 

Background and Aim  

Nucleic acids exhibit structural diversity beyond their well-known double-helical form, 

adopting alternative structures including bulges, hairpins, branched junctions, triplexes and G-

quadruplexes (GQs).1 These non-canonical structures are closely tied to their functional roles 

in biological systems. Investigating the interplay between nucleic acid structures and their 

biological functions is crucial in structural biology and holds immense promise for designing 

nucleic acid-based diagnostic and therapeutic strategies. To this end, numerous studies have 

utilized techniques like fluorescence spectroscopy, CD, NMR, EPR, and X-ray crystallography 

to explore nucleic acid structures, dynamics, and their interaction with proteins.2 The majority 

of these methods typically require external labeling of nucleic acids, as they lack inherent 

detection tags or labels. Besides structural characterization, these methodologies aid in 

identifying small molecules that specifically bind to nucleic acid structures, paving the way for 

novel therapeutic approaches. Nevertheless, most of these studies are conducted under in vitro 

conditions, which may not accurately replicate the native intracellular environment.3 Factors 

such as ionic strength, molecular crowding, confinement, and pH significantly influence 

nucleic acid folding, meaning their cellular conformations often differ from those observed in 

vitro.4 Emerging tools, including antibodies, fluorescent probes, and in-cell applications of 

NMR and EPR have enhanced the study of nucleic acid conformations within cellular 

contexts.5 However, distinguishing closely related conformations, such as different GQ 

topologies, in dynamic equilibrium within complex cellular environments remains a persistent 

challenge. To overcome these limitations, we proposed developing minimally invasive 

nucleoside probes capable of detecting environmental changes and producing unique 

signatures for diverse nucleic acid topologies, both in vitro and in cellular systems. 

Scope of the Thesis 

This thesis focuses on utilizing dual-labeled nucleoside analogs equipped with fluorescence 

and 19F NMR tags to study nucleic acid conformations, dynamics, and interactions with small 

molecules. Specifically, modified nucleosides were synthesized by conjugating a 

fluorobenzofuran group to the C5-position of 2′-deoxyuridine (FBFdU) or uridine (FBFU). 
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These probes demonstrated high sensitivity to environmental factors such as solvent polarity 

and viscosity while maintaining the structural integrity of DNA and RNA when incorporated 

into oligonucleotides. This versatile platform enables the investigation of nucleic acid motifs 

in both cell-free and cellular environments, with a particular emphasis on secondary structures 

of conserved G-rich viral sequences, including G-quadruplexes. By leveraging the sensitivity 

and specificity of these dual-labeled probes, the thesis delves into characterizing the formation, 

stability, and interactions of viral G-quadruplex structures, which are crucial regulators of viral 

genome functions such as replication, transcription, and translation. This approach provides 

deeper insights into the structural dynamics of these critical elements in the context of viral 

pathogenesis. 

In this context, the dual-functional nucleoside, in combination with 5-fluoro-2′-

deoxyuridine, generated distinct fluorescence and 19F NMR signatures for the individual GQ 

structures formed by the G-rich DNA sequence of the HIV-1 long terminal repeat (LTR). 

Importantly, 19F NMR signals facilitated the detection of a physiologically relevant HIV-1 GQ 

structure under cellular conditions. Furthermore, this probe system was employed to monitor 

the formation and polymorphism of a unique hybrid hairpin/GQ structure, as well as to map 

small-molecule ligand interactions with the hybrid hairpin-GQ system. Similarly, the modified 

ribonucleoside was utilized to investigate GQ polymorphism within the Nsp3 gene of SARS-

CoV-2. Collectively, these dual-labeled nucleoside analogs provide an innovative and efficient 

approach for exploring complex nucleic acid structural equilibria and offer significant potential 

for identifying topology-specific binders aimed at targeting viral sequences. 

The organization of the thesis is outlined as follows. 

Chapter 1. Biophysical approaches for investigating structure, dynamics, and function of 

nucleic acids  

This introductory chapter discusses the formation of non-canonical nucleic acid structures, with 

a particular focus on GQ structures, and their biological functions. The structure-function 

relationship of GQs has been explored using a variety of biophysical techniques, including CD, 

NMR, fluorescence, EPR and X-ray crystallography.2 The principles behind these techniques, 

recent advancements, and challenges in studying GQ structures and their interactions with 

proteins and ligands are briefly outlined. Additionally, the chapter covers the use of antibodies, 

fluorescence light-up probes, in-cell NMR, and EPR techniques to investigate GQ structures 

under cellular conditions. Furthermore, the development and application of micro-

environment-sensitive fluorescent nucleoside analogs for probing GQ structures both in vitro 
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and in vivo are reviewed in detail. The limitations of these methods in studying nucleic acid 

structures are discussed, leading to the motivation of the present thesis on the development and 

utilization of dual-app nucleoside analogs, which are elaborated in the final section of the 

chapter.  

Chapter 2. Structural elucidation of HIV-1 G-quadruplexes in a cellular environment 

using responsive 19F-labeled nucleoside probes 

Understanding the structure of highly conserved regulatory segments in integrated viral DNA 

genomes, which adopt unique and complex topologies, is crucial for devising novel therapeutic 

strategies against chronic infections. A notable example is the long terminal repeat (LTR) G-

rich region of HIV-1, which exemplifies such conservation and structural complexity.6 In this 

study, we developed and employed a highly sensitive probe system based on nucleoside 

analogs, 5-fluoro-2′-deoxyuridine (FdU) and 5-fluorobenzofuran-2′-deoxyuridine (FBFdU), to 

explore the structural polymorphism of GQs formed by the G-rich sequences in the HIV-1 long 

terminal repeat (LTR). Using fluorescence and 19F NMR techniques, these analogs served as 

effective sensors for detecting distinct topologies of GQs and their interactions with other 

structural motifs. FdU and FBFdU demonstrated distinct spectral signatures that enabled 

identification and characterization of different GQ topologies within the LTR G-rich 

sequences. Notably, systematic 19F NMR analysis in Xenopus laevis oocytes provided 

unprecedented insights into the structural conformation of the LTR G-rich regions within a 

cellular environment. The data revealed that this region adopts a unique hybrid GQ-hairpin 

architecture, which represents a highly specific and accessible hotspot for selective targeting 

by small molecules. 

In addition to experimental data, structural models generated using molecular dynamics 

(MD) simulations offered detailed insights into how the probe system senses various GQ 

topologies. These simulations highlighted the probe's sensitivity in distinguishing between 

structural variations, further validating its utility in mapping complex nucleic acid 

architectures. This study offers insights into the structural landscape of HIV-1 LTR GQs, which 

could serve as a foundation for designing targeted and structure-specific therapeutic agents. 
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Figure 1: Microenvironment-sensitive probe system detecting HIV-1 LTR G-rich region in 

cell-free and cellular environment. 

Chapter 3. Probing druggable space of HIV-1 LTR G-quadruplexes using responsive 19F-

labeled nucleoside probes 

Given the highly conserved nature and unique structural features of these GQs, we sought to 

investigate how small molecules interact with the juxtaposed hairpin-GQ regions. To achieve 

this, we employed an environment-sensitive probe system comprising FdU and FBFdU, 

designed to map the druggable space of individual LTR segments using the spectral signatures 

of fluorescence and 19F NMR. The fluorescence component of the dual-labeled probe was 

pivotal in estimating the binding affinities of various ligands with distinct spectral properties. 

Interestingly, 19F NMR analysis provided a deeper understanding by revealing distinct signals 

corresponding to the specific regions of the hybrid GQ-hairpin structure targeted by the ligands. 

This finding underscores the ability of small molecules to selectively bind structure-specific 

regions within the hybrid motif. 

To extend this work, we examined a longer LTR region encompassing LTR-(III+IV), 

which was stabilized using TMPyP4, a GQ binder, and doxorubicin, a duplex binder. Notably, 

19F NMR revealed that TMPyP4 specifically interacted with the G-tetrad regions, while 

doxorubicin preferentially occupied the hairpin region of the hybrid structure. These 

observations highlighted the differential binding preferences of ligands, shedding light on their 

structure-specific targeting capabilities. 

Building on these results, we conducted a Taq DNA polymerase stop assay to assess 

the potential of simultaneous targeting of the GQ-hairpin motif. The assay suggested that dual 

targeting of these juxtaposed motifs could be a rational strategy to selectively and effectively 

inhibit viral pathogenesis. In this context, the combination of FBFdU and FdU offers a versatile 



x 
 

platform not only for studying the hybrid GQ motifs but also for devising screening assays to 

identify hybrid ligands capable of targeting GQ-hairpin motifs. This approach paves the way 

for designing novel therapeutic interventions against viruses leveraging the unique structural 

features of their nucleic acid elements. 

 

 

Figure 2. Microenvironment sensitive probe system mapping the druggable space of the unique 

hairpin juxtaposed GQ structure. 

Chapter 4. Probing viral G-quadruplexes of SARS-CoV-2 with 19F dual-app nucleoside 

analog 

The fluorobenzofuran-modified dual-labeled RNA analog (FBFU) was employed to 

investigate RNA viral sequences, broadening its utility in studying viral GQs. Given the 

frequent emergence of SARS-CoV-2 variants,7 which pose challenges to the efficacy of 

existing vaccines and antiviral therapies, targeting viral GQs represents an innovative and 

promising therapeutic strategy.8 In this work, we focused on the structural and functional 

characterization of the highly conserved G-rich region encoding the non-structural protein 

Nsp3 of SARS-CoV-2, a sequence implicated in critical viral processes. The dual-labeled probe 

was strategically incorporated into the Nsp3 G-rich region by substituting a natural uridine 

residue. This incorporation enabled the detection of structural polymorphisms within the GQ, 

unveiling the coexistence of multiple GQ conformations. Detailed temperature-dependent 

studies revealed further insights into the polymorphic nature of these GQs, highlighting their 

dynamic structural landscape. Furthermore, the probe was instrumental in assessing ligand 

interactions with Nsp3 GQs. Binding studies demonstrated a high affinity of the well-known 

GQ-binding ligands TMPyP4 and BRACO19, emphasizing the therapeutic potential of 

targeting these structures. These findings underscore the versatility and sensitivity of the probe 

in elucidating the complex structural distribution and ligand recognition properties of viral 
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GQs. This understanding of GQ structural diversity and ligand interactions provides a valuable 

foundation for the rational design of antiviral drugs. By tailoring molecules to specifically 

target the unique and conserved structural element, this approach opens a new avenue in 

advancing therapeutic strategies against RNA viruses like SARS-CoV-2. 

 

Figure 3. Microenvironment-sensitive RNA probe system detecting Nsp3 region in GQs of 

SARS-CoV-2. 
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1.1 Introduction 

1.1.1 Nucleic Acids: A hall of fame for structural and functional versatility 

Nucleic acids are indispensable molecules in life, performing dual roles as carriers of genetic 

information and regulators of vital cellular processes.1 Beyond their traditional role as 

blueprints for protein synthesis, their versatility is rooted in their ability to adopt diverse 

secondary and tertiary structures.2 These include hairpins, triplexes, cruciforms, G-

quadruplexes, i-motifs, bulges, loops, Holliday junctions, pseudoknots, and etc.2,3 Such 

dynamic conformations are critical for regulating fundamental cellular activities, including 

replication, transcription, repair, and recombination.4  

This structural diversity is particularly evident in RNA, which exhibits extraordinary 

complexity.5 Non-coding RNAs like ribozymes and tRNAs fold into intricate three-

dimensional shapes, enabling catalytic activities and precise molecular recognition.6 Such 

specialized structures allow nucleic acids to interact with ions, water molecules, and proteins, 

such as histones and DNA polymerases, thereby acting as versatile scaffolds, regulators, and 

effectors in a variety of cellular mechanisms.7 In addition to their structural versatility, nucleic 

acid functions are finely modulated by environmental factors, including pH, temperature, and 

chemical modifications.8 Modifications such as DNA methylation and diverse RNA base 

alterations introduce additional regulatory layers, allowing nucleic acids to adapt dynamically 

to cellular and environmental cues. These modifications, together with interactions between 

nucleic acids and proteins, underpin essential biological processes, including DNA repair, 

recombination, transcription regulation, and viral infection.9 

Nucleic acid structures have been studied using a variety of biophysical techniques, 

including circular dichroism (CD), UV-Vis spectroscopy, fluorescence, X-ray crystallography, 

electron paramagnetic resonance (EPR) and nuclear magnetic resonance (NMR).10 However, 

the lack of intrinsic labels in native nucleic acids suitable for techniques like fluorescence, 

NMR, EPR, and X-ray methods poses a significant challenge for structural and interaction 

studies. To overcome this challenge, responsive nucleoside labels have been developed, 

enabling investigations of nucleic acid architectures, their dynamics, and their interactions with 

proteins and ligands.10b-e These methods offer valuable insights into the structural properties 

and functions of nucleic acids under in vitro conditions. However, studying these features 

within living cells remains challenging due to the complexity of the cellular environment.11 

Since nucleic acid structures can be highly sensitive to environmental changes, it remains 

uncertain whether structures observed in vitro behave the same way within cells. Recently, the 
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development of antibodies and fluorescent probes has significantly advanced our 

understanding of where and how certain nucleic acid structures form within cells.12–14 In 

addition, in-cell NMR and EPR techniques have proven useful for studying nucleic acid 

structure and interactions in vivo, though they still face certain limitations in cellular 

applications.14d 

This chapter provides a comprehensive overview of non-canonical tetraplex nucleic 

acid structures, with a specific focus on G-quadruplexes (GQs). GQs have garnered significant 

attention due to their widespread presence in genome regulatory regions, including telomeres, 

oncogene promoters, and untranslated regions of mRNA.15 Their ability to regulate key cellular 

processes such as transcription, translation, replication, and genomic stability underlines their 

biological importance.4 To explore these functions, the chapter delves into the biophysical 

techniques used to study GQ structures, emphasizing their strengths and limitations. 

Traditional methods such as CD spectroscopy and UV thermal melting are discussed for their 

utility in determining GQ formation and stability, while advanced approaches like NMR and 

X-ray crystallography are highlighted for detailed structural and dynamic insights. 

Particular emphasis is given to the use of base-modified nucleosides and site-specific 

labels, which have revolutionized the study of GQs. These modified probes, such as fluorescent 

or 19F NMR-labeled analogs, facilitate monitoring of GQ stability, folding polymorphism, and 

interactions with biomolecules like proteins or ligands. This section also reviews the 

application of these probes in uncovering subtle conformational changes and their functional 

implications in biological contexts. In addition to analytical techniques, the chapter explores 

advancements in tools for visualizing GQs within cellular environments, highlighting 

structure-specific antibodies, small-molecule ligands, and chemical probes as powerful 

methods for detecting GQs in situ. These tools have enabled researchers to map GQ 

localization, identify their functional roles in live cells, and evaluate their involvement in 

disease pathways. Finally, the chapter addresses critical challenges in the field, including the 

transient nature of GQs, their structural heterogeneity, and the difficulty in distinguishing 

different biologically relevant GQs. Together, these challenges and developments lay the 

groundwork for the present research aimed at understanding GQs and exploring their potential 

as therapeutic targets. 
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1.2 G-quadruplexes 

G-tetrads are formed when guanine bases are arranged into planar quartets, with each guanine 

connected to two others through Hoogsteen base pairing (Figure 1A). Each pair of guanines 

forms hydrogen bonds involving four donor and acceptor atoms: N1, N7, N2, and O6, resulting 

in a G-quartet with a total of eight hydrogen bonds (four N2–H---N7 and four N1–H---O6). 

The four carbonyl oxygen atoms (O6) create a negatively charged core at the center of the G-

quartet (Figure 1A).16,17 When two or more G-quartets stack on top of each other, they form a 

stable right-handed helical structure called a G-quadruplex (GQ), with individual G-quartets 

separated by approximately 3.3 Å.16 Monovalent cations or other metal ions can intercalate into 

the central anionic core of a G-tetrad or bind between adjacent G-quartets, facilitating 

coordination and stabilization of hydrogen-bonded tetrads and enhancing base-stacking 

interactions.17,18 The effectiveness of monovalent cations in stabilizing GQs follows the order: 

of K+>NH4+>Na+>Li+.19 This variation is closely tied to the cation's ionic radius and level of 

dehydration, which influence how well the ions fit within the GQ structure.19b  K⁺ ions are 

particularly effective stabilizers, typically residing between two adjacent G-quartets, where 

their optimal size and hydration properties enable strong coordination with the oxygen atoms 

of guanine residues. In contrast, Na⁺, ions being smaller and more dehydrated, tend to localize 

at individual tetrad planes rather than between them. This cation-specific behavior plays a 

critical role in determining the folding, topology, and stability of GQs.19c 

1.2.1 Structural polymorphism of GQs 

GQs exhibit remarkable structural diversity due to factors like strand orientation, loop 

configurations, cations and the glycosidic bond angles of guanine bases. These variations allow 

GQs to adopt distinct conformations that can serve specific biological functions.20 GQ 

structures can form from a single DNA strand (intramolecular) or multiple strands 

(intermolecular), resulting in different arrangements: parallel, antiparallel, or hybrid (3+1) 

(Figure 1B).21 The orientation of these strands influences the types of loops connecting the G-

tetrad layers, which are essential to GQ functionality.22 Loop structure within GQs adds another 

layer of complexity. Depending on their positioning, loops can bridge adjacent guanines to 

form lateral loops, connect opposing guanines in diagonal loops, or link top and bottom stacks 

in double-chain reversal loops.23 Parallel GQs, where all strands align in the same direction, 

typically feature double-chain reversal loops.24a In antiparallel arrangements, where strands run 

in opposite directions, lateral or diagonal loops are more common.24b The hybrid (3+1) 
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arrangement combines three strands in one direction with a single opposing strand, producing 

a mix of loop types (Figure 1C).24c 

GQs are also characterized by four grooves, each separated by the sugar-phosphate 

backbone of the four guanines. When the guanines are aligned in parallel and share the same 

glycosidic orientation within a G-tetrad, these grooves are uniformly medium in width.25 In 

contrast, an antiparallel arrangement of guanines with mixed syn and anti-glycosidic 

conformations creates grooves of varying sizes, including both narrow and wide grooves.  

 

Figure 1. (A) Structures of basic units of GQ. syn- and anti- glycosidic conformations of 

guanosine and planar G-tetrad. (B) common folding topologies of the GQ structure. (C) 

different loops connecting the GQ tetrads. 

1.2.2 Biological function of GQs 

1.2.2.1 DNA GQ 

Replication: During DNA replication, single-stranded regions often form on the lagging 

strand, which is particularly prone to GQ formation, especially under conditions of replication 
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stress or slowing.26 These GQ structures, whether pre-existing or newly formed during 

replication, must be unwound by specific helicases such as BLM, WRN, and FANCJ.27 These 

helicases are crucial because folded GQ structures cannot serve as templates for DNA 

replication. The unwinding and resolution of GQs are crucial for ensuring uninterrupted 

replication and preventing errors such as deletions and strand breaks, thereby safeguarding 

genomic stability and integrity. Additionally, by influencing replication timing and fork 

progression, GQs may indirectly regulate the expression of nearby genes (Figure 2).28 Thus, 

the careful management of GQ structures during replication not only ensures genomic stability 

but also plays a potential role in regulating gene expression through its impact on replication 

dynamics. 

Transcription: Approximately 50% of human genes contain predicted GQ sequences near 

their promoters, with a significant enrichment in oncogenes and regulatory genes compared to 

housekeeping or tumor suppressor genes. GQs play a dual role in cancer biology, as highlighted 

by Carvalho et al., who described them as a "double-edged sword": they can serve as "friends" 

when targeted as therapeutic agents but act as "foes" when their misregulation promotes cancer 

progression.29a The MYC gene, a proto-oncogene involved in cell proliferation and growth, 

exemplifies this duality. Its promoter region contains sequences capable of forming GQ 

structures that regulate its transcription. Stabilization of these GQs by small molecules, such 

as BRACO-19 and pyridostatin, can suppress MYC expression, reducing tumor cell 

proliferation.29b Conversely, disruption or destabilization of GQs, either due to mutations or 

altered cellular conditions, can enhance transcriptional activation of oncogenes like MYC or 

KRAS.29c This misregulation can drive tumor progression and contribute to therapy resistance, 

underscoring the critical regulatory role of GQs in oncogene transcription.30 In oncogenes like 

MYC, KRAS, and BCL-2, GQs often act as molecular switches, toggling gene expression on or 

off based on their structural stability.29a,30,31 Stabilizing these GQs suppresses oncogene 

transcription, while destabilization can lead to aberrant activation, further promoting 

tumorigenesis. The evolutionary selection of GQs as regulatory elements is particularly evident 

in gene promoters near transcription start sites. Promoter-associated GQs are correlated with 

open chromatin regions and nuclease hypersensitivity, facilitating greater accessibility for 

transcription machinery. Specific loop structures within GQs contribute to their stability, 

maintaining defined folds that influence gene activity.29b,31 Given their prevalence in oncogene 

promoters and their regulatory potential, GQs are attractive targets for cancer therapies. 
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Strategies aimed at either stabilizing or destabilizing these structures offer promising 

approaches to modulate oncogene expression and counter tumor progression.32 

Human telomeric GQ: Telomeres, positioned at the ends of linear chromosomes, are 

specialized DNA-protein complexes essential for maintaining chromosomal stability. These 

structures protect chromosome ends from degradation, prevent inappropriate fusion, and 

protect genomic integrity.33a Telomeres consist of a double-stranded DNA region and a G-rich 

single-stranded overhang. The single-stranded overhang is particularly significant as it can fold 

into stable GQ structures in vitro, providing an additional layer of protection against nuclease 

activity and unwanted repair mechanisms.33b,c This structural stability contributes to telomeres' 

ability to prevent chromosome ends from being mistaken as double-strand breaks, which could 

otherwise activate cellular DNA repair pathways, potentially leading to erroneous repair or 

fusion events.34 Additionally, telomeres address the "end replication problem," a limitation of 

DNA polymerases that prevents the complete replication of chromosome ends during DNA 

synthesis. Without telomeres, this gradual loss of genetic material would compromise genomic 

stability and cellular viability, highlighting their critical role in cellular longevity and genome 

maintenance. The formation of GQ structures further enhances telomere function, ensuring 

their stability and protecting chromosome ends from replication stress and genomic 

instability.34 

 

Figure 2. Different biological functions of GQs. Cell image was adopted from 

https://www.geeksforgeeks.org/overview-of-cell-biology/ 

https://www.geeksforgeeks.org/overview-of-cell-biology/
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1.2.2.2 RNA GQs 

While DNA primarily exists in a double-stranded form, RNA is generally single-stranded and 

often adopts diverse secondary structures, such as hairpins, loops, bulges, and pseudoknots.35a 

In eukaryotic cells, DNA is confined to the nucleus, where it associates with histones and other 

regulatory factors, while RNA is distributed across both nuclear and cytoplasmic 

compartments, where it interacts with various protein partners.35b This distribution and 

functional versatility of RNA are reflected in its structural properties, where the 2′-OH group 

influences the sugar pucker and promotes O2′–O4′ hydrogen bonding between nucleotides, 

creating a scaffold for a water network within the GQ grooves.36a,b This network stabilizes the 

sugar pucker and locks the sugar-phosphate backbone in the anti-conformation, resulting in a 

single, highly stable RNA GQ structure. Also, the 2′-OH, therefore, plays a pivotal role in 

RNA’s unique structural rigidity compared to DNA, making RNA GQs less flexible and more 

stable.36 They are predominantly present in mRNAs, noncoding RNAs, mitochondrial RNAs, 

and microRNAs.37 They participate in multiple cellular processes, illustrating the complex 

nature of GQ biology. Within mRNAs, they are found in the 5′-UTR, 3′-UTR, and coding 

regions, where they generally inhibit translation by impeding the formation of the pre-initiation 

complex.38 This inhibitory effect correlates with the stability of the GQ structure, though RNA 

helicases such as DHX9 and DHX36 can unfold these structures, relieving the block and 

enabling translation.39 Overall, RNA GQs are critical regulators of gene expression and cellular 

processes. Their stability, along with the unwinding activity of RNA helicases, plays a key role 

in controlling translation and other essential functions, making them promising targets for 

therapeutic intervention. 

1.2.3 Multimeric GQs 

GQs employ two main mechanisms for multimerization. In the first mechanism, interfaces are 

created from two separate GQs. The individual nucleic acid strands initially form monomeric 

GQs, where each G-tetrad is composed entirely of guanines from the same strand. These 

monomeric GQ units then stack on top of one another through π–π stacking interactions 

between their terminal interfaces, leading to the formation of higher-order GQ structures.40 The 

GQs can stack in three possible orientations: 5′ to 3′ (head-to-tail), 5′ to 5′ (head-to-head), and 

3′ to 3′ (tail-to-tail).40b Research and molecular dynamics simulations show that the 5′ to 5′ 

stacking orientation is the most commonly observed, owing to its optimal stacking geometry 

(Figure 3, top right).41 This stacking process is influenced by the  topology and loop orientation 
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of GQ. In parallel GQs, where the strands run in the same direction and loops are positioned 

alongside the tetrads, stacking is more favorable. Similarly, the hybrid GQ topology is 

conducive to multimeric folding due to its loop arrangements.42 In contrast, antiparallel GQs, 

where strands run in opposite directions and loops extend away from the GQ core, may hinder 

stacking interactions between terminal G-tetrads or interfere with strand bending, limiting the 

formation of subsequent unimolecular GQ structures.43 Similarly, in an alternate mechanism, 

the multimeric GQs form through G-tetrads, which incorporate guanine residues from distinct 

nucleic acid strands and are referred to as intermolecular GQs.44 Intermolecular GQs can adopt 

dimeric, trimeric, or tetrameric forms, with the participating strands originating either solely 

from DNA or from both DNA and RNA molecules, forming what is known as a DNA hybrid 

(Figure 3, top and bottom left).44 Higher-order GQs have become specific targets in the 

promoters of thousands of genes throughout the human genome.45 Although these multimeric 

GQs share some of the same protein-binding properties as monomeric GQs, they also seem to 

regulate transcriptional activity, potentially functioning as adjustable "dimmer switches" for 

gene expression.45 Structurally, they provide a more complex drug-targeting landscape, with 

GQ-GQ interaction sites and protein-like binding pockets formed by unique loop sequences. A 

notable example is the hTERT core promoter higher-order GQ, which has been the focus of 

over a decade of research, leading to the discovery of a specialized receptor and the first drug-

like small molecule that selectively targets a higher-order GQ.46  

 

Figure 3. The top left shows a monomeric GQ. The bottom left illustrates a dimeric GQ, where 

GQs are connected through two strands. The top right shows a stacked intermolecular GQ 

having 5'–5' head-to-head interaction, where multiple (two) GQ monomers stack on top of each 

other, connected by loops and stabilized by stacking interactions between the guanine quartets. 

The orientations are indicated to show the directionality of the strands. 
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1.2.4 GQ in viruses 

Viruses are intracellular parasites that replicate by hijacking the host’s replication and protein 

synthesis machinery.47a According to the Baltimore classification, human viruses are classified 

into seven groups based on their genome type and replication mechanism: 1) DNA viruses with 

double-stranded (ds) or single-stranded (ss) genomes, 2) RNA viruses with ds or ss genomes 

of positive (ssRNA (+)) or negative (ssRNA (-)) polarity, and 3) retroviruses that convert RNA 

into DNA during replication via reverse transcription.47b These viruses exhibit diverse genetic 

material and can infect all domains of life—bacteria, archaea, and eukaryotes.48 Despite 

advancements in antiviral treatments, such as direct-acting antivirals for hepatitis C and 

antiretroviral therapy for HIV, current therapies often fall short of fully eradicating most 

viruses or achieving long-term control. This limitation, compounded by a shortage of drugs 

targeting many human viruses, underscores the critical need for identifying new antiviral 

targets.49 The prevalence of putative GQ-forming sequences across viral genomes, despite 

variations between virus families, suggests a conserved and significant role in viral function.50 

Targeting these GQs with specific ligands could not only provide novel antiviral treatments but 

also help enhance our understanding of viral mechanisms, especially in the context of drug 

resistance. 

1.2.5 GQ ligands  

As GQs are highly polymorphic and differ significantly from canonical duplexes or single-

stranded configurations, they present an encouraging avenue for pharmacological intervention, 

particularly in combating viruses.51,52 Their diverse structural characteristics make them 

suitable for specific targeting with small molecules. Ligand design and in silico screening 

efforts have yielded thousands of GQ ligands catalogued in the GQ Ligands Database 

(http://www.g4ldb.com), with a few undergoing clinical trials for cancer therapy and showing 

promise for virological applications.53,54 Importantly, GQ ligands from different structural 

families, demonstrate the ability to hinder the replication of both DNA viruses such as 

herpesviruses and hepatitis-B virus, and RNA viruses such as HIV-1 and hepatitis C virus.55 

Despite the considerable evidence pointing to the significant involvement of GQs in viral 

functions, their mechanisms of action remain poorly understood. Also, the structural 

polymorphism of GQs and their shared structural framework make it challenging to design 

ligands with high specificity for a particular GQ topology.56 Significant efforts have been 

directed to enhance the selectivity and binding strengths of ligands, that can specifically 
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interact with distinct GQ targets.57 While many molecules exhibit promising performance in 

cell-free assays, they often demonstrate limited efficacy in cellular systems or in vivo 

applications.58 Detailed insights into their absorption, distribution, metabolism, and excretion 

profiles are therefore essential for optimizing these ligands, refining treatment strategies, and 

enhancing their therapeutic viability.57,58 

 

Figure 4. The representative figure illustrates the process of viral infection and transcription 

regulation within a host cell. Upon viral uncoating (top left), the viral genome enters the host 

cell. Initially, helicase unwinds the viral genome (top right), allowing polymerase (Pol) to 

initiate viral transcription (green traffic light, transcription "ON"). Later, the addition of a 

stabilizing agent (blue circle) halts transcription by preventing further unwinding of the GQ, 

thus stopping viral transcription (red traffic light, transcription "OFF"). The viral particles are 

eventually released from the host cell (right). This diagram highlights the dynamic regulation 

of viral transcription within the infected cell. 

1.3 Methods for investigating GQ structures and their interactions with ligands 

1.3.1 CD spectroscopy 

CD is a well-established biophysical technique widely used to analyze the secondary structure, 

folding dynamics, and binding properties of chiral molecules.59 The unique characteristics of 

CD make it particularly valuable for studying the secondary structures and conformations 

adopted by nucleic acids.60 The CD spectral signature of nucleic acids arises from several 
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factors, including the asymmetric backbone of sugars, the helicity of secondary nucleic acid 

structures, and the long-range tertiary ordering of nucleic acids under specific solution 

conditions.61 This makes CD an effective tool for characterizing GQ topology, exploring the 

role of cations, examining GQ-ligand interactions, and understanding thermal stabilization 

induced by ligands. For example, B-DNA displays a positive band between 260 nm and 280 

nm and a negative band around 245 nm.60 The CD spectral features of GQ structures serve as 

indicators of their topology: parallel GQs exhibit a positive band around ~260 nm and a 

negative dip at ~240 nm; antiparallel GQs show a positive band at ~295 nm and a negative 

band at ~260 nm, while hybrid GQs display two positive bands (~295 nm and ~260 nm) and a 

negative one at ~245 nm.62a,b These distinctive spectral features make CD the method of choice 

for studying GQ structures.62a Furthermore, the CD provides a rapid means of assessing 

GQ/ligand interactions, especially for interactions occurring on short timescales.63 Typically, 

GQ ligands lack inherent chirality and do not exhibit a CD signal in solution. However, when 

these ligands interact with GQ structures, they can develop an induced CD (ICD) signal due to 

the alignment of electric transition moments between the ligand and the GQ bases.64 The 

presence of an ICD signal indicates GQ/ligand interactions and can even alter the characteristic 

signature of the GQ topology itself. These advantages have led to an increased use of CD for 

studying the effects of ligands on GQs.  Despite its many benefits, CD often provides 

qualitative rather than quantitative data due to its relatively low signal-to-noise ratio. While 

CD is effective in observing the impact of ligands on GQ structures, it has limitations, such as 

its inability to determine stoichiometry or calculate binding constants, which typically require 

complementary methods. Additionally, CD struggles to differentiate between multiple 

coexisting structures in solution and has difficulty distinguishing between duplex and GQ 

competition.65 

1.3.2 UV-spectroscopy - Thermal melting 

Nucleic acids absorb strongly around 260 nm due to the presence of heterocyclic purine and 

pyrimidine rings. However, this absorbance diminishes in structured forms like duplex DNA, 

because of π-stacking and hydrogen bonding.66 Heating disrupts these interactions, exposing 

the bases to the solvent and causing a rise in absorbance at 260 nm—a principle, widely used 

in thermal melting experiments to evaluate the stabilization or destabilization of DNA 

structures.67 Interestingly, certain secondary structures, such as GQs and i-motifs, show 

distinctive absorbance changes at 295 nm, driven by the n→π* transition unique to their 
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tetraplex stacking interactions.67b Also, a ligand that stabilizes the folded structure will increase 

the observed melting temperature in both duplex and quadruplex nucleic acids, indicating 

preferential binding to the structured form.66 However, for mixtures of multiple quadruplex 

conformations in equilibrium, UV thermal melting may not resolve individual melting 

temperatures. 

1.3.3 TDS 

Thermal Difference Spectroscopy (TDS) relies on the fact that nucleic acid absorbance depends 

on both its sequence and structure. Differences in absorbance are often observed between the 

structured and unstructured forms of the same oligonucleotide.68a By measuring absorbance 

across wavelengths from 220 to 340 nm at two distinct temperatures, TDS generates a 

differential absorbance curve.68 This curve is created by subtracting the absorbance spectrum 

at high temperature, where the oligonucleotide is fully unfolded, from that at low temperature, 

where it is fully folded. TDS assumes that high temperatures lead to complete unfolding, 

although certain structures, like some GQs, may retain structure even at elevated temperatures. 

This technique is useful for identifying specific GQs as well as other DNA structures, including 

B- and Z-DNA, duplexes, triplexes, and i-motif structures.68a A typical GQ TDS profile 

features two positive peaks at 249 and 270 nm and a negative peak at 295 nm. TDS is a 

straightforward and complementary method for identifying the formation of GQ, however, it 

cannot differentiate between various GQ topologies. 

1.3.4 Polymerase stop assay 

The Taq polymerase assay is a method to study GQ structures by leveraging the polymerase's 

inability to efficiently replicate through stable GQ regions.69a By incorporating GQ-forming 

sequences into template DNA, the assay detects stalling of Taq polymerase, which is visualized 

as truncated or reduced amplification products. It is used to assess GQ stability, study ligand-

induced stabilization, and explore GQ impact on replication.69 GQ structures in DNA or RNA 

can stall DNA polymerase or reverse transcriptase activity.70a By comparing polymerase pause 

sites under GQ-stabilizing conditions (such as in the presence of K⁺ or a stabilizing ligand) 

versus non-stabilizing conditions (such as Li⁺), researchers can pinpoint the 5′ ends of GQs in 

vitro. Originally, this technique involved sequence analysis on polyacrylamide gels, but it has 

since evolved into a genome-wide DNA polymerase-stalling assay followed by high-

throughput sequencing (GQ-seq). GQ-seq revealed over 700,000 DNA GQ sites in the human 
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genome, including non-canonical GQ structures that are challenging to predict 

computationally. Some GQs predicted by algorithms were not observed, underscoring the 

value of experimental mapping.70b GQ-seq reference maps are now available for model 

organisms. A similar approach, reverse transcriptase stalling (rGQ-seq), was applied to 

poly(A)-enriched RNAs, mapping RNA GQ structures in over 3,000 human mRNAs.70a,c  

While these techniques provide valuable in vitro GQ maps, they reflect population averages 

and do not account for potential protein influences on GQ formation. 

1.3.5 NMR 

NMR spectroscopy is an exceptionally powerful technique for studying nucleic acid structures, 

offering atomic-level, high-resolution insights in solution. Beyond structural details, it allows 

examination of nucleic acid folding kinetics, dynamics, and interactions with proteins and 

small molecules.71 During the folding process, nucleic acids form distinct hydrogen bonds—

such as Watson-Crick (WC), Hoogsteen, and hemiprotonated C-C⁺ bonds—which are 

identifiable by unique 1D NMR imino proton signals. Duplex structures with WC hydrogen 

bonds show imino proton signals in the 12−14 ppm range, while GQs with Hoogsteen bonds 

exhibit signals from 10−12 ppm. Likewise, i-motif structures with hemiprotonated C-C⁺ pairs 

are characterized by signals between 15−17 ppm.72 In some nucleic acid sequences, structural 

complexity results in broad or overlapping peaks due to signal convergence caused by dynamic 

equilibria among multiple conformers.72c Promoter regions of oncogenes, for example, can 

adopt various GQ conformations, creating a challenging structural equilibrium. To achieve 

well-resolved imino proton peaks, researchers often use mutated sequences engineered to favor 

a single structural topology, facilitating more precise structural analysis. Traditionally, GQ 

structures were explored using NOESY spectroscopy to detect proton-proton interactions.71d 

However, the model-based approach of NOESY could introduce ambiguity in structure 

assignment. This issue has been addressed by site-specific isotope labeling with low-level ¹³C 

enrichment, allowing for more accurate assignment of imino protons and other resonances. For 

determining the solution structure of GQ, a combination of NOESY, COSY, TOCSY, ¹³C-¹H 

HMBC, and ¹³C-¹H and ¹⁵N-¹H HSQC experiments is typically used, either with native or 

isotope-labeled oligonucleotides.73 However, this approach is generally limited to sequences 

under 100 nucleotides, as larger nucleic acid structures exhibit extensive resonance overlap. 

NMR spectroscopy, recognized for its non-invasive approach and sensitivity to nucleic acid 

structural changes, is widely used to study nucleic acid interactions in vivo. Traditionally, 

Xenopus laevis oocytes, about 1 mm in diameter, have been the preferred model for eukaryotic 
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in-cell NMR, allowing the direct microinjection of exogenous nucleic acids.74,75 Preparing 

samples typically involves injecting 150–200 oocytes with 30–50 nL of a 3–10 mM nucleic 

acid solution, yielding intracellular concentrations of approximately 150–250 µM.76 

Measurements are taken at 18 °C, the physiological temperature for these oocytes. However, 

the NMR spectra generally exhibit signal broadening and reduced resolution due to the 

intracellular viscosity and sample variability within the oocytes.76 

The Trantírek and Dötsch teams developed a novel in-cell NMR method to study 

nucleic acid structures in Xenopus laevis oocytes. Using 1D NMR spectroscopy, they compared 

the structural formation of the human telomeric GQ across in vitro, ex-vivo (within PEG, Ficol 

70, and Xenopus laevis egg extract), and in-cell environments. Their results revealed that, in 

cellular conditions, telomeric sequences could exhibit a mix of antiparallel, hybrid, and parallel 

topologies.77 Trantírek’s group recently expanded this method to observe DNA-ligand 

interactions within the nuclei of human cells.78 Nonetheless, in-cell NMR faces challenges, 

such as the limited stability of oligonucleotides (ONs) in cellular environments and low 

resolution of imino proton signals in ex-vivo and in vivo conditions. Consequently, it may not 

be suitable for analyzing highly complex structures within cells. Additionally, because 

promoter regions of certain oncogenes may equilibrate among various GQ forms, NMR is less 

effective for tracking these dynamic equilibria. 

¹H and ¹⁵N NMR spectroscopy, while extensively employed for studying GQ 

architectures in living Xenopus laevis oocytes, also face obstacles such as the limited resolution 

of ¹H spectra and the high cost of ¹⁵N labeling, which hinder their broader use.79a To address 

these limitations, ¹⁹F NMR has emerged as a powerful alternative. This technique offers 

enhanced sensitivity and resolution for studying nucleic acid structures, tracking their 

dynamics, and examining interactions with proteins and ligands, making it a promising tool for 

advancing in-cell studies (Figure 5, 6–10).79 Although it does not provide the atomic-level 

detail characteristic of 1H and 13C NMR, 19F NMR is especially useful for assessing structural 

dynamics and molecular interactions under various conditions. To facilitate this, numerous 19F-

labeled nucleoside modifications have been designed and integrated into DNA and RNA using 

either solid-phase synthesis or enzymatic methods.79  

In our lab, we synthesized dual-labeled 5-fluoro-benzofuran derivatives of 

deoxyuridine and uridine to explore nucleic acid interactions via 19F NMR. Using a modified 

deoxyuridine analog, we examined the human telomeric GQ structure and ligand interactions, 

which revealed a hybrid-type 2 GQ topology within live cells. We also used 5-fluoro-

benzofuran-modified uridine analog to study RNA conformational variations.80 To enhance 
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dual-probe sensitivity, a 5-trifluoromethyl-benzofuran ring was added to modified nucleosides 

at the C5 position of 2'- deoxyurindine and uridine nucleosides. This was used in the G-rich 

sequence of the EGFR oncogene promoter to examine GQ structure populations and in the Braf 

C-rich sequence to identify the main i-motif structure.81 The modified RNA analog also 

facilitated the study of aminoglycoside-induced changes in bacterial ribosomal RNA.81c  

Additionally, Xu and colleagues introduced 3,5-bis(trifluoromethyl)-benzene-labeled 

deoxyguanosine and deoxyuridine probes to investigate the human telomeric GQ structure and 

the thrombin-binding aptamer.82 They further attached the 3,5-bis(trifluoromethyl)-benzene 

core at the 5' position of H-Telo DNA and RNA sequences to detect GQ topologies within 

cells. Their live-cell 19F NMR analysis showed that TERRA RNA adopted a parallel GQ 

structure in cellular environments.83 Also, Li group has developed a new 19F NMR 

fingerprinting approach designed to quickly identify and quantify the topology of H-Telo GQs. 

This technique involves systematically analyzing the 19F chemical shifts of a commercially 

available 2′F-rG probe at specific positions in 12 H-Telo sequences, each of which is known 

to adopt distinct intramolecular GQ topologies.84  

 

Figure 5. NMR-active labels (15N, 13C, and 19F) are used to investigate nucleic acid structures 

through NMR spectroscopy 

1.3.6 EPR 

EPR spectroscopy is a highly sensitive technique for studying nucleic acid structures and 

dynamics, leveraging the magnetic properties of unpaired electrons.85 Unlike NMR, which 

detects nuclear spins, EPR uses stable spin labels—typically nitroxide radicals—introduced 

into nucleic acids to avoid background interference from their natural diamagnetic state.85a 

These spin-labeled nucleosides must remain chemically inert and stable under experimental 
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conditions, ensuring their suitability for studies in both in vitro and in vivo environments 

(Figure 5). Various labeling strategies enable the attachment of nitroxide radicals to 

nucleobases, sugars, or phosphate backbones, facilitating analysis of nucleic acid structure, 

dynamics, and interactions with ligands or proteins.86 

Advanced EPR techniques, such as pulsed electron double resonance (PELDOR) and 

double electron-electron resonance (DEER), measure inter-spin distances and reveal 

conformational changes.87 PELDOR has been particularly useful for monitoring RNA 

dynamics, RNA-ligand binding, and protein-nucleic acid interactions. For example, the 

Drescher group used DEER to characterize GQ conformations in the H-Telo sequence in K+ 

conditions, distinguishing between parallel and antiparallel topologies. Similarly, the Clever 

group employed rigid metal complexes as spin labels to investigate GQ dimer structures, 

identifying head-to-head versus tail-to-tail arrangements through precise distance 

measurements.88a The Qin group’s work further extended this approach by using nitroxide-

labeled phosphates to study H-Telo GQ folding in various environments (e.g., different salts, 

molecular crowding, and ligand presence), uncovering a mixture of parallel and antiparallel 

forms.88b 

The ability of EPR to detect long-range dipolar couplings and analyze coexisting 

conformations makes it an exceptional tool for structural studies in cellular contexts.87 

Unconstrained by molecule size, EPR has enabled the investigation of complex structures, such 

as the H-Telo GQ sequence in recent in-cell studies, which revealed both parallel and three-

tetrad antiparallel conformations within cells.87 However, a notable limitation of EPR is the 

need for cryogenic temperatures and shock-frozen cells, as free radicals degrade rapidly in live 

cells, which can hinder the analysis of dynamic processes in their native environment.88c 

 

Figure 5. Nucleoside analogs with spin labels for structural analysis of nucleic acids using 

EPR spectroscopy. 
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1.3.7 X-ray crystallography 

X-ray crystallography, a vital technique for obtaining detailed three-dimensional structural 

information about nucleic acids, has successfully produced high-resolution structures of GQs, 

some with resolutions finer than 1 Å.89 The crystal structure is determined by non-covalent 

interactions among nucleic acid molecules, with water molecules occupying the spaces 

between them.90 Mapping electron density in these structures can be challenging, as similar 

atoms (hydrogen, carbon, nitrogen, and oxygen) can produce indistinguishable diffraction 

patterns. To address this, heavy atom derivatization is commonly employed to enhance electron 

density mapping.90 Bromine, iodine, and selenium are often used as heavy atom modifications 

along with cationic forms of alkali metals, transition metals, and lanthanides, which can be 

incorporated into the crystal structure through soaking methods (Figure 6).90–92 It is crucial that 

the introduction of heavy atoms does not disrupt the native structure of the nucleic acids. Heavy 

elements, which contain a higher number of electrons, significantly alter the diffraction pattern 

compared to the native crystal.93 For instance, selenium-modified nucleosides have been 

incorporated into nucleic acids for crystallization purposes (Figure 6). However, due to the 

structural polymorphism exhibited by nucleic acids, predicting whether they will adopt the 

same topology under crystallization conditions—such as synthetic molecular crowding and 

dehydration conditions—remains challenging, particularly in complex cellular 

environments.94–100 

 

Figure 6. Nucleoside analogs containing heavy elements (Br, I, Se) for studying nucleic acid 

structures through X-ray crystallography. 

1.3.8 Fluorescence spectroscopy 

Fluorescence-based techniques offer powerful tools for studying nucleic acid structures, 

folding dynamics, and molecular recognition in real-time, with high sensitivity. Since native 

nucleosides lack inherent fluorescence, researchers either employ non-covalent fluorescent 

dyes or modify ONs by incorporating fluorescent nucleoside analogs to monitor nucleic acid 

behaviour. These fluorescent probes respond to conformational changes in nucleic acids by 

altering their emission properties, such as emission wavelength, intensity, quantum yield, 
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anisotropy, and lifetime.101 Techniques like Fluorescence Resonance Energy Transfer (FRET), 

structure-specific probes, and fluorescent nucleoside analogs are particularly useful for 

investigating various nucleic acid architectures, structural transitions, and molecular 

recognition events.102 Specifically, covalently attached, environment-sensitive fluorescent 

nucleoside analogs have proven highly effective for distinguishing between different nucleic 

acid structures and quantifying ligand-binding interactions. These fluorescence-based 

strategies are invaluable for probing the intricate structural dynamics of nucleic acids, including 

complex non-canonical forms like GQs. Herein, we have discussed the various fluorescent 

labeling techniques for the detection of GQ structures and their recognition properties in vitro 

and in vivo. 

1.3.8.1 External fluorescent probes 

FRET is a valuable technique for gathering structural information about GQs in vivo. It 

measures changes in distances within or between macromolecules and has been utilized to 

reveal the diverse conformations that GQs can adopt.103a In FRET experiments, GQ ONs are 

tagged with a donor fluorophore at the 5′-end and an acceptor fluorophore at the 3′-end. When 

the donor is excited, its energy is transferred to the acceptor through dipole–dipole 

interactions.103b Variations in the distance between the labeled sites lead to detectable changes 

in energy transfer. Oligonucleotides that can fold into intramolecular quadruplexes are labeled 

at the 3′- and 5′-ends with a fluorophore and a quencher (for example, 5′-fluorescein and 3′-

tetramethylrhodamine). When a quadruplex forms, the fluorescence is quenched due to the 

proximity of the quencher to the fluorophore. Conversely, during thermal denaturation of the 

quadruplex, the fluorophore and quencher separate, leading to a restoration of fluorescence. 

This change in fluorescence is measured to generate melting curves.104 Nevertheless, this 

method offers considerable advantages and has been extensively utilized to study the binding 

of various types of GQ ligands, including phenanthrolines, acridines, indoloquinolines, and 

pyridine-2,6-dicarboxamide derivatives, to different GQ structures.104  

While external fluorescent probes serve as powerful tools for studying GQ 

conformations, they also pose inherent challenges that may influence native structures and lead 

to potential artifacts. The introduction of large fluorophores, such as FRET donor-acceptor 

pairs, can introduce steric hindrance, altering GQ folding topology or stability. For instance, 

studies have shown that bulky fluorophore modifications at loop or terminal positions can shift 

the equilibrium between parallel and antiparallel topologies.104c Similarly, extending 
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conjugation in nitrogenous bases to enhance fluorescence properties can impact base stacking 

interactions, which are critical for GQ stability. A study by Shirude et al. demonstrated that the 

incorporation of large chromophoric groups could alter cation coordination within the GQ core, 

leading to changes in folding kinetics and stability.104d 

Furthermore, some fluorophores exhibit intrinsic interactions with nucleic acids, 

potentially leading to additional stabilization or unwarranted structural rearrangements. For 

example, Cy3 and Cy5 fluorophores, commonly used in FRET studies, have been reported to 

interact with G-rich sequences, thereby influencing structural transitions.104e To minimize such 

perturbations, alternative labeling strategies, such as minimalistic fluorophores or site-specific 

modifications that do not interfere with key structural elements, should be considered.104f 

Therefore, the use of internal labels at positions less likely to alter GQ folding or the adoption 

of environment-sensitive probes that do not require large structural modifications may provide 

more reliable structural insights. 

Internal fluorescent probes  

An ideal probe for GQ detection should possess several important characteristics, including a 

high luminescence quantum yield, significant emission enhancement upon binding to GQs, 

strong photostability, and chemical robustness.101 It should also have high selectivity for GQ 

DNA over other DNA forms, such as single-stranded or duplex DNA, and exhibit good 

solubility. For cellular imaging applications, additional attributes are beneficial (discussed 

below). Although no universally recognized gold standard exists for GQ probes, several 

molecules with remarkable GQ-binding capabilities have been identified.  

1.3.8.2 Fluorescent nucleosides 

Using fluorescent nucleoside analogs positioned at specific sites within GQ structures can 

reveal key photophysical information about their organization and interactions with proteins 

and ligands. This approach supports the design of binding assays for identifying ligands that 

target GQ with high specificity. A range of fluorescent nucleoside analogs have been 

synthesized for this purpose, and these can be grouped into distinct categories based on their 

structural and functional properties.  
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Isomorphic fluorescent nucleoside probes 

Isomorphic nucleoside analogs differ from their natural counterparts primarily by the presence 

of minor substituents or by changes in the number and positioning of heteroatoms within the 

heterocyclic ring structure.105 2-Aminopurine (2AP) is frequently used as a probe to examine 

the structure, dynamics, and interactions of nucleic acids with proteins and ligands. Being 

structurally similar to adenine, it forms WC hydrogen bonds with thymine and exhibits strong 

fluorescence emission.105 The photophysical properties of 2AP are highly responsive to 

changes in solvent polarity. Majima and colleagues demonstrated the use of 2AP to track 

human telomeric GQ formation by replacing a loop adenosine in the H-Telo GQ sequence with 

2AP (Figure 7, 18).106 This substitution did not disrupt the native GQ structure and resulted in 

higher fluorescence and a longer fluorescence lifetime in the antiparallel GQ structure 

compared to the duplex form. In the duplex, 2AP undergoes fluorescence quenching due to 

stacking interactions with adjacent guanine residues, which facilitate electron transfer.106 

However, in the GQ structure, loop residue distortions reduce these stacking interactions, 

exposing 2AP to the solvent and enhancing its fluorescence. With excitation and emission 

wavelengths near 303 nm and 370 nm, respectively, and a quantum yield of 0.68 in water, 2AP-

riboside has proven exceptionally valuable due to its remarkable sensitivity to environmental 

changes.107  

Similarly, Sugiyama and colleagues applied a 2AP analog to detect GQ and i-motif 

formation at the 5' end of the retinoblastoma (Rb) gene, showing enhanced fluorescence and 

longer lifetime in the tetraplex structures compared to the duplex form.108a This fluorescence 

enhancement in tetraplexes likely arises from reduced stacking with neighboring bases. Despite 

its effectiveness as a fluorescent probe, 2AP has limitations: its excitation and emission fall 

within the UV range, and its quantum yield significantly decreases when incorporated into 

oligonucleotides, thereby limiting its sensitivity. In a recent study, Kankai and colleagues 

utilized 2AP to examine the folding of thrombin and G3T aptamers, which adopt antiparallel 

and parallel GQ conformations, respectively. They introduced 2AP into the loop regions of the 

thrombin aptamer sequence and the G3T aptamer sequence, known for its affinity to HIV-1 

integrase. In their unfolded forms, both aptamers displayed low fluorescence. However, upon 

GQ formation in the presence of K+ ions, fluorescence intensity significantly increased. 

Notably, the 2AP-labeled G3T aptamer showed a pronounced fluorescence enhancement, 

reaching levels comparable to that of the isolated nucleoside analog.108b  
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Expanded fluorescent nucleosides 

Expanded nucleosides feature extra aromatic rings fused to the purine or pyrimidine core. For 

example, thiophene-fused uridine derivative (Figure 7, 19) known for its fluorescence 

solvatochromism and high quantum yield has been applied to identify mismatches in duplexes 

and detect abasic sites in RNA.109  Meanwhile, benzo-fused fluorescent nucleoside analogs 

(Figure 7, 20, 21) demonstrated their potential in creating an orthogonal genetic system distinct 

from the natural one.110 Luedtke and collaborators synthesized modified thymidine (22) and 

cytidine (23) analogs, using fluorescence measurements to explore metal base pair formations 

and their associated thermodynamics.111 Additionally, tricyclic 2′-deoxycytidine derivatives 

(tC, tCO, and tCnitro, 24−26) were co-developed by Wilhelmsson and Albinsson . Among these, 

tC and tCO analogs, both as free nucleosides and incorporated into DNA, exhibit high quantum 

yields, while tCnitro is non-fluorescent.112 Due to spectral overlap between tCO’s emission and 

tCnitro’s absorption maxima, these analogs have been utilized as a FRET pair to measure 

distances between DNA bases at varied positions.113  

 

Figure 7. Structural representations of isomorphic and size-expanded fluorescent nucleoside 

analogs. 

Extended conjugation based fluorescent nucleosides 

Tor's team developed fluorescent nucleoside analogs by attaching various heterocyclic rings to 

nitrogenous purine and pyrimidine bases. Among the rings tested—such as furan, thiophene, 

oxazole, and thiazole—they found that furan-modified pyrimidine nucleosides displayed 

probe-like properties, with emission peaks within the visible spectrum and sensitivity 

variations in solvent polarity.114 These properties made the probe useful for applications like 
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detecting abasic sites, monitoring interactions between RNA and aminoglycosides, and 

studying RNA-protein interactions.115 

Similarly, Srivatsan and colleagues synthesized fluorescent nucleosides by linking 

heterocycles like selenophene, N-methyl indole, benzothiophene, benzofuran, and 5-

fluorobenzofuran to the pyrimidine bases (Figure 8).114b Among these, modified uridine and 

deoxyuridine derivatives containing selenophene, benzothiophene, benzofuran, and 5-

fluorobenzofuran displayed characteristics suitable for probing nucleic acid structures.116 

These modified nucleosides were employed to decipher the abasic sites in both DNA and 

RNA.116cd In addition, benzofuran-modified deoxyuridine was used to differentiate between 

various nucleic acid structures—such as duplexes, i-motifs, and GQs—through fluorescence 

and lifetime measurements. However, the probe's emission in the UV range posed a limitation 

for cellular studies. This issue was overcome by designing a 5-fluorobenzofuran-modified 

deoxyuridine nculeoside, which enabled the identification of the H-Telo GQ topology in live 

cells through in-cell 19F NMR.80a  

In parallel, Manderville and colleagues synthesized a series of fluorescent guanosine 

analogs by attaching a variety of heterocyclic groups, including furan, pyrrole, thiophene, 

benzofuran, indole, benzothiophene, and benzonitrile, to the guanosine base.114b These analogs 

demonstrated moderate to high quantum yields and exhibited solvatochromic and viscochromic 

behaviors. They applied these fluorescent nucleosides to study GQ structures in the human 

telomeric sequence and the thrombin-binding aptamer.114b 

 

Figure 8. Structural representations of fluorescent nucleoside analogs featuring extended 

conjugation. 
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1.3.8.3 Non-covalent probes 

Fluorescent small-molecule probes are invaluable for studying GQ structures due to their high 

sensitivity, spatiotemporal precision, and cost-effectiveness. These non-covalent binders 

selectively target GQ, triggering fluorescence changes—such as intensity, wavelength, or 

lifetime shifts—that enable real-time visualization of GQ formation and localization in living 

cells.115 Techniques like fluorescence lifetime imaging microscopy further enhance the study 

of these interactions.116 An ideal fluorescent probe for GQ analysis should combine high 

specificity, fluorescence activation upon binding, strong binding affinity, water solubility, 

membrane permeability, high quantum yield, and low toxicity.117,118 Advances in probe design 

have significantly improved our ability to investigate GQ structures and their functional roles 

in cellular contexts.116 Among the commonly used probes for GQ detection are cationic dyes 

such as thiazole orange (TO) and thioflavin T (ThT) (Figure 9, 41, 42), which are known to 

turn on fluorescence upon binding to GQ structures. These dyes are selective, binding 

preferentially to GQs over single- and double-stranded nucleic acids.117a 

In their native aqueous state, these dyes exhibit minimal fluorescence, however, when 

bound to a GQ structure, they show a significant increase in fluorescence.119 Recently, 

Shangguan and collaborators developed a series of TO derivatives, including TO-5a and TO-

5b (Figure 9, 43, 44). The TO-5a derivative demonstrated improved specificity for GQ 

structures, while TO-5b showed a stronger affinity for antiparallel GQs. Notably, using live-

cell imaging, they revealed that TO-5b successfully enters cells and stains GQ structures in 

both DNA and RNA located within the nuclei and nucleoli of living cells.120 

In 2016, Zhou and colleagues created a fluorescent probe, PDP-Cy5, by combining the 

GQ ligand PDS with the Cy5 fluorophore (Figure 9, 45).120b,c This probe binds effectively to 

both DNA and RNA GQs, enabling visualization in cells or on PAGE gels. Additionally, it 

stabilizes GQ structures, significantly raising their melting temperature. This effect is 

particularly pronounced in RNA, which retains its structure even at high temperatures. The 

design of GQ probes that integrate a GQ-binding ligand with a fluorophore takes advantage of 

the unique benefits of both components, presenting an effective approach for creating 

fluorescent probes with excellent photophysical properties specific to GQ structures. Similarly, 

Balasubramanian and his team developed a GQ probe named SiR-PyPDS by combining 

silicon-rhodamine with the GQ-binding ligand pyridostatin (Figure 9, 46).121d They employed 

46 to visualize individual GQs at the single-molecule level in live cells using fluorescence 
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imaging. Their study enabled the monitoring of both the overall GQ population and the 

dynamic processes of folding and unfolding within live cells. 

Vilar and collaborators have created a unique fluorescent probe, DAOTA-M2, which 

includes a triangulenium core (Figure 11A).121e Due to its cell-permeability and low toxicity, 

DAOTA-M2 can be utilized for live-cell imaging in real time. One remarkable feature of this 

probe is its ability to emit distinct lifetimes when bound to different nucleic acid forms, which 

can be visualized through fluorescence-lifetime imaging microscopy (FLIM). This property 

allows DAOTA-M2 to differentiate DNA GQs from both double- and single-stranded DNA 

based on emission lifetime. Despite its efficacy with DNA, the authors highlight that DAOTA-

M2 could be further optimized, as it currently demonstrates limited ability to selectively 

identify RNA GQ. Consequently, the development of probes specifically targeting RNA GQs 

has become a key direction for advancing GQ research (Figure 11B). 

Jia-Heng Tan group developed a strategy to detect NRAS GQs using click chemistry.123 

By combining the fluorescent GQ probe ISCH-1 with an antisense oligonucleotide targeting 

an adjacent G-rich tail, they created a GQ-triggered fluorogenic hybridization (GTFH) probe 

called ISCH-nras1. This probe selectively binds to the G4T25 sequence in NRAS mRNA. In 

cell staining, ISCH-nras1 produced intense fluorescence foci with NRAS mRNA, but no signal 

was observed with mutated or deleted sequences, indicating its specificity for visualizing 

NRAS GQs at the cellular level.123 
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Figure 9. Non-covalent fluorescence light-up probes specific to GQ structures. 

In another advancement, Monchaud and his team developed N-TASQ, a probe 

specifically designed for detecting RNA GQs. This probe, which mimics natural GQ structures 

through synthetic G-quartets, lights up only upon binding to GQs.122 When unbound, the 

naphthalene fluorescence in N-TASQ is largely suppressed due to quenching by its guanine 

groups, making it nearly undetectable in its free state. Upon binding with GQ structures, 

however, N-TASQ displays fluorescence peaks at 396 nm and 416 nm, along with a broad 

emission range from 380 nm to 600 nm. In live cells without prior treatment, N-TASQ staining 

produces prominent cytoplasmic foci, demonstrating its effectiveness in identifying RNA GQs 

directly within cellular environments (Figure 10).122 

 

Figure 10.  GQ-mediated folding of the N-TASQ probe. The N-TASQ probe self-assembles 

into a G-quartet via stacking interactions upon binding to a GQ motif, enabling targeted 

recognition of GQ structures. 

1.3.9 Antibody based tools  

A major advancement in identifying the presence and specific locations of GQs in vivo 

occurred over a decade ago with the creation of antibodies targeting telomeric DNA GQs. 

These enabled the first direct visualization of GQs through in situ immunostaining in the 

micronuclei of Stylonychia lemnae.12,124 Subsequent studies expanded their use to map GQ 

locations across the human genome via immunoprecipitation and deep sequencing, revealing 

their prevalence in promoters, untranslated regions (UTRs), introns, and subtelomeric regions, 

implicating their roles in transcription, termination, and gene regulation.124 However, these 

findings were limited by the possibility that some GQs may have formed during the analysis 

of fragmented DNA rather than reflecting their native states.  
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Figure 10. (A) DAOTA-M2 stacking on top of the GQ increases its lifetime, while interaction 

with the duplex reduces the lifetime. (B) Dye-labeled antibody detecting GQ inside cells.  

 

Building on these early insights, researchers have developed a range of advanced tools 

to detect and study GQs, including antibodies and single-chain variable fragments (scFvs). For 

instance, BG4, identified through phage display, has been instrumental in visualizing GQs in 

human cells and mapping their genomic distributions using ChIP-seq.129a BG4’s ability to 

detect nuclear foci and cytoplasmic RNA GQs, particularly in combination with GQ stabilizers 

like pyridostatin, has significantly advanced the field (Figure 11B). Similarly, other scFvs like 

D1 and antibodies such as 1H6 have provided complementary approaches for studying GQ 

conformations.129b–d Despite the progress, challenges remain in capturing the full diversity of 

GQ structures and understanding their dynamic formation across different cellular contexts. 

Emerging tools, including GQ-specific nanobodies and modifications to existing probes for 

single-cell analyses, offer promising avenues for addressing these gaps and deepening our 

understanding of GQs’ functional roles in both chromatin and RNA regulation.130 

1.4 Statement of the research problem 

The structure-function relationship of secondary nucleic acid structures, particularly GQs, is 

critical for advancing nucleic acid-based diagnostics and therapeutics. While significant 

progress has been made using biophysical tools, the structural polymorphism and dynamic 

transitions of GQs complicate their characterization in cellular environments. Moreover, even 

with advanced structural techniques, selectively targeting a specific viral GQ amidst the vast 

repertoire of human genomic GQs remains a significant challenge. Although a range of 

biophysical methods exist, most available probes have limitations in detecting GQ topologies 

both in vitro and in cellular systems, highlighting the need for more sophisticated platforms to 

analyze GQ structures comprehensively. 
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Current methods for analyzing GQ structures predominantly rely on single-label, 

single-technique approaches, which restrict the depth of insight into these dynamic and 

complex motifs. This research addresses the limitations of such approaches by introducing a 

dual-labeled nucleoside analog that integrates both fluorescence and 19F NMR. This dual-label 

strategy allows for more detailed and sensitive detection of GQ structures, particularly in the 

context of viral genomes, where G-rich regions play essential roles in viral replication and 

function. These regions are not only critical for biological processes but some also serve as 

unique binding domains for ligands, offering possibilities for dual-domain interactions. 

This thesis revolves around developing and applying nucleoside-based probe system to 

probe GQ structures. Central to this work is the usage of a dual-labeled nucleoside analog, 5-

fluorobenzofuran-2′-deoxyuridine (FBFdU), which integrates both fluorescence and 19F NMR 

tags. When used in combination with 5′-fluoro-deoxyuridine, this probe system provides a 

highly sensitive and minimally invasive approach for detecting and analyzing secondary 

structures of HIV-1 long terminal repeat (LTR) region. These probes were employed to map 

the druggable spaces of GQ structures, offering a detailed understanding of the binding modes 

and interactions of small-molecule ligands with G-rich regions. Furthermore, the RNA analog 

of the dual-labeled probe (FBFU) enabled the detection of conserved G-rich regions within the 

SARS-CoV-2 genome by utilizing complementary fluorescence and 19F NMR signatures. This 

dual-label strategy not only advances structural studies but also holds promise for identifying 

antiviral drug candidates capable of targeting these viral regions and their corresponding 

mutants effectively. The minimally perturbing nature of these modified nucleosides, coupled 

with their distinct and complementary spectral properties, positions them as a powerful tool for 

advancing the structural analysis of nucleic acids. This work significantly contributes to 

elucidating the structure-function relationships of nucleic acids and lays the foundation for 

novel therapeutic approaches targeting viral pathogens. 
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Figure 12. Thesis objectives: Probe systems and their application in examining the secondary 

structures of viral nucleic acids, their polymorphism, and their interaction with ligands. 
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2.1 Introduction 

 

HIV-1 is one of the most lethal retroviruses and is responsible for the immunocompromised 

disease known as AIDS.  The virus induces a chronic infection by etching the host cell DNA 

genome with a proviral DNA that is reverse transcribed from its RNA genome.  Established 

treatments use a cocktail of drugs having different modes of action to control the disease 

progression.1,2 However, due to persistence of latent reservoirs, drug-resistance and 

promiscuity of the viral polymerase, it is very hard to eradicate the virus completely from the 

host system.3,4  One of the current ways to counter latency involves awakening the dormant 

viruses and simultaneously inhibiting viral replication with antiviral agents.5–7 It is also 

hypothesized that targeting certain structural and functional segments of the integrated viral 

DNA genome could complement the above strategy and help in curing the disease.8 An 

important and a highly conserved gene segment that could be suitable for this purpose is the 

long terminal repeat (LTR) of the HIV-1 promoter region.9,10 

The HIV-1 LTR drives the transcription of viral genes to produce the full-length 

genome.  The initiation of transcription is navigated by the promoter region 5-LTR, which is 

composed of U3, R and U5 regions.11  The U3 region consists of three functional segments 

including the highly conserved core-binding site of NF-B and Sp1 transcription factors12, 

which harbors contiguous G-rich tracts capable of forming G-quadruplex (GQ) structures 

namely LTR-II, LTR-III and LTR-IV (Figure 1A).13  A part of this G-rich region has also been 

shown to form in vitro a two-tetrad antiparallel and a three-tetrad hybrid GQ structure called 

HIVpro1 and HIVpro2.14,15 Notably, LTR-III and LTR-IV form GQs in vitro in a mutually 

exclusive manner.  LTR-III adopts a unique architecture made of a hybrid-type GQ juxtaposed 

with a three G-C paired hairpin motif (Figure 1B).6  On the other hand, LTR-IV attains a 

parallel GQ topology.17  However, the entire G-rich region majorly forms the GQ-hairpin form 

like the LTR-III motif and the parallel form of LTR-IV is induced when it binds to ligands or 

protein factors.11,13  Functionally, these structures are orthogonal wherein LTR-III GQ 

represses the transcription activity, whereas the LTR-IV GQ enhances the activity.17  Several 

endogenous protein binders have been identified that modulate the viral transcription by either 

stabilizing (e.g., nucleolin and liposarcoma) or destabilizing (e.g., hnRNP A2/B1 and NCp7) 

the LTR GQs.18–21 Together, these studies reveal certain important aspects of LTR GQ-forming 

motifs that could be exploited in devising novel therapeutic strategies.  The LTR GQ region 

represent an evolutionary conserved element across all primate lentivirus and the balance 

between different GQ structures is implicated in the propagation and latency of the virus.22  As 
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these GQs adopt unique architectures and show opposite functional effects, we envision that 

the virus status can be selectively controlled in the host cell by using structure-specific binders.  

In this direction, it is important to gain a comprehensive understanding of the structural 

polymorphism, dynamics and druggable space of LTR GQs in cellular environment to advocate 

a viable screening platform. 

 

Figure 1. (A) Schematic representation of the HIV-1 LTR G-rich region that forms different 

GQ structures. (B) Secondary structures of LTR-III and LTR-IV GQs are depicted using 

respective NMR structures (PDB: 6H1K and 2N4Y).  (C) Environment-sensitive nucleoside 

system designed to probe the structural polymorphism and druggable space of LTR GQs by 

fluorescence and 19F NMR techniques in cell-free and cellular environments. Potential sites for 

incorporation of GQ probe (FBFdU 1) and hairpin probe (FdU 2) into the loop region of LTR-

III and LTR-IV G-rich sequences are shown in blue and magenta arrows, respectively. 
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Multitude of biophysical and biochemical techniques including CD, UV thermal melting, 

fluorescence, NMR and X-ray crystallography are used for characterizing GQs.23–30  Every 

technique adds a piece of valuable information, which helps in defining the topology, stability 

and recognition properties of a G-rich motif in vitro.31  Further, antibodies32–35 and chemical 

probes have been developed to detect ensembles of DNA and RNA GQs in cells.36–39 However, 

majority of tools often fall short when evaluating co-existing structures, as the challenges are 

twofold.  One, except for a very few,40–45 most tools do not efficiently differentiate GQ 

topologies.  Two, most tools that provide valuable information in vitro cannot be used to assess 

structures in cellular environment.  The problem is compounded by the fact that sequences with 

multiple G stretches exhibit a high degree of structural polymorphism and dynamics,46,47 which 

can vary in cell-free and cellular environments.  Therefore, we sought to devise a probe 

platform that would provide spectral signatures for different GQ structures formed by the LTR 

G-rich region, which then could be used to determine the preferred GQ structure in cells. 

We develop microenvironment-sensitive dual-functional nucleoside probes that 

immensely aid in studying nucleic acid conformations and topology-specific ligand/drug 

interaction.48,49  In particular, 5-fluorobenzofuran-modified 2-deoxyuridine (FBFdU) serves 

as an excellent two-channel readout system to detect different GQ conformations of the human 

telomeric repeat in vitro and in cellular milieu by using fluorescence and 19F NMR 

techniques.48  We envisaged that this nucleoside probe could be used to study the complexity 

and dynamics of LTR GQ structures.  However, one of the GQs, namely LTR-III forms a 

scaffold made of a juxtaposed GQ-hairpin motif that is unique for the HIV-1 virus.  Hence, we 

realized that by using a single GQ sensing probe it would not be possible to survey the 

landscape of LTR.  In this regard, here we report the development of a probe system that uses 

FBFdU as a GQ sensor and 5-fluoro-2′-deoxyuridine (FdU) as a hairpin sensor (Figure 1C).  

The probes judiciously placed in loop positions of the LTR G-rich region are minimally 

perturbing, and importantly, produce distinct and resolved spectral signatures for the GQ-

hairpin structure formed by LTR-III and a parallel-stranded GQ structure formed by LTR-IV.  

Rewardingly, we deduced the GQ structure adopted by the LTR promoter region in an ex vivo 

model (Xenopus laevis oocytes extract) by using 19F NMR signatures obtained in vitro.   
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2.2 Results and Discussion 

2.2.1 Design of nucleoside probe platform 

The loop composition, orientation and loop residue interaction with neighboring bases are 

different amongst the GQs.51,52  Environment-sensitive nucleoside analogs capable of sensing 

these differences act as good GQ probes.53,54  Therefore, to configure a probe system, we 

decided to exploit the differences in the structural features of LTR GQs, particularly at the loop 

nucleoside level.  In case of HIV-1 LTR, the functionally important LTR-III and IV regions 

form two GQs with unique topological features.  The 28-mer LTR-III ON (3) adopts a hybrid-

type parallel-antiparallel GQ structure comprising of three stacked tetrads connected by four 

loops (Figure 1B, Table 1).  The 12-nucleotide diagonal loop (3–14 residues) forms a hairpin 

motif wherein three G-C base pairs are capped by a loop formed by G8-T9-G10 residues.  This 

hairpin juxtaposed with the GQ is an unusual architecture.16  We envisioned that T9, part of the 

hairpin loop and T24, part of a 3-nt lateral loop (A22-C23-T24) connecting the G-tetrads would 

be potential sites for placing nucleoside probes to distinguish hairpin and GQ motifs.  On the 

other hand, LTR-IV ON 8 adopts an all-parallel stranded GQ structure in K+ solution, which 

includes a bulge containing T19 that stacks with A17 of the nearby 1-nt propeller loop (Figure 

1B, Table 1).  It is shown that T19 is not mandatory for GQ formation, and hence, placing a GQ 

sensor at this position should not affect the native GQ structure.  Further, a 4-nt propeller loop 

formed by A10-C11-T12-G13 bases is also envisioned as a good location to place the probe.17  

Based on this key information, we used a combination of two highly conformation-sensitive 

nucleosides probes, FBFdU (GQ sensor)48 and FdU (hairpin/duplex sensor)55,56 to distinguish 

different topologies adopted by the LTR G-rich region (Figure 1B and 1C).  A foreseeable 

advantage of this probe combination is that the chemical shift region of FBFdU (around -122 

ppm) and FdU (around -165 ppm) are significantly different so that the individual topologies 

can be unequivocally distinguished, which otherwise is difficult by other currently available 

tools (vide infra). 
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Table 1. Native and labeled LTR G-rich ONs.  

G-rich 

domain 

ON[a] 5ʹ---------------------------------------3ʹ 

LTR-III 3 GGG AGG CGT GGC CTG GGC GGG ACT GGG G 

4 GGG AGG CG2 GGC CTG GGC GGG AC1 GGG G 

5 GGG AGG CGT GGC CTG GGC GGG AC1 GGG G 

6 GGG AGG CG2 GGC CTG GGC GGG ACT GGG G 

7 CCC CAG TCC CGC CCA GGC CAC GCC TCC C 

LTR-IV 8 CTG GGC GGG ACT GGG GAG TGG T  

9 CTG GGC GGG AC1 GGG GAG TGG T 

10 CTG GGC GGG ACT GGG GAG 1GG T 

11 ACC ACT CCC CAG TCC CGC CCA G 

LTR-III 

+ IV 

12 AGG GAG GCG TGG CCT GGG CGG GAC TGG GGA GTG GT 

13 AGG GAG GCG TGG CCT GGG CGG GAC 1GG GGA GTG GT 

14 AGG GAG GCG TGG CCT GGG CGG GAC TGG GGA G1G GT 

15 AGG GAG GCG 2GG CCT GGG CGG GAC TGG GGA GTG GT 

16 AGG GAG GCG 2GG CCT GGG CGG GAC TGG GGA G1G GT 

[a]ONs 3, 8 and 12 are native unmodified ONs of LTR-III, LTR-IV and LTR-(III+IV), respectively. 

ONs 4–6 are native LTR-III modified with FBFdU (1) and or FdU (2) at T24 and T9, respectively. ONs 

9 and 10 are native LTR-IV modified with FBFdU (1) at T12 and T19, respectively. ONs 13–16 are native 

LTR-(III+IV) modified with FBFdU (1) and or FdU (2) at T25 or T32 and T10, respectively. 7 and 11 are 

complementary ONs of 4 and 8, respectively.  

 

2.2.2 Probing LTR-III GQ-hairpin motif  

Based on the structural considerations, ON 4 was synthesized wherein FBFdU was 

incorporated at the GQ domain (T24) and FdU was incorporated at the hairpin domain (T9) 

using phosphoramidites 1a and 2a, respectively (Scheme S1).  The placement of these labels 

was strategically done to avoid any peak overlap that might occur due to the presence of two 

fluorine labels, ensuring accurate analysis of the structures.  The ON was purified by gel 

electrophoresis and characterized by mass analysis (Table A1, Appendix-I).  CD spectra of 

control unmodified ON 3 and modified ON 4 were found to be similar depicting the formation 

of a hybrid GQ topology with positive bands at ~265 nm and ~285 nm (Figure 2A).16  GQ form 

of ON 4 exhibited a slightly higher Tm value as compared to the native ON 3 (Figure 2B and 

Table 2).  These results indicate that the incorporation of FBFdU and FdU has only a minor 

impact on the formation and stability of ON 4 GQ structure. 
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Scheme S1. FBFdU phosphoramidite (1a) and FdU phosphoramidite (2a) were synthesized 

following reported procedures.48,57,58 31P NMR spectra of phosphoramidites (1a) and (2a) are 

provided in Appendix-I. 

 

 

Figure 2. (A) CD spectra of control LTR-III ON 3 (5 µM), modified LTR-III ONs 4–6 (5 µM). 

(B) UV-thermal melting profiles for the same at 295 nm (2 µM). 

 

Table 2: Tm °C of LTR-III native and modified ONs. 

ONs 3 4 5 6 

Tm °C 65.0 ± 0.7 69.4 ± 1.6 69.0 ± 1.7 64.8 ± 0.7 

 

The ability of FBFdU to serve as a GQ reporter was evaluated by recording the 

fluorescence of LTR-III ON 4 and its corresponding duplex (4•7) in a buffer containing K+ 
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ions (Figure 3A and 3B).  The GQ form of 4 displayed a discernibly lower fluorescence 

intensity and a slightly red-shifted emission band (417 nm) as compared to its perfect duplex 

(4•7, 414 nm).  In support of our probe system design, 19F NMR spectrum of ON 4 exhibited 

two distinct peaks at -122.51 ppm and -165.73 ppm arising from FBFdU and FdU, respectively 

(Figure 3C, blue line).  1H NMR spectra of ON 4 and 3 revealed imino proton signals for both 

GQ and hairpin domains (Figure 4).  In order to assign signals in the 19F NMR spectrum, two 

singly modified ONs 5, containing FBFdU at T24 (GQ domain) and 6, containing FdU at T9 

(hairpin domain), were synthesized (Table 1, Figure 3A, Appendix-I).  CD profiles and Tm 

values of these ONs indicated the formation of a stable hybrid GQ structure like the native and 

modified ONs 3 and 4 (Figure 2A and 2B, Table 2).  ON 5 produced a single peak at -122.51 

ppm from the GQ sensor matching the signal obtained using ON 4 (Figure 3C, red line).  ON 

6 produced a signal at -165.71 ppm from the hairpin sensor similar to ON 4 (Figure 3C, green 

line).  Hence, signals emanating from FBFdU (-122.51 ppm) and FdU (-165.73 ppm) of ON 4 

are assigned to GQ and hairpin domains, respectively.  When ON 4 was annealed to a 

complementary ON 7, the duplex structure produced new peaks at -121.54 ppm associated to 

FBFdU and -165.62 ppm associated to FdU (Figure 5).  1H NMR also validated the formation 

of a duplex structure where characteristic peaks for Hoogsteen H-bonded GQ imino protons 

(10–12 ppm) disappeared and Watson-Crick H-bonded imino protons appeared between 12–

14 ppm (Figure 5).  Henceforth, the probe system provides a simplified 19F NMR spectrum to 

detect the two domains of LTR-III ON 4 simultaneously. 

 

 

Figure 3. (A) Schematic representation of juxtaposed GQ-hairpin structure of LTR-III. ON 4 

is modified with FdU at T9 and FBFdU at T24 positions. ON 5 contains FBFdU at T24 position. 

ON 6 contains FdU at T9 position. (B) Fluorescence spectra of ON 4 (GQ) and its duplex 4•7. 

The samples were excited at 330 nm with excitation and emission slit widths of 7 nm and 9 

nm, respectively. (C) 19F NMR spectra of ONs 4–6.  
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Figure 4. Partial 1H NMR spectra (45 μM) of control ON 3 and modified ONs 4–6. 

 

 

 

Figure 5. 19F and 1H NMR spectra (45 μM) of ON 4 and its duplex 4•7. 

2.2.3 Probing LTR-IV GQs 

Next, we studied the LTR-IV G-rich region by incorporating FBFdU at T12 (ON 9) and T19 

(ON 10) positions using the modified phosphoramidite 1a (Table 1, Figure 6A, Appendix-I).  

To our presumption, FBFdU placed at these positions did not affect the formation and stability 

of the native parallel GQ topology as ascertained by CD and UV-thermal melting experiments 

(Figure 6A and 6B, Table 3). ONs 9 and 10 fluorescently reported the formation of a GQ 

structure with an intense band centered around 428 nm (Figure 7B).  However, corresponding 

duplexes showed reduced emission.  In particular, duplex 10•11 displayed a significant 



 

2.10 | C h a p t e r  2  
 

reduction in fluorescence intensity.  Notably, 19F NMR spectra of ON 9 (75 µM) exhibited 

multiple peaks revealing the formation of different GQ structures (Figure 7B, blue line).  Imino 

proton signals appearing between 10–12 ppm supported the formation of GQs (Figure 8).  GQs 

can stack on top of each other by 5-5 end-to-end stacking interaction resulting in higher 

ordered GQs and such structures are usually observed for sequences capable of forming a 

parallel topology.59  Hence, in consensus with a literature report,17 observed 19F signals could 

be associated to higher ordered structures originating from the monomeric parallel GQ motif.  

To further evaluate the 19F signals, NMR spectra of ON 9 were recorded at a much lower 

concentration and in the presence of a synthetic crowding agent (PEG).  It has been shown that 

low concentrations of the ON favour monomeric structure, whereas synthetic crowding agents 

like PEG favour higher ordered structures.60,61  19F NMR recorded at a lower concentration of 

the ON 9 (10 µM) produced a major peak at -120.42 ppm, which was also present at a higher 

concentration of the ON (Figure 7C, purple line).  While this peak was assigned to the 

monomeric GQ structure, a peak at -121.74 ppm in PEG 200 (40% v/v) is likely due to the 

formation of a higher ordered GQ structure (green line).  The formation of GQ structures under 

these conditions was confirmed by 1H NMR (Figure 8).  ON 9 hybridized to it’s complementary 

ON 11 gave a 19F peak for the duplex form, which was also ascertained by 1H NMR (Figure 

7C, red line and Figure 8).  ON 10 containing the modification at T19 position though gave 

multiple 19F peaks, the spectrum was not well resolved (Figure 9).  Peak broadening was also 

observed in 1H NMR spectrum, and hence, this sequence was not used in further studies.  Taken 

together, these results endorse that FBFdU is a useful GQ tool that allows access to study 

sequences forming multiple structures. 

 

Figure 6. (A) CD spectra of control LTR-IV ON 8 (8 µM), modified LTR-IV ONs 9 and 10 (8 

µM). (B) UV-thermal melting profiles for the same at 295 nm (5 µM). See Table 3 for Tm 

values.  
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Table 3. Tm °C of LTR-IV native and modified ONs. 

ONs 8 9 10 

Tm °C 51.6 ± 0.3 52.2 ± 0.7 51.6 ± 1.2 

 

 

Figure 7. FBFdU reports the formation of LTR-IV GQs. (A) Schematic representation of the 

parallel GQ structure of LTR-IV ON. ON 9 contains FBFdU at T12 position. ON 10 contains 

FBFdU at T19 position. 9•11 and 10•11 are corresponding duplexes. (B) Fluorescence spectra 

(1 µM) of ONs 9 and 10 (GQ) and their duplexes. The samples were excited at 330 nm with 

excitation and emission slit widths of 6 nm and 7 nm, respectively. (C) 19F NMR spectra of 

ON 9 under different conditions.  

 

 

Figure 8. Partial 1H NMR spectra of control ON 8 (75 μM) and ON 9 under different 

conditions. 
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Figure 9. 19F and 1H NMR spectra of ONs 9 and 10. 

2.2.4 Computational models provide insights on how the probe system senses LTR GQs 

To gain structural insights on the GQ sensing ability of FBFdU, we compared the photophysical 

properties of the nucleoside analog and structural models of labeled LTR ONs.  FBFdU is 

highly environment-sensitive, and hence, when incorporated into ONs its photophysical 

properties are influenced by stacking interaction, solvation-desolvation and rigidification-

derigidification effects, and electron transfer process with adjacent guanosine bases (Table 

4).48,62 While a polar environment favours high and red-shifted fluorescence, stacking 

interaction and electron transfer process quench the fluorescence of the analog.  Further, due 

to the presence of a molecular rotor element in the nucleoside, the orientation of the FBF ring 

with respect to the uracil ring influences its fluorescence intensity.48 Therefore, observed 

differences in fluorescence intensity of GQ and duplex structures are due to differences in the 

microenvironment around the probe.    

To examine the probe environment and its interaction with neighboring bases, structural 

models of labeled LTR-III ON 4 and LTR-IV ONs 9 and 10 were generated.  Force field 

parameters of FBFdU and FdU (Figure 10 and 11) were first calculated and were incorporated 

into the templates with PDB ID: 6H1K and 2N4Y.16,17  Two control systems, LTR-III ON 3 

and LTR-IV ON 8, were also generated.  All the complexes were subjected to 500 ns MD 

simulations and the root mean square deviation (RMSD) revealed that the simulations are well 

equilibrated (Figure 11).  Superimposition of the major cluster of ON 4 and the native ON 3 is 

almost identical (Figure 13).  This is further visible from the root mean square fluctuation 

(RMSF, Figure 13A).  In ON 4, FBFdU placed at T24 strongly stacks below the tetrad formed 

by G25•G28•G17•G21 and experiences a hydrophobic environment (Figure 14A–14C).  The plots 

representing the center of mass (COM) distance and angle defined between the normal to 

FBFdU and G28 showed steady values of ~5 Å and 0−45 (~82% stacking), respectively, which 

are the defined parameters for proper stacking interaction (Figure 15).63  This major 
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conformation exists for ~86% of the simulation, which manifests in the form of a low intense 

band around an emission maximum of methanol (417 nm, Figure 3B).  In case of duplex 4•7, 

C5-modified FBFdU flanked between C23 and G25 would be projected in the major groove and 

is likely to experience less stacking interaction as compared to in the GQ structure.  Hence, the 

duplex structure display higher fluorescence intensity with no apparent change in emission 

maximum.  A similar conformation has been observed for C5-heterocycle-modified pyrimidine 

nucleoside analogs in duplexes.64,65   

Note: Computational analysis was conducted by Prof. P. I. Pradeepkumar and his 

students, Priyasa Majee and Sruthi Sudhakar. 

 

Table 4. Absorbance and emission wavelengths of nucleoside FBFdU (1) in different 

solvents.48 Data reported from J. Am. Chem. Soc. 2018, 140, 12622–12633.48 

 

solvent λmax (nm) λem (nm)  

water 322 437 0.11 

methanol 322 418 0.04 

dioxane 324 400 0.03 

ethylene glycol 325 420 0.20 

glycerol 326 424 0.52 

 

 

 

0 0 2         

This is a remark line     

molecule.    molecule.res         

FDU INT 0         

CORRECT OMIT DU BEG        

0.0000           

1  DUMM DU M 0 -1 -2 0 0 0 0 

2  DUMM DU M 1 0 -1 1.449 0 0 0 
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3  DUMM DU M 2 1 0 1.523 111.21 0 0 

4  P1        P    M 3 2 1 1.54 111.208 -180 1.294462 

5 O2        O2 E   4 3 2 1.469 81.307 -120.503 -0.909793 

6 O8        O2 E   4 3 2 1.472 46.311 76.917 -0.909793 

7 O3        OS M 4 3 2 1.646 110.787 -13.801 -0.640503 

8 C1        CT   M 7 4 3 1.398 120.517 -120.842 0.144315 

9 H1        H1 E   8 7 4 1.083 110.027 63.971 0.038448 

10 H2      H1 E   8 7 4 1.086 110.759 -55.331 0.038448 

11 C2       CT   M 8 7 4 1.516 109.506 -175.355 0.10031 

12 H3      H1 E   11 8 7 1.083 108.884 179.331 0.068969 

13 O4      OS S   11 8 7 1.426 109.53 -62.744 -0.471067 

14 C3       CT   3 13 11 8 1.392 111.377 121.413 0.280157 

15 H4      H2 E   14 13 11 1.075 110.454 103.214 0.089924 

16 N1      N* S   14 13 11 1.474 108.136 -141.827 -0.385478 

17 C4       CM B   16 14 13 1.383 119.469 52.773 0.047923 

18 H5      H4 E   17 16 14 1.075 116.654 3.002 0.233236 

19 C5       CM B   17 16 14 1.328 121.991 -176.865 -0.094409 

20 C6       C    B   19 17 16 1.45 121.491 0.422 0.642038 

21 O5      O    E    20 19 17 1.2 127.066 179.948 -0.707254 

22 N2      NA B   20 19 17 1.38 111.743 0.057 -0.646274 

23 H6      H    E   22 20 19 0.997 116.47 179.661 0.304756 

24 C7       C     S   22 20 19 1.379 128.863 0.555 0.73023 

25 O6      O     E   24 22 20 1.2 119.961 178.871 -0.727943 

26 F1       F      E 19 17 16 1.327 122.327 179.93 -0.148638 

27 C9       CT   B 14 13 11 1.524 106.529 -18.129 -0.132195 

28 H8      HC E   27 14 13 1.082 110.583 -84.598 0.063958 

29 H9      HC E   27 14 13 1.08 113.265 151.624 0.063958 

30 C8       CT   M 11 8 7 1.537 115.49 56.62 0.179574 

31 H7      H1 E   30 11 8 1.081 111.369 22.658 0.078991 

32 O7      OS   M   30 11 8 1.402 107.933 144.829 -0.626347 

LOOP           

C7       N1          

C8      C9          

IMPROPER           

C7 C4 N1 C3        

C5 H5 C4 N1        

C6 C4 C5 F1        

C5 N2 C6 O5        

C6 C7 N2 H6        

N1 N2 C7 O6        

DONE           

STOP           

Figure 10. Cartesian coordinates and RESP charges calculated for the FdU adduct generated using 

Gaussian 16. Carbons atoms are represented by green, nitrogen atoms by blue, oxygen atoms by red, 

fluorine by cyan and hydrogen atoms by white respectively. 
 



 

2.15 | C h a p t e r  2  
 

 

0 0 2         

This is a remark line     

molecule.    molecule.res         

FBFDU INT 0         

CORRECT OMIT DU BEG        

0.0000           

1 DUMM   DU      M    0 -1 -2 0 0 0 0 

2 DUMM   DU      M    1 0 -1 1.449 0 0 0 

3 DUMM   DU      M    2 1 0 1.523 111.21 0 0 

4 P1            P         M    3 2 1 1.54 111.208 -180 1.329951 

5 O2           O2      E     4 3 2 1.469 102.542 -69.037 -0.907294 

6 O8           O2      E     4 3 2 1.477 133.025 105.246 -0.907294 

7 O3           OS      M   4 3 2 1.644 57.297 -173.44 -0.629415 

8 C1            CT      M   7 4 3 1.402 118.04 54.604 0.143944 

9 H1           H1     E     8 7 4 1.084 109.87 71.765 0.042331 

10  H2          H1     E     8 7 4 1.086 110.559 -47.174 0.042331 

11  C2          CT      M   8 7 4 1.514 110.845 -167.033 0.101983 

12  H3          H1     E     11 8 7 1.083 108.375 176.116 0.071046 

13  O4          OS     S     11 8 7 1.429 109.832 -66.203 -0.463418 

14  C3          CT     3 13 11 8 1.391 110.667 128.117 0.279273 

15  H4          H2    E     14 13 11 1.077 111.028 96.849 0.094203 

16  N1          N*    S     14 13 11 1.475 107.506 -147.989 -0.379024 

17  C4          CM   B     16 14 13 1.364 119.403 52.105 0.123751 

18  H5          H4    E     17 16 14 1.075 114.89 2.014 0.233422 

19  C5          CM   B     17 16 14 1.35 123.996 -177.596 -0.298709 

20  C6          C B     19 17 16 1.455 118.481 1.281 0.680537 

21  O5          O      E     20 19 17 1.202 127.194 179.279 -0.708119 

22  N2          NA     B    20 19 17 1.381 113.242 -0.56 -0.638327 

23  H6          H      E    22 20 19 0.997 116.23 179.821 0.311693 

24  C7          C      S    22 20 19 1.373 128.831 0.532 0.743339 

25  O6          O      E    24 22 20 1.197 120.755 179.188 -0.707045 

26  C10        C*     S    19 17 16 1.461 121.17 -178.289 0.120509 

27  C11        C*     B   26 19 17 1.347 133.367 -175.809 -0.216033 

28  C12        CB     S   27 26 19 1.446 105.519 -179.349 -0.092125 

29  C13        CB     B   28 27 26 1.389 105.35 0.092 0.052891 

30  C15        CA     B   29 28 27 1.38 124.347 179.52 -0.068718 

31  C17        CA     B   30 29 28 1.38 116.104 0.291 -0.19327 

32  C16        CA     B   31 30 29 1.39 119.966 -0.033 0.074936 

33  C14        CA     S   32 31 30 1.372 123.833 -0.186 -0.165353 

34  H13        HA     E   33 32 31 1.075 120.429 -179.75 0.122269 

35  F1           F      E    32 31 30 1.346 117.813 -179.963 -0.18672 

36  H15        HA     E  31 30 29 1.074 121.136 179.921 0.1269 
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37  H14        HA     E   30 29 28 1.078 119.977 -179.04 0.228791 

38  O12        OS     E    29 28 27 1.35 109.737 -0.162 -0.17201 

39  H12        HA     E   27 26 19 1.066 125.988 0.284 0.160246 

40  C9          CT     B    14 13 11 1.522 105.968 -24.509 -0.132497 

41  H8          HC    E    40 14 13 1.083 110.505 -79.957 0.065488 

42  H9          HC    E    40 14 13 1.079 113.784 155.703 0.065488 

43  C8          CT    M 11 8 7 1.538 115.921 53.869 0.183496 

44  H7          H1   E    43 11 8 1.081 111.413 19.034 0.083087 

45  O7          OS   M  43 11 8 1.401 107.861 141.357 -0.616531 

LOOP           

C7   N1          

O12   C10          

C14   C12          

C8    C9          

IMPROPER           

C7 C4 N1 C3        

C5 H5 C4 N1        

C10 C6 C5 C4        

C5 N2 C6 O5        

C6 C7 N2 H6        

N1 N2 C7 O6        

C11 C5 C10 O12        

C10 C12 C11 H12        

C11 C14 C12 C13        

C15 C12 C13 O12        

C17 C13 C15 H14        

C15 C16 C17 H15        

C17 C14 C16 F1        

C16 C12 C14 H13        

DONE           

STOP           

Figure 11. Cartesian coordinates and RESP charges calculated for the FBFdU adduct generated using Gaussian 

16. Carbons atoms are represented by green, nitrogen atoms by blue, oxygen atoms by red, fluorine by cyan and 

hydrogen atoms by white respectively. 

 

 

 

Figure 12. RMSD plot of (A) LTR-III ON 3 and ON 4 (B) LTR-IV ON 8, ON 9 and ON 10. 

RMSD values were calculated from the 500 ns MD simulations. 
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 Figure 13. Superimposed images of the major clusters of LTR-III native ON 3 and modified 

ON 4. ON 3 and 4 are represented in green and maroon, respectively. The bases, which show 

maximum changes in the orientation are labeled in the Figure. The clusters have been 

obtained from the 500 ns MD simulation. The incorporation of FdU results in the partial 

stacking of FdU with G8 and alters the orientation slightly from the native form while FBFdU 

remains the same. 
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Figure 14. RMSF plots of (A) LTR-III ON 3 and ON 4 with variation in the G8 and FdU (B) 

LTR-IV ON 8 and ON 9 (C) LTR-IV ON 8 and ON 10 with variation in the probe. The 

nucleotides are represented from 5ʹ to 3ʹ. The position of the probe has been indicated by a 

dashed box around the nucleotide RMSF values were calculated from the 500 ns MD 

simulations. 
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Figure 15. Representative images of major clusters of LTR-III ON 4. (A) Overall structure 

with FdU and FBFdU in ON 4. (B) Axial view showing the stacking of FBFdU over the bottom 

quartet. (C) Zoomed-in image showing the perpendicular orientation of FBFdU stacked with 

G17 and G28. GQ bases are represented in maroon, FdU in magenta and FBFdU in blue. K+ ions 

are represented as orange spheres. The clusters have been obtained from the 500 ns MD 

simulation. 

 

 

Figure 16. Population distribution of the (A) centre of mass distance (COM) distance 

between G28 and FBFdU in ON 4, (B) angle between the normal to G28 and FBFdU. The 

values were calculated from the 500 ns MD simulations.  

Simulations of LTR-IV ON 9 revealed 3 clusters of ~30, 30, and 26% each, and ON 10 

revealed 2 clusters accounting for ~85% of the population (Figure 17 and 18).  The modified 

base adopts an alternate conformation without affecting the GQ topology (Figure 19 and 20).  

Models of 9 and 10 revealed that the probe placed at T12 and T19 positions, respectively, is 

flipped out (solvent exposed) and is away from the G-tetrad core (Figure 17 and 18).  Hence, 

these ONs exhibit high fluorescence intensity with emission maximum more towards water 

polarity, which is in line with the photophysical properties of the nucleoside (423 nm and 428 

nm, Table 4).  In case of duplex 9•11, FBFdU flanked between C11 and G13 would experience 

partial stacking interaction, and hence, shows lower fluorescence intensity at em = 418 nm.  

FBFdU in duplex 10•11 exhibits significant reduction in fluorescence intensity due to partial 

stacking interaction followed by more quenching from two adjacent Gs (G18 and G20).  

Although 19F component of nucleoside probes exhibits distinct chemical shifts for different GQ 

and duplex structures, rationalizing peak positions is not trivial.  This is because the 

environment around the probes and their interaction with neighbouring bases as mentioned 

above can have varying shielding-deshielding effects on the 19F atom,66–68 which is difficult to 

predict and is also evident from an obscure trend in chemical shift of nucleosides in different 

solvents (Table 5). 
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Table 5. 19F NMR chemical shift (ppm) of FBFdU (1) and FdU (2) in different solvents.48, 58  

Although 19F label exhibits distinct chemical shifts in different solvents, the trend based on 

polarity and viscosity order is complex.  

 

solvent FBFdU FdU 

water -121.78 -166.49 

methanol -123.70 -169.39 

dioxane -123.01 -169.06 

ethylene glycol -122.35 -168.05 

 

  

 

Figure 17. Representative images of three major clusters of LTR-IV ON 9. (A) Cluster 1, (B) 

cluster 2 and (C) cluster 3. GQ bases are represented in maroon and FBFdU in blue. K+ ions 

are represented as orange spheres. Clusters have been obtained from the 500 ns MD simulation. 

 

 

Figure 18. Representative images of two major clusters of LTR-IV ON 10. (A) Cluster 1 and 

(B) cluster 2. GQ bases are represented in maroon and FBFdU in blue. K+ ions are represented 

as orange spheres. Clusters have been obtained from the 500 ns MD simulation 

 

 



 

2.21 | C h a p t e r  2  
 

Figure 19. Superimposed images of the major clusters of LTR-IV native ON 8 and modified 

ON 9. ON 8 and 9 are represented in green and maroon, respectively. The bases, which show 

maximum changes in the orientation are labeled in the Figure. The clusters have been 

obtained from the 500 ns MD simulation. 

 

Figure 20. Superimposed images of the major clusters of LTR-IV native ON 8 and modified 

ON 10. ON 8 and 10 are represented in green and maroon, respectively. The bases, which 

show maximum changes in the orientation are labeled in the Figure. The clusters have been 

obtained from the 500 ns MD simulation. 

2.2.5 Probing GQ structure of LTR promoter region in cellular environment by 19F NMR 

The LTR G-rich promoter region encompassing both LTR-III and -IV segments were recently 

characterized by Richter and Phan groups in vitro using 1H NMR. Their results suggest that it 

largely forms a juxtaposed GQ-hairpin motif like LTR-III.16  As an important step forward, we 

decided to use the spectral properties of our nucleoside analogs to systematically determine the 

GQ structure adopted by the LTR region in cellular environment and probe its druggable space. 

In-cell 19F NMR has become a powerful tool to study nucleic acid structures in cellular 

milieu,48,70,71 as fluorine is 100% abundant, highly sensitive and importantly, absent in cellular 

systems (no background signal).72–78 Further, its signal does not undergo significant line 

broadening in the heterogeneous cellular environment, which is very severe in the case of 

proton signal.79  To determine 19F signatures of various domains and survey GQ and hairpin 

structures, LTR ONs 13–15 labeled with FBFdU or FdU at different positions were synthesized 

(Appendix-I).  While ONs 13 and 14 containing FBFdU was synthesized to detect GQs, ON 

15 containing FdU was prepared to detect the hairpin domain (Figure 22A).  It is to be noted 

that the position of modification was maintained as in the individual LTR G-rich segments.  

CD spectra of modified (13–15) and control unmodified (12) ONs exhibited bands 

corresponding to a hybrid topology similar to the one adopted by the LTR-III region (Figure 

21A).  While the Tm values of ON 14 (FBFdU at T32) and 15 (FdU at T10) were found to be 

similar compared to the native ON 12, ON 13 (FBFdU at T25) displayed a slightly higher Tm 
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(~4 °C, Figure 21B, Table 6).  ON 13 gave a single broad peak at -123.20 ppm and ON 14 

exhibited a sharper peak at -122.10 ppm for the GQ domain (Figure 22B).  On the other hand, 

FdU-labeled ON 15 produced a distinct peak (-165.72 ppm) for the hairpin domain.  1H NMR 

spectra of ONs clearly revealed the presence of imino protons for GQ and hairpin motifs 

(Figure 22B).  Further, absence of multiple 19F peaks suggests that the parallel topology 

associated to the LTR-IV region is possibly not formed by the longer promoter region (compare 

with Figure 7C). 

 

Figure 21. (A) CD spectra of control LTR-(III+IV) ON 12 (5 µM), modified LTR-(III+IV) ONs 13–

16 (5 µM). (B) UV-thermal melting profiles for the same at 295 nm (2 µM).  

 

Table 6. Tm °C of LTR-(III+IV) native and modified ONs. 

ONs 12 13 14 15 16 

Tm °C 55.6 ± 0.2 60.6 ± 0.3 51.6 ± 1.2 55.6 ± 0.4 55.2 ± 0.4 

 

In order to detect both GQ and hairpin motifs simultaneously, we synthesized ON 16 

containing FdU at T10 and FBFdU at T32 positions.  Modification at T25 (like in ON 13) was 

avoided as it gave a broader peak and poorer base line.  Rewardingly, ON 16 displayed two 

distinct signals, one each for GQ (-122.10 ppm) and hairpin (-165.72 ppm) structures with 

chemical shifts same as that of ONs 14 and 15 designed to detect the structures independently 

(Figure 22B).  As well, ON 16 depicted a 1H NMR spectrum revealing the presence of GQ and 

hairpin structures.  Collectively, the probe combination provides distinct 19F signatures for GQ 

and hairpin structures, and our results demonstrate that the LTR G-rich region predominantly 

folds into a GQ-hairpin motif similar to LTR-III in vitro. 
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Figure 22. (A) Schematic representation of juxtaposed GQ-hairpin structure of LTR-III + IV region. 

(B) 19F NMR and partial 1H NMR spectra of ONs 13–16. 

 

Molecular crowding, complex cellular environment and ionic conditions can have significant 

effects on the folding process of a G-rich sequence.  To obtain a progressive understanding of 

the LTR GQs in cell-free and cellular environments, we performed a systematic NMR analysis 

using Xenopus oocytes, a commonly used cellular model.70,72,80,81 While a buffer mimicking 

intraoocyte ionic conditions serve as a cell-free system, frog egg lysate and extract serve as 

very good ex vivo systems to carryout NMR experiments to determine the structure of nucleic 

acids.  First, we recorded the 19F NMR spectrum of ON 16 in an intraoocyte buffer (25 mM 

HEPES pH 7.5, 110 mM KCl, 10.5 mM NaCl, 130 nM CaCl2, 1 mM MgCl2, 0.1 mM EDTA).  

The ON acquired a conformation like the LTR-III, reflecting peaks at -122.02 ppm for the GQ 

and -165.65 ppm for the hairpin motifs (Figure 23, blue line).  The formation of the GQ-hairpin 

structure was confirmed by 1H NMR and CD experiments (Figure 23 and 24).  Healthy stage 

V/VI eggs were selected, mechanically crushed and heat denatured.  ON 16 incubated in the 

lysate obtained by centrifugation supported the formation of a hybrid architecture like in the 

intraoocyte buffer (Figure 23, red line).  The inter-phase egg extract obtained by simply 

centrifuging crushed eggs maintains metabolite and protein contents mimicking the biological 

environment.60  Interestingly, 19F NMR spectrum of ON 16 incubated in the egg extract 

revealed the presence of GQ and hairpin motifs, albeit a slight broadening and shift in the signal 

(green line).  This is a common effect observed in cell models, wherein slower tumbling rates 

prolongs the transverse relaxation time (T2) resulting in peak broadening.60,70,71,80  In contrast, 

due to extensive line broadening, the 1H NMR spectrum fails to provide structural information 
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in egg extract (Figure 23).  Henceforth, our fluorine-labeled nucleoside probes outweigh the 

applicability of proton NMR in cell-based analysis. 

 

Figure 23. LTR G-rich region forms a GQ-hairpin structure in cellular environment as detected 

using FBFdU and FdU. 19F and 1H NMR spectra of ON 16 (100 µM) in IO buffer, frog egg 

lysate and frog egg extract (ex vivo cell model). 

 

 

Figure 24. CD spectra of ONs 12 and 16 each at 5 µM in intraoocyte (IO) buffer.  

 
To confirm if the signal is originating from the intact ON in cellular samples, after NMR 

acquisition, samples were analyzed by HPLC.  A comparative analysis of HPLC profiles of the 

free ON, ON in lysate and free nucleoside 1 clearly pointed out that the ON is not degraded in 

the cellular environment (Figure 25).  Further, ESI-MS of ON 16 recovered from the cell lysate 

ascertained the intactness of the labeled ON (Figure 26).  Taken together, these results provide 

a clear evidence for the existence of a monomeric architecture preserving juxtaposed GQ and 

hairpin domains both in vitro and in cellular conditions underscoring the potential of LTR GQ 

as a target of selective therapeutic intervention. 
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Figure 25. Comparison of RP-HPLC chromatogram of ON 16, 16 in lysate after the NMR 

experiments, lysate (control) and nucleoside FBFdU 1 at 260 nm and 330 nm. ON 16 is stable 

in the lysate and no detectable degradation of ON 16 was observed (see the peak within the 

dashed line). Peaks between 5–8 min are from metabolites of the clear lysate.   

 

 

Figure 26. ESI-MS spectra of modified ON 16 extracted from lysate sample after NMR 

analysis (calculated mass = 11194.75, observed mass =11195.50). 
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2.3 Conclusions 

We have devised a probe platform using two highly environment-sensitive nucleoside analogs 

(FBFdU and FdU) to study the structural polymorphism of a conserved HIV-1 LTR G-rich 

region in cell-free and cellular environments. These minimally invasive analogs produced a 

very simplified spectrum with distinct fluorescence and 19F NMR signatures for different LTR 

GQ architectures. Importantly, using 19F signatures of FBFdU and FdU we successfully 

identified that the LTR G-rich region adopts a GQ-hairpin architecture in a cellular 

environment. MD simulations gave insights on the structural basis by which FBFdU 

fluorescently senses different GQ topologies and distinguishes them from the duplex form. We 

envision that the comprehensive study will allow devising new drug molecules targeting the 

unique G-quadruplexes. 

2.4 Experimental Section 

2.4.1 Materials: 5-Flurobenzofuran-2ʹ-deoxyuridine (1) and phosphoramidite substrates (1a) 

and (2a) were synthesised following a reported procedure.48,57,58 5-fluoro-2ʹ-deoxyuridine (2) 

was purchased from Carbosynth. Monomers for solid-phase oligonucleotide (ON) synthesis 

such as N-benzoyl-protected dA, N-acetyl-protected dC, N,N-dimethylformamide-protected 

dG, and dT phosphoramidite substrates were purchased from ChemGenes, Glen Research and 

Innovassynth.  Solid supports for DNA synthesis were procured from Glen Research.  All other 

reagents   needed   for   solid-phase ON synthesis   were   availed   from Sigma-Aldrich.  Control 

DNA ONs 3, 7, 8, 11 and 12 were purchased from Integrated DNA Technology, purified by 

denaturing polyacrylamide gel electrophoresis (PAGE) and desalted using Sep-Pak Classic 

C18 cartridges (Waters Corporation). BRACO19 hydrochloride and all reagents (Bio-Ultra 

grade) used in the preparation of buffers were purchased from Sigma-Aldrich. TMPyP4 and 

Doxorubicin hydrochloride (DOX) were procured from Merck-Millipore. Millipore water after 

autoclaving was used for the preparation of all buffer solutions and in all biophysical studies. 

2.4.2 Instruments: NMR spectra of small molecules were acquired in Bruker AVANCE III 

HD ASCEND 400 MHz spectrometer and processed using Mnova software from Mestrelab 

Research. Mass data was obtained using ESI-MS Waters Synapt G2-Si Mass Spectrometry 

instrument. Modified DNA ONs were synthesized on a K&A DNA/RNA synthesizer H6. RP-

HPLC analysis was performed using Agilent Technologies 1260 Infinity HPLC. Absorption 

spectra were recorded on a UV-2600 Shimadzu spectrophotometer. Fluorescence of the ONs 
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samples were recorded using a Fluoromax-4 spectrophotometer (Horiba Scientific). UV-

thermal melting analysis of the ONs was carried out on Cary 300 Bio UV-Vis 

spectrophotometer and Cary 3500 multicell UV-Vis spectrophotometer. CD measurements 

were done on a JASCO J-815 CD spectrometer. NMR spectra of the ONs were acquired on a 

Bruker AVANCE III HD ASCEND 600 MHz spectrometer equipped with Cryo-Probe (CP2.1 

QCl 600S3 H/F-C/N-D-05 Z XT) and processed using Bruker TopSpin Software.  

2.4.3 Solid-phase DNA synthesis: FBFdU (1) and or FdU (2) modified DNA ONs 4–6, 9, 10 

and 13–16 were synthesized on a 1 μmole scale (1000 Å CPG solid support) with K&A H-6 

synthesizer using phosphoramidite substrates. For modified phosphoramidites FBFdU (1a) and 

FdU (2a), double coupling of 3 min each was set (total 6 min). After the synthesis, the ONs 

were cleaved from the solid support using 30% aqueous ammonia and deprotected at 65 °C for 

20 h. ONs were purified by denaturing PAGE (18 % or 20% gel) and the product bands were 

visualized by UV-shadowing. Product bands were excised and ONs were extracted with 4 mL 

of 0.5 M ammonium acetate buffer in a poly-prep column (Bio-Rad) for 12 h. Desalting was 

performed using a Waters C-18 cartridge. The purity of ONs was monitored by RP-HPLC 

(Appendix-I). The integrity was verified by ESI-MS (Appendix-I). 

2.4.4 ESI-MS analysis: Negative mode ESI-MS analysis was performed by injecting DNA 

ONs (~800 pmol) dissolved in 50% acetonitrile in an aqueous solution of 10 mM triethylamine 

and 100 mM 1,1,1,3,3,3-hexafluoro-2-propanol. See Appendix-I for mass spectra and Table 

A1 for details. 

2.4.5. Circular dichroism (CD) analysis: ONs 3–6, 8–10 and 12–16 were annealed in 20 mM 

potassium phosphate buffer (pH 7) containing 70 mM KCl at 95 °C for 5 min and slowly cooled 

to RT. CD spectra were recorded from 320–200 nm at 25 °C using 1 nm bandwidth and sample 

volume of 200 µL using a quartz cuvette (Sterna Scientific, path length 2 mm) on a Jasco J-

815 CD spectrometer. Each spectrum was recorded in duplicate with averaging three 

accumulations at scanning speed of 100 nm/min and baseline corrected for buffer contribution. 

Each spectrum was smoothened using the software provided by the manufacturer present in 

the system.  

CD in intraoocyte buffer: Control ON 12 (5 µM) and modified ON 16 (5 µM) were annealed 

in intraoocyte (IO) buffer (25 mM HEPES (pH 7.5), 10.5 mM NaCl, 110 mM KCl, 130 nM 
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CaCl2, 1 mM MgCl2, 0.1 mM EDTA) at 95 C for 5 minutes and allowed to cool at RT. CD 

spectra were recorded as above. 

2.4.6. Thermal melting analysis: ONs 3–6, 8–10 and 12–16 were annealed in 20 mM 

potassium phosphate buffer (pH 7) containing 70 mM KCl as mentioned above. The spectra 

were recorded in Cary 300 Bio UV–Vis spectrophotometer for ONs 3–6 and ONs 12–16. Cary 

3500 multicell UV-Vis spectrophotometer was used for recording the spectra for ONs 8–10 

with a temperature interval of 1 °C. Absorbance was recorded at 295 nm with a data interval 

of 1 °C for ONs 3–6, ONs 12–16 and 0.5 °C for ONs 8–10.  

2.4.7. Computational analysis: Molecular dynamics (MD) simulations were carried out using 

the templates HIV LTR-III (PDB ID: 6H1K)16 LTR-IV (PDB ID:2N4Y)17. Force field 

parameters were generated for FdU and FBFdU to prepare the ON structures with the probes. 

Both structures were prepared using GaussView 6.0 with phosphate capping at both 3ʹ and 5ʹ 

ends. FBFdU has a rotatable bond between the fluorophore and the base. A dihedral scan was 

performed for FBFdU with 36 rotations of 10 degrees each in Gaussian 16 version B.0182 at 

theory level HF/6-31G* to find the most stable conformer. The stable conformer showing the 

lowest potential energy was then optimized in Gaussian 16 at the same theory level. FdU was 

also optimized using a similar strategy. ESP charges were calculated using Gaussian 16, and 

RESP fitting was done in the antechamber83 module of AmberTools 19. The parmchk2 

program generated an initial set of force field parameters. However, some were missing 

parameters, and others had high penalty scores. The capping was then removed, and after fixing 

the overall charges, the GAFF84 library was used to fill in the missing parameters. Finally, 

prepin files were generated for complex preparation. 

 These modifications were incorporated into their respective templates in tleap. Central 

K+ of the GQ core was also added using manual coordinate calculations. The complex was 

solvated with a rectangular water box using TIP3PBOX force field having an edge length of 

10 Å. ~27 K+ were added to neutralize the system. OL1585 was used to define the DNA. MD 

simulations were carried out using our previously reported protocol.86 Briefly, all the 

complexes were subjected to 10,000 steps of restrained minimization by the steepest descent 

method with a restraint of 2.0 kcal/mol. Å2 followed by 100 ps of heating and 100 ps of density 

equilibration. Further, 800 ps of NPT equilibration and 500 ns of production run were carried 

out in GPU accelerated version of PMEMD87-89 in AMBER 18.90 A total of ~2.5 µs (5*500 ns) 

simulations were carried out. The SHAKE algorithm was applied to subject the hydrogens to 
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bond length constraints. All the MD analyses were carried out using the CPPTRAJ91 module 

of AmberTools 19.  The hierarchical agglomerative algorithm was used for clustering the 

trajectories. The cut-offs for stacking were a COM distance of 5 Å and a vector angle of 45 

degrees. The trajectories were visualized using VMD,     and images were rendered using 

PyMOL(Schrodinger LLC.)  

2.4.8. Steady-state fluorescence of modified LTR ONs: LTR GQ structures of ONs 4 (0.5 

µM), 9 (1 µM) and 10 (1 µM) were formed by heating the samples at 95 °C for 5 min in 20 

mM potassium phosphate buffer (pH 7) containing 70 mM KCl. The corresponding duplexes 

4•7, 9•11 and 10•11 were prepared by heating a 1:1.1 mixture of LTR ONs 4, 9 and 10 with 

complementary ONs 7 and 11 at 95 °C for 5 min in the same ionic conditions as mentioned 

above. All the samples were cooled slowly to RT. Experiments were done in triplicate in a 

micro-fluorescence cuvette (Hellma, path length 1.0 cm) on a Fluoromax-4 spectrofluorometer 

(Horiba Scientific) at 25 C. 

2.4.9. NMR of LTR ONs: LTR GQ structures of ONs 3–6 (45 µM), 8 (75 µM), 9 (10 µM or 

75 µM), 10 (75 µM), 13–16 (45 µM) were formed by heating the samples at 95 °C for 5 min 

in 20 mM potassium phosphate buffer (pH 7) containing 70 mM KCl in 20% D2O. The 

corresponding duplexes 4•7 and 9•11 were prepared by heating a 1:1.1 mixture of LTR ONs 4 

and 9 with complementary ONs 7 and 11 respectively at 95 °C for 5 min in the same ionic 

conditions as mentioned above. 19F and 1H NMR spectra were acquired at a frequency of 564.9 

MHz and 600 MHz, respectively, on a Bruker AVANCE III HD ASCEND 600 MHz 

spectrometer equipped with CryoProbe (CP2.1 QCl 600S3 H/F-C/N-D-05 Z XT). All 19F NMR 

spectrum were calibrated relative to an external standard, trifluorotoluene (TFT = −63.72 ppm). 

Spectral parameters for 19F NMR: excitation pulse: 12 μs; spectral width: 90.32 ppm; 

transmitter frequency offset: -145 ppm; acquisition time: 0.33 s; relaxation delay: 1.0 s; number 

of scans: 5000–6000. Using these parameters, spectra were obtained in 2–2.5 h. Each spectrum 

was processed with an exponential window function using lb = 20 Hz. 1H NMR spectra were 

obtained with water suppression using excitation sculpting with gradients. Number of scans 

was 1200. 
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2.6 Appendix-I (NMR, HPLC, ESI-MS spectra) 

31P NMR of 1a (162 MHz, CDCl3) 

 

 

31P NMR of 2a (162 MHz, CDCl3) 
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The purity of PAGE purified ONs containing the modification was analysed by RP-HPLC at 

260 nm using Luna C18 column (250 x 4.6 mm, 5 micron). Mobile phase A= 0.5 mM 

triethylammonium acetate (pH=7.3) and B= acetonitrile. Gradient: 0–100 % B in 30 min with 

a flow rate of 1 mL/min was used for ONs 4–6. Gradient: 0–30 % B in 40 min and 30–100% 

in 10 min with a flow rate of 1 mL/min was used for ONs 9, 10, 13–16 

 

 

. 
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ESI-MS of purified LTR ONs containing FBFdU and or FdU. See Table A1 for details. 
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 Table A1. ε260 and mass data of modified LTR ONs 

 

 

 

 

 

 
  

 

 

 

 

 

 

aMolar absorption coefficient () of modified ONs was determined by using OligoAnalyzer 3.1. The 

molar absorptivity of modified nucleosides FBFdU (ε260= 10310 M-1 cm-1) and FdU (260= 7687 M-1 cm-

1) was used in place of dT. 

 

 

ON 

sequence 

260 [M-1 cm-1]a calculated 

(g/mol) 

found 

(g/mol) 

4 258418 8972.76 8972.75 

5 268710 8968.79 8968.25 

6 266087 8852.68 8852.75 

9 212810 7048.58 7048.37 

10 212810 7048.58 7048.25 

13 342910 11191.23 11190.75 

14 342910 11191.23 11190.75 

15 348117 11075.11 11074.50 

16 341896 11195.19 11194.75 
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Chapter 3 

 

 

Probing druggable space of HIV-1 LTR G-quadruplexes 

using responsive 19F-labeled nucleoside probes 
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3.1 Introduction 

Given the functional implication of G-quadruplexes (GQs) in regulating key biological processes 

such as replication, transcription, and translation, targeting these structural motifs that are 

associated with disease states (e.g., cancer progression) presents a promising therapeutic strategy.1 

However, these motifs are naturally dynamic and prone to unwinding by cellular helicases, which 

can rapidly resolve them after formation.2 In this context, ligands—chemical compounds that 

selectively bind to GQs—are crucial because they stabilize these structures. These secondary 

structures serve as recognition sites for ligands due to the distinct topologies adopted by different 

GQ-forming sequences in the human genome.3 Apart from stabilization, these ligands must 

demonstrate a high degree of selectivity for quadruplexes over duplex structures possessing several 

key features a) a π-delocalized electronic system that can stack with the planar G-quartet and 

b) positively charged groups capable of interacting with the grooves, loops, and negatively charged 

phosphate backbone of quadruplex DNA (Figure 1). Additionally, these charged groups often 

improve the solubility of the quadruplex stabilizers3,4 so that these ligands remain stable under 

physiological conditions.5,6 These ligands can bind to GQs through various patterns, including 

stacking with the outer G-quartets, groove binding, loop binding, and combined binding modes 

(Figure 2).4,7  

 

Figure 1. Structures of GQ ligands. 
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With the growing recognition of GQs and their biological significance, the development of 

compounds that target these structures has rapidly progressed. Some of these compounds have 

shown promise as potential anticancer agents with relatively low toxicity.8 Among them, 

Quarfloxin, the first GQ-interactive drug, advanced to phase 2 clinical trials,9   though it failed to 

demonstrate sufficient efficacy for further clinical development.10,11 Alongside these 

advancements, various GQ ligands—such as BRACO19, TMPyP4, Pyridostatin, PhenDC, and 

their derivatives, as well as quindoline derivatives (Figure 1) have been tested for antiviral efficacy. 

While these ligands interact with both human and viral GQs, they have shown promising antiviral 

activity and greater selectivity.12,13 Examples include ThT-NE, an indicator of HCV GQs14 and 

more specialized antiviral agents such as the naphthalene diimide derivative c-exNDI,15 gamma-

PNAs16, and benzoselenoxanthenes.17  

The experimental techniques used to study GQ/ligand interactions can be classified into 

three main categories: structure-based methods, affinity-based approaches, and high-throughput 

techniques. Structure-based methods, such as circular dichroism (CD),18 nuclear magnetic 

resonance (NMR) spectroscopy,19,20 and X-ray crystallography,21 provide detailed structural 

information. Affinity methods including surface plasmon resonance (SPR),22 isothermal titration 

calorimetry (ITC),23 and mass spectrometry (MS),24 focus on evaluating the binding strength and 

interaction dynamics. High-throughput methods like fluorescence resonance energy transfer 

(FRET) melting,25 GQ-fluorescent intercalator displacement assay (GQ-FID),26 affinity 

chromatography,27 and microarrays,28 are used for large-scale assessments. Each of these 

techniques has its own advantages and limitations, making it essential to choose the appropriate 

method based on the specific biological question being addressed. 

To complement these methods and provide a more comprehensive understanding, we 

employed the microenvironment-sensitive nucleoside probes to determine the GQ/ligand 

interactions. The probe FBFdU not only facilitates the estimation of binding affinity using 

fluorescence assays but also, in conjunction with FdU, enables the examination of binding modes 

with the aid of 19F NMR. This integrated approach helps overcome the limitations of individual 

techniques by providing additional insights into both the affinity and the binding mode of 

GQ/ligand interactions.  

In this study, we investigated ligand recognition of small molecule ligands with the HIV-1 

LTR region, leveraging the responsiveness of the FBFdU/FdU probe system. The probe system 
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not only helped in mapping the binding interactions of individual LTR-segments, but assisted us 

to identify the druggable space of the longer LTR region. Since the LTR-III structure contains a 

hybrid-GQ/hairpin motif, the probes enabled tracking of structure-selective binding of the ligands. 

Additionally, a polymerase stop assay was utilized to characterize ligand interactions and assess 

their impact on the LTR replication process. 

 

Figure 2. Different binding modes of ligands with GQ. 

3.2 Results and Discussion 

3.2.1 Probing ligand binding to LTR-III GQ structures by fluorescence and 19F NMR  

The modified LTR ONs were synthesized using solid-phase synthesis as discussed in the previous 

chapter 2 (Table 1).  

Table 1: Native and modified LTR ONs used for ligand binding. 

G-rich domain ON[a] 5ʹ---------------------------------------3ʹ 

LTR-III 4 GGG AGG CG2 GGC CTG GGC GGG AC1 GGG G 

LTR-IV 9 CTG GGC GGG AC1 GGG GAG TGG T 

LTR-III + IV 12 AGG GAG GCG TGG CCT GGG CGG GAC TGG GGA GTG 

GT 

 16 AGG GAG GCG 2GG CCT GGG CGG GAC TGG GGA G1G 

GT 
[a]ONs 4 is native LTR-III modified with FBFdU (1) and or FdU (2) at T24 and T9, respectively. ONs 9 is 

native LTR-IV modified with FBFdU (1) at T12 and T19, respectively. ON 12 is native unmodified ON. ON 

16 are native LTR-(III+IV) modified with FBFdU (1) and or FdU (2) at T25 or T32 and T10, respectively.  

Using the spectral properties of the probes, we evaluated ligand recognition of LTR ONs 

using two structurally different GQ binders namely, TMPyP4 and BRACO19 (Figure 1).  Upon 

ligand binding to the GQ structure, the fluorescence of FBFdU placed in the GQ domain is known 
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to diminish significantly because of its proximity to the polyaromatic ligands.29,30  This effect was 

used in setting up a fluorescence-binding assay to quantify the affinity of ligands to LTR GQs.  

LTR-III ON 4 was titrated with increasing concentrations of the ligands and changes in 

fluorescence were recorded.  Titration with TMPyP4 and BRACO19 resulted in a dose-dependent 

quenching in fluorescence intensity with minimum changes in the emission maximum (Figure 3A 

and 3B).  A plot of normalized fluorescence intensity versus ligand concentration fitted to the Hill 

equation gave an apparent Kd value of 0.28 ± 0.05 µM and 0.56 ± 0.09 µM, respectively (Figure 

3C).  Whereas, titration with pyridostatin (PDS) did not result in any stepwise quenching and did 

not result in a saturation-binding isotherm, and hence, reliable Kd values could not be obtained.  

This is because addition of higher amounts of the ligands interferes with the fluorescence 

measurement due to background signal.  

 

Figure 3. Emission spectra for the titration of labeled LTR-III ON 4 (0.5 µM) with increasing 

concentration of (A) TMPyP4 (12.5 nM–2.5 µM) and (B) BRACO19 (10 nM–2.5 µM). Samples 

were excited at 330 nm with an excitation and emission slit widths of 7 nm and 9 nm, respectively. 

The dashed line represents the spectrum of ON 4 without any ligand. (C). Curve fits for the binding 

of TMPyP4 and BRACO19 to LTR-III ON 4. Normalized fluorescence intensity at the emission 

maximum is plotted against ligand concentration. Values are denoted as mean ± s.d for 3 

independent experiments.  

19F label of FBFdU efficiently reported the formation of different GQ-ligand complexes 

with distinct chemical shifts. TMPyP4 and BRACO19 binding to the GQ domain of LTR-III ON 

4 produced a new peak at -120.75 ppm and -120.78 ppm, respectively, with a concomitant decrease 

in the GQ signal (Figure 4A and 4B). Notably, PDS titration with ON 4, resulted in the emergence 

of a new peak at -120.78 ppm in the GQ domain (Figure 4C).  Thus, 19F NMR facilitated precise 

monitoring of the interaction dynamics between PDS and ON 4, which was not achievable through 

fluorescence spectroscopy alone. Therefore, these techniques serve to complement and reinforce 

the findings, particularly when one method proves inadequate in detecting the interactions. 
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Gratifyingly, as these ligands bind preferentially to the G-tetrad, they did not exhibit detectable 

interaction with the hairpin structure.  This is evident from the chemical shift of FdU (-165.73 

ppm), placed in the hairpin domain, which remains mostly unchanged throughout the titration 

experiment.   

 

Figure 4. 19F NMR spectra of ON 4 as a function of increasing concentration of ligands. GQ-L 

represents the peak corresponding to the GQ-ligand complex. (A) TMPyP4 (B) BRACO19 (C) 

PDS. 

3.2.2 Probing ligand binding to LTR-IV GQ structures by fluorescence and 19F NMR  

Similarly, the parallel GQ structure of LTR-IV ON 9 titrated with TMPyP4 and BRACO19 resulted 

in a dose-dependent quenching in fluorescence intensity with no apparent effect on the emission 

maximum (Figure 5A and 5B).  Kd values were found to be 0.33 ± 0.02 µM and 0.39 ± 0.05 µM, 

respectively (Figure 5C). In this case too, we could not find the isotherm for PDS titration to ON 

9. 

 

Figure 5. Emission spectra for the titration of labeled LTR-IV ON 9 (0.5 µM) with increasing 

concentration of (A) TMPyP4 (12.5 nM–2.5 µM) and (B) BRACO19 (36 nM–2.8 µM)). Samples 

were excited at 330 nm with an excitation and emission slit widths of 7 nm and 9 nm, respectively. 
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The dashed line represents the spectrum of ON 9 without any ligand. (C). Curve fits for the binding 

of TMPyP4 and BRACO19 to LTR-IV ON 9. Normalized fluorescence intensity at the emission 

maximum is plotted against ligand concentration. Values are denoted as mean ± s.d for 3 

independent experiments.  

In the same way, ligands binding to the parallel topology of LTR-IV ON 9 exhibited a 

distinct peak for each complex (TMPyP4: -120.77 ppm, BRACO19: -120.60 ppm and PDS: -

120.77, Figure 6A, 6B and 6C).  Interestingly, upon ligand binding, multiple GQs formed by 9 

coalesce into one ligand-bound form. 

     

Figure 6. 19F NMR spectra of ON 9 as a function of increasing concentration of ligands. GQ-L 

represents peak corresponding to GQ-ligand complex. (A) TMPyP4 (B) BRACO19 (C) PDS 

3.2.3 Probing structure-specific ligand interaction of juxtaposed GQ-hairpin 

As structural evaluation of LTR region in cellular environment reveals the retention in the folding 

of GQ structure akin to LTR-III, we next tried to stabilize both the motifs GQ and hairpin. 

Bioinformatics and biophysical experiments suggest the prevalence of quadruplex- hairpin/duplex 

junctions in different genomes.31,32 These hybrid structures consist of external double-helical 

overhangs or internal duplex stem loops, which can be either co-axial or orthogonal with respect 

to the GQ.33–36  Further, they feature variations in the size, and conformation of loops that connect 

GQ and hairpin/duplex domains.  Hence, adjacently placed GQ-hairpin/duplex architectures are 

considered as unique scaffolds that can provide chemical space to target the junction or 

simultaneously both GQ and duplex elements.37–41  Bimodal ligands capable of doing the same 

can potentially have a synergistic functional effect and can significantly enhance the specific 
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targeting of hybrid GQs as opposed to autonomous GQ structures.  In this direction, we evaluated 

the recognition properties of GQ-hairpin motif of LTR promoter using TMPyP4 (GQ binder) and 

doxorubicin (DOX, duplex binder) by fluorescence and 19F NMR (Figure 7A).  Addition of 

increasing concentrations of TMPyP4 (30 nM–2.5 µM) to ON 16 (0.5 µM) resulted in a 

progressive quenching in fluorescence intensity as before and gave an apparent Kd value of 0.52 ± 

0.03 µM for the formation of ligand-GQ complex (Figure 7B and 7C).  Preferential binding of the 

ligand to the GQ region was ascertained by 19F NMR.  FBFdU placed at the GQ domain responded 

to increasing concentrations of the ligand, giving rise to a new peak at -120.69 ppm for the complex 

(Figure 8A).  Notably, the chemical shift of FdU (-165.72 ppm) placed in the hairpin domain 

remained practically unaltered, indicating that TMPyP4 interacts specifically with the GQ 

structure. 

 DOX, a well-known DNA duplex intercalator also binds to GQ structures of telomeric 

repeat, VEGF, Pu22, and c-MYC oncogenes with varying affinities.42–44 DOX is intrinsically 

fluorescent and it shows changes in fluorescence upon binding to DNA.  To avoid interference 

from FBFdU, DOX (2 µM) was titrated with a control unmodified ON 12 (2.5 nM–2 µM).  We 

observed a sigmoidal quenching behavior, which gave a Kd value of 0.10 ± 0.02 µM (Figure 7B 

and 7D).  19F NMR using doubly labeled ON 16 gave better insights into the recognition process.  

Addition of DOX (1 equiv.) to the ON resulted in the emergence of two new peaks–(i) -120.79 

ppm associated to GQ-DOX and (ii) -165.98 ppm associated to hairpin-DOX (Figure 8B).  

Notably, at a higher equivalent of DOX, the ligand largely occupies the hairpin domain and to 

some extent the GQ domain.  These results highlight the advantage of 19F-labeled nucleoside 

analogs in probing structure-specific interactions.  Based on these observations, we designed a 

polymerase stop assay to study the inhibitory effect of GQ structure and the ligands independently 

and in a combination. 
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Figure 7. FBFdU and FdU report structure-specific ligand binding to LTR GQ-hairpin structure. 

(A) Schematic representation of the doubly-labeled LTR ON 16 showing the preferred site of 

ligand interaction (TMPyP4 to GQ and DOX to hairpin). (B) Curve fits for the binding of TMPyP4 

and DOX to ON 16 and ON 12, respectively. Normalized fluorescence intensity at the emission 

maximum of ON 16 (λem= 421 nm) and DOX (λem= 590 nm) is plotted against TMPyP4 /ON 12 

concentration. Values are denoted as mean ± s.d for 3 independent experiments. (C) Emission 

spectra for the ligand titration of labeled LTR-(III+IV) ON 16 (0.5 µM) with increasing 

concentration of TMPyP4 (30 nM–2.5 µM). Samples were excited at 330 nm with an excitation 

and emission slit widths of 7 nm and 9 nm, respectively. The dashed line represents the spectrum 

of ON 16 without any ligand. (D) Emission spectra for the titration of DOX (2 µM) with increasing 

concentration of control ON 12 (2.5 nM–2.0 µM). Samples were excited at 480 nm with an 

excitation and emission slit widths of 7 nm and 9 nm, respectively. The dashed line represents the 

spectrum of DOX without any ON 12. 
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Figure 8. (A) and (B) 19F NMR spectra of ON 16 as a function of increasing TMPyP4 and DOX 

concentration, respectively. 

3.2.4 TMPyP4-DOX combination exhibits a synergistic inhibitory effect on the viral DNA 

replication 

The effect of GQ structures on DNA polymerase activity was first evaluated by using a native LTR 

template T1 encompassing III and IV regions and a mutated template T2 (does not fold into a GQ, 

Figure 9A, Table 2).  A 5-FAM labeled primer P1 was annealed with templates T1 and T2 and 

primer extension reactions were initiated by adding dNTPs and Taq DNA polymerase.  Reactions 

were quenched at different time intervals and replication products were resolved by PAGE under 

denaturing conditions and visualized using a fluorescence scanner.  GQ forming template T1 

significantly halted the polymerization process yielding largely stalled products near the GQ site 

(Figure 10, lanes 2–6, Figure 9B).  Longer reaction times (30 min) produced only ~33% of the 

full-length product.  In contrast, reactions in the presence of a non-GQ forming template T2 

produced significant amounts of the full-length product in only 2 min (~45%), which progressively 

increased to ~80% at 30 min (Figure 10, lanes 7–11, Figure 9B).  These observations indicate that 

the stalling of the primer extension reaction is due to the formation of a stable LTR GQ structure 

by T1. 
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Table 2. Sequence of templates and primer used in Taq DNA polymerase stop assay. 

ON 5---------------------------------------------3 

P1 FAM-GGCAAAAAGCAGCTGCTTATATGCAG 

T1 
TTTTTGGGAGGCGTGGCCTGGGCGGGACTGGGGAGTGGTTTTTCTGC

ATATAAGCAGCTGCTTTTTGCC 

T2a 
TTTTTGGGAGGCGTGGCCTGTGCGTGACTGGGGAGTGGTTTTTCTGCA

TATAAGCAGCTGCTTTTTGCC 
aT represents G-T mutation. This mutation does not support GQ formation.45 

 

 

Figure 9. Schematic cartoon representation of primer extension reactions (A) with non-GQ 

forming template T2 and GQ forming template T1, (C) in the presence of ligands TMPyP4 or 

DOX and TMPyP4+DOX. Percentage of the full-length product obtained from Taq polymerase 

reactions. (B) Reactions performed using templates T1 and T2 at different time intervals. (D) 

Reactions performed using T1 with increasing concentrations of ligands TMPyP4, DOX and 

TMPyP4+DOX at 20 min. For gel images, see Figure 10 and 11. Values are denoted as mean ± s.d 

for 2 independent experiments. 
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Figure 10. Gel image of primer extension reactions using native LTR G-rich ON template T1 and 

mutated LTR template T2. See experimental section for details. 

Next, we studied the effect of ligand binding to the GQ structure on the polymerase activity 

using T1 (Figure 9C).  For this purpose, a reaction time of 20 min was chosen as it gave reasonable 

amounts of the full-length product (~25%, Figure 10, lane 5).  Varying concentrations of TMPyP4 

and DOX were independently added, allowed to bind with LTR GQ, and then primer extension 

reactions were carried out as before.  Upon addition of TMPyP4 there was a noticeable decrease 

in the formation of the full-length product, accompanied by a simultaneous rise in stalled products 

(Figure 11, lanes 2–5, Figure 9D).  At 0.75 µM of the ligand (7.5 equiv. w.r.t T1) no detectable 

full-length product was observed (Figure 11, lane 6).  Similarly, increasing amounts of DOX 

resulted in a progressive reduction in the formation of the full-length product (Figure 11, lane 7–

10, Figure 9D).  Although DOX inhibited the polymerase activity, it required a higher amount (20 

equiv.) to produce an effect comparable to TMPyP4 (Figure 11, compare lane 6 and 10).  This may 

be due to DOX competing for the primer-template duplex, hairpin and GQ regions.  These results 

prompted us to study the combined effect of ligands, wherein different concentrations of TMPyP4 

and DOX at 1:1 ratio were added to the reaction mixture.  The gel image revealed the synergistic 

effect of ligands as the formation of the full-length product considerably decreased with 

concomitant increase in truncated products in comparison to reactions in which only one ligand 
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was added at an equivalent concentration (Figure 9D, Figure S26, lanes 11–14).  The effect is 

noticeable when we compare TMPyP4 (0.3 µM, ~16%), DOX (1 µM, ~17%), and TMPyP4+DOX 

(0.3 µM, ~9%, Figure 9D).  These results suggest that GQ-hairpin motif of LTR G-rich region 

serves as regulatory point and it can be used as a conserved target to block the viral replication 

process by targeting simultaneously both GQ and hairpin domains.  Based on our results and the 

formation of a unique GQ-hairpin architecture in cellular environment, we propose that bimodal 

ligand scaffolds composed of GQ and duplex binders, clamped using an appropriate linker, could 

selectively target the HIV-1 LTR and profoundly attenuate its pathogenesis (Figure 12).  Needless 

to say, careful consideration should be exercised when optimizing the ligand design.  Choice of 

GQ and hairpin binders from available examples and linker length, flexibility and point of 

attachment to the ligands will be very crucial. 

 

Figure 11. Gel image of primer extension reactions using native LTR G-rich ON template T1 in 

the presence of different ligands namely, TMPyP4/DOX and TMPyP4+DOX. See experimental 

section for details. 

 



 

3.14 | C h a p t e r  3  
 

 

Figure 12. Tailor-made bimodal ligand scaffolds composed of GQ and duplex binders could 

selectively interact with respective domains of LTR G-rich motif. The design of clamping linker 

(length and interaction partners) will be crucial in adding to the selectivity and location of binding 

within the GQ, hairpin and GQ-hairpin junction domains. Here, a representative mode of binding 

of the ligand scaffold is shown. 

3.3 Conclusions 

We utilized the probe platform composed two highly environment-sensitive nucleoside analogs, 

FBFdU and FdU, to investigate the druggable space conserved G-rich region in the HIV-1 LTR. 

the nucleoside probes facilitated the detection and estimation of structure-specific ligand 

interactions by fluorescence and 19F NMR techniques. Polymerase stop assay confirmed the 

regulatory function of LTR GQ structures. While TMPyP4 (GQ binder) and DOX (duplex binder) 

individually decreased polymerase activity, an equimolar mixture exhibited a synergistic inhibitory 

effect on LTR replication. Taken together, these findings suggest that simultaneous targeting of the 

juxtaposed GQ-hairpin motif using bimodal ligands could be a rational plan to selectively and 

efficiently inhibit the pathogenesis of the virus. In this direction, the FBFdU and FdU combination 

offers a versatile platform to study the structure as well as devise screening assays to identify 

hybrid ligands targeting GQ-hairpin/duplex motifs. 

3.4 Experimental Section 

3.4.1 Materials. BRACO19 hydrochloride and all reagents (Bio-Ultra grade) used in the 

preparation of buffers were purchased from Sigma-Aldrich. TMPyP4 and Doxorubicin 
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hydrochloride (DOX) were procured from Merck-Millipore. Millipore water after autoclaving was 

used for the preparation of all buffer solutions and in all biophysical studies. 

3.4.2 Instruments. Fluorescence of the ONs samples were recorded using a Fluoromax-4 

spectrophotometer (Horiba Scientific). NMR spectra of the ONs were acquired on a Bruker 

AVANCE III HD ASCEND 600 MHz spectrometer equipped with Cryo-Probe (CP2.1 QCl 600S3 

H/F-C/N-D-05 Z XT) and processed using Bruker TopSpin Software. 

3.4.3 Ligand binding using fluorescence. LTR GQ structures (0.5 µM) of ONs 4, 9 and 16 were 

formed by heating the samples at 95 °C for 5 min in 20 mM potassium phosphate buffer (pH 7) 

containing 70 mM KCl. The samples were incubated with increasing concentrations of the ligands 

(TMPyP4 and BRACO19) at 25 C for 1 h. Samples were excited at 330 nm with an excitation 

and emission wavelength slit widths of 7 nm and 9 nm, respectively. For DOX titration, increasing 

concentrations of annealed GQ formed by ON 12 in the same ionic conditions as mentioned above 

was incubated with DOX (2 µM) at 25 C for 1 h. The final volume of each sample solution was 

kept at 200 µL. Samples were excited at 480 nm, with an excitation and emission slit widths of 7 

nm and 9 nm respectively. Fluorescence experiments were performed in triplicate in a micro-

fluorescence cuvette at 25 C. For titration with TMPyP4 and BRACO19, an appropriate blank 

containing ligand in a buffer was subtracted from each reading for the corresponding ligand 

concentration.  Normalized fluorescence intensity (FN) against ligand concentration was plotted 

and fitted to a Hill equation (see below) to determine the apparent Kd values. Fitted graphs were 

prepared using OriginPro 8.5 software. 
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3.4.4 Ligand binding using 19F NMR. LTR GQ structures of ONs 4 (45 µM), 9 (75 µM), 16 (45 

µM) were formed by heating the samples at 95 °C for 5 min in 20 mM potassium phosphate buffer 

(pH 7) containing 70 mM KCl in 20% D2O. The samples were allowed to cool at RT and then they 

were transferred to a Shigemi tube (5 mm advance NMR micro-tube) for NMR analysis. 19F NMR 

spectra were recorded at a frequency 564.9 MHz on a Bruker AVANCE III HD ASCEND 600 MHz 

spectrometer equipped with Cryo-Probe (CP2.1 QCl 600S3 H/F-C/N-D-05 Z XT). After each 

experiment, increasing concentrations of ligands were added and incubated at RT for 1 h prior to 

the experiment. All 19F NMR spectra were referenced relative to an external standard, 

trifluorotoluene (TFT = −63.72 ppm). Spectral parameters for 19F NMR are same as mentioned in 

section 8. 19F NMR spectra were obtained in 2–2.5 h with 5000–6000 scans. Spectra were 

processed with an exponential window function using lb = 20 Hz. 

3.4.5 Taq polymerase assay: 5-FAM labeled primer P1 (5 µM) and template DNA ONs T1 and 

T2 (5 µM) were annealed in 10 mM Tris-HCl (pH 7.8) containing 100 mM KCl at 95 °C for 5 

minutes and slowly cooled to RT (Table S5). The primer-template duplexes were further diluted to 

1 µM in 10 mM Tris-HCl buffer containing 100 mM KCl. Primer extension reactions were 

performed with primer-template duplex (100 nM), KCl (100 mM), 1× DNA polymerase buffer (10 

mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl2) at 37 °C. Reactions were initiated by adding 

dNTPs (500 µM) and 0.5 µL of Taq DNA polymerase (5 U/µL, New England Biolabs, Catlog. 

M0273S) in a total reaction volume of 20 µL. Reactions were stopped at different time intervals 

by adding 10 µL of denaturing loading buffer (8.3 M urea in 10 mM Tris-HCl, 100 mM EDTA, 

0.05% bromophenol blue, pH 8) further flash cooled on a dry-ice bath. The reaction mixture was 

then concentrated in a speedvac concentrator. The extension products were resolved by 15% 

denaturing PAGE containing 8.3 M urea and was electrophoresed at a constant power of 35 W for 

2.5–3 h. The gel was scanned using an Amersham Typhon 600 (GE Healthcare) at the FAM 

wavelength and quantified with the help of the ImageJ software. Impact of ligands on the 

polymerase activity was studied by adding different concentrations of TMPyP4 and or DOX. The 

ligands were first added to the reaction mixture and incubated for 1 h at RT and then initiated by 

adding dNTPs and enzyme as above. The reaction products were analyzed as described above. 
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4.1 Introduction 

SARS-CoV-2, a betacoronavirus belonging to the Coronaviridae family, is the main etiological 

agent causing the COVID-19 pandemic.1,2 It is a positive-sense single-stranded RNA 

(+)ssRNA virus that functions as a mRNA encoding viral proteins necessary for replication, 

and structure composition.3,4  The emergence of different SARS-CoV-2 variants has created 

significant challenges in controlling the COVID-19 pandemic.5 As a result, there remains a 

critical need for developing effective antiviral drugs. So far, the traditional strategy for 

developing small-molecule antiviral drugs has focused on viral proteins like polymerases, 

proteases, structural and non-structural proteins.6–10 However, a significant challenge in 

targeting these viral proteins is the inevitable emergence of drug-resistant strains, driven by the 

high mutation rates of viruses.
11,12 Owing to these challenges, targeting structural motifs of 

highly conserved regions of the viral genome may offer a novel approach to expand the range 

of available antiviral treatments and block viral proliferation.  

Conserved regions in the viral genome can adopt various secondary structures including 

G-quadruplexes (GQs).13 Despite the diversity of viral genomes, these GQs exhibit remarkable 

conservation in their sequences, location, and occurrence.14–17 The viral GQs play critical roles 

in regulating several stages of the viral life cycle including replication, genome stability, 

evolution, transcription, and translation.18,19 Consequently, they present promising targets for 

the development of antiviral therapies.  

The SARS-CoV-2 genomic RNA is ∼30 kb long encoding about 25 non-structural 

proteins (Nsps) and accessory proteins, four structural proteins including spike (S), envelope 

(E), membrane (M), and nucleocapsid (N) (Figure 1A).20,21 Bioinformatics and experimental 

studies reveal the widespread presence of putative GQ-forming sequences in various regions 

of the SARS-CoV-2 genome associated with structural and functional viral proteins. These 

regions majorly include Nsp3,22,23 Nsp10,24 S,25, and N26 genes. Importantly, the Nsp3 fragment 

within the open reading frame (ORF1ab) region is critical for producing the replicase gene22 

and assembling the viral replication and transcription complex (RTC).27 Given its influence on 

translation-related processes such as elongation, ribosomal frameshifting, and mRNA 

surveillance (no-go mRNA decay), the Nsp3 GQ in the ORFs of the replicase gene is 

hypothesized to inhibit its translation. This, in turn, may reduce polyprotein expression.28 We 

therefore envision that probing the structural features of the Nsp3 G-rich sequence and its 

recognition properties could provide valuable insights to support the development of a feasible 

therapeutic strategy. 
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The formation, stability, and interactions of GQ structures with small molecules are 

typically investigated in vitro using techniques such as circular dichroism (CD), UV thermal 

melting, fluorescence, NMR, and X-ray crystallography.29–32 Notably, antibodies and probes 

for in-cell detection of RNA GQs have been recently developed.33–36  Despite that, when 

multiple GQ species coexist, most techniques and probes, aside from a few exceptions,37–41 

struggle to distinguish distinct topologies or structures. This limitation makes it difficult to 

obtain precise information about the individual structures and their equilibrium states. Further, 

most of the tools pose challenges in assessing the structures in the cellular environment.  

In this context, to study nucleic acid structures and interactions in greater detail, we 

designed microenvironment-sensitive nucleoside probes with dual functionalities.42,43 These 

probes are designed by attaching a heterocyclic ring to the C5 position of the uracil, extending 

the π conjugation while maintaining the integrity of the native nucleic acid structures.44 

Following this approach, we designed selenophene, benzofuran, and benzothiophene 

conjugated probes. These carefully designed probes are ideal for studying complex structures 

like GQs and i-motifs, as well as nucleic acid–drug interactions.45 Additionally, we broadened 

the probe design by incorporating a ¹⁹F atom into the benzofuran-modified nucleoside, thereby 

combining the advantages of fluorescence and ¹⁹F NMR spectroscopy. The ¹⁹F isotope was 

chosen for its natural abundance, high sensitivity, significant chemical shift dispersion, and 

absence in biological systems, which greatly aids in the detection of structures in cell-based 

systems.46,47 Specifically, 5-fluorobenzofuran-modified 2′-deoxyuridine (FBFdU) functions as 

an effective dual-purpose probe for interrogating human telomeric DNA repeat in vitro and in 

cellular environment using fluorescence and 19F NMR.42 This dual-app probe when 

incorporated into ONs marginally affects the native folding and nicely reports the changes in 

the microenvironment.46,47 Notably, this probe was also utilized to elucidate the proviral DNA 

GQ structures of the HIV-1 LTR region, in a cell-free environment and in an ex vivo model 

using oocytes egg extract.48 As an expansion to our probe’s utility, the probe design was 

extended to the RNA analogue and employed as a nucleic acid structure sensor. Recently, 5-

fluorobenzofuran-modified-uridine (FBFU 1) analog was used to detect the metal ion-induced 

conformational change of internal ribosome entry site (IRES) RNA motif of hepatitis C virus 

HCV.49  

Building on the effectiveness of these nucleoside probes, we extended its applicability 

to investigate viral RNA GQs, particularly in the context of the Nsp3 GQ. Recent studies using 

biophysical and biochemical tools have identified the formation of this GQ and demonstrated 

its stabilization by small molecules like TMPyP4, which in turn leads to reduced viral 
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replication in animal models.22 While these findings highlight the therapeutic potential of 

targeting the Nsp3 GQ, a systematic understanding of its structural features and polymorphism 

could be highly beneficial for advancing the drug development framework. In this regard, we 

leveraged the unique properties of FBFU. Its dual functionality combines fluorescence 

sensitivity with the specificity of ¹⁹F NMR, providing a simple and robust platform for probing 

the structural features and ligand interactions of the Nsp3 GQ. The FBFU probe detected the 

formation and structural polymorphism of Nsp3 GQ with distinct and resolved spectral 

signatures. Importantly, ¹⁹F NMR enabled the identification of co-existing higher-order GQ 

structures, while the fluorescent component facilitated the estimation of binding affinities 

between Nsp3 GQ and small molecule stabilizers. This approach builds on existing studies 

while offering valuable insights that could guide the development of targeted strategies.  

 

Figure 1. (A) SARS-CoV-2 genome representing structural proteins, non-structural proteins, 

and accessory proteins. (B) Chemical structure of microenvironment sensitive probe, FBFU 

(1) and its incorporation into SARS-CoV-2 Nsp3 GQ. 
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4.2 Results and Discussion  

4.2.1 Synthesis of FBFU-modified SARS-CoV-2 Nsp3 ONs 

The G-rich segment of Nsp3 predominantly forms a two-tetrad intramolecular parallel GQ 

structure.22,23 To probe the structural features, the next key factor we considered was the 

positioning of FBFU (1) within SARS-CoV-2 Nsp3 GQ-forming ONs. Compared to G-

quartets, the loop residues vary significantly in the orientation type, composition, and 

interactions with adjacent bases among different GQs.50,51 Hence, we anticipate that placing 

the FBFU (1) probe in the loop region replacing the natural uridine would have minimum 

impact on the folding process and would also provide the structural information (Figure 1).  

The nucleoside FBFU was placed in the U12 and U10 positions in the third lateral loop of the 

SARS-CoV-2 Nsp3 G-rich ON sequences (19-mer) 2 and 3, respectively, via solid-phase ON 

synthesis using the phosphoramidite (Figure 2, Table 1). Modified ONs were purified by using 

denaturing PAGE. Isolated ONs were subjected to RP-HPLC to determine their purity and ESI-

MS to ascertain their integrity (Figure 3 and 4) (Table 2). 

 

Figure 2. Synthesis of modified phosphoramidite 1a.49 
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Figure 3. The purity of PAGE purified ONs containing the modification was analyzed by RP-

HPLC at 260 nm using Luna C18 column (250 x 4.6 mm, 5 micron). Mobile phase A= 100 

mM triethylammonium acetate (pH=7.3) and B=acetonitrile. Gradient: 0–100 % B in 30 min 

with a flow rate of 1 mL/min was used for ONs 1–3. The chromatogram peaks appear to be 

broad because of the existence of higher-order structures and could not be separated (vide 

infra). 

 

Table 1: Native and FBFU-modified SARS-CoV-2 Nsp3 GQ. Modification position is 

highlighted in bold and underlined.  

ON  5′--------------------------------------------------3′ 

1 UGGAGGAGGUGUUGCAGGA 

2 UGGAGGAGGUGUUGCAGGA 

3 UGGAGGAGGUGUUGCAGGA 
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Figure 4. ESI-MS of purified SARS-CoV-2 Nsp3 ONs. See Table 2 for details. 
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Table 2. ε260 and mass data of control and modified SARS-CoV-2 Nsp3 ONs 

 

 

 

 
aMolar absorption coefficient () of modified ONs was determined by using OligoAnalyzer 

3.1. The molar absorptivity of modified nucleoside FBFU (ε260= 10360 M-1 cm-1) was used in 

place of U. 

4.2.2 Minimally perturbing nature of the probe FBFU (1) 

The formation of Nsp3 GQ was first evaluated using CD analysis. Both control unmodified 

ON 1 and modified ONs 2 and 3 display a positive peak at ~260 nm and a negative dip at ~240 

nm, depicting the parallel GQ topology. Notably, a hump at ~310 nm can also be observed, 

which suggests the possible prevalence of higher-order structure.
21   Importantly, the spectra 

also infer that the modification in the loop region minimally perturbs the native structure 

(Figure 5A). Also, thermal melting analysis revealed that the forward (heating) and backward 

(cooling) cycles of the GQ formed by ONs 1−3 display a hysteresis of ~10 °C. It suggests 

relatively slow folding and unfolding of GQ structures, following a different T1/2 transition, 

signifying multiple structures.52–54 In addition, the Tm for both control ON 1 and modified ONs 

2 and 3 are found to be similar, emphasizing the minimal perturbing nature of the modification 

to the native GQ structure (Figure 5B) (Table 3). To further substantiate the folding of the GQs, 

thermal differential spectra (TDS) were obtained. The absorbance of the GQs formed by ONs 

1−3 was initially measured at a lower temperature (20 °C) and then at a temperature above its 

Tm (70 °C). A plot of molar extinction difference vs wavelength demonstrates hypochromicity 

at 295 nm, featuring the formation of the parallel GQ for all the ONs 1−3. (Figure 6).  

  

ON sequence 260 [M-1 cm-1]a calculated 

(g/mol) 

found 

(g/mol) 

1 199300 6236.75 6236.50 

2 199860 6370.50 6371.25 

3 199860 6370.50 6371.50 
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Figure 5. (A) CD spectra of control ON 1 (10 µM) and modified ONs 2 and 3 (10 µM) in 100 

mM Tris-HCl containing 100 mM KCl (B) UV-thermal melting profiles for the same at 295 

nm (5 µM) in 100 mM Tris-HCl containing 100 mM KCl. See Table 3 for Tm values. 

 

Table 3. Tm values of modified and control unmodified ONs 

ON sequence Forward °C Reverse °C 

1 44.5 ± 1.5 35.0 ± 1.3 

2 46.5 ± 0.5 35.0 ± 1.8 

3 46.6 ± 0.7 34.1 ± 2.0 

 

 

Figure 6. (A) TDS spectra of ONs 1−3 (5 µM) in 10 mM Tris-HCl (pH 7.4) containing 100 

mM of KCl (B) CD spectra of ON 1 (5 µM) in different concentrations of KCl (0−100) mM. 

 

Although these biophysical tools detect signals corresponding to GQ formation, several 

challenges complicate the accurate identification and study of these structures. First, the 
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reliance on CD spectroscopy to identify GQs is problematic, as a strong positive peak at 260 

nm, often used as proof of GQ formation, is also characteristic of A-form RNA duplexes.55 

This overlap can lead to the misinterpretation of RNA hairpins as intramolecular GQs. Second, 

while most GQs fold stably under ~100 mM K⁺ conditions, their stabilization and folding are 

highly dependent on the type and concentration of ions present. Studies have shown that some 

predicted GQs, like the GQ formed by the N gene of SARS-CoV-2, show minimal changes in 

CD spectra ellipticity despite decreasing K+ concentrations.56 This suggests that all GQs do not 

respond uniformly to ionic changes, highlighting the need to examine the behaviour of 

individual GQs to understand their unique structural properties and stability under different 

ionic environments. To further investigate the role of ionic conditions, both control unmodified 

ON 1 and modified ONs 2 and 3 were annealed in the absence and presence of different 

concentrations of K+ ions. At 0 mM KCl the CD spectra of ONs did not show prominent bands 

corresponding to a GQ form, suggesting the formation of a non-GQ structure (black lines, 

Figure 7A–C). As the concentration of the K+ is enhanced from (25−100) mM, there is an 

increment in the intensity of the ellipticity at 260 nm (a small dip at ~240 nm is also seen), 

suggesting the progressive stabilization of the GQ structure (Figure 7A–C). 
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Figure 7.  CD spectra in different concentrations of KCl (0−100) mM. (A) ON 1 (B) ON 2 (5 

µM) (C) ON 3 (5 µM) 

4.2.3 Probing SARS-CoV-2 Nsp3 GQs using the responsiveness of FBFU 

Fluorescence intensity of FBFU changes with the polarity of the environment and generally 

get enhanced and red shifted in the polar environment but it is also reduced by the stacking 

interaction of the nearby base or the induced electron transfer by the adjacent guanine bases.42  

These environment changes can be possibly associated with the folding process of the SARS-

CoV-2 GQs, and hence, we utilized the property of the probe to detect the formation of the 

GQs in different ionic conditions. FBFU-modified Nsp3 ON 2 and 3 were annealed in Tris-

HCl buffer (pH 7.4) containing varying concentrations of K+ ions, excited at 330 nm, and 

steady-state emission spectra were recorded. In the absence of KCl, the possible non-GQ 

structure exhibited an intense fluorescence band with an emission around 430 nm. Increasing 

the K+ ion concentration from 25−100 mM resulted in a progressive decrease in the 

fluorescence intensity, accompanied by a slight blue shift in the emission maximum, as a result 

of the formation of a GQ structure (Figure 8A and 8B). In a control experiment, the 

fluorescence of the free nucleoside analog FBFU 1 remained largely unaffected by the 

variations in K+ ion concentration (Figure 8C). Corroborating CD profiles, these results 

indicate that the observed quenching in fluorescence intensity as a function of increasing K+ 

ion concentration is due to the formation of a stable GQ structure. Based on the photophysical 

properties of the ribonucleoside analog within ONs, we speculate that the probe incorporated 

at the U12 and U10 position (third loop) in ON 2 and 3 comes closer to the top G-tetrad upon 

GQ formation, which manifests in guanine-induced fluorescence quenching (Figure 8A and 

8B). 
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Figure 8. Steady-state fluorescence spectra at different KCl concentrations of (A) modified 

ON 2 (0.5 µM) (B) modified ON 3 (0.5 µM) (C) nucleoside FBFU (1) (5 µM). 

4.2.4 Probing SARS-CoV-2 Nsp3 GQs using 19F NMR 

While the aforementioned techniques confirm the formation of GQ structures, they do not 

provide information about the coexisting forms, thus offering limited insights into their 

structural polymorphism. Thus, we opted for 19F NMR signatures to gain a clearer 

understanding of the structural polymorphism and coexisting forms of GQs. ON 2 was first 

annealed in Tris-HCl buffer without KCl, and the resulting 19F NMR spectrum displayed a peak 

at −122.18 ppm, indicative of a non-GQ form. This is also evident from the 1H NMR as 

signified by the absence of imino proton signals in 10−12 ppm range (Figure 9).57 ON 2 in the 

presence of 25 mM KCl produced two distinct peaks – one broader peak at −122.31 ppm and 

another sharper peak at −121.86 ppm (Figure 9). This signifies the presence of multiple GQ 

structures resembling the parallel form (vide supra, see CD spectra Figure 5A). Subsequent 

increments in K+ ions (50 mM and 100 mM) resulted in the retention of these two signals, 

albeit with slight chemical shifts (Figure 9), which was further corroborated by the 1H NMR, 
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indicating the formation of the GQ structures at different KCl concentrations. 19F NMR of ON 

3, recorded in 100 mM K+, exhibited two broad peaks. The 19F NMR of the nucleoside 

exhibited minimal changes across different K+ conditions, suggesting that the slight peak 

variations observed in the spectra during GQ formation result from structural transitions 

(Figure 10).  Despite 1H NMR indicating the formation of the GQ structure, the broad nature 

of the 19F NMR signals rendered the sequence not much suitable for further experimental 

analysis (Figure 11).  

 

Figure 9. 19F NMR and 1H NMR spectra of modified ON 2 (45 µM) at different KCl 

concentrations. 

 

 
Figure 10. 19F NMR of the nucleoside FBFU (1) 
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Figure 11. 19F and 1H NMR of ON 3 (45 µM). 

In general, parallel GQ structures can self-assemble into higher-order GQ structures by 

the stacking of two or more GQ structures via end-to-end stacking interaction.58 However, it 

remains unclear whether RNA sequences with GG motifs, like those in the Nsp3 G-rich 

segment, can independently fold into an intramolecular two-tetrad GQ. Alternatively, they may 

form intermolecular oligomers, a question of particular interest given their frequent occurrence 

in biologically significant RNA regions.59 To assess the structural distribution of different GQ 

structures, a temperature-dependent 19F NMR experiment was performed in a buffer containing 

100 mM KCl (Figure 11). At 5 °C and 15 °C, although the formation of GQ structures was 

evident, both 19F and 1H spectra were very broad. We speculated that these broadened signals 

could arise due to the formation of monomeric as well as different assemblies of higher-order 

GQ structures at lower temperatures, which may be interconverting. As the temperature was 

increased to 25 °C, we observed a clear peak at −121.9 ppm. Interestingly, a further increase 

in temperature (37 °C) produced two distinct peaks at −121.9 ppm and −122.2 ppm. At 45 °C, 

the peak at −121.9 ppm diminished and concurrently the peak at −122.2 ppm increased, likely 

due to the conversion of a higher-order GQ structure into a monomeric form.58 Further, the 19F 

NMR of the nucleoside FBFU (1) was recorded at different temperatures, revealing marginal 

downfield peak shifts. These shifts correspond to the temperature-dependent changes and 

alludes to the slight peak shifts for the GQ structures varied with temperature (Figure 12). 

Although the 1H NMR spectra at different temperatures confirmed the formation of GQ 

structures, they lacked detailed insights into structural features. These finer details were 

obtained using the responsiveness of our 19F NMR-labeled nucleoside probe, which revealed 

that, near physiological temperature and K+ ion concentration, the Nsp3 ON forms both 

monomeric and higher-order GQ structures. 
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Figure 12. 19F NMR and 1H NMR spectra of modified ON 2 (45 µM) at different temperatures. 

 

Figure 13. 19F NMR of FBFU (1) in 100 mM KCl at different temperatures.  

Further evidence for the formation of higher-order structures was obtained from 

electrophoretic mobility shift assay (EMSA) under non-denaturing conditions. GQs of 

unmodified Nsp3 ON 1 and modified ONs 2 and 3 (19-mer) annealed in a buffer containing 

100 mM KCl were resolved using native polyacrylamide gel electrophoresis at 5 °C and gel 
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bands were analyzed by UV-shadowing and also by using Stains-All reagent (Figure 12). 

Appropriate control ON sequences forming duplex (C•C1, 34 base-pairs), monomeric GQ (C2, 

20-mer), dimeric GQ (C3, 20-mer) structures, and a longer sequence forming GQ structures 

(C4, 65-mer) were used for comparison (Table 4). In general, the monomeric GQ form runs 

faster as compared to the dimeric and multimeric GQ structures.60 ONs 1–3 exhibited two 

bands (lanes 2–4, Figure 11B). The faster migrating band had mobility similar to the control 

monomeric GQ structure of ON C2 of similar sequence length, and hence, this band could be 

considered as the monomeric GQ structure of ONs 1–3 (compare lanes 2–4 with lane 5). The 

slower moving band runs similar to the 34 base-pair duplex and the GQ form of the 65-mer G-

rich sequence C4 (compare lanes 2–4 with lane 1 and lane 7). Therefore, the slower migrating 

band of ONs 1–3 could be associated to a higher-order structure, wherein three or more parallel 

structures would have assembled one-above the other. Taken together, this study underscores 

the utility of FBFU in detecting co-existing GQ structures under equilibrium conditions, which 

otherwise would be difficult to elucidate by most other biophysical tools. 

Table 4. Sequence of control ONs used in EMSA. 

ON 5ʹ-------------------------------------------------------------------3ʹ 

C1 GGGAGGCGTGGCCTGGGCGGGACTGGGG 

C CCCCAGTCCCGCCCAGGCCACGCCTCCC 

C2 TTGGGTGGGTGGGTGGGT59 

C3 GGGTGGGTGGGTGGGT59 

C4 TTTTTGGGAGGCGTGGCCTGGGCGGGACTGGGGAGTGGTTTTTCTGCAT

ATAAGCAGCTGCTTTTTGCC 
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Figure 14. (A) UV-shadowed image of an 18% native PAGE, showing the migration of ON 

sequences under varying conditions. Lane 1: control duplex (C•C1), Lane 2–4: ON  1–3, Lane 

5–7: ON C2, C3, C4. (B) Gel stained with Stains-All dye, confirming the presence of dimeric 

and monomeric GQ structures, along with the duplex form. 

4.2.5 Probing ligand binding interaction of Nsp3 GQs  

Structurally distinct ligands, such as BRACO19 and TMPyP4, have been widely used to 

stabilize GQs. For Nsp3 GQs, their interactions with the ligands have been studied using CD 

and Tm experiments.22 Since the binding affinity of the ligands was not estimated in vitro, we 

aimed to assess the dissociation constant of the ligand binding using the fluorescence of FBFU. 

When a ligand binds to a GQ structure, the fluorescence of FBFdU located in the loop region 

decreases significantly due to its proximity to the ligand.42 We envisioned that the FBFU would 

also behave the same way, and hence, it was utilized in devising a fluorescence method to 

estimate the binding affinity of Nsp3 RNA ON 2 GQs with two commercially available binders 

namely, TMPyP4 and BRACO19 (Figure 13A). Upon increasing the concentration of both the 

ligands, there is a dose-dependent quenching in the fluorescence intensity with marginal 

changes in the emission maximum (Figure 14A and 14B). Normalized fluorescence intensity 

plotted against ligand concentration and fitted to the Hill equation produced a sigmoidal curve. 

TMPyP4 exhibited higher binding affinity with an apparent Kd of 0.18 ± 0.02 μM as compared 

to BRACO19, which showed a Kd of 0.39 ± 0.05 μM (Figure 13B). The ligand interaction by 

TMPyP4 or BRACO19 could not be detected by 19F NMR, possibly due to the absence of a 

distinct signature peak for the GQ structure in 1H NMR (Figure 17). This lack of a clear 1H 

NMR signature for the GQ conformation might stem from the dynamic nature of GQ structures, 

which can lead to broadening or overlapping of peaks, making specific resonances difficult to 

detect. These limitations in detecting the GQ structure hinder the ability to observe ligand-

induced changes. Such challenges are well-documented in studies that emphasize the difficulty 

of resolving GQ structures and their interactions with ligands in solution NMR due to dynamic 

and exchange processes (Figure 17).61,62  
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Figure 15. Emission spectra for the titration of modified SARS-CoV-2 Nsp3 ON 2 (0.5 µM) 

with increasing concentration of (A) TMPyP4 (12.5 nM–2.5 µM) and (B) BRACO19 (10 nM–

2.5 µM). Samples were excited at 330 nm with an excitation and emission slit widths of 7 nm 

and 8 nm, respectively. The black line represents the spectrum of ON 2 without any ligand. See 

experimental details. 

 

 

Figure 16. (A) Chemical structures of GQ-binding ligands used in this study. (B) Curve fits 

for the binding of ligands TMPyP4 and BRACO19 to RNA ON 2 (0.5 µM). 
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Figure 17. 19F NMR titration of ON 2 with TMPyP4. 

4.3 Conclusions 

With the frequent emergence of SARS-CoV-2 variants that could compromise the effectiveness 

of existing vaccines and antiviral drugs, targeting viral GQs presents a promising alternative 

therapeutic approach. In this context, we have studied the structural dynamics and recognition 

properties of the highly conserved SARS-CoV-2 Nsp3 genome. The probe successfully 

detected the multiple structures of the GQ, providing better insights into the structural 

distribution of the higher-order and monomeric GQs. Also, ligand binding was estimated, 

demonstrating a high affinity of TMPyP4 and BRACO19 with Nsp3 GQ. We envision that 

such an understanding would present a new dimension in designing specific drug molecules 

considering the presence of the multiple GQ structures.  

4.4 Experimental Section 

4.4.1 Materials: 5-Flurobenzofuran modified uridine (1) and it’s phosphoramidite substrates 

(1a) were synthesized following a reported procedure.49 N,N,N',N'-

tetramethylethylenediamine, n-butyllithium, tributyltin chloride, bis(triphenylphosphine)-

palladium(II) dichloride, tert-butyldimethylsilyl chloride, silver nitrate, N,N-

diisopropylethylamine, anhydrous DMSO, Triethyl  amine trishydrofluoride were purchased 

from Sigma-Aldrich. 2-cyanoethyl-N,-N-diisopropylchlorophosphoramidite was purchased 

from Entegris. TBDMS-protected ribonucleoside phosphoramidites for RNA synthesis were 
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obtained from Glen Research and Innovasynth. Solid supports for RNA synthesis were 

procured from Glen Research. Desalting cartridges Sep-Pak Classic C18 cartridges were 

brought from (Waters Corporation). BRACO19 hydrochloride and all reagents (Bio-Ultra 

grade) used in the preparation of buffers were purchased from Sigma-Aldrich. TMPyP4 was 

procured from Merck-Millipore. Autoclaved Millipore water was used for the preparation of 

all buffer solutions and in all biophysical studies. 

4.4.2 Instrumentation: NMR spectra for small molecules were obtained using a Bruker 

AVANCE III HD ASCEND 400 MHz spectrometer and analyzed with Mnova software 

(Mestrelab Research). Mass spectrometry data were acquired using an ESI-MS Waters Synapt 

G2-Si Mass Spectrometer. RNA oligonucleotides (ONs) were synthesized on a K&A 

DNA/RNA Synthesizer H6. Reverse-phase HPLC (RP-HPLC) analysis was conducted with an 

Agilent Technologies 1260 Infinity HPLC system. Absorption spectra were measured on a 

Shimadzu UV-2600 spectrophotometer, while fluorescence measurements for the ONs were 

performed on a Horiba Scientific Fluoromax-4 spectrophotometer. UV-thermal melting studies 

were carried out using a Cary 3500 multicell UV-Vis spectrophotometer, and circular 

dichroism (CD) spectra were recorded on a JASCO J-815 CD spectrometer. NMR spectra for 

the ONs were recorded on a Bruker AVANCE III HD ASCEND 600 MHz spectrometer with 

a Cryo-Probe (CP2.1 QCl 600S3 H/F-C/N-D-05 Z XT) and processed using Bruker TopSpin 

software. 

4.4.3 Solid phase RNA synthesis: Control ON (1) and FBFU (1) modified RNA ONs 2 and 3 

were synthesized on a 1 μmole scale (1000 Å CPG solid support) with K&A H-6 synthesizer. 

A coupling time of 6 min was set for each natural base phosphoramidite while modified 

phosphoramidite FBFU (1a) underwent double coupling of 12 min (total 24 min) each. After 

each oxidation step, a second capping step was performed to maximize the removal of water 

molecules that can interfere with the next coupling reaction. Post-synthesis, the ONs were 

cleaved from the solid support using a 1:1 mixture of 30% aqueous ammonia and 40% 

methylamine in water in a 2 mL screw cap vial (without rubber O-ring), heated at 65 °C (1 h), 

and then left at room temperature (2 h). The supernatant was transferred to 1.5 mL centrifuge 

tubes and allowed to get completely dried in SpeedVac. To remove the 2´-TBDMS group, the 

dried product was re-dissolved in anhydrous DMSO (100 μL), and Et3N·3HF (125 μL) was 

added. The mixture was heated at 65 °C for 2.5 h at 900 rpm in a Thermomixer. Finally, the 

reaction mixture was cooled in ice-bath followed by the addition of 5 M NaOAc (25 µL, pH 

7). It was vortexed for 30 sec. 750 µL of cold n-Butanol was then added, it was again mixed 
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well. The centrifuge tubes were cooled at −40 °C overnight. It was allowed to centrifuge at 

13000 rpm at 4 °C for 15 min. The supernatant was carefully removed followed by washing 

the pellet with cold 70% EtOH (2 X 750 µL) and finally dried in SpeedVac. The pellet was re-

dissolved in a mixture of autoclaved water and denaturing loading buffer. ONs were purified 

by denaturing PAGE (20% gel) and the product bands were identified by UV-shadowing. The 

bands were cut, transferred to poly prep columns (Bio-Rad), and crushed using a sterile glass 

rod. It was extracted with 4 mL of 0.5 M ammonium acetate buffer in a poly-prep column for 

12 h. Desalting was performed using a Waters C18 cartridge. The purity of ONs was monitored 

by RP-HPLC (Figure S1). The integrity was verified by ESI-MS.  

4.4.4 ESI-MS analysis: Negative mode ESI-MS was used to analyze RNA oligonucleotides 

(ONs) (~800 pmol), which were dissolved in a mixture of 50% acetonitrile, 10 mM 

triethylamine, and 100 mM 1,1,1,3,3,3-hexafluoro-2-propanol in water. 

4.4.5 Circular dichroism: ONs 1–3 (10 µM) were annealed by heating at 85 °C for 5 minutes 

in a solution of 10 mM Tris-HCl (pH 7.4), containing 100 mM KCl followed by gradual cooling 

to RT. CD spectra were recorded on a JASCO J-810 spectropolarimeter using a 1 mm path 

length cuvette. Each spectrum was collected in a 320–220 nm range at a scan rate of 100 nm 

min−1 with three acquisitions at 25 °C. Baseline corrected data were smoothed using the JASCO 

graphing software. 

4.4.6 Thermal melting analysis: ONs 1–3 (10 µM) were annealed by heating at 85 °C for 5 

minutes in a solution of 10 mM Tris-HCl (pH 7.4), containing 100 mM KCl, as mentioned 

above. Spectra were collected in Cary 3500 Multicell UV-Vis spectrophotometer using a 

temperature interval of 1 °C. Absorbance was monitored at 295 nm with a data interval of 0.5 

°C. Experiments were performed in duplicate. 

4.4.7 Thermal differential spectra: ONs 1–3 (10 µM) were annealed by heating at 85 °C for 

5 minutes in a solution of 10 mM Tris-HCl (pH 7.4), containing 100 mM KCl, as mentioned 

above. Thermal difference spectra (TDS) were recorded in the Shimadzu UV-2600 

spectrophotometer. At first, UV cuvettes containing the samples were scanned from (200–320) 

nm individually at 20 °C. Samples were then incubated in the sample holder while the 

temperature was increased to 70 °C using the temperature controller, and the individual scans 

were recorded. Spectra were recorded in duplicate. TDS was obtained by subtracting the 

absorbance spectrum at 20 °C from the absorbance spectrum at 70 °C for each sample after 

baseline correction in the instrument. 
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4.4.8 Fluorescence: ONs 1–3 (10 µM) were annealed by heating at 85 °C for 5 minutes in a 

solution of 10 mM Tris-HCl (pH 7.4), containing the absence and presence of different 

concentrations of potassium (25–100) mM. Spectra were recorded in triplicate in a micro-

fluorescence cuvette (Hellma, path length 1.0 cm) on a Fluoromax-4 spectrofluorometer 

(Horiba Scientific) at 25 C. Spectra of FBFU (1) in different concentrations were also recorded 

as mentioned. Excitation and emission slit widths of 7 nm and 8 nm are set, respectively. 

4.4.9 NMR: ONs 2 and 3 (45 µM) were annealed by heating the samples at 85 °C for 5 min 10 

mM Tris-HCl (pH 7.4). For ion-dependent experiments, samples were treated with increasing 

concentrations of KCl and incubated at 25 °C for 30 minutes. NMR spectra were acquired using 

a Bruker AVANCE III HD ASCEND 600 MHz spectrometer equipped with a CryoProbe 

(CP2.1 QCl 600S3 H/F-C/N-D-05 Z XT). 19F NMR data were collected at a frequency of 564.9 

MHz and referenced to an external standard, trifluorotoluene (TFT, −63.72 ppm). The 

acquisition parameters for 19F NMR included a 12 μs excitation pulse, a spectral width of 90.32 

ppm, a transmitter offset of −145 ppm, an acquisition time of 0.33 s, a relaxation delay of 1.0 

s, and 5000–6000 scans, with each spectrum requiring approximately 2–2.5 hours. Data 

processing involved applying an exponential window function with a line broadening of 20 Hz. 

1H NMR spectra were recorded at 600 MHz using excitation sculpting with gradients for water 

suppression, with a total of 1200 scans per spectrum. 

4.4.10 EMSA: SARS-CoV-2 Nsp3 ON 1 and modified ONs 2, 3, control ONs C2 and C3 were 

annealed in 100 mM KCl at 85 °C for 5 min. The native PAGE and running buffer were 

prepared by adding 10 mM Tris-HCl and 100 mM KCl. Sucrose was added to each sample in 

the loading buffer before loading. The gel was run at 25 W in a cold room for 5 h. Gel was 

stained with Stains- All dye and destained with 70% EtOH. 

4.4.11 Ligand binding studies of modified SARS-CoV-2 ONs by fluorescence: SARS-CoV-

2 GQ structures of ON 2 (0.5 µM), were formed by heating the samples at 85 °C for 5 min in 

10 mM Tris-HCl buffer (pH 7.4) buffer containing 100 mM KCl. The samples were incubated 

with increasing concentrations of the ligands (TMPyP4 and BRACO19) at 25 C for 1 h. 

Samples were excited at 330 nm with excitation and emission wavelength slit widths of 7 nm 

and 8 nm, respectively. The final volume of each sample solution was kept at 200 µL. 

Fluorescence experiments were performed in triplicate in a micro-fluorescence cuvette at 25 

C. An appropriate blank containing a ligand in a buffer was subtracted from each reading for 

the corresponding ligand concentration. Normalized fluorescence intensity (FN) against ligand 
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concentration was plotted and fitted to a Hill equation to determine the apparent Kd values. 

Fitted graphs were prepared using OriginPro 8.5 software. 
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