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Synopsis 

 

Base-Functionalized Nucleoside Analog Probes: Design, Synthesis and Applications in 

Nucleic Acid Labeling and Diagnosis 

Background and Aim: Considering the vast therapeutic potential of nucleic acids, several 

biophysical methods and chemical probes have been and are being developed to advance the 

fundamental understanding of nucleic acids structure and function, and their interaction with 

other biomolecules.
[1−4] 

 In particular, base-modified fluorescent nucleoside analogs, which 

are environment-sensitive, are very useful in studying the structure and recognition properties 

of nucleic acids.
[5−9] 

 Although several structurally diverse nucleoside analogs exhibiting 

probe-like properties have been developed over the years, majority of these analogs have 

absorption maximum in the UV region and importantly, display drastic fluorescence 

quenching upon incorporation into nucleic acids.  Due to these shortcomings many of these 

analogs cannot be easily implemented in nucleic acid analysis and in cell based studies.
[10]

 

Therefore, it is envisaged that the development of robust environment-sensitive nucleoside 

analogs with photophysical properties suitable for in vitro and in cell analysis will greatly 

advance the fundamental understanding of nucleic acid structure and function.  Such 

nucleoside analogs will also be highly useful in devising new nucleic acid-based diagnostic 

tools. 

Solid-phase oligonucleotide (ON) synthesis protocols and enzymatic methods using 

polymerases and ligases are now being routinely used for the synthesis of modified RNA 

ONs for a variety of applications.  However, in several instances, the synthesis of modified 

phosphoramidite substrate involves several complicated chemical manipulations and or the 

modified substrate does not survive the chemical conditions used in the solid-phase ON 

synthesis protocol.  On the other hand enzymatic incorporation of modified triphosphate 

substrate by in vitro transcription reaction works under mild conditions.  However, many 

times the modified triphosphate substrate does not serve as a good substrate for the RNA 

polymerase enzyme.  Alternatively, postsynthetic modification by using bioorthogonal 

chemical reactions such as azide-alkyne cycloaddition and azide-phosphine Staudinger 

ligation reactions have emerged as a valuable method to label nucleic acids.
[11-13]

  However, 

RNA labeling using these reactions is not straightforward as methods that have been 

established for DNA often do not work for RNA due to its inherent instability.
[14]

  Moreover, 

the azide group, which participates in a wider range of bioorthogonal reactions in comparison 
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to the alkyne functionality, cannot be easily incorporated into RNA as it undergoes 

Staudinger-type reaction with phosphoramidite substrates used in the solid-phase method.
[15]

  

Therefore, development of a milder method to incorporate azide functionality into RNA 

would provide easy access to azide-labeled RNA for further postsynthetic functionalization in 

a modular fashion by click and Staudinger reactions.     

This thesis illustrates the design, synthesis and photophysical characterization of 

environment-sensitive fluorescent nucleoside analogs obtained by attaching heterocyclic rings 

onto the 5-position of a pyrimidine base.  Some of these analogs are moderately emissive and 

are highly sensitive to solvent polarity and viscosity changes.  Interestingly, these analogs 

when incorporated into DNA and RNA ONs were minimally perturbing and uniquely, 

retained appreciable fluorescence.  Utilizing the probe-like properties of these analogs we 

have devised simple fluorescence-based assays to detect abasic sites in nucleic acids and 

discriminate different nucleic acid topologies (e.g., DNA and RNA G-quadruplexes (GQs) 

and i-motifs). 

This thesis also illustrates the development of a simple and practical 

posttranscriptional chemical labeling method for RNA by using bioorthogonal reactions.  In 

this strategy, we have used novel azide-modified uridine triphosphates to incorporate the 

azide functionality into RNA by transcription reaction.  The azide-modified RNA transcripts 

are conveniently labeled with a variety of biophysical probes in a modular fashion by 

copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC), copper-free strain-promoted azide-

alkyne cycloaddition (SPAAC) and azide-phosphine Staudinger ligation reaction.  Taken 

together, straightforward synthesis, easy incorporation into nucleic acids and probe-like 

properties highlight the potential of these novel functionalized nucleoside analogs as efficient 

tools to study the structure and function of nucleic acids both in vitro and in cells. 

 

The thesis is organized as follows: 

 

Chapter 1: Base-modified nucleoside analogs in nucleic acid study 
 

In this chapter, a concise literature background on the advancement of base-modified 

nucleoside analog probes for studying nucleic acid is provided.  In particular, the 

development of structurally minimally perturbing base-modified fluorescent nucleoside 

probes and their incorporation into nucleic acids for various applications is discussed.  In the 

second part of this chapter, an overview of recent development in the applications of 

bioorthogonal chemical reactions in labeling and imaging nucleic acids is presented.  The 
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limitations of currently available nucleoside analog probes and methods to label nucleic acids, 

and the motivation for the present research work are also described.    

 

Chapter 2: Detection of abasic sites in DNA and RNA oligonucleotides by using 

fluorescent nucleoside analogs 

 

Chapter 2A: 5-Benzofuran-modified uridine as a probe for the fluorescence detection of 

DNA abasic site 

We have synthesized a small series of fluorescent nucleoside analogs by conjugating 

heterobicycles such as indole, N-methyl indole and benzofuran at the 5-position of uridine 

(Figure 1A). Preliminary phtophysical studies indicated that indole- and N-methyl indole-

conjugated uridine analogs (
In

U and 
MIn

U, respectively) were practically non-emmisive, 

whereas the benzofuran-conjugated uridine analog (
Bf

U) was reasonably fluorescent.  

Detailed photophysical characterization revealed probe-like properties of 
Bf

U, wherein it was 

found to be highly sensitive to microenvironment changes such as solvent polarity and 

viscosity (Figure 1B and 1C).  

 

 

Figure 1. (A) Chemical structure of nucleoside analogs. Triphosphate 
Bf

UTP suitable for enzymatic 

incorporation of 
Bf

U into RNA ONs is also shown. (B and C) Emission studies of 
Bf

U in solvents of 

different polarity and viscosity, respectively. 
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Bf
U was incorporated into RNA ONs by T7 RNA polymerase-catalysed in vitro 

transcription reaction using 
Bf

UTP (Figure 2).  Steady-state and time-resolved fluorescence 

spectroscopy studies of 
Bf

U containing ONs validated the sensitivity of 
Bf

U towards changes 

in its environment such as base-pair substitutions.  In particular, 
Bf

U containing RNA ON was 

found to report the presence of a DNA abasic site with an appreciable enhancement in its 

fluorescence intensity (Figure 2).
[16]

 

 

 

Figure 2. Schematic representation of enzymatic incorporation of 
Bf

UTP by in vitro transcription 

reaction and detection of DNA abasic site using fluorescently labeled RNA ON.  

 

Chapter 2B: 5-Benzofuran-modified 2'-deoxyuridine as a probe for the fluorescence 

detection of RNA abasic site 

Responsiveness of 
Bf

U ribonucleoside analog to neighbouring base environment prompted us 

to investigate the effect of placing benzofuran-modified nucleobase within DNA ONs.  5-

Benzofuran-2'-deoxyuridine (
Bfd

U), which essentially exhibits similar fluorescence properties 

as that of the corresponding ribonucleoside analog, was site-specifically incorporated into 

DNA ONs by solid-phase ON synthesis using phosphoramidite substrate.  Upon 

incorporation into single stranded and double stranded ONs, the emissive nucleoside showed 

significantly enhanced emission intensity compared to the free nucleoside, a property rarely 

exhibited by the majority of fluorescent nucleoside analogs (Figure 3).  The photophysical 

behaviour of 
Bfd

U prompted us to assess the ability of the emissive nucleoside to detect the 

presence of an abasic site in a biologically relevant RNA motif.  

The formation of abasic sites in RNA is rare and is almost exclusively associated with 

the depurination activity of protein toxins called ribosome inactivating proteins (RIPs).  RIP 

toxins such as ricin and saporin catalyze the depurination of a specific adenosine residue, 

within the highly conserved sarcin–ricin loop region of eukaryotic 28S rRNA.  As a result, 
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the depurinated ribosome has lower affinity for elongation factors essential for protein 

synthesis, which leads to the cell death.  Current methods to monitor the specific depurination 

activity of RIP toxins are laborious or involve extensive radiolabeling procedures and hence 

are not amenable to fast-paced studies of RIPs and RNA abasic site. DNA ON 

complementary to the model RNA ON containing the conserved sarcin/ricin loop region of 

eukaryotic 28S rRNA, a commonly used substrate to study the depurination activity of 

ribosome inactivating proteins (RIPs), was appropriately labeled with 
Bfd

U.
[17]

 Hybridization 

of fluorescent DNA ON and RIP RNA substrate resulted in a strong emission band, while the 

duplex of the fluorescent DNA ON and depurinated product mimic exhibited a drastically 

quenched emission (Figure 3). This observation highlights the potential of 
Bfd

U as a sensitive 

fluorescence hybridization probe for RNA abasic site.
[18]

 

 

 

Figure 3. Fluorescence intensity of 
Bfd

U, modified DNA ONs (1–4) and corresponding DNA 

duplexes, in which 
Bfd

U is flanked between different nucleobases. Utility of 
Bfd

U labeled DNA to 

detect the abasic site in therapeutically relevant RNA is also demonstrated.    

 

In parallel, we have developed a label-free fluorescence method to detect the 

depurination activity of RIP toxin by using a fluorescent ligand, 2-amino-5,6,7-trimethyl-1,8-

naphthyridine (ATMND), which is known to exhibits drastic quenching in fluorescence 

intensity upon pseudo-base pairing with a cytosine residue placed opposite an abasic site in 

an ON duplex.  The potent depurination activity of saporin on the synthetic RNA substrate A 

generated the depurinated RNA product B, which upon hybridization to the complementary 

ON C placed a cytosine residue opposite the abasic site (Figure 4A).  Addition of ATMND to 
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the above product duplex reported the formation of abasic site in RNA with appreciable 

quenching in fluorescence intensity (Figure 4B). This method offers a straightforward 

approach to study the kinetics of depurination reactions and could be implemented in high 

throughput screening (HTS) formats for the discovery of potential RIP inhibitors.
[19]

 

   

 
 

Figure 4.  (A) Schematic illustration of label-free fluorescence detection of a RIP toxin-mediated 

depurination of a hairpin ON substrate A, depurinated RNA ON product B and complementary DNA 

ON C used in this study. While duplex AC contains an AdC mismatch at position 15, duplexe BC 

contain an abasic site opposite dC (B) Saporin mediated depurination of RNA substrate A monitored 

by fluorescent ligand ATMND.   

 

Chapter 3: Fluorescent nucleoside analogs as probes for study the DNA and RNA non-

canonical structures  

Chapter 3A: 5-Benzofuran-modified nucleoside analogs as topology-specific probes for 

human telomeric DNA and RNA G-quadruplex structures  

In recent years, guanine-rich sequences with the potential to form non-canonical four-

stranded nucleic acid structures, called G-quadruplexes (GQs), have received particular 

attention due to their interesting structural features and biological functions.
[20−21]

  Owing to 

the structural diversity of GQs and their role in diseases, G-rich sequences are being 

rigorously evaluated as novel therapeutic targets for cancer chemotherapies.
[21]

  However, 

paucity of efficient chemical probes that can detect different GQ topologies and quantitatively 

report ligand binding has been a major impediment in the advancement of GQ-directed 

therapeutic strategies.  Therefore, therapeutic evaluation of GQs will greatly benefit from the 

development of fluorescence based biophysical tools that can distinguish different GQs based 
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topology and nucleic acid type, and are compatible to screening formats for the identification 

of small molecule ligands that selectively bind to different GQ structures is highly desired. 

The microenvironment sensitivity of 5-benzofuran-uridine and the 3D structure of h-

Telo DNA repeats in which the loop region (TTA) undergoes substantial conformational 

changes upon binding to a small molecule ligand inspired us to develop the benzofuran-

modified uridine analog as a probe to detect GQ structures and GQ binders. Human telomeric 

DNA repeat d[AG3(T2AG3)3] and telomeric repeat-containing RNA (TERRA) r[U2AG3]4 

were labeled with 
Bfd

U and 
Bf

U, respectively. Both steady-state fluorescence and lifetime 

analysis demonstrated the potential of 
Bfd

U and 
Bf

U to selectively detect GQ structures from 

corresponding duplexes, and distinguish between GQ topologies based on (i) ionic conditions 

(Na
+
 vs. K

+
) and (ii) nucleic acid type (DNA vs. RNA).  Furthermore, the conformation-

sensitivity of these probes was used in developing a fluorescence binding assays to 

quantitatively monitor the topology-specific binding of model ligands such as pyridostatin 

and BRACO19 to DNA and RNA GQs.  It is expected that this unique class of GQ probes 

will provide an efficient platform to identify topology- and nucleic acid-specific GQ binders 

of therapeutic potential.
[22]

 

 

 

Figure 5. Incorporation of 
Bfd

U into G-rich human telomeric DNA and detection of topology specific 

G-quadruplex structures. 

 

Chapter 3B: Benzofuran-conjugated fluorescent uridine analog to probe the 

conformational switch in i-motif forming human telomeric DNA and RNA repeats 

Cytidine-rich (C-rich) repeat oligomers in slightly acidic conditions form a tetraplex of 

hemiprotonated base pair of CC

 and form stable self-assembled structure known as i-motif 

(Figure6).
  

C-rich sequences often exist in promoter regions of the oncogene and in human 
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telomeric DNA, which can fold into an i-motif structure and controlling the oncogene 

expression at the transcriptional level.
[23]

  Occurrence of i-motif structures in living cell has 

not been determined yet, and hence, less is known about these structures as potential 

therapeutic targets.  Nevertheless, sequence specific molecular recognition properties of these 

pH sensitive self-assemblies have been programmed and utilized as building blocks of DNA 

nano-devices for various application and have received great attention.
[24]

 

Superior probe-like properties of 
Bf

U and 
Bfd

U encouraged us to incorporate both the 

nucleosides into C-rich human telomeric DNA and RNA ONs. Using both steady-state 

fluorescence and lifetime analysis, we have monitored the pH dependent structural transition 

of these ONs from single strand to compact i-motif structure (Figure 6).  Our results 

demonstrate the versatility of these probes in studying non-canonical structures in nucleic 

acids. 

 

 

Figure 6. Site-specific labeling of 
Bfd

U into C-rich human telomeric DNA ON and fluorescence based 

monitoring the pH dependent structural transition of i-motif structure. 

 

Chapter 4: Synthesis, photophysical properties and incorporation of a highly emissive 

and environment-sensitive uridine analog based on the Lucifer chromophore  

Although 
Bf

U is highly suitable fluorescent nucleoside probe for in vitro applications, its 

absorption maxima in the UV region limits its application for in cells nucleic acid study.  

Therefore, we synthesized a bright and environment-sensitive uridine analog based on the 

Lucifer chromophore 1,8-naphthalimide core (
Np

U).  It was postulated that coupling 4-

ethynyl-1,8-naphthalimide at the 5-position of uridine would impart the non-emissive 

nucleoside with superior probe-like properties akin to Lucifer dyes.
[25]  

Notably, 
Np

U displays 
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both excitation and emission maxima in the visible region, exhibits a high quantum yield and 

excellent solvatochromism (Figure 7).  

The corresponding triphosphate and phosphoramidite derivatives of naphthalimide-

modified nucleosides act as a good substrate for the synthesis of fluorescent RNA ONs by in 

vitro transcription reactions as well as by solid-phase ON synthesis protocols, respectively.  

Furthermore, the emissive nucleoside incorporated into ON duplexes exhibits appreciable 

fluorescence efficiency.  Importantly, the fluorescence properties of the emissive nucleoside 

incorporated into ONs is sensitive to flanking bases and base pair substitutions.   In particular, 

the emissive nucleoside signals the presence of purine repeats (dG and dA) with a significant 

increase in fluorescence intensity (Figure 7), a property seldom exhibited by most of the 

fluorescent nucleoside analogs.
[26]  

Currently, the suitability of the fluorescent nucleoside 

analog in probing the cellular uptake and trafficking of RNA ONs by fluorescence 

microscopy is being evaluated. 

 

 

Figure 7. Structure, solvatochromism of 
Np

U and fluorescence detection of purine repeats. 

 

Chapter 5: Azide-Modified nucleotides a versatile toolbox for posttranscriptional 

functionalization of RNA by bioorthogonal chemical reactions 

The azide group, which is the common reactive functionality in CuAAC, SPAAC and 

Staudinger ligation reactions, is not easily incorporable by conventional solid-phase ON 

synthesis protocols as it readily undergoes Staudinger-type reaction with phosphoramidite 

substrates.  In this regard, we have synthesized new azide-modified ribonucleoside 

triphosphates 
AM

UTP, 
AP

UTP and 
AT

UTP, and have effectively incorporated into 

oligoribonucleotides by in vitro transcription reactions catalyzed by T7 RNA polymerase 

(Scheme 1).
[27−28]

  Reactions with various oligodeoxynucleotide templates exemplify the 

utility of transcription reaction in functionalizing oligoribonucleotides with more than one 

azide group.  The azide-modified RNA ONs were functionalized in vitro with variety of 
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biophysical probes in a modular fashion by CuAAC, SPAAC and Staudinger ligation 

reactions (Scheme 1).
[29]

  Notably, one of the analogs, 5-azidomethyl UTP (
AM

UTP), was 

found to be incorporated into cellular RNA transcripts by endogenous RNA polymerases, 

which uniquely enabled the imaging of newly transcribing RNA by posttranscriptional click 

reactions (in-cell studies with AMUTP have performed by one of my laboratory colleagues 

and are described in his thesis).  Taken together, our results demonstrate that this practical 

chemical labeling methodology will provide new opportunities to study RNA in vitro and in 

cells.      

  

 

Scheme 1. (A) Structure of azide-modified uridine triphosphates substrate. (B) Enzymatic 

incorporation of azide-UTP into RNA ON and posttranscriptional chemical functionalization. 
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1.1 Introduction 

Nucleic acids perform a plethora of vital cellular functions such as storage and transfer of 

genetic information, catalysis and regulation of gene expression by interacting with nucleic 

acids, proteins and small molecule metabolites.  Unlike proteins, nucleic acids are chemically 

less diverse.  But amazingly they (especially RNA) expand their functional repertoire by 

using their inherent conformational dynamics and by adopting diverse 3-dimensional 

structures that rapidly interconvert between different functional states (Figure 1).
[1,2]

  Several 

biophysical and theoretical tools have been developed to uncover the fundamentals of nucleic 

acid folding and recognition processes.  The majority of biophysical investigations greatly 

rely on techniques, namely, fluorescence, electrophoresis, circular dichroism (CD), 

calorimetry, nuclear magnetic resonance (NMR), electron paramagnetic resonance (EPR), X-

ray crystallography and microscopy.
[3-5]

  Among these, fluorescence spectroscopy is by far 

the most attractive technique as it is easily accessible, versatile and provides information in 

real time with great sensitivity.  Consequently, fluorescence spectroscopy has been 

extensively used to investigate pathways and kinetics of conformational transformations of 

nucleic acids, nucleic acid-protein and nucleic acid-small molecule complexes.
[3]

  

Importantly, advances in ultrafast and single-molecule fluorescence spectroscopy techniques 

have allowed the investigation of conformational dynamics and processing of nucleic acids in 

vitro as well as in cells in a wide range of time scales.
[6,7] 

Needless to say, fluorescent reporters have to be introduced into nucleic acids since 

natural nucleobases are practically nonemissive.
[8,9]

  Common fluorophores such as ethidium 

bromide, DAPI, SYBR Green as well as Hoechst dyes, which bind to nucleic acids 

noncovalently by intercalation or along the grooves, are frequently used to visualize nucleic 

acids in gel electrophoresis and cell microscopy.  Covalent attachment of commercially 

available fluorescent derivatives (fluorescein, rhodamine, Alexa and cyanine dyes, etc.) to the 

phosphate backbone, sugar or base is one of the most common methods to fluorescently 

modify nucleic acids.
[10]

  Obvious advantageous of these probes are that they possess very 

high molar absorptivities and fluorescence quantum yields, and are significantly photostable.  

Consequently, custom synthesized oligonucleotides (ONs) labeled with these probes are 

easily accessible and also fluorescent precursors (e.g., dye-labeled phosphoramidites and 

triphosphates) that can be readily incorporated into ONs by either chemical or enzymatic 

methods are also commercially available.
[10]

  Such probes incorporated into ONs have been 

widely used in FRET, fluorescence anisotropy and single-molecule fluorescence 
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experiments.
[7,11]

  However, a main shortcoming of the majority of these probes is that upon 

binding or incorporation they significantly perturb the native structure of nucleic acids.  

Hence, in several instances the probe molecule is attached to the ON via a long linker to 

minimize structural perturbations. 

 

Figure 1. Pictorial representation of various functions of RNA in contemporary biology. 

 

The conformational changes, which take place during nucleic acid folding or 

recognition event, are both at the global as well as nucleotide level.
[1,2]

  Changes in the 

conformation of nucleotides (e.g., near the binding site) most often alter their surrounding 

physical properties and their interactions with neighbouring bases.  Hence, introducing an 

environment-sensitive reporter molecule near the site of interest and surveying the local 

conformational changes by fluorescence spectroscopy has been shown to provide a better 

picture of the interaction under investigation.
[12,13]

  An important consideration that has to be 

taken into account when incorporating such fluorescent probes is that they should minimally 

perturb the native structure and function of the target nucleic acid.  In this regard, base-

modified fluorescent nucleoside analogs that are capable of reporting changes in their 

conformation and surrounding environment in the form of changes in their fluorescence 

properties such as quantum yield, emission maximum, lifetime and anisotropy have found 
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wide applications in developing tools to investigate the dynamics, structure and function of 

nucleic acids.
[12-16]

   

 

1.2 Biophysical techniques and chemical probes for studying structure and 

function of nucleic acids  

1.2.1 X-ray crystallography  

X-ray crystallography provides 3D structural insight into nucleic acid, which allows us better 

understanding of biological processes at the atomic level. X-ray crystallography has been 

very helpful in studying the mechanisms of replication initiation, transcription and translation 

regulation, catalytic RNAs, riboswitch function, and nucleic acid-protein interactions.
[17]

  

Heavy atom derivatization of nucleic acids for phase determination is essential in X-ray 

crystallographic analysis. Heavy atom labels are introduced into nucleic acid by soaking or 

co-crystallizing in salt solutions of heavy atoms or incorporation of bromine or iodine 

containing nucleoside into nucleic acid.
[18]

  However, halogenated nucleosides are prone to 

undergo dehalogenation during X-ray crystallography analysis.
[19]  

 To overcome this 

limitation, anomalous scattering property of selenium atom has been extensively used in the 

multi-wavelength anomalous dispersion (MAD) phasing technique for X-ray crystallography 

study of nucleic acids.
[20]

  

Egli, Huang and co-workers have successfully implemented 2'-methylselenouridine 

(1) for the derivatization of RNA and DNA for MAD phasing.
[21]

  Thereafter, Micura and co-

workers reported an advanced procedure for the site-specific labeling of standard nucleosides 

containing 2'-methylseleno groups in RNA.
[22]

  Recently, Huang and co-workers have 

investigated the atom-specific replacement of the nucleobase oxygen with selenium. This 

research provides novel insights into the base pairing and stacking interactions of nucleic 

acids. The phosphoramidites building block of the 4-Se-T (2), 2-Se-T (3), 5-SeMe-T (4) and 

6-Se-dG (5) for solid-phase synthesis and the 4-Se-T triphosphate for enzymatic synthesis 

have been developed (Figure 3).
[20]

  Together, these efforts have proven the applicability of 

selenium atom as a MAD phasing label and paved the way for use of selenium-modified 

nucleic acids in X-ray crystallography-based structural analysis of DNA and RNA. 
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Figure 3. Representative examples of selenium containing nucleoside probe for X-ray diffraction 

analysis of nucleic acids. 

 

 

1.2.2 Nuclear Magnetic Resonance (NMR) spectroscopy  

NMR is a very useful technique to investigate nucleic acids in solution and to characterize 

their dynamic properties at atomic level.  With isotope-labeled (
13

C, 
15

N isotopes) 

oligonucleotides, it is possible to explore base-pairing modes, local and global dynamics and 

interaction surfaces with proteins, small ligands and metal ions.
[23]

  Currently, both 

biochemical and chemical methods for the synthesis of isotope labeled nucleic acids are 

available.  Wenter and Pitsch reported the preparation of specifically labeled 
15

N(3)-

pyrimidine and 
15

N(1)-purine for site-specific chemical labeling of RNA.  Subsequently, they 

investigated folding kinetics of topologically favoured conformational exchange between 

different hairpin folds.
[24]

  Williamson and co-workers developed a method for isotopic 

labeling of the purine (6-9) through biochemical pathway (Figure 4). Furthermore, they have 

illustrated the utility of this method to obtain NMR spectra of HIV-2 transactivation region of 

RNA.
[25]

  Very recently, Mergny and co-workers demonstrated G-quadruplex DNA and 

ligand interaction in living cells using isotopically labeled DNA ON.
[26]

 

 

 

Figure 4. 
13

C () and 
15

N (○) labeled triphosphate substrates used in the synthesis of isotopically 

enriched RNA for NMR spectroscopy (R = (PO3)3
-4

) 

 

 



 Chapter 1 

 

6 
 

 

Figure 5. Fluorine-modified nucleoside probes to study various secondary structures of RNA.  

R = ribose  

 

On the other hand, use of fluorine labels offers high intrinsic sensitivity as natural 

abundance of the 
19

F nucleus is 100% which practically solves the problem of resonance 

degeneracy to study biomolecules.
[27]

 Site-specific incorporation of fluorine atoms into 

nucleic acids was exploited to monitor conformational changes and folding of nucleic acids or 

to investigate binding processes in small molecule/nucleic acid or enzyme/nucleic acid 

complexes.
[28] 

Micura group implemented 5-F pyrimidine labeling (Figure 5) and 

implemented to probe DNA and RNA secondary structures by 1D 
19

F NMR.
[29]

  Strobel and 

co-workers have developed a series of fluorine substituted adenosine analogs 10-14 (Figure 

5), triphosphate substrate of each analogs is readily incorporated into RNA by T7 RNA 

polymerase. Further, they have conducted a nucleotide analog interference mapping (NAIM) 

study on a self-ligating construct of the Varkud Satellite (VS) ribozyme.
[30]

  

 

1.2.3 Electron Paramagnetic Resonance (EPR) Spectroscopy  

In recent years site-directed spin labeling (SDSL) of nucleic acids have received great 

attention in investigating nucleic acid–ligand interactions and identifying different metals 

binding sites in nucleic acids by EPR spectroscopy.
[31]  

The rapid developments in EPR 

spectroscopy triggered the advancement of spin-labeling techniques for nucleic acids and 

hence, variety of synthetic methods have been developed to label nucleic acid with stable 

nitroxide as EPR probe. One of the first methods for spin labeling of nucleobase is the 

introduction of 4-thiouridine at specific sites of RNA by solid-phase ON synthesis and 

subsequent derivatization by disulfide (15) using appropriate reagent.
[32]

  The limitation of 

this method is its restriction to uridine site only and further possible effects on base pairing 

and the overall stability of the RNA under investigation.  In a similar approach Engels group 

introduced a new method by performing Pd-catalyzed Sonogashira cross-coupling reaction 

with TPA (2,2,5,5-tetramethyl-pyrrolin-1-oxyl-3-acetylene) and halogenated nucleosides. 

This strategy was applied in RNA for the derivatization of 5-iodouridine (16) and 5-
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iodocytidine (17) with spin label, which facilitated the measurement of intramolecular 

distances in solvated RNA systems.
[33]

  5-TEMPA-modified deoxyuridine was introduced 

into  the loop regions of G-quadruplex forming human telomeric DNA oligonucleotide and 

this EPR probe has used to investigate the polymorphic nature of DNA G-quadruplex in 

vitro.
[34]

  Improved stability of the nitroxide radical probes and the sensitivity of the EPR 

have mutually utilised to determine the in-cell intramolecular diatance in nucleic acid 

molecules with high precision.
[35]

  The accuracy of distance measurements and reliable 

determination of molecular motion is difficult with majority of spin-labeling probe within 

ONs as they contain flexible linkers. In this context, Sigurdsson and co-workers reported a 

selective reaction between aromatic isothiocyanates and 2'-amino groups in RNA. The 

resulting spin label (18) displayed limited mobility in RNA, making them promising 

candidates for precise distance measurements by pulsed EPR. Upon conjugation to RNA, a 

tetraethyl isoindoline derivative showed significant stability under reduction conditions.
[36] 

 

 

Figure 6. Selected examples of spin labeled nucleic acid probes for application in EPR spectroscopy.  

 

1.2.4. Fluorescence spectroscopy  

Fluorescence spectroscopy is one of the most informative and sensitive analytical techniques. 

Its compatibility in high throughput screening format, usefulness in studying the local and 

global conformational changes in nucleic acids during various recognition processes make it 

mostly used analytical tool in nucleic acid research. However, naturally occurring nucleosides 

are practically non-emissive hence chemist have synthesized a variety of base-modified 

fluorescent nucleoside analog probes with wide range of fluorescence properties.
[12-15]
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1.3 Base-Modified fluorescent nucleoside analogs: design and classification 

Nucleoside analogs with useful photophysical properties have been developed by extending 

the  conjugation of nucleobases or by using known fluorophores as base surrogates.  The 

various families of base-modified nucleoside analogs can be generally classified as size-

expanded, extended, pteridine, polycyclic aromatic hydrocarbon (PAH) and minimally 

perturbing fluorescent nucleoside analogs. 

 

1.3.1 Size-expanded fluorescent nucleobase analogs 

Size-expanded nucleobase analogs are synthesized by either fusing or inserting aromatic or 

heterocylic rings onto pyrimidine and purine bases (Figure 7).
[37]

  Many such modifications 

have afforded highly emissive nucleobases (e.g., 1921), which often retain the H-bonding 

complementarity as that of the native bases.  Saito and co-workers have developed several 

such ring-expanded fluorescent nucleobase analogs (e.g., 20 and 21), which photophysically 

distinguish the type of base opposite to the emissive base.
[38]

  Saito named these analogs as 

base-discriminating fluorescent (BDF) nucleobases and effectively implemented them in the 

homogeneous detection of single nucleotide polymorphisms (SNPs).
[39]

  Matteucci and co-

workers synthesized ONs containing tricyclic cytidine nucleoside analogs, phenothiazine (tC, 

22) and phenoxazine (tC
o
, 23), with the intention to maximize the stacking interaction and 

hence, the stability of the duplex for antisense applications.
[40]

  Later, Wilhelmsson and co-

workers thoroughly characterized the photophysical properties of tC and tC
o
 in the free 

nucleoside form and also within ONs.
[41]

  Unlike the majority of nucleoside probes, the 

quantum efficiencies of these fluorophores upon incorporation into ONs are not dramatically 

reduced.  Utilizing this property they could assemble a useful FRET pair using (tC
o
) as the 

donor and its nitro analog, 7-nitro-1,3-diaza-2-oxophenothiazine (tCnitro), as the acceptor.
[42]

  

Subsequently, Sigurdsson’s group performed a detailed study on the effects of flanking 

residues on the mismatch-detection abilities of a series of expanded cytidine analogs, tC
o
, tC 

and Ç
f
 (24).

[43]
  They found Ç

f
 to be superior in identifying all mismatches uniquely, 

suggesting that it could be utilized in the detection of SNPs.  Recently, Wilhelmsson and co-

workers have introduced a quadracyclic adenine qA (25) as an alternative to existing 

fluorescent adenine analogs.  This adenine analog, when incorporated into ONs, maintains the 

duplex stability and also has a reasonable fluorescence quantum yield as compared to the 

most of the base-modified fluorescent analogs.
[44]
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Figure 7. Selected examples of size-expanded fluorescent nucleoside analogs. R = ribose or 2'-

deoxyribose. 

 

1.3.2 Size extended fluorescent nucleobase analogs 

Family of extended nucleobase analogs are typically synthesized by tethering known 

fluorophores via rigid or flexible linker to the nucleobases.
[13,37]

  Several examples of 

extended analogs have been developed by attaching fluorescent aromatic systems such as 

pyrene (26), perylene (27), BODIPY (28), prodan (29), phenanthroline, anthracene, 

bipyridine, terpyridine and thiazole orange (Figure 8).  ONs containing such fluorescent tags 

have been used by numerous groups for a variety applications including detection of SNPs, 

nucleic acid lesions, electron transfer process in nucleic acids, etc.
[45]

  In an alternate strategy, 

extended analogs have also been prepared by tagging heterocyles to the nucleobases, which 

essentially extend the  conjugation thereby imparting favourable photophysical properties 

(Figure 8).
[12-15,46]

  Many of these analogs exhibit sensitivity to changes in their environment 

and also form stable base pairs like natural bases when incorporated into ONs.   

Engels’s and Zhou’s group have synthesized several 5-benzimidazolyl-2'-

deoxyuridine derivatives, which show emission in the visible region and moderate 

antibacterial activity.
[46g,46h]

  Recently, Hocek and co-workers constructed solvatochromic 

nucleoside analogs by conjugating aminophthalimide (30) and GFP-like (31) chromophores 

via an alkyne linker.
[47]

  They enzymatically incorporated the corresponding triphosphates 

into DNA ON reporters and established fluorescence assays to detect the binding of DNA to 

p53, an important tumour suppressor protein.  Kim and co-workers have incorporated 

piperazinephenyl- and pyrene-modified pyrimidine and purine nucleosides (32and 33, 

respectively) into DNA ONs, and have studied their cellular uptake and i-motif formation by 

fluorescence spectroscopy.
[48]
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Figure 8. Selected examples of extended fluorescent nucleoside analogs. R = 2'-deoxyribose.   

 

1.3.3 Fluorescent pteridine and polyaromatic hydrocarbon analogs 

Pteridines are naturally occurring planar heterobicyclic aromatic compounds bearing 

structural resemblance to the natural purines.
[49]

  Some of these analogs (e.g., 3MI (34) and 

6MI (35)) are highly emissive and have been used as base surrogates to develop fluorescent 

nucleosides (Figure 9).
[50,51]

  In a similar approach, natural bases have been replaced with 

fluorescent PAHs to generate PAH base analogs (36, 37 ) (Figure 9).
[52,53]

  Recently, Kool 

and co-workers have used combinatorial approach to assemble a library of 

“oligodeoxyfluorosides” containing different PAH fluorophores in a DNA-like chain.  These 

polychromophoric oligomers display large Stokes shifts and a broad array of quantum yields 

and emission wavelengths encompassing the complete visible region.  These DNA 



 Chapter 1 

 

11 
 

polyfluorophores have been elegantly implemented in diagnostic assays to detect toxic gases 

and metal ions, and in multiplexed imaging of live cells.
[54] 

 

Figure 9. Representative examples of pteridine (34 and 35) and PAH (36 and 37) base analogs. R = 

ribose or 2'-deoxyribose. 

 

While the majority of nucleobase analogs discussed above structurally deviate from 

their parent bases significantly, isomorphic base analogs closely resemble the structure and 

WC base pairing property of native bases.
[12-15]

  A practical advantage of isomorphic 

nucleoside analog probes is that they can be specifically placed at a desired position in a 

target ON with minimum structural perturbations.  Such probes are ideally suited for studying 

subtle alterations in conformation and dynamics that happen around the site of interest during 

a folding or recognition process.  2-Aminopurine (2-AP, 38, Figure 10), a highly emissive 

and environment-sensitive isoster of adenine, was introduced by Stryer and co-workers more 

than four decades ago.
[55]

  It base pairs strongly with thymine and uracil and serves as an 

adenine analog in several enzymatic reactions.  Because of its nonperturbing nature and 

exquisite sensitivity to conformational changes, 2-AP by far has been the most widely utilized 

nucleoside analog in the study of structure, dynamics and binding properties of nucleic 

acids.
[12-15] 

 

1.3.4 Minimally perturbing fluorescent nucleoside analogs 

Despite 2-AP’s wide utility, excitation and emission maxima in the UV region and drastically 

reduced fluorescence efficiency within ONs significantly limits its applications, particularly 

in cell microscopy.
[55,56]

  Therefore, much of the recent advances in the development of new 

generation fluorescent nucleoside analogs have been generally based on the following 

criteria.  The nucleoside probe should (i) be structurally minimally invasive, (ii) have 

excitation and emission maxima in the visible region, (iii) have an appreciable quantum yield 

when incorporated into ONs and (iv) importantly, report changes in microenvironment via 

changes in the photophysical properties.     
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Tor’s group initiated a program in this direction and synthesized a series of 

isomorphic nucleoside analogs by either conjugating or fusing aromatic five-membered 

heterocycles to pyrimidine and purine cores (Figure 10).
[13]

  Preliminary photophysical 

characterization of furan-, thiophene-, oxazole- and thiazole-conjugated pyrimidines revealed 

that the furan-conjugated pyrimidines possessed probe-like properties in terms of emission 

maximum in the visible region with a reasonable quantum yield and sensitivity to polarity 

changes.
[57]

  Furan-modified uridine (39) and cytidine (40) analogs were site-specifically 

incorporated into model DNA and RNA ON reporters without affecting the native structure.  

These fluorescent reporters were effectively employed in the detection of abasic sites and 

mutagenic oxidation product of guanosine (8-oxoG), and in the monitoring of RNA-

aminoglycoside antibiotics and RNA-protein interactions.
[57]

  Despite possessing high 

quantum yields, furan-conjugated purines were not evaluated further as they displayed 

emission in the UV region, and were found to be less sensitive to microenvironment changes.  

Tor and co-workers synthesized a fused thiophene derivative of uridine (41), which displayed 

high quantum yield and excellent fluorescence solvatochromism.  It was incorporated into 

RNA ONs by both solid-phase chemical and enzymatic methods, and was utilized in devising 

fluorescence hybridization assays to detect mismatches in duplexes and monitor the formation 

of RNA abasic sites by the depurination activity of ribosome inactivating protein (RIP) 

toxins.
[58] 

Recently, Tor and co-workers assembled new FRET pairs using fluorescent uridine 

analogs based on 5-methoxyquinazoline-2,4(1H,3H)-dione (42) and 5-aminoquinazoline-

2,4(1H,3H)-dione (43), which served as an effective donor for coumarin and acceptor for 

tryptophan, respectively.
[59]

  Utilizing these FRET systems, fluorescence assays were 

established to investigate the binding of aminoglycoside antibiotics to a model bacterial 

ribosomal decoding site (A-site) RNA motif and HIV-1 Rev peptide to its cognate RNA 

target, Rev Responsive Element (RRE).  Other recent examples of isomorphic nucleoside 

analogs from this group include a complete set of highly emissive RNA alphabet derived 

from thieno[3,4-d]-pyrimidine as the heterocyclic core, and pH and polarity-sensitive 6-aza-

uridine derivatives.
[60,61]

  The suitability of these analogs in biophysical probing of nucleic 

acid-related processes is yet to be explored.  
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Figure 10. Examples of minimally perturbing fluorescent nucleoside analogs. R = ribose or 2'-

deoxyribose. 

 

Pyrrolocytidine (pC, 44), a moderately emissive isoster of cytidine, displays emission 

maximum in the visible region.
[63,63]

  Like many other fluorescent nucleoside analogs the 

quantum efficiency of pC drops drastically when incorporated into ON duplexes.  

Nevertheless, its isomorphicity and sensitivity to changes in its surrounding environment 

have been aptly utilized in studying the RNA secondary structure, conformational dynamics 

of tRNA 3'-end, thermodynamics of drug-DNA complexes and in the detection of 8-oxoG.
[63-

65]
  Recently, a few pC derivatives with improved fluorescence properties have been 

developed (Figure 10).
[66-68]

  In particular, phenylpyrrolocytidine (PhpC, 45) displays high 

quantum yield (0.31) and a red-shifted excitation and emission maximum (370 nm and 465 

nm, respectively) compared to most other nucleoside analogs.
[69]

  Hudson and co-workers 

incorporated PhpC into RNA ONs for studying the activity of HIV-1 RT ribonuclease H 

enzyme.  A RNA-DNA hybrid containing a single PhpC served as an excellent substrate and 

reported the cleavage activity of the RNase H enzyme with a nearly 14-fold enhancement in 

fluorescence intensity.
[69]

  In a similar approach, a siRNA labeled with multiple PhpC 

residues was used to monitor the trafficking and silencing activity of siRNA inside living 

cells using fluorescence microscopy.
[70]

  Since PhpC also showed reduction in fluorescence 

upon incorporation into ONs, the authors had to use siRNA labeled with at least three PhpC 

residues for effective fluorescence monitoring inside the cells.  However, this led to reduced 

silencing activity by the siRNA probably due to structural perturbation caused by multiple 

modifications. 
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Drawing inspiration from 8-vinyl-deoxyadenosine (46), which was introduced as an 

alternative fluorescent probe to 2-AP, Diederichsen and co-workers developed an isomorphic 

guanosine analog 47 by tethering a vinyl group at the 8 position of guanine.
[71,72]

  The ability 

of this emissive and environment-sensitive nucleoside analog to adopt both syn and anti 

conformation was appropriately utilized for studying the different topologies of G-

quadruplexes.
[72]

  Recently, Wagenknecht, Ernsting and co-workers, synthesized a 

solvatochromic fluorescent C-nucleoside analog using 4-aminophthalimide (48), which when 

incorporated into a model double stranded DNA exhibited large Stokes shift and a reasonable 

quantum yield.
[73]

   

 

1.4 Methods to incorporate modified-nucleoside analogs into nucleic acid 

1.4.1 Solid-phase ON synthesis 

Solid-phase ON synthesis is the method of choice for the incorporation of most of the 

modified nucleoside probes into DNA and RNA ONs. In this fully automated method the 

building block phosphoramidites are sequentially coupled to the growing chain of ON in the 

order required for the desired sequence (Figure 11).
[74]

  The key step in the ONs synthesis is 

specific and sequential formation of 3'-5' internuceloside phosphodiester linkage. For the 

synthesis of nucleoside phosphoramidite substrate reactive hydroxy and exocyclic amino 

groups present in natural or synthetic nucleosides are needed to be protected appropriately. 

Generally, the 5'-hydroxyl group is protected by using an acid-labile DMT (4,4'-

dimethoxytrityl) group, while  2'-hydroxy group present in ribonucleoside is protected with 

TBDMS (t-butyldimethylsilyl) group or with TOM (tri-iso-propylsilyloxymethyl) group, both 

being removable by treatment with fluoride ion.
[75]

 The protection of the exocyclic amino 

groups has to be orthogonal to that of the 5'-hydroxy group because the latter is removed at 

the end of each synthetic cycle.  In the standard scheme Bz (benzoyl) protection is used for A, 

dA, C, and dC, while G and dG are protected with isobutyryl group. More recently, Ac 

(acetyl) group is often used to protect C and dC (Figure 12).
[76]

  Site-specific labeling is the 

main advantage of this method, however, this method suffer with some limitations. For 

example, this method involves rigours protection-deprotection steps and hence desired 

modifications sometime do not survive in these stringent conditions. Further, coupling 

efficiency is significantly lower for bulky substrate and yields are poor for longer ONs 

sequences.
[74]

  

 



 Chapter 1 

 

15 
 

 

Figure 11. Standard cycle of nucleotide addition during solid-phase ON synthesis.
[74]

 

 

 

Figure 12. Different protecting sites in nucleoside to derive the desired phosporamedite substrate for 

solid-phase ON synthesis. 

 

1.4.2 Enzymatic synthesis of ONs 

Modified nucleoside probes are incorporated into DNA ONs via DNA polymerase-catalysed 

primer extension and polymerase chain reaction.
[47]

  T7 RNA polymerase catalysed in vitro 

transcription reaction is attractive alternative for the synthesis RNA ON containing modified 
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nucleoside probe.
[57b] 

 Unlike solid-phase chemical synthesis these methods operate under 

very mild conditions and hence the modified probe is unaffected during the course of 

incorporation into ONs. The modified triphosphate substrates necessary for these reactions 

are synthesized from corresponding nucleosides by performing a one-pot-two-step reaction in 

the presence of POCl3 followed by a reaction with bistributylammonium pyrophosphate a 

method developed by Ludwig.
[77]  

A large number of chemical strategies have been developed 

to effectively synthesize nucleoside triphosphates in the past decades.
[77]

  However, many 

challenges remain in chemically selective triphosphate synthesis and purification due to the 

multiple functionalities of nucleosides, i.e., 5', 2', 3'-sugar hydroxyl groups and nucleobase 

amino groups. To address these issues Hung and co-workers have designed a mild and 

selective phosphorylating reagent. This elegant methodology provides high selectivity of the 

5′-triphosphate synthesis which can be easily purified by RP-HPLC to offer high purity and 

yields.
[77f, 77g]  

The success of these enzymatic methods greatly rely on the ability of the 

enzymes to accept and incorporate the modified triphosphates into growing chain of DNA 

and RNA ONs during the reaction. The incorporation efficiency of modified triphosphate is 

greatly relying on the size and functionality present in the modified-triphosphate. In 

particular, bulky modification on base and sugar-modified triphosphate perturb the native 

structure of the polymerase during various phases of transcription and resulted in to less yield 

or failure of the transcript.  Enzymatic incorporation of modified nucleoside triphosphates, 

with T7 or a similar phage RNA polymerase, is particularly well suited for template-directed 

transcription reactions, provided that they are good substrates for the polymerase. This 

requirement limits the number of modified nucleotides that can be used in transcription 

reactions; thus only a few modifications can be enzymatically introduced into 

oligoribonucleotides.  Nonetheless, transcription reaction can be used to produce reasonably 

large quantities of labeled RNAs by using small amounts of the triphosphate substrate a merit 

of this method over solid-phase chemical synthesis. Difficulties in site-specific incorporation 

is another disadvantages of this method but recently Hirao and co-workers have developed an 

elegant protocol for site-specific labeling of nucleic acids by in vitro replication and 

transcription by using unnatural base pair systems.
[78]

  

 

1.4.3 Postsynthetic chemical functionalization 

Recently, postsynthetic functionalization by using chemoselective reactions has emerged as a 

valuable tool to label glycans, proteins, lipids and nucleic acids for a variety of 
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applications.
[79-81]

  In this methodology, a nucleoside containing an unnatural reactive group 

is incorporated into an ON sequence by chemical or enzymatic methods.  Further 

functionalization is achieved postsynthetically by performing a bioorthogonal reaction 

between the labeled ON and a probe containing the cognate reactive functionality.
[81]

  In the 

past decade, a number of reactions including Staudinger ligation, click reactions such as 

copper-catalysed azide-alkyne cycloaddition (CuAAC), copper free strain promoted azide-

alkyne cycloaddition (SPAAC), photo-click reactions and tetrazine ligation have been well 

developed.
[82]

  These reactions have been widely utilized for labeling biomolecules in the 

context of living cells and whole organisms (Scheme 1).
[79a] 

 Although these reactions are 

very well exploited to label the DNA in in vitro and in cell, postsynthetic RNA manipulations 

are less explored.  

 

 

Scheme 1. Representative bioorthogonal chemical reactions used to label and image biomolecule in in 

vitro and in cells. 

 

More than 80 years after the discovery of the Staudinger reaction, Saxon and Bertozzi 

modified this reaction such that it became a valuable method for metabolic engineering of cell 

surface glycans.
[83]

  The Staudinger ligation was envisioned to meet most of the criteria 

necessary for a selective bioorthogonal ligation and since then this ligation method has been 

extensively used for various bioconjugations.
[84]

  Weisbrod and Marx have successfully 
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shown the incorporation of azide-modified triphosphates 49 and 50 into DNA ON by primer 

extension and polymerase chain reactions (Figure 13).  They have performed the Staudinger 

ligation reaction on DNA to label with affinity probe such as biotin.
[85]  

Although the 

Staudinger ligation has received significant attention over the last years, limitations of this 

reaction arise with stability of the phosphine reagents in living system as well as slower 

kinetics of the reaction.
[79a] 

Copper-catalyzed 1,3-dipolar cycloaddition between azide and an alkyne has emerged 

as an excellent alternative to the Staudinger ligation. Currently, it is the most commonly used 

bioorthogonal chemical reaction for selective and controlled labeling of nucleic acids.
[81]

  

Carell and co-workers have initiated the incorporation of  the two alkyne derivatives EdU 

(51) and 53 into a series of DNA ONs using corresponding phosphoramidite substrates. 

Furthermore, they have investigated multiple postsynthetic functionalization of alkyne-

modified DNA ONs by using wide range of azide labels.
[86]

  The Mitchison group developed 

a method for labeling DNA in vivo based on the incorporation of EdU into cellular DNA 

during DNA replication, and afterwards ethynyl functionality of EdU was used to image the 

DNA by performing CuAAC with fluorescent azides.
[87]

  Subsequently, Salic group has  

applied this methodology to label  RNA with EU (52) to image the cellular RNA by 

performing  click reaction.
[88]   

 

 

Figure 13. Various building blocks for postsynthetic chemical functionalization of nucleic acids. 
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In order to exclude the use cytotoxic copper, Bertozzi and co-workers have developed 

another biorthogonal chemical reaction called SPAAC reaction circumventing the need for 

copper. The incredible bioorthogonality and excellent kinetics of this reaction allows its 

application within cultured cells as well as in live zebrafish to label a glycans.
[82b] 

 Brown 

group has extended the utility of this reaction for internal DNA labeling by developing 

phosphoramidite monomer 54  which contains  a strained cycloalkyne.  The cyclooctyne ONs 

reacted efficiently with complementary azide probes under catalyst free reaction 

conditions.
[89]

  This SPAAC chemistry may also be applicable for the synthesis of 

biologically important nucleic acid analogs that are inaccessible by conventional solid-phase 

synthesis. However, lack of efficient methods to metabolically incorporate the bulky 

cyclooctyne and azide functionality into nucleic acids for labeling and imaging in cells 

remains still a challenge.  

Inverse-electron demand Diels–Alder (invDA) reactions between electron-deficient 

tetrazines and electron-rich dienophiles emerged as an attractive bioorthogonal chemical 

reaction as invDA reactions are compatible with cellular environment and importantly do not 

require a catalyst.  Although, the tetrazine precursors are not easily available, invDA 

reactions have been widely used for labeling synthetic oligonucleotides in vitro as well as 

cellular and cell-surface proteins by using strained dienophiles such as norbornene, trans-

cyclooctene, cyclopropene.
[90]

  Royzen and co-workers reported the cytidine triphosphate 

analog 55 derivatized with a trans-cyclooctene group.  This analog was efficiently 

incorporated into model RNA ON using in vitro transcription reactions. Furthermore, a 

reaction with fluorescein-labeled tetrazine was utilized to fluorescently tag the synthetic RNA 

without use of any catalyst.
[91]   

Very recently, Rieder and Luedtke reported the metabolic 

incorporation of 5-vinyl-2'-deoxyuridine (56) into cellular DNA and visualized it by using a 

reactive fluorescent tetrazine.
[92]

  By using the iodo-modified DNA ONs 57 Davis group 

described an efficient method for the introduction of a variety of sensitive and useful 

functional groups by Suzuki–Miyaura cross-coupling.
[93] 

Together these approaches have 

provided an alternative method to conventional solid-phase and enzymatic methods for 

labeling nucleic acids for variety of applications.
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1.5 Thesis outline  

Although a significant number of minimally perturbing fluorescent nucleoside analogs with 

improved photophysical properties such as emission in visible region, high quantum yield and 

sensitivity to microenvironment have been developed, only a very few retain reasonable 

quantum yield when introduced into oligonucleotides.  The progressive quenching exhibited 

by the majority of fluorophores upon incorporation into single stranded and double stranded 

ONs have essentially prohibited their implementation in certain fluorescence methods (e.g., 

anisotropy, single-molecule spectroscopy and cell microscopy).  Further, there are few 

shortcomings in current chemical and enzymatic labeling methods as exemplified in the 

above sections.  Therefore, there is a continuous demand for the development of robust 

nucleoside probes and labeling techniques, which can be used in vitro as well as in cell based 

analysis of nucleic acids. 

We have been interested in the developing fluorescence nucleoside analogs which (i) 

are structurally minimally perturbing, (ii) are sensitive to their local environment, and (iii) 

retain appreciable fluorescence efficiency upon incorporation into DNA and RNA ONs.  

Towards this endeavour, we have developed environment-sensitive fluorescent nucleoside 

analogs by conjugating heterobicycles at the 5-position of uracil.  The design strategy, 

synthesis and applications of heterobicycle-conjugated nucleosides are described in Chapters 

24.  In parallel, we have also developed a practical method to incorporate azide functionality 

into RNA ONs by transcription reaction using azide-modified UTP analogs.  This is the first 

example of enzymatic incorporation of azide functionality into RNA, which also enabled the 

posttranscriptional chemical functionalization of RNA with a variety of biophysical probes in 

a modular fashion by using Staudinger ligation, CuAAC and SPAAC reactions.  The design, 

synthesis and enzymatic incorporation of azide-modified UTPs into RNA, and development 

of posttranscriptional chemical functionalization protocols are described in Chapter 5 of this 

thesis.        
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2A.1 Introduction  

Fluorescent nucleoside analogs that photophysically report changes in nucleic acid 

conformation have become very important bioanalytical tools in advancing the understanding 

of nucleic acid structure and function.
[1-7]

  Nucleic acids lack intrinsic fluorescence as natural 

nucleobases are practically nonemissive.
[8]

  In order to impart better photophysical properties 

to otherwise nonemissive natural nucleobases, most design principles rely on naturally 

occurring fluorescent heterocycles, polycyclic aromatic hydrocarbons or on extending the π-

conjugation by appending heterocycles to the bases.
[6]

  Utilizing these design strategies, 

several classes of base-modified fluorescent nucleobase analogs such as size-expanded,
[9]

 

extended,
[6,10]

 pteridine,
[11]

 polycyclic aromatic hydrocarbon
[9]

 and isomorphic,
[6]

 have been 

developed.  A significant number of these analogs that display useful photophysical 

properties have been implemented in several DNA-based, and to a relatively lesser extent in 

RNA-based biophysical assays.
[12,13]

  Notably, the majority of  these analogs, except 

isomorphic bases, substantially deviate from the native structure of the nucleobases.  

Isomorphic analogs are advantageous because they maintain the Watson-Crick (WC) base 

pairing, and minimally perturb the native structure and function of target oligonucleotides 

(ONs).  In particular, a highly emissive and environment-sensitive adenosine analogue, 2-

aminopurine (2AP), has been extensively utilized in designing several DNA- and RNA-based 

biophysical and discovery assays.
[7,14,15] 

 However, an excitation and emission maximum in 

the UV region and drastically low quantum yields displayed by 2AP, when incorporated into 

ONs, greatly limits its application to in vitro systems only.
[15-17]   

Numerous base-modified ribonucleoside analogs with emission in the visible region 

and a high quantum yield have been developed, but only a few analogs have been effectively 

implemented in exploring the functions of RNA molecules.
[7]

  In particular, a very few 

structurally nonperturbing pyrimidine ribonucleoside analogs have shown promise as useful 

fluorescent probes.
[17-19] 

 In order to expand the repertoire of useful fluorescent pyrimidine 

ribonucleoside analogs, we sought to synthesize microenvironment-sensitive pyrimidine 

ribonucleoside analogs that are structurally nonperturbing, display emission in the visible 

region, and maintain a reasonable quantum yield upon incorporation into oligoribonucleotides 

(RNA ONs). 

We have drawn inspiration from a naturally occurring fluorescent amino acid, 

tryptophan, to construct a series of emissive pyrimidine ribonucleoside analogs.  Tryptophan, 

an indole derivative, is reasonably emissive, and its emission properties are highly sensitive to 
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its local environment.
[20]

  Therefore, we hypothesize that appending bicyclic heterocycles 

such as an indole moiety to a nucleobase (e.g. 5-position of uracil) may enhance the π-

conjugation and impart better photophysical properties to the nucleobase.
[21,22]

  Here, we 

describe the synthesis and photophysical characterization of a focused set of new pyrimidine 

ribonucleoside analogs derived by tagging indole, N-methylindole and benzofuran at the 5-

position of uracil.  Notably, benzofuran-conjugated uridine analogue is appreciably emissive 

with an emission maximum in the visible region, and also exhibits excellent 

solvatochromism.  We also report the synthesis of the corresponding ribonucleoside 

triphosphate substrate, and its effective incorporation into RNA ONs by transcription 

reactions catalyzed by T7 RNA polymerase.  Furthermore, the emissive uridine analogue, 

when incorporated into oligoribonucleotide, positively signals the presence of a DNA abasic 

site. 

 

2A.2 Results and Discussion 

 

 

Scheme 1. Synthesis of modified ribonucleoside analogs 3, 4 and 5, and ribonucleotide analogue 6.   
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2A.2.1 Synthesis of ribonucleoside analogs 

Modified uridine analogs 3, 4 and 5 have been synthesized according to the procedure 

illustrated in Scheme 1. In a two-step reaction, indole-conjugate uridine 3 has been 

synthesized by performing a palladium catalyzed cross-coupling reaction between 5-

iodouridine 1 and tributylstannyl derivative of N-Boc-protected indole, followed by 

deprotection of the Boc-group in the presence of 3 M HCl.  N-methylindole- (4) and 

benzofuran-conjugated uridine (5) have been synthesized by reacting 5-iodouridine with 

corresponding stannylated heterocycles in the presence of palladium catalyst.   

 

2A.2.2 Photophysical characterization of ribonucleoside analogs 

An important attribute exhibited by many conformation-sensitive fluorescent nucleoside 

analogue probes is that they photophysically respond to changes in solvent polarity.
[6]

  

Therefore, prior to incorporation into RNA ONs, photophysical properties have been 

examined in solvents of different polarity to evaluate the responsiveness of modified 

ribonucleosides to polarity changes.  Increasing solvent polarity has marginal impact on the 

ground state electronic spectrum of modified ribonucleosides 3–5 (Figure 1–3 and Table 1-2).
 
  

However, quantum yield, emission maximum and fluorescence lifetime are significantly 

affected by solvent polarity.  Unexpectedly, indole-conjugated (3) and N-methylindole-

conjugated (4) uridine analogs show weak fluorescence in nonpolar solvents, and practically 

no fluorescence in water (Figure 1, 2 and Table 1).  Rewardingly, when excited at its lowest 

energy maximum (322 nm), the benzofuran-conjugated uridine 5 in water exhibits a very 

strong emission band (em=447 nm) corresponding to a quantum yield of 0.212 ± 0.002 

(Figure 3, Table 2).  As the solvent polarity is sequentially decreased from water to dioxane, 

the ribonucleoside shows significant hypsochromic shift (447 to 404 nm) and a nearly 2-fold 

quenching in fluorescence intensity.  Furthermore, relative quantum yield determined using 

2AP as a standard in various solvents is in good agreement with the observed fluorescence 

intensity in respective solvents (Table 2).  The responsiveness of ribonucleoside to changes in 

solvent polarity environment is also confirmed by plotting the Stokes shift in various solvents 

as a function of Reichardts’s microscopic solvent polarity parameter, ET(30) (Figure 4).
[23]

  A 

positive correlation between the Stokes shift and ET(30) further establishes the sensitiveness 

of the emissive ribonucleoside 5 to its surrounding environment. 
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Table 1. Photophysical properties of modified ribonucleosides 3 and 4 in various solvents. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

[a] The lowest energy maximum is given. [b] In water and methanol, ribonucleosides 3 and 4 are 

practically nonfluorescent.  See Figure 1 and 2 for absorption and emission spectra. 

 

 

 

Figure 1. Absorption (50 µM, solid lines) and emission (50 µM, dashed lines) spectra of 

ribonucleoside 3 in various solvents. Samples were excited at respective lowest energy absorption 

maximum in various solvents (Table 2).  Excitation and emission slit widths were maintained at 2 and 

3 nm, respectively. All solutions for absorption and emission studies contained 5% DMSO.  In water 

and methanol, ribonucleoside 3 is practically nonfluorescent 

 

Ribonucleoside Solvent λmax
[a] 

(nm) 

λem
[b] 

(nm) 


 

3 Water 330 - - 

 Methanol 330 - - 

 Acetonitrile 340 458 2.85 x 10
-2

  3.0 x 10
-3

 

 Dioxane 340 448 5.81 x 10
-2 
 3.9 x 10

-3
 

4 Water 286 - - 

 Methanol 286 - - 

 Acetonitrile 290 494 2.09 x 10
-3 
 1.6 x 10

-4
 

 Dioxane 293 484 6.72 x 10
-3 
 9.3 x 10

-4
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Figure 2. Absorption (50 µM, solid lines) and emission (50 µM, dashed lines) spectra of 

ribonucleoside 4 in various solvents. Samples were excited at respective lowest energy absorption 

maximum in various solvents (Table 2).  Excitation and emission slit widths were maintained at 4 and 

7 nm, respectively. All solutions for absorption and emission studies contained 5% DMSO.  In water 

and methanol, ribonucleoside 4 is practically nonfluorescent. 

 

 

 

 

Figure 3. Absorption (25 µM, solid lines) and emission (5.0 µM, dashed lines) spectra of 

ribonucleoside 5 in various solvents.   Samples were excited at 322 nm.  Excitation and emission slit 

widths were maintained at 2 and 4 nm, respectively. All solutions for absorption and emission studies 

contained 2.5% and 0.5% DMSO, respectively. 
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Figure 4. A plot of Stokes shift vs. ET(30) for ribonucleoside 5 in various solvents. 

 

Time-resolved fluorescence spectroscopic measurements have also been performed to 

study the effect of solvent polarity on the excited state decay kinetics of ribonucleoside 5 

(Table 2, Figure 5).  Decay profile of the emissive ribonucleoside in solvents of different 

polarity reveals distinct decay kinetics.  The ribonucleoside in water has the highest lifetime 

of 2.55 ns.  As the solvent polarity is decreased from water to dioxane, a huge decrease in the 

lifetime (~6-fold) is observed in dioxane as compared to water.  The decreasing trend in the 

lifetime is consistent with the intensity displayed by ribonucleoside in various solvents.   

 

 

Figure 5. Excited state decay profile of ribonucleoside 5 in various solvents. Laser profile is shown in 

black (prompt). Curve fits are shown in solid lines.  

 

 



 Chapter 2A 

 

35 
 

Table 2. Photophysical properties of fluorescent ribonucleoside 5 in various solvents 

 

Solvent λmax
[a]

 

[nm] 

λem 

[nm] 

Irel
[b]

 
[c]

 τav
[c]

 

[ns] 

r 

Water 322 447 1.0 0.212  2.55  0.016 

Methanol 322 423 0.8 0.145  0.94  - 

Acetonitrile 322 410 0.4 0.063  0.33  - 

Dioxane 322 404 0.6 0.099  0.43  - 

Ethylene glycol 322 428 1.9 0.377 3.13 0.125 

Glycerol 322 427 2.4 0.528 3.35 0.315 

 
 [a] The lowest energy maximum is given. [b] Emission intensity relative to intensity in water. [c] 

Standard deviations for  and τav are ≤ 0.004 and 0.02 ns, respectively. kr and knr are radiative and 

nonradiative decay rate constants, respectively. r = fluorescence anisotropy.     

 

 

Figure 6. Emission (5.0 µM) spectra of ribonucleoside 5 in solvents of different viscosity. Samples 

were excited at 322 nm.  Excitation and emission slit widths were maintained at 1 and 10 nm, 

respectively. All solutions contained 0.5% DMSO. 

 

The aromatic heterobicyclic ring and the pyrimidine ring is separated by a rotatable 

aryl-aryl bond in fluorescent nucleoside analog 5.  The relative conformation of the two ring 

systems about the rotatable bond, which could be sensitive to molecular crowding effects and 

viscosity, could affect the conjugation and hence, the fluorescence properties of the 

nucleosides.
[21]

  The conformation-sensitivity of nucleoside analog containing a molecular 

rotor element was evaluated by performing photophysical characterizations in solvents of 

similar polarity (to eliminate polarity effect) but different viscosity.  In a viscous medium 

(glycerol) nucleoside 5 displayed a significant enhancement in fluorescence intensity with no 

apparent change in the emission maximum as compared to in a less viscous medium (ethylene 
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glycol, Figure 6 and Table 2).  Fluorescence lifetime and anisotropy measurements also 

revealed longer lifetimes and higher anisotropy values in glycerol than in ethylene glycol 

because of the rigidification of the fluorophore in a more viscous medium (Figure 7, Table 2).  

 

 

Figure 7. Excited state decay profile of ribonucleoside 5 in solvents of different viscosity. Laser 

profile is shown in black (prompt). Curve fits are shown in solid lines. 

 

Properties such as emission in the visible region, a modest quantum yield, and 

responsiveness to polarity changes as illustrated by fluorescence measurements adequately 

confer probe-like attribute to the fluorescent ribonucleoside analogue 5.  Collectively, these 

photophysical characterizations indicated that the emissive nucleoside analog 5 is indeed 

environment- and conformation-sensitive, properties that are highly suitable for studying the 

nucleic acid function.  Therefore, ribonucleoside 5 has been selected for incorporation into 

RNA ONs by transcription reactions.  The corresponding ribonucleoside triphosphate 

substrate 6 necessary for in vitro transcription reactions has been synthesized by employing 

the method developed by Ludwig.
[24]

  The modified triphosphate 6 has been synthesized in a 

one-pot two-step reaction by reacting ribonucleoside 5 with freshly distilled POCl3, followed 

by a reaction with bis-tributylammonium pyrophosphate (Scheme 1). 

 

2A.2.3 Enzymatic incorporation 

Although, solid-phase chemical synthesis is the method of choice for synthesizing modified 

RNA ONs, enzymatic methods such as transcription and ligation reactions have also been 

effectively utilized in labeling RNAs.
[25-27] 

 In order to investigate the ability of T7 RNA 
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polymerase to incorporate the modified triphosphate 6 into RNA ONs, in vitro transcription 

reactions were conceived as explained in Figure 8.  A series of promoter-template duplexes 

were assembled by annealing a DNA promoter strand to DNA templates, D1–D5.  The 

templates were designed to contain one or two deoxyadenosine residues at different positions 

to direct single or double incorporations of the modified triphosphate 6.  Additionally, a 

deoxythymidine residue was placed at the 5'-end of each template strand to direct the addition 

of a single adenosine at the 3'-end of each transcript.  Hence, in vitro transcription reactions in 

the presence of GTP, CTP, UTP/6 and α-
32

P ATP, if successful, would result in the formation 

of full-length oligoribonucleotide transcripts containing a 
32

P-labeled adenosine at the 3'-end.  

Reaction products could then be resolved by analytical denaturing polyacrylamide gel 

electrophoresis and imaged.  Failed transcription reactions resulting in transcripts shorter than 

the full-length products would not carry the 
32

P-labeled adenosine, and hence, would remain 

undetected.   

 

Figure 8. Incorporation of ribonucleoside triphosphate 6 by transcription reactions in the presence of 

DNA templates D1–D5. Synthetic ONs (9–15) used in this study. “r” preceding the parentheses with 

the sequence represents RNA oligonucleotides.  

 

A transcription reaction in the presence of template D1 results in the formation of the 

10-mer modified full-length RNA transcript 8 containing the modified ribonucleoside at the 

+7 position (Figure 9, lane 2).  Along with the full-length product, trace amounts of N+1 and 

N+2 products are also formed due to nontemplated random incorporation of 

ribonucleotides.
[28]

  The triphosphate 6 is incorporated into the oligoribonucleotide with a 

moderate efficiency of 67 % relative to a reaction in the presence of natural UTP.  Discernible 
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retardation in the mobility of modified transcript 8 with respect to unmodified transcript 7 

clearly indicates the inclusion of a higher molecular weight emissive ribonucleoside during 

the transcription reaction (Figure 9, compare lanes 1 and 2).  When both UTP and 6 are not 

included in a control transcription reaction, the full-length RNA product is not produced 

(Figure 9, lane 3).  This result shows that the formation of full-length transcripts is not due to 

adventitious misincorporation.  Interestingly, in a reaction containing UTP and 6 in equimolar 

concentrations, T7 RNA polymerase incorporates both natural and modified UTP into RNA 

transcripts (Figure 9, lane 4).     

In order to test the ability of T7 RNA polymerase to incorporate the modification near 

the promoter region, transcription reactions were performed with templates D2 and D3, which 

would direct the incorporation of 6 at +3 and +4 positions, respectively.
[29]

  The incorporation 

efficiencies were found to be lower for reactions with templates D2 and D3 (Figure 9, lanes 6 

and 8).  Reactions in the presence of template D4 and D5 resulted in double incorporation of 

6 in successive as well as in alternating sites (Figure 9, lanes 10 and 12).  Albeit moderate 

yields, reactions with various templates clearly demonstrate the usefulness of in vitro 

transcription reactions in generating singly- and doubly-modified fluorescent RNA ONs.    

 

Figure 9. Polyacrylamide gel electrophoresis of transcripts obtained from in vitro transcription 

reactions with DNA templates D1−D5 in the presence of UTP and modified UTP 6 under denaturing 

condition. Percentage incorporation of 6 is reported with respect to the amount of full-length product 

formed in the presence of UTP.  
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2A.2.4 Characterization of fluorescent oligoribonucleotide transcripts 

Large-scale transcription reactions were performed in the presence of non-radiolabeled 

triphosphates and template D1 to isolate transcript 8 for further chemical and photophysical 

characterizations.  A typical reaction after gel electrophoretic purification gave nearly 14 

nmol of the modified oligoribonucleotide product.  The presence of benzofuran-conjugated 

uridine 5 in the oligoribonucleotide 8 was confirmed by MALDI-TOF mass analysis (Figure 

10).  Furthermore, reversed-phase HPLC analysis of ribonucleoside products obtained from 

an enzymatic digestion reaction of transcript 8 clearly revealed the presence of modified 

ribonucleoside 5 (Figure 11).  The ribonucleoside composition determined from the area 

under the individual ribonucleoside peak also matched well with the sequence of the full-

length oligoribonucleotide.  Mass analysis of HPLC fractions corresponding to the retention 

time of each ribonucleoside unambiguously established the authenticity of the natural and 

modified ribonucleoside 5 present in transcript 8 (Table 3).  Together, these results clearly 

reveal  the incorporation of the emissive ribonucleotide into RNA ONs by RNA polymerase 

in transcription reactions.   

 

 

 

Figure 10. MALDI-TOF MS spectrum of the modified transcript 8 calibrated relative to the +1 ion of 

an internal 18-mer DNA ON standard (m/z: 5466.6).  m/z 2732.6 is +2 ion of the internal DNA 

standard.  Calcd. for 8: 3531.0 [M]; found: 3530.9. 
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Figure 11. HPLC profile of ribonucleoside products obtained from an enzymatic digestion of 

transcript 8 at 260 nm. (a) Natural ribonucleosides and fluorescently modified ribonucleoside 5 mix. 

(b) Digested oligoribonucleotide 8.   

 

Table 3. MALDI-TOF mass analysis of HPLC fractions of oligoribonucleotide 8 digest.  

 

HPLC fractions 

of the digest 

Calcd. for Found 

rC C9H13N3O5K: 282.0 [M+K
+
] 282.2 

rG C10H13N5O5K:  322.1 [M+K
+
]  322.2 

rA C10H13N5O4: 267.1 [M
+
] 268.2 

5 C17H16N2O7: 360.1 [M
+
] 360.2 

 

 

2A.2.5 Photophysical characterization of fluorescent RNA ONs 

Fluorescence properties of emissive nucleoside analogs when incorporated into ONs are 

known to be influenced by a variety of mechanisms involving neighbouring bases.
[15,21,30,31]

  

Therefore, steady-state and time-resolved fluorescence spectroscopic measurements have 

been carried out with oligoribonucleotide 8 and duplexes of 8 to evaluate the influence of 

neighbouring bases on the fluorescence of ribonucleoside 5.  A series of duplexes have been 



 Chapter 2A 

 

41 
 

assembled by hybridizing oligoribonucleotide 8 to complementary DNA and RNA ONs in 

which the ribonucleoside 5 has been placed opposite to its complementary or mismatch bases 

(Figure 8). 

The photophysical properties of oligoribonucleotide 8 reveal characteristic features 

that are different from those of the free ribonucleoside 5 in aqueous buffer.  Upon excitation, 

the single stranded oligoribonucleotide 8 shows an emission band centered at 447 nm 

corresponding to a quantum yield of 0.040  0.001, which is nearly 5-fold lower as compared 

to the free ribonucleoside (Figure 12, Table 4). Unlike free ribonucleoside, which exhibits 

monoexponential fluorescence intensity decay kinetics, oligoribonucleotide 8 displays 

biexponential decay kinetics (Table 4).  The biexponential decay kinetics consists of a shorter 

and a longer lifetime component contributing equally to the overall lifetime (τav=2.21).  

Similar decay profiles have been reported for 2AP in which the free nucleoside exhibits decay 

kinetics corresponding to a single lifetime, but when incorporated into ONs shows decay 

kinetics corresponding to multiple lifetimes.
[32]

  The quenching of ribonucleoside 

fluorescence in 8 can be possibly due to electron transfer process between the modified base 

and neighbouring bases, and or alterations in the conformation of the benzofuran moiety with 

respect to the nucleobase.
[21,31-33]

  Several emissive nucleoside analogs containing conjugated 

and fused heterocycles, when incorporated into ONs, show similar fluorescence quenching.
[6] 

                   

The fluorescence quenching is much more pronounced in RNA-DNA (89) and RNA-

RNA (813) duplexes in which the emissive ribonucleoside 5 is placed opposite to its 

complementary bases, dA and A, respectively (Figure 12).  Duplexes 89 and 813 show a 

slightly blue shifted emission maximum (~439 nm) corresponding to a quantum yield of 

0.0085  1.0 x 10
-4

 and 0.0082  2.1 x 10
-4

, which is nearly 4- and 5-fold lower than that of 

the single stranded oligoribonucleotide 8, respectively (Table 4).  The perfect duplexes also 

show biexponential decay kinetics similar to 8.  The drastic quenching of fluorescence 

intensity accompanied by a small spectral shift in perfect duplexes 89 and 813 can be 

possibly due to a combination of the following reasons: (a) electron transfer process between 

the base-paired fluorescent analogue and flanking bases, (b) desolvation effect, (c) and 

alterations in the conformation of the labeled uridine.
[15,21,31]
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Figure 12. Emission spectra (1 µM) of ribonucleoside 5, single stranded RNA transcript 8, and 

duplexes 89 and 813 in 20 mM cacodylate buffer (pH 7.1).  Samples were excited at the absorption 

maximum of the ribonucleoside (322 nm) with an excitation slit width of 4 nm and emission slit width 

of 7 nm.
 

 

 

Figure 13. Emission spectra (1 µM) of oligoribonucleotide transcript 8 and duplexes containing 

emissive ribonucleoside 5 opposite to complementary base (89 and 813) and mismatched bases 

(810, 811, and 812) in 20 mM cacodylate buffer (pH 7.1).  Samples were excited at 330 nm with 

an excitation slit width of 7 nm and emission slit width of 9 nm. 

 

 

Interestingly, mismatched duplexes 810, 811 and 812 containing 5 opposite to dG, 

dT and dC, respectively, exhibit 2 to 3-fold higher fluorescence intensity compared to the 

perfect duplexes (Figure 13).  Similar to perfect duplexes, all mismatched duplex constructs 

display biexponential decay kinetics with varying shorter and longer lifetime components 

(Table 4).  Collectively, these results demonstrate the ability of ribonucleoside 5 to 

photophysically distinguish between a single stranded ON and a perfect complementary 
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duplex, albeit with quenched emission.  Nevertheless, this trait of ribonucleoside can be 

utilized in hybridization assays in which the kinetics of formation and dissociation of a 

perfect duplex can be studied by monitoring the changes in the photophysical properties of 

the fluorescently modified oligoribonucleotide.
[18b,34]

   

 

Table 4. Photophysical properties of ON constructs containing ribonucleoside 5. 
 

Sample λem   

(nm) 

Φ
[a] 

1  

(ns) 

2  

(ns) 

av
[a]

  

(ns) 

5 447 0.203 2.55 - 2.55 

8 447 0.040 0.92 (0.49) 3.47 (0.51) 2.21 

89 439 0.009 0.32 (0.89) 3.64 (0.11) 0.70 

810 449 ND 0.56 (0.65) 3.44 (0.35) 1.58 

811 439 ND 0.35 (0.95) 3.14 (0.05) 0.50 

812 443 ND 0.24 (0.94) 3.55 (0.06) 0.44 

813 438 0.008 0.40 (0.88) 3.93 (0.12) 0.84 

814 447 0.034 0.30 (0.78) 3.27 (0.22) 0.94 

815 440 0.014 0.27 (0.89) 3.66 (0.11) 0.65 

 

[a] Standard deviations for  and τav are ≤ 0.001 and 0.03 ns, respectively. Relative amplitude is given 

in parenthesis. kr and knr are radiative and nonradiative decay rate constants, respectively. ND= not 

determined 

 

2A.2.6 Fluorescence detection of a DNA abasic site 

Abasic sites are frequently occurring DNA lesions that are vulnerable to strand breaks, and if 

unrepaired can be toxic as well as mutagenic.
[35,36]

  Most methods that have been developed 

to detect abasic sites either use aldehyde-reactive probes, which irreversibly react with abasic 

sites of isolated DNA, or fluorescent probes, which show changes in fluorescence properties 

when placed opposite to abasic sites.
[12d,37,38]

  Drastic quenching in fluorescence intensity 

upon placing the fluorescent probe 5 opposite to complementary bases prompted us to study 

the effect of abasic sites on the fluorescence properties of 5.  Abasic site containing duplexes 

have been constructed by hybridizing RNA transcript 8 to custom DNA and RNA ONs 14 

and 15, which contain a chemically stable abasic site surrogate, tetrahydrofuran (Figure 8).  

When excited at 330 nm, the abasic site-containing duplex 814 shows a strong emission 

band (em=447 nm) corresponding to a quantum yield of 0.034  0.001, which is nearly 4-fold 

higher than that of the perfect duplex 89 (Figure 14, Table 4).  
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Figure 14. Emission spectra (1 µM) of duplexes containing the emissive ribonucleoside 5 opposite to 

complementary bases (89 and 813), and abasic sites (814 and 815) in 20 mM cacodylate buffer 

(pH 7.1).  Samples were excited at 330 nm with an excitation slit width of 7 nm and emission slit 

width of 9 nm. 

 

Interestingly, an RNA-RNA duplex 815 possessing an abasic site opposite to 5 

exhibits only a slight enhancement in fluorescence intensity as compared to its perfect duplex 

813 (Figure 14, Table 4).  Comparable emission maximum of duplex 814 and free 

ribonucleoside 5 in aqueous buffer indicates that the solvent polarity environment around the 

fluorophore in 814 and free nucleoside is similar (Table 4). In addition, a 4-fold higher kr/knr 

ratio, calculated from Φ and τ, points out that the radiative pathway is appreciably favoured in 

the abasic site-containing duplex 814 over the perfect duplex (Table 4).  Therefore, the 

emissive ribonucleoside, when incorporated into oligoribonucleotide, preferentially signals 

the presence of a DNA abasic site with a significant enhancement in fluorescence intensity.  

 

2A.2.7 Stability of duplexes 

The modified ribonucleoside upon incorporation can potentially perturb the native structure 

of RNA ONs, which can lead to ineffective hybridization.  The observed fluorescence 

properties of duplexes will then be a consequence of a mixture of the more emissive single 

stranded oligoribonucleotide 8 and corresponding duplex.  In order to investigate the 

influence of benzofuran modification on the duplex stablity, thermal denaturation and 

radioactive native gel mobility shift experiments were performed under the conditions 

employed in the fluorescence experiments.  A slightly lower Tm values for modified duplexes 
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as compared to the corresponding control unmodified duplexes indicated a marginal 

destabilization due to benzofuran modification (Figure 15 and Table 5).   

 

 

Figure 15. UV-thermal melting of control unmodified and fluorescently-modified duplexes (1 M) in 

20 mM cacodylate buffer (pH 7.1, 500 mM NaCl, 0.5 mM EDTA). Duplexes were hybridized by 

heating a 1:1 mixture of ONs at 90°C for 3 min, and cooling the solutions slowly to room temperature. 

Samples were placed in crushed ice for at least 30 min before analysis. Tm values are given below 

(Table 5). 

 

Table 5. Tm values of control and modified duplexes  

Control  

unmodified  

duplexes 

Tm (°C) Fluorescently  

modified  

duplexes 

Tm (°C) 

79 60.5  0.6 89 58.3  0.6 

713 74.3  0.7 813 73.5  0.6 

715 54.7  1.0 815 54.5  0.4 

 

32
P-labeled transcript 8 synthesized by transcription reaction in the presence of 

template D1 and α-
32

P ATP was annealed to custom ONs 9−15.  The hybridized ONs were 

resolved on a non-denaturing polyacrylamide gel, and imaged.  The gel-shift experiments 

revealed complete hybridization (Figure 16).  Taken together, these results clearly indicate 

that the benzofuran moiety does not affect the hybridization efficiency.  Hence, it can be 

concluded that the observed differences in the fluorescence properties of completely intact 

duplexes are exclusively due to the differences in the microenvironment of fluorescent 

ribonucleoside. 
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Figure 16. Gel mobility shift experiments to determine the hybridization efficiency of duplexes 

containing the emissive ribonucleoside 5 opposite to complementary bases, mismatched bases and 

abasic sites. (a) Lane 1, single stranded oligoribonucleotide 8. Lanes 2–6, duplexes 89, 811, 810, 

and 812, 813, respectively. (b) Lane 1, oligoribonucleotide 8. Lanes 2–5, duplexes 89, 814, 813, 

and 815, respectively. 

 

2A.3 Conclusions 

Preferably, incorporating the modified ribonucleoside reporter near the interaction site and 

closely maintaining the structural and functional integrity of the target oligoribonucleotide 

will provide a better understanding of the interaction under investigation.  In this regard, 

microenvironment-sensitive emissive pyrimidine ribonucleoside analogue 5, which is 

minimally perturbing and displaying emission in the visible region with a reasonable quantum 

yield, has the potential to be implemented in fluorescence-based assays to investigate nucleic 

acid structure, dynamics and recognition processes.   

 

2A.4 Experimental Section 

2A.4.1 Materials 

Unless otherwise mentioned, materials obtained from commercial suppliers were used 

without any further purification.  5-iodouridine, N-methylindole, benzofuran, tributyltin 

chloride and bis(triphenylphosphine)-palladium(II) chloride were obtained from Sigma-

Aldrich.  POCl3 was purchased from Acros Organics, and was distilled before use.  Custom 

synthesized oligodeoxyribonucleotides were either purchased from Integrated DNA 

Technologies, Inc. or from Sigma-Aldrich.  ONs were purified by polyacrylamide gel 

electrophoresis (PAGE) under denaturing condition, and desalted on Sep-Pak Classic C18 

cartridges (Waters Corporation).  Custom synthesized RNA ONs purchased from Dharmacon 

RNAi Technologies were deprotected according to the supplier’s protocol, PAGE-purified, 

and desalted on Sep-Pak Classic C18 cartridges.  T7 RNA polymerase, ribonuclease inhibitor 
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(RiboLock), RNase A, RNase T1 and NTPs were obtained from Fermentas Life Science.  

Calf intestinal alkaline phosphatase was procured from Invitrogen.  Snake venom 

phosphodiesterase I was purchased from Sigma-Aldrich.  Radiolabeled α-
32

P ATP (2000 

Ci/mmol) was purchased from the Board of Radiation and Isotope Technology, Government 

of India.  Chemicals for preparing buffer solutions were purchased from Sigma-Aldrich 

(BioUltra grade).  Autoclaved water was used in all biochemical reactions and fluorescence 

measurements.  

 

2A.4.2 Instrumentation 

NMR spectra were recorded on a 400 MHz Jeol ECS-400.  All MALDI-MS measurements 

were recorded on an Applied Biosystems 4800 Plus MALDI TOF/TOF analyzer.  Absorption 

spectra were recorded on a PerkinElmer, Lambda 45 UV-Vis spectrophotometer. UV-thermal 

melting studies on ONs were performed on a Cary 300Bio UV-Vis spectrophotometer.  

Steady State and time-resolved fluorescence experiments were carried out in a micro 

fluorescence cuvette (Hellma, path length 1.0 cm) on a TCSPC instrument (Horiba Jobin 

Yvon, Fluorolog-3).  Reversed-phase flash chromatographic (C18 RediSepRf column) 

purifications were carried out using Teledyne ISCO, Combi Flash Rf.  HPLC analyses were 

performed using Dionex ICS 3000. 

 

2A.4.3 Synthesis of ribonucleoside analogs 

Synthesis of N-Boc-indole-conjugated uridine 2: To a suspension of 5-iodouridine (0.500 

g, 1.35 mmol, 1 equiv) and bis(triphenylphosphine)-palladium(II) chloride (0.048 g, 0.07 

mmol, 0.05 equiv) in degassed anhydrous DMF (7 ml) was added (N-Boc-indol-2-

yl)tributylstannane
[39]

 (1.024 g, 2.02 mmol, 1.5 equiv).  The reaction mixture was heated at 

75°C for 3 hr, cooled, and filtered through celite pad.  Celite pad was washed with dioxane (3 

x 10 ml). The solvent was evaporated, and the residue was purified by flash chromatography 

using a silica gel column (Silica RediSepRf 120 g column, 0–25% methanol in chloroform for 

25 min) to afford the product 2 as white foam (0.340 g, 55%).  Rf=0.72 (CHCl3/MeOH 8:2); 

1
H NMR (400 MHz, [d6]DMSO): δ=11.71 (br s, 1H), 8.24 (s, 1H), 8.07 (d, J=8 Hz, 1H), 7.59 

(d, J=7.6 Hz, 1H), 7.32 (t, J=7.8 Hz, 1H), 7.24 (t, J=7.4 Hz,  1H),  6.64 (s, 1H), 5.85 (d, 

J=4.4 Hz, 1H), 5.46 (d, J=5.6 Hz, 1H), 5.15 (br, 2H), 4.09 (d, J=4.8 Hz, 1H), 4.01 (d, J=4.4 

Hz, 1 H), 3.88 (br,  1 H), 3.66–3.53 (m, 2H), 1.47 (s, 9H) ppm; 
13

C NMR (100 MHz, 

[d6]DMSO): δ=162.3, 150.5, 149.3, 137.3, 136.4, 132.1, 128.3, 124.5, 122.8, 120.7, 114.6, 
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110.0, 109.7, 88.2, 84.8, 83.6, 74.1, 69.6, 60.4, 27.4 ppm; MALDI-TOF MS: m/z calcd. for 

C22H25N3O8+K
+
: 498.1 [M+K

+
]; found: 498.1. 

 

Synthesis of indole-conjugated uridine 3: A solution of 2 (118 mg, 0.26 mmol) in HCl (3M 

in ethyl acetate, 3.5 ml) was stirred at RT for 4 hr.  Solvent was evaporated, and the residue 

was dissolved in methanol.  The pH was adjusted to ~7 by adding saturated sodium 

bicarbonate.  Solvents were evaporated to dryness, and the residue was purified by flash 

chromatography using a silica gel column (Silica RediSepRf 40 g column, 0–20% methanol in 

chloroform for 20 min) to afford the product 3 as a pale yellow powder (0.068 g, 74% yield). 

Rf=0.53 (CHCl3/MeOH 8:2); 
1
H NMR (400 MHz, [d6]DMSO): δ=11.74 (br s, 1H), 11.08 (br 

s, 1H), 8.51 (s, 1H), 7.47 (d, J=2.8 Hz, 1H), 7.45 (d, J=3.2 Hz, 1H), 7.07–7.03 (m, 1H), 6.99–

6.95 (m, 1H),  6.80 (d, J=1.6 Hz, 1H), 5.86 (d, J=4.8 Hz, 1H), 5.50 (d, J=5.2 Hz, 1H), 5.36 (t, 

J=5.0 Hz, 1H), 5.15 (d, J=5.2 Hz, 1H), 4.21 (dd, J=10.4, J=5.2 Hz, 1 H), 4.08 (dd, J=10.0, 

J=5.2 Hz, 1 H), 3.90 (dd, J=7.2, J=2.8 Hz, 1 H),  3.78–3.73 (m, 1H), 3.66–3.61 ppm (m, 1H); 

13
C NMR (100 MHz, [d6]DMSO): δ=161.8, 149.7, 136.9, 136.1, 131.1, 127.8, 121.1, 119.6, 

119.2, 111.5, 106.4, 98.9, 88.5, 84.7, 73.7, 69.4, 60.5 ppm; HRMS: m/z calcd. for 

C17H17N3O6+Na
+
: 382.1015 [M+Na

+
]; found: 382.1017; max(H2O)=290 and 330 nm, 

ε290=12093 M
-1

cm
-1

, ε330=9826 M
-1

cm
-1

. 

 

Synthesis of N-Methylindole-conjugated uridine 4: To a suspension of 5-iodouridine 

(0.252 g, 0.68 mmol, 1 equiv) and bis(triphenylphosphine)-palladium(II) chloride (0.025 g, 

0.036 mmol, 0.05 equiv) in degassed anhydrous dioxane (6.2 ml) was added (N-methylindol-

2-yl)tributylstannane
[39]

 (0.567 g, 1.35 mmol, 2 equiv).  The reaction mixture was heated at 

90°C for 2 hr, cooled to RT, and filtered through celite pad.  Celite pad was washed three 

times with dioxane (10 ml).  The solvent was evaporated, and the residue was purified by 

flash chromatography using a silica gel column (Silica RediSepRf 120 g column, 0–20% 

methanol in chloroform for 25 min) to afford the product 4 as a pale yellow solid (0.150 g, 

60%).  Rf=0.63 (CHCl3/MeOH 8:2); 
1
H NMR (400 MHz, [d6]DMSO): δ=11.66 (br s, 1H), 

8.22 (s, 1H), 7.53 (d, J=7.6 Hz, 1H), 7.43 (d, J=8.0 Hz, 1H), 7.18–7.14 (m, 1H), 7.05–7.02 

(m, 1H),  6.42 (s, 1H), 5.86 (d, J=4.8 Hz, 1H), 5.47 (d, J=5.6 Hz, 1H), 5.12–5.09 (m, 2H), 

4.14 (dd, J=10.4, J=5.2 Hz, 1H), 4.01 (dd, J=9.6, J=4.8 Hz, 1 H), 3.87 (dd, J=7.0, J=2.8 Hz, 

1H), 3.64–3.61 (m, 1H), 3.60 (s, 3H), 3.55–3.50 ppm (m, 1H); 
13

C NMR (100 MHz, 

[d6]DMSO): δ=162.0, 150.5, 140.8, 137.5, 133.3, 127.0, 121.4, 120.1, 119.2, 109.8, 106.6, 
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102.3, 88.2, 84.8, 74.0, 69.7, 60.4, 30.8 ppm; HRMS: m/z Calcd. for C18H19N3O6+Na
+
: 

396.1172 [M+Na
+
]; found: 396.1175; max(H2O)=273 and 286 nm, ε273=11093 M

-1
cm

-1
, 

ε286=10513 M
-1

cm
-1

. 

 

Synthesis of benzofuran-conjugated uridine 5: To a suspension of 5-iodouridine (0.250 g, 

0.68 mmol, 1 equiv) and bis(triphenylphosphine)-palladium(II) chloride (0.024 g, 0.034 

mmol, 0.05 equiv) in degassed anhydrous dioxane (7.5 ml) was added 2-(tri-n-

butylstannyl)benzofuran
[40]

 (0.412 g, 1.01 mmol, 1.5 equiv).  The reaction mixture was heated 

at 90°C for 2 hr, cooled to RT, and filtered through celite pad.  The celite pad was washed 

with dioxane (3 x 10 ml), and the solvent was evaporated.  The solid residue was dissolved in 

a minimum amount of hot 1:1 dioxane: methanol solution, and precipitated with hexane.  The 

precipitate was allowed to stand at ~5°C for 2 hr, after which the precipitate was filtered and 

dried to afford the product 5 as off-white solid (0.210 g, 86%).  Rf=0.51 (CHCl3/MeOH 8:2); 

1
H NMR (400 MHz, [d6]DMSO): δ=11.79 (br s, 1H), 8.87 (s, 1H), 7.62 (d, J=7.6 Hz, 1H), 

7.55 (d, J=8.4 Hz, 1H), 7.34 (s, 1H), 7.30–7.26 (m, 1H), 7.23–7.20 (m, 1H),  5.87 (d, J=4.4 

Hz, 1H), 5.50 (d, J=5.2 Hz, 1H), 5.39 (t, J=4.0 Hz, 1H), 5.14 (d, J=5.6 Hz, 1H), 4.15 (dd, 

J=9.6, J=4.8 Hz, 1H), 4.09 (dd, J=10.2, J=5.0 Hz, 1 H), 3.96–3.95 (m, 1H), 3.82–3.78 (m, 

1H), 3.69–3.65 (m, 1H) ppm; 
13

C NMR (100 MHz, [d6]DMSO): δ=160.3, 153.0, 149.6, 

149.2, 137.3, 128.8, 124.3, 123.0, 121.0, 110.8, 104.7, 103.9, 88.8, 84.6, 74.4, 69.4, 60.1 

ppm; HRMS: m/z Calcd. for C17H16N2O7+Na
+
: 383.0855 [M+Na

+
]; found: 383.0855; 

max(H2O)=272 and 322 nm, ε272=19106 M
-1

cm
-1

, ε322=22240 M
-1

cm
-1

, ε260=17253 M
-1

cm
-1

. 

 

Synthesis of benzofuran-conjugated uridine triphosphate 6: To an ice cold solution of 

ribonucleoside 5 (0.090 g, 0.25 mmol, 1 equiv) in trimethyl phosphate (1.2 ml) was added 

freshly distilled POCl3 (60 μL, 0.64 mmol, 2.6 equiv).  The solution was stirred for 42 h at 

~4°C.  TLC revealed only partial conversion of the ribonucleoside into the product.  A 

solution of bis-tributylammonium pyrophosphate
[41]

 (0.5 M in DMF, 2.6 ml, 5.2 equiv) and 

tributylamine (0.65 ml, 2.72 mmol, 11 equiv) was rapidly added under ice-cold condition.  

The reaction was quenched after 30 min with 1 M triethylammonium bicarbonate buffer 

(TEAB, pH 7.5, 15 ml), and was extracted with ethyl acetate (20 ml).  The aqueous layer was 

evaporated and the residue was purified first on DEAE sephadex-A25 anion exchange 

column (10 mM–1M TEAB buffer, pH 7.5) followed by reversed-phase flash column 

chromatography (C18 RediSepRf, 0–40% acetonitrile in 100 mM triethylammonium acetate 
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buffer, pH 7.2, 40 min).  Appropriate fractions were lyophilized to afford the desired 

triphosphate product 6 as a tetratriethylammonium salt (51 mg, 20%). 
1
H NMR (400 MHz, 

D2O): δ=7.93 (s, 1H), 7.44 (d, J=8.0 Hz, 1H), 7.37 (d, J=7.6 Hz, 1H), 7.14 (t, J=7.6 Hz, 1H), 

7.05 (t, J=7.4 Hz, 1H), 6.96 (s, 1H),  5.69 (d, J=4.8 Hz, 1H), 4.31–4.26 (m, 2H), 4.13 (br, 3H) 

ppm; 
13

C NMR (100 MHz, D2O): δ=161.4, 153.4, 150.3, 147.7, 136.7, 128.6, 125.0, 123.1, 

121.1, 111.5, 106.4, 105.1, 89.1, 83.4 (d, J=7.1 Hz), 73.4, 69.9, 65.5 ppm; 
31

P NMR (162 

MHz, D2O): δ=-5.85 (d, J=20.7 Hz, Pγ), -10.92 (d, J=20.6 Hz, Pα), -21.85 (t, J=19.7 Hz, Pβ ); 

MALDI-TOF MS  (negative mode): m/z calcd. for C17H19N2O16P3: 600.0 [M]; found: 599.1 

[M-H]‾. 

 

2A.4.4 Photophysical characterization of ribonucleoside analogs: 

Steady-state fluorescence of ribonucleoside analogs in various solvents 

Ribonucleoside analogs in water, methanol, acetonitrile and dioxane were excited at 

respective lowest energy absorption maximum with an appropriate excitation and emission 

slit widths, and emission profile in each solvent was recorded.  Fluorescence experiments 

were performed in triplicate in a micro fluorescence cell (Hellma, path length 1.0 cm) on a 

Horiba Jobin Yvon, Fluorolog-3. 

 

Time-resolved fluorescence measurements  

Excited state lifetimes of benzofuran-conjugate uridine 5 in various solvents were determined 

using TCSPC fluorescence spectrophotometer (Horiba Jobin Yvon).  While the concentration 

of ribonucleoside in water and methanol was 5 µM, concentration in acetonitrile and dioxane 

was 250 µM.  Ribonucleoside 5 in water and methanol was excited using 339 nm LED source 

(IBH, UK, NanoLED-339L) with a band pass of 4 nm, and fluorescence signal at respective 

emission maximum was collected.  Similarly, ribonucleoside in acetonitrile and dioxane was 

excited using 375 nm diode laser source (IBH, UK, NanoLED-375L) with a band pass of 12 

nm.  Lifetime measurements were performed in duplicate, and decay profiles were analyzed 

using IBH DAS6 analysis software.  Fluorescence intensity decay kinetics in various solvents 

was found to be either mono or biexponential with 
2
 (goodness of fit) values very close to 

unity.      
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2A.4.5 Quantum yield determination in various solvents 

Quantum yield of ribonucleoside 5 in different solvents relative to 2-aminopurine standard 

was determined using the following equation.
[42]

  

      F(s)
2

sxsxxsF(x) //FF/AA  nn  

Where s is the standard, x is the ribonucleoside, A is the absorbance at excitation wavelength, 

F is the area under the emission curve, n is the refractive index of the solvent, and F  is the 

quantum yield. 

 

2A.4.6 Enzymatic incorporation of ribonucleoside triphosphate 6 

Transcription reactions with α-
32

P ATP: Promoter-template duplexes were assembled by 

heating a 1:1 mixture (final 5 μM) of deoxyoligonucleotide templates (D1–D5) and an 18-mer 

T7 RNA polymerase consensus promoter deoxyoligonucleotide sequence in TE buffer (10 

mM Tris-HCl, 1 mM EDTA, 100 mM NaCl, pH 7.8) at 90°C for 3 min and cooling the 

solution slowly to room temperature.  The duplexes were then placed on crushed ice for 20 

min and stored at -40°C.  Transcription reactions were performed in 40 mM Tris-HCl buffer 

(pH 7.9) containing 250 nM of annealed templates, 10 mM MgCl2, 10 mM NaCl, 10 mM 

dithiothreitol (DTT), 2 mM spermidine, 1 U/μL RNase inhibitor (RiboLock), 1 mM GTP, 1 

mM CTP, 1 mM UTP and or 1 mM modified UTP 6, 20 μM ATP, 5 μCi α-
32

P ATP and 3 

U/μL T7 RNA polymerase in a total volume of 20 μL.  After 3.5 h at 37°C, reactions were 

quenched by adding 20 μL of the loading buffer (7 M urea in 10 mM Tris-HCl, 100 mM 

EDTA, 0.05% bromophenol blue, pH 8).  The samples were heated at 75°C for 3 min and 

cooled on an ice bath.  The samples (4 μL) were loaded on an analytical denaturing 

polyacrylamide gel (18%) containing 7 M urea and run at a constant power (11 W) for nearly 

4 h.  The gel was exposed to X-ray film (1–2 h), and the exposed film was developed, fixed 

and dried.  The bands corresponding to full-length transcripts were then quantified using a 

software (GeneTools from Syngene) to determine the transcription yield.  The percentage 

incorporation of modified ribonucleoside triphosphate 6 has been reported with respect to 

transcription efficiency in the presence of natural NTPs. All reactions were performed in 

duplicate, and the errors in yields were found to be ≤ 4%. 

 

Large-scale transcription reactions 

Large-scale transcription reactions using template D1 were performed in a 250 μL reaction 

volume under similar conditions to isolate RNA ONs 7 and 8 for further characterization and 
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fluorescence studies.  The reaction contained 2 mM GTP, 2 mM CTP, 2 mM ATP, 2 mM 

UTP or 2 mM modified UTP 6, 20 mM MgCl2, 0.4 U/μL RNase inhibitor (RiboLock), 300 

nM annealed template and 800 units T7 RNA polymerase.  After incubating the reaction for 

12 h at 37°C, the precipitated pyrophosphate was removed by centrifugation.  The reaction 

volume was reduced approximately to 1/3 by Speed Vac, and 50 μL of loading buffer was 

added.  The solution was heated at 75°C for 3 min and cooled on the ice bath. The sample 

was loaded onto a preparative 20% denaturing polyacrylamide gel (20 cm width, 45 cm 

height and 2 mm thickness) and was run at a constant power (25 W) for nearly 4.5 h.  The gel 

was UV shadowed, and appropriate band was excised, extracted with 0.3 M sodium acetate 

and desalted using Sep-Pak classic C18 cartridge.  Typical yields of transcripts were 14–15 

nmol. Control transcript 7, ε260=9.10 x 10
4
 M

-1
cm

-1
; modified transcript 8, ε260=9.86 x 10

4
 M

-

1
cm

-1
.   

 

2A.4.7 Enzymatic digestion of transcript 8 

Nearly 4 nmol of the modified oligoribonucleotide 8 from a large-scale transcription reaction 

was digested with snake venom phosphodiesterase I (0.01 U), calf intestine alkaline 

phosphatase (1 U/μL), and RNase A (0.25 μg) in a total volume of 100 μL in 50 mM Tris-

HCl buffer (pH 8.5, 40 mM MgCl2, 0.1 mM EDTA) for ~12 h at 37°C.  After this period, 

RNase T1 (0.2 U/μL) was added, and the sample was incubated for another 4 h at 37°C.  The 

ribonucleoside mixture obtained was analyzed by reversed-phase analytical HPLC using 

Phenomenex-Luna C18 column (250 x 4.6 mm, 5 micron) at 260 nm and 320 nm.  Mobile 

phase A: 50 mM triethylammonium acetate buffer (pH 7.5), mobile phase B: acetonitrile.  

Flow rate: 1 mL/min.  Gradient: 0−10% B in 20 min and 10−100% B in 10 min. 

 

2A.4.8 Photophysical characterization of fluorescently modified RNA ONs 

Steady-state fluorescence: Oligoribonucleotide 8 (10 µM) was annealed to custom DNA and 

RNA ONs (9−15, 11 µM) by heating a 1:1.1 mixture of the ONs in 20 mM cacodylate buffer 

(pH 7.1, 500 mM NaCl, 0.5 mM EDTA) at 90°C for 3 min.  Samples were then cooled slowly 

to RT, and were placed in crushed ice.  Samples were diluted to give a final concentration of 

1 µM (with respect to 8) in cacodylate buffer.  Fluorescently modified duplexes were excited 

at 330 nm (unless otherwise mentioned) with an excitation slit width of 7 nm and emission 

slit width of 9 nm.  Fluorescence experiments were performed in triplicate in a micro 
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fluorescence cuvette (Hellma, path length 1.0 cm) on a Horiba Jobin Yvon, Fluorolog-3 at 18 

 1°C. 

Time-resolved fluorescence: Lifetimes of the duplexes (2 µM) were determined under the 

same conditions as mentioned above using TCSPC instrument (Horiba Jobin Yvon, 

Fluorolog-3).  Fluorescently modified RNA ONs were excited using 339 nm LED source 

(IBH, UK, NanoLED-339L), and fluorescence signal at respective emission maximum was 

collected.  Experiments were performed in duplicate, and decay profiles were analyzed using 

IBH DAS6 analysis software.  Fluorescence intensity decay profiles for all ON constructs 

were found to be biexponential with 
2
 (goodness of fit) values very close to unity. 

Quantum yield determination 

Quantum yield of fluorescently modified oligoribonucleotide constructs was determined 

relative to the quantum yield of the ribonucleoside 5 in 20 mM cacodylate buffer (pH 7.1, 500 

mM NaCl, 0.5 mM EDTA) using the equation given in section 2A.4.5. 
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2A.6  Appendix-I : Characterization data of synthesized compounds 

1
H-NMR of ribonucleoside 2 in d6-DMSO 

 

13
C-NMR of ribonucleoside 2 in d6-DMSO 
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1
H-NMR of ribonucleoside 3 in d6-DMSO 

 

13
C-NMR of ribonucleoside 2 in d6-DMSO 
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1
H-NMR of ribonucleoside 4 in d6-DMSO 

 
13

C-NMR of ribonucleoside 4 in d6-DMSO 
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1
H-NMR of ribonucleoside 5 in d6-DMSO 

 

13
C-NMR of ribonucleoside 5 in d6-DMSO 
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1
H-NMR of ribonucleoside triphosphate 6 in D2O 

 

13
C-NMR of ribonucleoside triphosphate 6 in D2O. Trace amounts of triethylammonium 

acetate buffer is also present. 
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31
P-NMR of ribonucleoside triphosphate 6 in D2O 

 

RP-HPLC chromatogram of modified RNA transcript 8 at 260 nm. Mobile phase A: 50 mM 

triethylammonium acetate buffer (pH 7.5), mobile phase B: acetonitrile.  Flow rate: 1 

mL/min.  Gradient: 0−10% B in 10 min and 10−55% B in 10 min. 
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2B.1 Introduction 

Unlike DNA abasic sites, which are common DNA lesions, the formation of abasic sites in 

RNA is rare and is almost uniquely associated with the depurination activity of ribosome 

inactivating protein (RIPs) toxins.
[1]

  These toxins (eg., ricin and saporin) arrest the function 

of the highly conserved RNA motif of eukaryotic 28S rRNA called the sarcin–ricin loop, 

which interacts with elongation factors essential for the protein synthesis, by depurinating a 

specific adenosine residue (A4324) on the loop (Scheme 1).
[2]

  Consequently, the elongation 

factors necessary for the translation process no longer bind to the depurinated ribosome 

leading to cell death.
[3]

  In particular, ricin has been considered as a potential bioterrorism 

agent because of its high toxicity, easy isolation procedures from natural source and lack of 

effective treatment against its exposure.
[4]

  Traditionally, RIP toxins have been detected by 

using enzyme-linked immunosorbent assays (ELISA) and antibody-based immunoassays.
[5]

  

Methods have also been developed to monitor the specific depurination activity of RIP toxins 

by using radiolabeling, immunoaffinity chromatography, electrochemiluminescence and mass 

spectrometry techniques.
[6]

 Usually these methods are laborious and involve elaborate assay 

setups and radiolabeling procedures.  Alternatively, a few abasic-site-sensitive fluorescence 

probes have provided effective tools to directly detect the formation of abasic sites in 

RNA.
[7,8]

  Nevertheless, abasic site detection assays that are compatible with screening 

formats are highly desired for the discovery of RIPs inhibitors. 

In the first part of this chapter we have described the microenvironment sensitive 

benzofuran-conjugated uridine as a probe to detect the DNA abasic site.  Superior probe like 

properties of benzofuran-conjugated uridine motivated us to study the structure, dynamics 

and recognition properties of DNA.  Here, we describe the synthesis, photophysical 

characterization and incorporation of benzofuran-conjugated 2'-deoxyuridine analogue 2 into 

DNA ONs.  Remarkably, upon incorporation into single stranded and double stranded ONs 

the emissive nucleoside shows significantly enhanced emission intensity compared to the free 

nucleoside, a property, which is rarely displayed by the most of the fluorescent nucleoside 

analogs.  Furthermore, using fluorescence spectroscopy we illustrate the photophysical 

behaviour of the emissive nucleoside incorporated into DNA ONs in different base 

environments.  Finally, as a proof of responsiveness of the nucleoside to environmental 

changes we describe the ability of a DNA ON reporter labeled with modified nucleoside 2 in 

signalling the presence of an abasic site in a model depurinated sarcin–ricin RNA motif of the 

eukaryotic 28S rRNA. 
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Scheme 1. Schematic diagram showing the sequence of the sarcin-ricin hairpin motif of the ribosomal 

RNA. The conserved residues are highlighted in bold. RIP toxins catalytically depurinate the A4324 

residue producing the depurinated RNA motif. The structure of the RNA abasic site X is also shown. 

 

2B.2 Results and Discussion 

2B.2.1 Synthesis of nucleoside 2 

 

Scheme 2. Synthesis of fluorescent nucleoside, 1-(2-deoxy--D-ribofuranosyl)-5-(benzofuran-2-

yl)uracil  2 and corresponding phosphoramidite substrate 4. 
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The fluorescent analogue, 5-(benzofuran-2-yl)-2'-deoxyuridine 2 has been synthesized under 

typical Stille cross-coupling reaction conditions by reacting 5-iodo-2'-deoxyuridine 1 with 2-

(tri-n-butylstannyl)benzofuran in the presence of a palladium catalyst, Pd(PPh3)2Cl2. The 

phosphoramidite substrate 4 necessary for the solid-phase ON synthesis was prepared first 

protecting the 5'-hydroxyl with dimethoxytrityl group followed by phosphitylation of the 3'-

hydroxyl in the presence of 2-cyanoethyl diisopropylchlorophosphoramidite (Scheme 2).
 

 

2B.2.2 Photophysical characterization of nucleoside 2 

Like previous study before incorporating into ONs, the photophysical properties of 

nucleoside 2 have been evaluated by performing UV absorption, steady-state, and time-

resolved fluorescence spectroscopic measurements in solvents of different polarity and 

viscosity.  The ground-state electronic spectrum of 2 in water reveals distinct absorption 

bands at 265 nm, 272 nm and 322 nm (Figure 1).  When measured in different solvents, the 

absorption maxima of 2 are marginally affected by solvent polarity.  However, the excited-

state electronic properties are substantially influenced by changes in solvent polarity 

environment.  An aqueous solution of the nucleoside upon excitation at its lowest energy 

maximum (322 nm) displays a strong emission band in the visible region (λem = 446 nm, 

Figure 1, Table 1).  As the solvent polarity is gradually decreased from water to dioxane, the 

nucleoside exhibits a nearly 2.5-fold quenching in fluorescence intensity and a significant 

hypsochromic shift (446–406 nm).  Furthermore, the quantum yields determined in various 

solvents follow a similar decreasing trend as that of the fluorescence intensity in respective 

solvents (Table 1).  A positive correlation between the Stokes shift determined in various 

solvents and Reichardt’s microscopic solvent polarity parameter, ET(30), also ascertains the 

sensitivity of the nucleoside to changes in solvent-polarity environment (Figure 2).
[10] 

The 

effect of solvent polarity on the excited-state decay kinetics of nucleoside 2 has also been 

investigated by time-resolved fluorescence spectroscopy.  The nucleoside in water has the 

highest lifetime of 2.38 ns, which decreases significantly to 0.33 ns in dioxane (Table 1, 

Figure 3). 
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Figure 1. Absorption (25 µM, solid lines) and emission (5.0 µM, dashed lines) spectra of nucleoside 2 

in different solvents. For fluorescence studies samples were excited at 322 nm, and excitation and 

emission slit widths were maintained at 3 nm and 5 nm, respectively. 

 

 

Figure 2. A plot of Stokes shift vs. ET(30), a microscopic solvent polarity parameter. 
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Table 1. Photophysical properties of 2 in different solvents
 

 

Solvent max
[a] 

(nm) 

em
 

(nm)
 

Irel
[b] 

[c] 
ave

[c] 

(ns) 

water 322 446 1.0 0.19  2.38  

methanol 322 423 0.8 0.12  0.78  

acetonitrile 322 411 0.3 0.04  0.27  

dioxane 322 406 0.4 0.07  0.33  

ethylene gycol 429 429 2.0 0.40 2.50 

glycerol 427 427 2.7 0.54 3.56 

 
[a] λmax corresponding to the lowest energy maximum is given. [b] Relative emission intensity is given 

with respect to intensity in water. [c] Standard deviations for  and ave are ≤ 0.002 and 0.02 ns, 

respectively. 

 

 

 
 

Figure 3. Excited state decay profile of nucleoside 2 in various solvents.  Laser profile is shown in 

black (prompt).  Curve fits are shown in solid lines.  Fluorescence intensity decay kinetics in water 

was found to be monoexponential whereas in other solvents was found to be biexponential. For 

lifetimes see Table 1. 

 

The relative conformation of the pyrimidine ring and conjugated aromatic ring 

separated by a rotatable aryl–aryl bond in modified nucleoside analogs, which has a direct 

impact on the conjugation and hence, the fluorescence properties, has been shown to be 

sensitive to molecular crowding effects and viscosity.
[11]

  In comparison with low viscous 

media, viscous media restricts free rotation resulting in structural rigidification and usually 

enhanced fluorescence emission.
[12]

  A conjuated nucleoside analogue incorpoarted into ONs 

can undergo structural rigidification-derigidification due to interactions with neighbouring 

bases during a folding or recognition process.
[11]

  In order to assess the effects of changes in 

the conformation of the benzofuran moiety relative to the nucleobase, further fluorescence 
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characterization of nucleoside 2 has been performed in solvents of similar polarity but 

varying viscosity.  As the solvent viscosity is increased from ethylene glycol (η25°C = 16.1 cP) 

to glycerol (η25°C = 934 cP), the nucleoside shows enhanced emission intensity (nearly 1.5-

fold) in glycerol as compared to in ethylene glycol with no apparent change in emission 

maximum (Figure 4 and Table 1).   

 

 

Figure 4. Emission spectra of nucleoside 2 (5.0 µM) in solvents of varying viscosity. Samples were 

excited at 322 nm, and excitation and emission slit widths were maintained at 1 nm and 10 nm, 

respectively. 

 

 

Figure 5. Excited state decay profile of nucleoside 2 in various solvents.  Laser profile is shown in 

black (prompt).  Curve fits are shown in solid lines.  Fluorescence intensity decay kinetics in water 

and ethylene glycol was found to be monoexponential whereas in glycerol was found to be 

biexponential. For lifetimes see Table 1. 
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Life time measurements also reveal a longer decay time for the nucleoside in glycerol 

as compared to in ethylene glycol, which is consistent with the viscosity difference between 

the solvents (Figure 5 and Table 1).  Taken together, emission in the visible region with a 

reasonable quantum yield, and the dual-sensitivity of the nucleoside fluorescence to solvent-

polarity and viscosity changes prompted us to study the responsiveness of the emissive 

nucleoside within DNA ONs. 

 

2B.2.3 Incorporation of nucleoside 2 into DNA ONs 

To study the effect of flanking bases on the fluorescence of the modified nucleoside a series 

of DNA ONs 5–8 were synthesized in which the nucleoside 2 was placed in between different 

bases (Figure 6).  The modified phosphoramidite was incorporated into 17-mer DNA ONs at 

a single position under standard solid-phase ON synthesis conditions. The deprotected ONs 

were then purified by polyacrylamide gel electrophoresis (PAGE) under denaturing 

conditions.  The integrity of full-length modified ONs was confirmed by mass analysis (Table 

2). 

 

 

Figure 6. Sequence of fluorescently modified (5–8) and custom synthesized (9–12 and 5c–8c) DNA 

ONs. 9 is a control unmodified DNA.  While hybridization of 5–8 with 5c–8c, respectively, will place 

the nucleoside 2 opposite to its complementary base, hybridization of 8 with 10–12 will place the 

nucleoside 2 opposite to mismatched bases. 

Table 2. ε260 and mass data of modified ONs
 

Oligonucleotides ε260 (M
-1

cm
-1

) Calcd. mass Observed mass
 

5 17.3 x 10
4
 5305.5 5305.7 

6 16.5 x 10
4
 5287.5 5288.3 

7 16.2 x 10
4
 5257.5 5257.9 

8 16.9 x 10
4
 5337.5 5337.4 

19 26.2 x 10
4
 8963.8 8964.0 
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The presence of benzofuran moiety can potentially perturb the structure of the ONs 

and hence, the formation of a stable duplex with its complementary ONs.  The stability of a 

duplex assembled by hybridizing one of the modified ONs (8) with its complementary ON 

(8c) was studied by UV-thermal denaturation experiment.  Thermal denaturation analysis 

showed only a small difference in Tm between the modified duplex 8•8c and control 

unmodified duplex 9•8c indicating that the benzofuran modification has only marginal effect 

on the duplex stability (Figure 7, Table 3). 

 

 

Figure 7. (A) Thermal melting of control unmodified and fluorescently-modified duplexes (1 M). 

Small difference in Tm values between the modified duplexes and control unmodified duplexes 

indicates that the benzofuran moiety has minimum impact on the duplex stability. (B) Thermal 

melting of DNA probe-RIP RNA substrate duplex (19•17) and DNA probe-depurinated product 

mimic duplex (19•18). The UV-thermal melting profiles indicate that both RIP substrate 17 and 

product mimic 18 form stable duplexes with fluorescently modified DNA ON 19.  

 

Table 3. Tm values of control and modified duplexes 

Duplexes Tm (°C) Duplexes Tm (°C)
 

8•8c 61.5  0.7 8•11 58.1  0.6 

9•8c (control) 63.0  0.2 8•12 58.5  0.9 

8•16c 58.0  0.8 8•16a 53.3  0.6 

9•16c (control) 60.7  0.7 19•17 79.7  0.8 

8•10 56.6  0.7 19•18 74.7  0.3 

 

 

2B.2.4 Photophysical characterization of nucleoside 2 in different base environment 

Photophysical properties of fluorescent nucleosides incorporated into ONs can be altered by a 

variety of mechanisms such as stacking of the chromophore with flanking bases, collisional 

and hydrogen bonding interactions with neighbouring bases, solvation-desolvation effect, 
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rigidification–derigidification of the chromophore, and excited state processes involving 

neighbouring bases.
[11,13,14]  

The influence of neighbouring bases on the fluorescence 

properties of nucleoside 2 has been studied by performing steady-state fluorescence 

measurements with DNA ONs 5–8 and duplexes constructed by hybridizing 5–8 with 

respective complementary ONs 5c–8c (Figure 6).  Single stranded ONs 5–7 in which the 

emissive nucleoside is placed between dA, dT and dC residues, respectively, exhibits 

significantly enhanced emission as compared to the free nucleoside (Figure 8, Table 4).  

Interestingly, nucleoside 2 incorporated into duplexes 5•5c and 6•6c show enhanced emission 

compared to respective single stranded ONs (Figure 6).  This observation is particularly 

noteworthy because the majority of emissive nucleoside analogs (eg., 2-AP, pyrroloC)
 
show 

progressive fluorescence quenching upon incorporation into single stranded and double 

stranded ONs, a major reason that has hampered the use of many such analogs in vivo assays. 

 

 

Figure 8. Relative fluorescence intensity of modified ONs (5–8, 1 M) and corresponding duplexes (1 

M) in 20 mM cacodylate buffer (pH 7.0, 100 mM NaCl, 0.5 mM EDTA) at respective emission 

maximum (422–444 nm, see Table 4 for details). Samples were excited at 330 nm, and excitation and 

emission slit widths were maintained at 3 nm and 10 nm, respectively. 

 

However, ON 8 in which the nucleoside 2 is flanked by guanosine residues displays a 

slightly blue shifted and markedly less intense (~3-fold) emission band compared to the free 

nucleoside 2 (Figure 6).  The quenching effect is more pronounced (~10-fold) when the 

emissive nucleoside is placed opposite to the complementary base in a perfect duplex 8•8c.  

2-AP and several other fluorescent nucleoside analogs incorporated into ONs also exhibit 

similar fluorescence intensity quenching.  Furthermore, duplexes (8•10, 8•11 and 8•12) in 

which the emissive nucleoside is placed opposite to mismatched bases also show similar 
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fluorescence quenching as that of the perfect duplex 8•8c (Figure 9).  This fluorescence 

quenching along with a small spectral shift towards the blue region maybe due to a 

combination of the following reasons: an electron transfer process between the fluorescent 

nucleoside and adjacent guanosine residues,
[13,14]

 desolvation effect and alterations in the 

conformation of the benzofuran moiety with respect to the nucleobase.
[11]  

These results 

clearly reveal the influence of neighbouring bases on the fluorescence of nucleoside 2.  Such 

a property has been employed in devising nucleic acid-based molecular beacons and in the 

detection of a specific mismatch in DNA duplexes.
[15] 

 

 
 

Figure 9. Emission spectra of 8 and duplexes assembled by hybridizing 8 with complementary (8c) 

and mismatched ONs (10–12). Samples were excited at 330 nm, and excitation and emission slit 

widths were maintained at 7 nm and 10 nm, respectively. 

 

 

Table 4. Emission maximum of modified ONs (5–8) and duplexes made by hybridizing 5–8 

with respective complementary ONs 5c–8c.   

 

Sample em Irel
[a] 

Sample em Irel
[a]

 

2 444 1 7 433 1.64 

5 435 1.97 7•7C 422 1.06 

5•5C 428 2.31 8 432 0.27 

6 434 1.72 8•8C 429 0.03 

6•6C 422 2.26  

[a] Irel Relative emission intensity is given with respect to intensity of the nucleoside 2. 
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2B.2.5 Fluorescence detection of an RNA abasic site  

Early methods to detect abasic sites were largely focused toward the detection of abasic sites 

in DNA as they are formed spontaneously or as intermediates in the base excision repair 

process of damaged nucleobases.
[16,17]

  These methods relied on the specific and irreversible 

reaction between aldehyde-reactive probes and abasic sites of isolated DNA.
[18]

  Later, 

Greenberg developed a more sensitive method by utilizing biotinylated cysteine to 

specifically detect the oxidized form of abasic lesion, 2-deoxyribonolactone.
[19]

  Matray and 

Kool used pyrene modified deoxyribonucleotide triphosphate, which was preferentially 

incorporated opposite to an abasic site by DNA polymerase to identify the presence of abasic 

sites.
[20]

  Alternatively, fluorescence-based methods using probes that show changes in their 

emission properties when placed adjacent or opposite to abasic sites were found to be more 

useful as they offered direct detection of abasic sites in DNA and RNA.
[7,8,21,22]

  Shipova and 

Gates developed one of the first fluorimetric assays to monitor the time-depended generation 

of abasic sites by using 2-AP labeled DNA hairpin constructs.
[22]

  In this study 2-AP was 

placed adjacent to a guanine residue, which was alkylated using leinamycin
[23]

 and 

subsequently excised to produce an abasic site adjacent to the fluorescent probe.  Upon 

treatment with leinamycin, 2-AP positively reported the formation of abasic sites with a 

significant enhancement in fluorescence intensity.  Adopting a similar approach, pyrene- and 

thiophene-modified fluorescent nucleoside analogs and a fluorescent ligand that specifically 

binds to an abasic site was utilized in monitoring the formation of abasic sites in RNA 

ONs.
[7,8] 

Our previous study revealed that a short RNA ON reporter containing the benzofuran-

conjugated ribonucleoside analogue could specifically signal the presence of a DNA abasic 

site in an RNA-DNA heteroduplex.
[9]

  This observation encouraged us to study the impact of 

placing the deoxyribonucleoside 2 opposite an RNA abasic site.  As before a series of DNA-

RNA heteroduplexes was assembled by annealing modified DNA ONs 5–8 to respective 

complementary RNA ONs 13c–16c and ONs 13a–16a containing a chemically stable abasic 

site surrogate, tetrahydrofuran (Figure 10A).  Nucleoside 2 flanked by dA, dT and dC 

residues when placed opposite to an abasic site in duplexes 5•13a, 6•14a and 7•15a showed 

discernible quenching in fluorescence intensities as compared to corresponding prefect 

duplexes 5•13c, 6•14c and 7•15c (Figure 10B).  However, the perfect duplex 8•16c and abasic 

site-containing duplex 8•16a in which the nucleoside is flanked by dG residues exhibited very 

weak fluorescence.
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Figure 10. [A] Sequence of synthetic RNA ONs (13c–16c and 13a–16a). While hybridization of 5–8 

with 13c–16c, respectively, will place the nucleoside 2 opposite to its complementary base, 

hybridization of 5–8 with 13a–16a will place the nucleoside 2 opposite to a chemical stable abasic site 

surrogate X. [B] Fluorescence intensity (FI) of heteroduplexes (1 M) in 20 mM cacodylate buffer (pH 

7.0, 100 mM NaCl, 0.5 mM EDTA) at 430 nm. Samples were excited at 330 nm, and excitation and 

emission slit widths were maintained at 3 nm and 10 nm, respectively. 

 

To further assess the ability of emissive nucleoside in detecting the presence of an 

abasic site in a biologically relevant RNA motif we decided to use model RNA ONs 17 and 

18 (Figure 8A).  ON 17 containing the conserved sarcin-ricin loop region of eukaryotic 28S 

rRNA is a commonly used substrate to study the depurination activity of RIPs.
[6b,7,8]

  ON 18 

containing a chemically stable abasic site substitute, tetrahydrofuran, acts as a model of the 

depurinated product that would be obtained upon depurination of substrate 17 by RIP 

toxins.
[7b,8]

  A complementary DNA ON 19 labeled with the fluorescent analogue 2 was 

synthesized, which upon hybridization to a model sarcin–ricin RNA substrate 17 and 

depurinated product mimic 18 would place 2 opposite to a complementary base and an abasic 

site, respectively (Figure 11A). The UV-thermal melting profiles indicate that both RIP 

substrate 17 and product mimic 18 form stable duplexes with fluorescently modified DNA 

ON 19 (Table 3). A duplex of fluorescent ON and RIP RNA substrate (19•17) shows a strong 

emission band whose intensity is nearly 1.5-fold higher than the single stranded ON 19 

(Figure 11B).  Interestingly, a duplex of ON probe and depurinated product mimic 19•18 

exhibits drastically quenched emission (~8-fold) as compared to the substrate duplex 19•17 

(Figure 11B).  Although the exact morphology of the fluorescent nucleoside 2 in the product 

duplex 19•18 is unknown, we believe that the observed quenching in fluorescence intensity 

can be possibly due to the following reasons.  In the substrate duplex 19•17 the benzofuran 

moiety tagged at the 5-position of the base is extrahelical and projected towards the major 
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groove and hence, it is less stacked and located away from the guanosine residues of ON 17 

(Figure 12).  However, in product duplex 19•18 the benzofuran ring is presumably 

intrahelical because the nucleoside 2 opposite to an abasic site can potentially undergo anti-

to-syn conformational change as it is not restricted by complementary base pairing.
[11]

  In this 

situation the fluorophore is more stacked and closer to guanosine residues of ON 18 resulting 

in quenching of fluorescence intensity. Together, it can be inferred that the nucleoside 2 in 

product duplex 19•18 signals the presence of an abasic site in RNA, albeit with quenched 

emission.  This attribute of the emissive nucleoside can be potentially implemented in a 

fluorescence hybridization assay to detect the depurination activity of highly toxic RIPs.
[7,8] 

 

 

Figure 11. A) Sequence of synthetic RIPs RNA substrate (17) and depurinated product mimic (18) 

containing a chemically stable abasic site substitute X. Adenosine residue A15 corresponding to A4324 

of rat 28S rRNA is specifically depurinated by RIP toxins to produce an abasic site. cDNA 19 

containing the fluorescent nucleoside 2 is also shown. B) Emission spectra (1 M) of substrate (19•17) 

and depurinated product duplexes (19•18). Samples were excited at 330 nm, and excitation and 

emission slit widths were maintained at 7 nm and 10 nm, respectively. 
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Figure 12. A schematic diagram showing the possible conformation of the emissive nucleoside 2 in 

(A) RIP substrate duplex (19•17) and (B) depurinated product duplex (19•18). For clarity only 

flanking bases are shown. The benzofuran moiety (blue) is persumably intrahelical in duplex 19•18 

because the nucleoside 2 can potentially undergo anti-to-syn conformational change as it is not 

restricted by complementary base pairing.  This figure has been generated using UCSF Chimera 

software.      

 

2B.3 Conclusions 

A microenvironment-sensitive fluorescent 2'-deoxyuridine analogue based on a 5-

(benzofuran-2-yl)pyrimidine core, which displays emission in the visible region, has been 

incorporated into DNA ONs.  Notably, upon incorporation into duplexes the nucleoside 2 

remarkably maintains its fluorescence efficiency, a property, which is seldom exhibited by 

the majority of fluorescent nucleoside analogs.  Furthermore, the ability of the fluorescent 

analogue incorporated into a DNA ON reporter to detect the presence of an abasic site in 

RNA highlights the potential of the nucleoside 2 as a fluorescent probe. Since the 

conformation of the emissive nucleoside, its surrounding environment and or its interaction 

with neighbouring bases are likely to be altered during a folding or recognition event, it is 

expected that this environment-sensitive nucleoside analogue will be a useful probe in 

studying the structure and function of nucleic acids. 

 

2B. 4 Experimental Section 

2B.4.1 Materials 

5-iodo-2'-deoxyuridine, benzofuran, butyllithium, tributyltin chloride, 

bis(triphenylphosphine)-palladium(II) chloride, DMT-Cl, N,N-diisopropylethylamine were 

obtained from Sigma-Aldrich.  2-cyanoethyl N,N-diisopropylchlorophosphoramidite was 

purchased from Alfa Aesar.  N-benzoyl-protected dA, dT, N,N-dimethylformamidine-
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protected dG and N-acetyl-protected dC phosphoramidite substrates for solid phase ON 

synthesis were purchased from ChemGenes and Proligo.  All other reagents and solid 

supports for the solid phase synthesis were obtained from ChemGenes.  Synthetic DNA ONs 

were purchased from Integrated DNA Technologies, Inc. and purified by polyacrylamide gel 

electrophoresis (PAGE) under denaturing condition, and desalted on Sep-Pak Classic C18 

cartridges (Waters Corporation).  Custom synthesized oligoribonucleotides purchased from 

Dharmacon RNAi Technologies were deprotected according to the supplier’s protocol, 

PAGE-purified, and desalted on Sep-Pak Classic C18 cartridges.  Spectroscopy grade 

solvents and chemicals (BioUltra grade) for preparing buffer solutions were purchased from 

Sigma-Aldrich.  Autoclaved water was used in all biochemical reactions and fluorescence 

analysis.   

 

2B.4.2 Instrumentation 

 NMR spectra were recorded on a 400 MHz Jeol ECS-400 and Bruker Ultrashield 500 MHz 

WB Plus spectrometers.  Mass measurements were recorded on Applied Biosystems 4800 

Plus MALDI TOF/TOF analyzer, MicroMass ESI-TOF and Water Synapt G2 High 

Definition mass spectrometers.  Modified DNA ONs were synthesized on an Applied 

Biosystems RNA/DNA synthesizer (ABI-394).  Absorption spectra were recorded on a 

PerkinElmer, Lambda 45 UV-Vis spectrophotometer.  UV-thermal melting studies of ONs 

were performed on a Cary 300Bio UV-Vis spectrophotometer.  Steady State fluorescence and 

time-resolved experiments were carried out in a micro fluorescence cuvette (Hellma, path 

length 1.0 cm) on a TCSPC instrument (Horiba Jobin Yvon, Fluorolog-3). 

 

2B.4.3 Synthesis  

1-(2-deoxy--D-ribofuranosyl)-5-(benzofuran-2-yl)uracil 2: To a suspension of 5-iodo-2'-

deoxyuridine (0.776 g, 2.18 mmol, 1 equiv) and bis(triphenylphosphine)-palladium(II) 

chloride (0.076 g, 0.11 mmol, 0.05 equiv) in degassed anhydrous dioxane (23 ml) was added 

2-(tri-n-butylstannyl)benzofuran (1.33 g, 3.27 mmol, 1.5 equiv). The reaction mixture was 

heated at 90 °C for 2.5 h and filtered through celite pad.  The celite pad was washed with hot 

dioxane (3 x 15 ml) and the filtrate was evaporated.  The solid residue was washed 

extensively with hexane, dissolved in a minimum amount of hot 1:1 dioxane:methanol 

solution, and then the product was precipitated with hexane.  The precipitate was stirred at ~4 

°C for 2 h, filtered and dried to afford the product 2 as a white solid (0.758 g, 97%).  
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(CH2Cl2:MeOH = 9:1)  Rf  = 0.51; 
1
H NMR (400 MHz, d6-DMSO): δ (ppm) 11.77 ( s, 1H), 

8.75 (s, 1H), 7.62 (d, J = 7.2 Hz, 1H), 7.55 (d, J = 8.0 Hz, 1H), 7.34 (s, 1H), 7.28 (appt, J = 

7.4 Hz, 1H), 7.22 (appt, J = 7.4 Hz, 1H),  6.23 (t, J = 6.4 Hz, 1H), 5.32 (d, J = 4 Hz, 1H), 5.25 

(t, J = 4.4 Hz, 1H), 4.37–4.30 (m, 1H), 3.89–3.87 (m, 1H), 3.74–3.65 (m, 2H), 2.29–2.19 (m, 

2H); 
13

C NMR (100 MHz, d6-DMSO): δ (ppm) 160.3, 153.0, 149.4, 149.1, 137.1, 128.8, 

124.3, 123.0, 121.0, 110.8, 104.7, 103.8, 87.6, 85.1, 70.1, 60.8, 40.5; HRMS: (m/z): 

Calculated for C17H16N2O6Na [M+Na]
+
 = 367.0906, found: 367.0909; max(H2O) = 272 and 

322 nm, ε272 = 14106 M
-1

cm
-1

, ε322 = 16093 M
-1

cm
-1

, ε260 = 12613 M
-1

cm
-1

. 

 

DMT-protected 2'-deoxyuridine 3: A solution of 2 (0.702 g, 2.04 mmol, 1 equiv), DMT-Cl 

(0.87 g, 2.45 mmol, 1.2 equiv) and DMAP (62 mg, 0.51 mmol, 0.25 equiv) in anhydrous 

pyridine (7 ml) was stirred at room temperature under nitrogen atmosphere for 12 h.  Pyridine 

was evaporated under reduced pressure. The residue was purified by silica gel column 

chromatography (2 % methanol in CH2Cl2 containing 1% triethylamine) to afford the product 

3 as white foam (0.88 g, 67% yield).  (CH2Cl2:MeOH = 92:8 + few drops of triethylamine)  Rf  

= 0.55; 
1
H NMR (400 MHz, CDCl3): δ (ppm) 8.45 ( s, 1H), 7.51–7.46 (m, 3H), 7.44 (s, 1H), 

7.37 (d, J = 8.8 Hz, 4H), 7.21 (t, J = 7.6 Hz, 2H), 7.13–7.07 (m, 2H), 6.96 (t, J = 7.8 Hz, 1H), 

6.71 (dd, J = 1.4 Hz, 8.6 Hz, 4H), 6.43 (t, J = 6.6 Hz, 1H),  6.29 (d, J = 8.4 Hz, 1H), 4.50–

4.47 (m, 1H), 4.12 (dd, J = 3.2 Hz, 6.4 Hz, 1H), 3.63 (s, 3H), 3.62 (s, 3H), 3.60 (d, J = 3.2, 

1H), 3.36 (dd, J = 3.6 Hz, 10.6 Hz, 1H), 2.56–2.51 (m, 1H), 2.40–2.33 (m, 1H); 
13

C NMR 

(100 MHz, CDCl3 ): δ (ppm) 160.2, 158.6, 153.6, 149.4, 147.6, 144.6, 135.8, 135.7, 135.2, 

130.2, 130.1, 129.0, 128.3, 128.1, 127.1, 124.3, 122.9, 121.0, 113.3, 110.9, 107.0, 105.9, 

87.0, 86.5, 85.7, 72.3, 63.4, 55.3, 41.5; HRMS: (m/z): Calculated for C38H34N2O8Na [M+Na]
+
 

= 669.2213, found: 669.2213.   

 

Benzofuran modified 2'-deoxyuridine phosphoramidite 4: To a solution of 3 (0.538 g, 

0.83 mmol, 1 equiv) in anhydrous dichloromethane (7.5 ml) was added DIPEA (0.73 ml, 4.16 

mmol, 5 equiv) and stirred for 10 min.  To this solution was slowly added 2-cyanoethyl N,N-

diisopropylchlorophosphoramidite (0.280 ml, 1.25 mmol, 1.5 equiv) and the stirring was 

continued for another 2 h. The reaction mixture was diluted with dichloromethane (15 ml) 

and was washed with 5% sodium bicarbonate solution (10 ml) followed by brine (10 ml). The 

organic extract was dried over sodium sulphate and evaporated, and the residue was purified 

by silica gel column chromatography (30–55% ethyl acetate in petroleum ether containing 
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1% triethylamine) to afford the product 4 as a white solid (0.358 g, 51 %).  (EtOAc: 

petroleum ether = 7:3 + few drops of triethylamine) Rf  = 0.85; 
1
H NMR (500 MHz, CDCl3): δ 

(ppm) 8.53 ( s, 1H), 7.52 (d, J = 7.5 Hz, 2H), 7.47–7.37 (m, 6H), 7.21 (t, J = 7.8 Hz,  2H), 

7.13–7.05 (m, 2H), 6.90 (t, J = 7.8 Hz, 1H),  6.72 (d, J = 8.0 Hz, 4H), 6.41 (t, J = 6.8 Hz, 

1H), 6.08 (d, J = 8 Hz, 1H), 4.59–4.56 (m, 1H), 4.24 (br, 1H), 3.66–3.54 (m, 11H), 3.29 (dd, J 

= 2.5 Hz, 10.5 Hz, 1H), 2.59–2.55 (m,1H), 2.41 (t, J = 6 Hz, 2H), 2.39–2.34 (m, 1H), 1.20–

1.11 (m, 12H); 
13

C NMR (125 MHz, CDCl3): δ (ppm) 160.2, 158.6, 153.6, 149.3, 147.6, 

144.6, 135.9, 135.7, 135.2, 130.3, 130.2, 129.0, 128.4, 128.0, 127.1, 124.2, 122.8, 120.9, 

117.5, 113.3, 113.3, 110.9, 107.0, 105.9, 86.9, 86.2, 86.2, 85.7, 73.4, 73.4, 62.9, 58.4, 58.3, 

55.3, 43.5, 43.4, 40.7, 24.8, 24.7, 24.7, 20.3; 
31

P NMR (162 MHz, CDCl3): δ (ppm) 149.8, 

149.2; HRMS: (m/z): Calculated for C47H51N4O9PNa [M+Na]
+
 = 869.3291, found: 869.3293. 

 

2B.4.4 Photophysical characterization of benzofuran-conjugated 2'-deoxyuridine 2 

Steady-state fluorescence in various solvents: Modified nucleoside 2 (5 µM) in water, 

methanol, acetonitrile and dioxane was excited at lowest energy absorption maximum (322 

nm) with excitation and emission slit widths of 3 nm and 5 nm, respectively.  In case of 

ethylene glycol and glycerol the excitation and emission slit widths were maintained at 1 nm 

and 10 nm, respectively.  All solutions contained 0.5% DMSO.  Fluorescence experiments 

were performed in triplicate in a micro fluorescence cell (Hellma, path length 1.0 cm) on a 

Horiba Jobin Yvon, Fluorolog-3 fluorescence spectrophotometer. 

 

Time-resolved fluorescence measurements: Excited state lifetimes of 2 in various solvents 

were determined using TCSPC fluorescence spectrophotometer (Horiba Jobin Yvon). While 

the concentration of 2 in water, methanol, ethylene glycol and glycerol was 5 µM, 

concentration in acetonitrile and dioxane was 250 µM. Nucleoside 2 in water, methanol, 

ethylene glycol and glycerol was excited using 339 nm LED source (IBH, UK, NanoLED-

339L) with a band pass of 4 nm, and fluorescence signal at respective emission maximum 

was collected.  Similarly, 2 in acetonitrile and dioxane was excited using 375 nm diode laser 

source (IBH, UK, NanoLED-375L) with a band pass of 12 nm.  Lifetime measurements were 

performed in duplicate, and decay profiles were analyzed using IBH DAS6 analysis software.  

Fluorescence intensity decay kinetics in water and ethylene glycol were found to be 

monoexponential, whereas in other solvents were found to be biexponential with 
2
 

(goodness of fit) values very close to unity. 
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2B.4.5 Synthesis and purification of modified ONs 

Benzofuran modified DNA ONs 5–8 and 19 were synthesized on a 1.0 μmole scale (1000 Å 

CPG solid support).  Phosphoramidite 4 was site-specifically incorporated into the ONs by 

standard DNA ON synthesis protocol with a final trityl-off step (coupling efficiencies were 

found to be 60–75%).  The solid support was treated with 30% aqueous ammonium 

hydroxide (3 ml) for 15 h at ~50 °C.  The aqueous ammonium hydroxide solution was 

evaporated to dryness on a Speed Vac, and deprotected ON products were purified by 

polyacrylamide gel electrophoresis using a 20% gel under denaturing conditions.  Respective 

modified ON products were visualized by UV shadowing; product bands were excised from 

the gel and transferred to a poly-prep column. The gel pieces were crushed using a sterile 

glass rod and ONs were extracted with sodium acetate buffer (0.3 M, 3 ml) for 12 h.  The 

resulting solutions were filtered and desalted using Sep-Pak classic C18 cartridges.   

 

2B.4.6 MALDI-TOF mass measurements 

Molecular weight of DNA ONs 5–8 and 19 were determined using Applied Biosystems 4800 

Plus MALDI TOF/TOF analyzer.  2 μL of (100 μM) each modified ON was mixed with 1 μL 

of 100 mM ammonium citrate buffer (pH 9), 2 μL of 100 μM DNA internal standard (10-mer 

for 5–8 and 18-mer for 19) and 4 μL of saturated 3-hydroxypiccolinic acid (matrix) solution.  

The samples were desalted with an ion-exchange resin (Dowex 50W-X8, 100-200 mesh, 

ammonium form) and spotted on the MALDI plate, and were air dried. The resulting spectra 

were calibrated relative to the internal DNA standards. Sequence of 10-mer DNA internal 

standard: 5' TGCACGGCGC 3' (mass of +1 and +2 ions are 3029.0 and 1514.5, respectively). 

Sequence of 18-mer DNA internal standard: 5' TAATACGACTCACTATAG 3' (mass of +1 

and +2 ions are 5466.6 and 2733.3, respectively). 

 

2B.4.7 Thermal denaturation experiments 

Duplexes were formed by heating a 1:1 mixture (10 M) of the appropriate ONs in 20 mM 

cacodylate buffer (pH 7.0, 100 mM NaCl, 0.5 mM EDTA) at 90 °C for 3 min and cooling the 

solutions slowly to room temperature.  Hybridized samples were diluted with cacodylate 

buffer to give a final concentration of 1 μM duplex in 20 mM cacodylate buffer (pH 7.0, 100 

mM NaCl, 0.5 mM EDTA).  Thermal denaturation was monitored at 260 nm.  
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2B.4.8 Steady-state fluorescence of modified DNA ONs 

ONs 5–8 (10 μM) were annealed to respective complementary custom ONs (5c–8c,  11 μM) 

by heating the ONs in 20 mM cacodylate buffer (pH 7.0, 100 mM NaCl, 0.5 mM EDTA) at 

90 °C for 3 min.  Samples were then cooled slowly to RT, and placed on crushed ice for 2 h. 

Samples were diluted to give a final concentration of 1 μM (with respect to modified ON) in 

cacodylate buffer. Following the above procedure, DNA-RNA heteroduplexes (1 μM) were 

assembled by annealing modified DNA ONs 5–8 to respective complementary RNA ONs 

13c–16c and abasic-site containing ONs 13a–16a. Fluorescently modified duplexes were 

excited at 330 nm with an excitation and emission slit width of 3 nm and 10 nm, respectively. 

Fluorescence experiments were performed in triplicate in a micro fluorescence cuvette at RT. 

Duplexes 1917 and 1918 were also prepared as mentioned above and fluorescence spectra 

were recorded by exciting the samples at 330 nm with an excitation and emission slit width of 

7 nm and 10 nm, respectively. 
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2B.6 Appendix-II:  Characterization data of synthesized compounds 
1
H NMR of 2 (400 MHz, d6-DMSO) 

 

13
C NMR of 2 (100 MHz, d6-DMSO) 
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1
H NMR of 3 (400 MHz, CDCl3) 

 

13
C NMR of 3 (100 MHz, CDCl3) 
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1
H NMR of 4 (500 MHz, CDCl3) 

 

31
P NMR of 4 (162 MHz, CDCl3) 
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Chapter 3 

Fluorescent nucleoside analogs as probes for study the DNA and RNA non-

canonical structures 

 

Chapter 3A 

 5-Benzofuran-modified nucleoside analogs as topology-specific probes for 

human telomeric DNA and RNA G-quadruplex structures 
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3A.1 Introduction 

Guanine-rich sequences with the potential to form non-canonical four-stranded nucleic acid 

structures called G-quadruplexes (GQs) have received particular attention in recent years due 

to their interesting structural features and biological functions.
[1,2]  

These sequences are 

abundantly found in human genome, particularly in telomeric DNA repeats and certain 

oncogenic promoter regions, and in untranslated regions of mRNA and telomeric repeat-

containing RNA (TERRA).
[3]

  Compelling evidence suggests that these structures play 

important roles in chromosome maintenance and transcriptional- and translational-control of 

proliferation-associated genes (e.g., c-myc, c-kit, NRAS, etc.).
[4−6]

  In terms of structure, GQs 

exhibit a variety of folding topologies in vitro, which depend on the sequence and monovalent 

cations.
[7−9] 

 For example, human telomeric (h-Telo) DNA repeats (TTAGGG)n typically form 

antiparallel and mixed parallel-antiparallel stranded intramolecular GQ structures in the 

presence of Na
+
 and K

+
 ions, respectively.

[10−13]
  However, equivalent RNA sequences form 

parallel GQ irrespective of Na
+
 and K

+ 
ionic conditions.

[14,15] 

Owing to the structural diversity of GQs and their role in disease states, G-rich 

sequences are being rigorously evaluated as novel therapeutic targets for cancer 

chemotherapy.
[1−6]

  This has led to a flurry of efforts in the development and therapeutic use 

of small molecule binders, which induce or stabilize GQ structures and modulate their 

biological function.
[16−27]

  Recent visualization of DNA and RNA GQ structures in cells has 

further bolstered the interest in this direction.
[28-34] 

Although many of these small molecules 

bind to GQs strongly, they still lack the required selectivity to differentiate different GQ 

topologies and nucleic acid type to progress for clinical trials.  Furthermore, paucity of 

efficient chemical probes that can detect different GQ topologies and quantitatively report 

ligand binding has been a major impediment in the advancement of GQ-directed therapeutic 

strategies.
[35−37]

 These shortcomings are also evident as no GQ-binding ligand, except for 

quarfloxin, has been tested in clinical trials.
[38] 

Fluorescence resonance energy transfer (FRET) approach has been widely applied to 

study the formation, stability and dynamics of various GQ structures.
[39-41]

  In this approach, 

an appropriate FRET pair is covalently attached at the 5' and 3' ends of GQ forming 

oligonucleotide (ON) sequences and change in fluorescence upon folding in the presence of 

metal ions, complementary ONs or ligands is used as a measure to study various GQ 

structures.
[39-43]

 Such fluorescently-tagged GQs and aptamers based on GQ structures (e.g., 

thrombin binding aptamer) have also been elegantly utilized in the fluorometric detection of 
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metal ions,
[44-46] 

proteins 
[47-49]

 and in screening assays to identify quadruplex ligands.
[50,51] 

 In 

a different approach, the efficient excimer emission from pyrene-conjugated thrombin 

binding DNA aptamer enabled the sensitive detection of K
+
 ions.

[52]
 Interestingly, studies 

using differentially end-labeled GQ ONs, which exhibit quenching in fluorescence due to 

proximal ligand binding, revealed that GQ ligands bind to a GQ structure at distinct G-tetrads 

with varied binding affinities.
[53]

  Such labeled GQ ONs could serve as probes to indentify G-

tetrad-specific ligands as the physicochemical environment of G-tetrads of a GQ structure is 

different.      

Ligands and metal complexes that show changes in their fluorescence upon binding to 

GQs have also been utilized as tools to detect and study the recognition properties of GQs. 

[35−37,54−57]
  Alternatively, fluorescent purine surrogates (e.g., 6-methylisoxanthopterin and 2-

aminopurine) and base-modified 2'-deoxyguanosine analogs containing vinyl, styryl, aryl or 

heteroaryl group have been incorporated into ONs and utilized in the study of DNA GQs. 

[58−67]
  However, many of the fluorescent non-covalent binders and nucleoside analogs are 

structurally perturbing or poorly discriminate different GQ topologies or exhibit unfavourable 

photophysical properties (e.g., very low fluorescence due quenching by guanosine and 

emission in the UV region), which depend on the sequence and hence, hamper their 

implementation in discovery assays to indentify GQ binders.
[35,68]

  For example, 2-

aminopurine (2AP), a fluorescent adenine analogue, has been incorporated into the loop 

region (TTA) of h-Telo DNA repeat and used as a structure-selective probe for DNA GQs 

and ligand binding.
[60,61] 

 In an analogous study, 2AP and 6MI were incorporated into the loop 

positions of thrombin binding aptamer.  Though these fluorescent analogs exhibited 

substantial enhancement in fluorescence intensity, which depended on the location of the 

analogs, they significantly destabilized the quadruplexes.
[66]

 Moreover, their ability to 

discriminate between DNA and RNA GQs and quantitatively report topology-specific 

binding of ligands to DNA and RNA GQs has not been explored.  Therefore, it is envisioned 

that the therapeutic evaluation of GQs will greatly benefit from the development of 

fluorescence-based biophysical tools that (i) can specifically sense the formation of GQs with 

enhancement in fluorescence intensity, (ii) can distinguish different GQs based on topology 

and nucleic acid type, and (iii) are compatible to screening formats for the identification of 

small molecules that selectively bind to DNA and RNA GQs. 

Here, we describe examples of minimally perturbing environment-sensitive 

fluorescent pyrimidine nucleoside analogs, based on a 5-(benzofuran-2-yl)uracil core, which 
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when incorporated into one of the loop regions of human telomeric DNA and RNA ON 

sequences, clearly signal the formation of different DNA and RNA GQ structures with 

significant enhancement in fluorescence intensity. These emissive nucleosides selectively 

detect GQ structures from corresponding duplexes, and distinguish GQ topologies based on 

(i) ionic conditions (Na
+
 vs. K

+
) and (ii) nucleic acid type (DNA vs. RNA).  Furthermore, we 

utilized the conformation-sensitivity of the probes in developing fluorescence binding assays 

to quantitatively determine topology-specific binding of ligands to DNA and RNA GQs.  Our 

results demonstrate that these simple GQ sensors could provide an alternative platform for the 

development of screening assays to identify topology- and nucleic acid-specific GQ binders 

of therapeutic potential. 

 

3A.2 Results and Discussion 

3A.2.1 Fluorescence detection of DNA GQs 

In previous chapter, we have introduced base-modified fluorescent pyrimidine analogs 

derived by attaching benzofuran moiety at the 5-position of uracil.
[71−73]

 5-Benzofuran-

modified 2'-deoxyuridine (1) and uridine (2) analogs are reasonably emissive and their 

fluorescence properties are highly sensitive to changes in their microenvironment.  Unlike the 

majority of fluorophores, these nucleosides, when incorporated into ONs and hybridized to 

complementary ONs, retain appreciable fluorescence efficiency and report changes in 

flanking bases and base pair mismatches via changes in their fluorescence properties.  These 

key observations and 3D structure of h-Telo DNA repeats in which the loop region (TTA) 

undergoes substantial conformational change upon binding to a small molecule ligand 

inspired us to develop the benzofuran-modified nucleoside analogue as a probe to detect GQ 

structures and GQ binders (Figure 1). 

Human telomeric DNA repeats, which endcap eukaryotic chromosomes play an 

important role in chromosome maintenance. 
[74,75]

  While aberrant shortening of telomeric 

repeats during cell division can result in genomic instability, the preservation of telomere 

length by telomerase activity in tumour cells has been implicated in carcinogenesis.
[76,77] 

 

Therefore, we selected h-Telo DNA repeat d[AG3(T2AG3)3], which has received much of the 

attention, as the first test system.  Phosphoramidite 3 was used in the synthesis of fluorescent 

h-Telo DNA ONs 5 and 6 in which the loop residues dT11 and dT12, respectively, were 

replaced with 5-benzofuran-modified 2'-deoxyuridine 1 (Figure 2).  We purposely chose to 

modify the loop dT residues as modifications on guanosine could affect the efficiency of 
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formation of GQ.
[67,78]

  The integrity of full-length modified h-Telo DNA ONs 5 and 6 was 

confirmed by mass analysis (Table 1 and Figure 3). 

 

 

Figure 1. Crystal structure of h-Telo DNA repeat d[AG3(T2AG3)3] in the presence of K
+
 ions. The 

conformation of loop residues dT11, dT12 and dA13 in the absence (A) and presence (B) of a ligand 

(tetrasubstituted naphthalene diimide derivative) is shown. 
[11,23]

  The PDB accession numbers are 

1KF1 and 4DA3, respectively. We envisaged that pyrimidine loop residues would be potential sites 

for introducing conformation-sensitive probes. 

 

 

 

Figure 2. Chemical structure of 5-benzofuran-modified 2'-deoxyuridine (1) and uridine (2) analogs, 

and corresponding phosphoramidite substrates 3 and 4 used in the synthesis of GQ-forming DNA and 

RNA ONs (5, 6, 9 and 11). 5 and 6 are fluorescent h-Telo DNA ONs containing the modification at 

position 11 and 12, respectively. ON 7 is a control unmodified h-Telo DNA and 8 is complementary 

to h-Telo DNA 57. 9 and 10 are modified and control unmodified TERRA ONs, respectively. 

Sequence of doubly modified longer h-Telo DNA repeat 11 used in this study. 
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Figure 3. HPLC chromatograms of PAGE purified fluorescent ONs 5, 6 and 9 at 260 nm. Mobile 

phase A = 100 mM triethylammonium acetate buffer (pH 7.5), mobile phase B = acetonitrile. Flow 

rate = 1 mL/min. Gradient = 010% B in 10 min and 10100% B in 20 min. HPLC analysis was 

performed using Luna C18 column (250 x 4.6 mm, 5 micron). 

 

 Table1. ε260 and MALDI-TOF mass data of modified h-Telo DNA and TERRA ONs. 

Modified ON ε260 (M
-1

cm
-1

) Calcd. mass Observed mass
 

5 232713 7068.6 7068.5 

6 232713 7068.6 7069.3 

9 263253 7962.8 7963.1 

11 420226 12898.3 12898.6 

 

Steady-state fluorescence analysis of ONs 5 and 6 in a buffer solution containing KCl 

or NaCl (100 mM) was performed by exciting the samples at 330 nm.  Telomeric DNA 5, 

which could form hybrid-type of mixed parallel-antiparallel stranded GQ in K
+
, displayed a 

significantly higher fluorescence intensity (~4 fold at em = 435 nm) as compared to 

corresponding perfect duplex 5•8 (Figure 4A).  Remarkably, 5 in the presence of Na
+ 

ions, 

which is known to induce antiparallel GQ structure exhibited a nearly 9-fold enhancement in 

fluorescence intensity as compared to duplex 5•8 with no apparent change in emission 

maximum.  Further, time-resolved fluorescence measurements revealed distinct decay 

kinetics for different GQ topologies.  The antiparallel GQ structure of 5 exhibited the highest 

lifetime of 3.00 ns followed by mixed-type GQ (1.40 ns) and duplex 5•8 (0.64 ns and 0.66 ns) 

in the presence of K
+
 and Na

+
 ions (Figure 4B, Table 2).  This trend in lifetime was found to 

be consistent with the trend in emission intensity observed in steady-state experiments.  The 

marked difference in emission intensity and lifetime exhibited by h-Telo DNA ON 5 in K
+
 

and Na
+
 is likely due to distinctly different conformation of fluorescent nucleosides in these 

two different topologies.   
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Figure 4. (A) Steady-state and (B) time-resolved fluorescence spectra of h-Telo DNA 5 and 

corresponding duplex 5•8 in the presence of K
+
 or Na

+
 ions. Laser profile is shown in gray (prompt). 

Fluorescence spectrum of ON 5 (magenta) in buffer without added Na
+
 and K

+
 ions is also shown. 

ONs (0.25 M) were excited at 330 nm with excitation and emission slit widths of 8 and 10 nm, 

respectively.  

 

 

Figure 5. Fluorescence spectra of h-Telo DNA 6 and corresponding duplex 6•8 in the presence of K
+
 

or Na
+
 ions. Fluorescence spectrum of ON 6 (magenta) in buffer without added Na

+
 and K

+
 ions is 

also shown. ONs (0.25 M) were excited at 330 nm with excitation and emission slit widths of 8 and 

10 nm, respectively. 

 

Interestingly, the efficiency of sensing of different GQ topologies by emissive 

nucleoside was found to depend on the position of modification. ON 6, containing the 

emissive nucleoside 1 at position 12, in the presence of Na
+
 or K

+
 ions displayed reasonable 

quenching in fluorescence intensity as compared to duplex 6•8 (Figure 5).  Albeit small 

difference in emission maximum, ON 6 failed to distinguish between different GQ structures 

in Na
+
 and K

+
 ionic conditions.  Based on emission maximum, the fluorescent nucleoside 1 in 

h-Telo DNA ON 5 in the presence of K
+
 and Na

+
 ions (~435 nm) is slightly less solvent 
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exposed than the free nucleoside (447 nm, Table 1).  While the emissive nucleoside in ON 6 

in the presence of Na
+
 ions (435 nm) is solvated similar to ON 5 in the presence of K

+
 and 

Na
+
 ions, it is even more less exposed to solvent in ON 6 in the presence of K

+
 ions (420 nm). 

3A.2.2 Fluorescence detection of RNA GQs 

While most efforts in the study of GQ structures have been dedicated toward developing 

probes for DNA GQs, probe development for RNA GQs has received less attention.  

Therefore, we wanted to explore the efficacy of our emissive nucleoside in detecting the 

formation of RNA GQ structures.  For this purpose we chose TERRA composed of extended 

tandem repeats of (U2AG3)n, which has been considered to play important role in telomere 

structure  maintenance and replication.
[79,80]

  RNA GQs formed in vitro under near 

physiological conditions are thermodynamically more stable than their DNA counterparts, 

and have been shown to form parallel-stranded GQ structure in both Na
+
 and K

+
 ionic 

conditions.
[14,15]

  The counterpart of h-Telo DNA 5, TERRA ON 9 (U2AG3)4, containing 

benzofuran-modified uridine analogue 2 at loop residue was synthesized by using 

phosphoramidite 4 (Scheme 1, Figure 2, Table 1).  

 

 

Scheme 1. Synthesis of benzofuran-modified uridine phosphoramidite substrate 4 for the solid-phase 

synthesis of RNA ON 9.  DMT = 4,4'-dimethoxytrityl, TBDMS = 2'-O-tert-butyldimethylsilyl. 
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Upon excitation, RNA 9 in the presence of K
+
 and Na

+ 
ions displayed a significant 

and comparable enhancement in fluorescence intensity (~5-fold) as compared to 

corresponding duplex 9•8 (Figure 6A).  Excited-state decay kinetics analysis of 9 also 

revealed a similar lifetime of 2.80 ns and 2.90 ns in K
+
 and Na

+
 ions, respectively, which was 

nearly four times higher than that of duplex (Figure 6B, Table 2).  These results clearly 

indicate that the conformation and microenvironment of the emissive nucleoside incorporated 

into 9 in K
+
 and Na

+
 is similar and consistent with the formation of parallel GQ structure 

expected for TERRA ON irrespective of ionic conditions.
[14,15]

  It is worth mentioning here 

that a fluorescent adenine analogue, 2AP, when incorporated into the loop region of h-Telo 

DNA repeat exhibits emission maximum in the UV region (em = 370 nm) and much lower 

quantum yield (0.06) as compared to benzofuran-modified h-Telo DNA and TERRA GQs 

(Table 2).
[81] 

This is because, guanine is known to effectively quench the fluorescence of 2AP 

in ONs by electron transfer mechanism.
[68] 

 

 

Figure 6. (A) Steady-state and (B) time-resolved fluorescence spectra of TERRA 9 and corresponding 

duplex 9•8 in the presence of K
+
 or Na

+
 ions. Laser profile is shown in gray (prompt). Fluorescence 

spectrum of ON 9 (magenta) in buffer without added Na
+
 and K

+
 ions is also shown. ONs (0.25 M) 

were excited at 330 nm with excitation and emission slit widths of 8 and 10 nm, respectively. 

 

We believe that distinct fluorescence properties such as emission maximum, quantum 

yield and lifetime exhibited by DNA and RNA GQ structures of 5 and 9, and corresponding 

duplexes in different ionic conditions are due to distinct conformation and microenvironment 

of emissive nucleosides in these constructs.  As a consequence, the observed enhancement in 

fluorescence intensity displayed by GQs as compared to duplexes can be possibly due to a 

combination of the following reasons: rigidification of the fluorophore, reduced electron 

transfer process and stacking interaction between the emissive nucleobase and neighbouring 
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bases in GQs as compared to base-paired emissive nucleobase in duplexes.
[68,82]

  Taken 

together, these results clearly demonstrate the ability of benzofuran-modified nucleosides to 

distinguish different GQ topologies based on ionic conditions and nucleic acid type. 

 

Table 2. Quantum yield and excited-state lifetime of modified h-Telo DNA 5 and TERRA 9 

GQs and corresponding duplexes in different ionic conditions.
 

 

 

 

 

 

 

 

a 
Standard deviations for quantum yield () and average lifetime (av) are ≤ 0.001 and ≤ 0.05 ns, 

respectively. 
b 
Relative amplitude is given in parenthesis. 

 

3A.2.3 Circular dichroism and thermal melting studies 

Benzofuran modification in h-Telo DNA 5 and TERRA 9 could potentially affect the 

formation and stability of GQ structures.  Circular dichroism (CD) analysis of modified ONs 

5 and 9, and corresponding unmodified ONs 7 and 10, respectively, in the presence of Na
+
 or 

K
+
 ions confirmed the formation of respective topologies thereby indicating that the 

modification did not hamper the formation of GQs (Figures 7).  In the presence of K
+
 ions h-

Telo DNA ONs 5 and 7 exhibit a positive peak at ~290 nm, a smaller shoulder at ~270 nm 

and a smaller minimum at ~ 235 nm, which closely resemble the CD pattern of hybrid-type of 

mixed parallel-antiparallel stranded GQ structure.  Such a CD profile has been observed for 

the same sequence in earlier reports.
[12,83] 

 In the presence of Na
+
 ions h-Telo DNA ONs 5 and 

7 exhibit CD pattern (positive peak at ~290 nm and strong negative peak at ~265 nm) 

characteristic of antiparallel stranded GQ structure.
[10,84]

  On the other hand, irrespective of 

ionic conditions both modified and unmodified TERRA ONs show similar CD profiles 

characteristic of parallel stranded GQ structure.
[14,84] 

 Furthermore, UV-thermal melting 

Sample λem 

(nm) 

a 1
b 

(ns) 

2
b 

(ns) 

Ave
a 

(ns)
 

1 in water (53) 446 0.19 2.38 - 2.38 

2 in water (52) 447 0.21 2.55 - 2.55 

5 in KCl 435 0.11 0.74 (0.81) 4.03 (0.19) 1.40 

5•8 in KCl 430 0.03 0.56 (0.98) 5.10 (0.02) 0.64  

5 in NaCl 430 0.25 1.89 (0.58) 4.50 (0.42) 3.00  

5•8 in NaCl 430 0.03 0.57 (0.98) 5.27 (0.02) 0.66  

9 in KCl 440 0.19 1.53 (0.66) 5.37 (0.34) 2.80  

9•8 in KCl 440 0.04 0.56 (0.98) 5.42 (0.02) 0.65  

9 in NaCl 440 0.18 1.67 (0.67) 5.67 (0.33) 2.90  

9•8 in NaCl 440 0.04 0.58 (0.98) 5.30 (0.02) 0.67  
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analysis of modified and unmodified GQ-forming ONs in different ionic conditions gave 

similar Tm values (ΔTm  2C) suggesting that the benzofuran modification had only a minor 

impact on GQ stability (Figure 8, Table 3)
[85]

 

 

 

Figure 7. CD spectra of (A) fluorescently modified h-Telo DNA 5, h-Telo DNA 6 and control 

unmodified h-Telo DNA 7 (B) fluorescently modified TERRA 9 and control unmodified TERRA 10 

in 10 mM Tris-HCl buffer (pH 7.5) containing either 100 mM KCl or 100 mM NaCl. Both 

unmodified and modified ONs show similar CD profiles in respective ionic conditions.  

 

 

 

Figure 8. Representative UV-thermal melting profiles of fluorescently modified (A) h-Telo DNA 5 

and control unmodified h-Telo DNA 7 in 10 mM Tris-HCl buffer (pH 7.5) containing 100 mM NaCl 

at 260 nm. (B) TERRA 9 and control unmodified TERRA 10 in 10 mM Tris-HCl buffer (pH 7.5) 

containing 100 mM NaCl at 295 nm. 
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Table 3. Tm values of fluorescently modified and control unmodified GQs in the presence of 

KCl and NaCl 

 Fluorescent 

GQ 

Tm  

(°C) 

Control  

unmodified GQ 

Tm  

(°C) 

5  in KCl 67 ± 0.5 7 in KCl 67 ± 0.6 

5  in NaCl 61 ± 0.4 7 in NaCl 62 ± 0.7 

9  in KCl 77 ± 0.9 10 in KCl 78 ± 0.8 

9  in NaCl 58 ± 0.9 10 in NaCl 60 ± 0.8 

 

 

3A.2.4 Topology-specific binding of small-molecules to DNA and RNA GQ structures 

Next we sought to explore the compatibility of these GQ sensors in estimating topology-

specific binding of small-molecules to different GQ structures.  For this purpose, we chose 

two known GQ binders, pyridostatin (PDS) and BRACO19, which have been used as tools 

for biophysical and therapeutic analysis of GQ structures (Figure 9).
[86,87]

  Fluorescent h-Telo 

DNA 5 was assembled into mixed-type and antiparallel GQs in buffers containing KCl and 

NaCl, respectively.  GQs of 5 were excited at 330 nm and changes in fluorescence intensity 

upon addition of increasing concentrations of a ligand were monitored.  Addition of PDS to 

mixed-type GQ resulted in a nearly 4-fold quenching in fluorescence intensity at the 

saturation concentration of PDS (2.5 µM, Figure 10A).  The saturation binding isotherm 

yielded an apparent Kd of 919  7 nM, which is comparable to literature report (Figure 

10B).
[88]

  Interestingly, binding of PDS to antiparallel GQ in Na
+
 resulted in a concentration-

dependent decrease in fluorescence intensity, which was significantly pronounced as 

compared to in the presence of K
+
 (8-fold at PDS = 1.5 µM, Figure 10C, 10D).  The Kd value 

(440  21 nM) indicated that PDS has higher binding affinity for antiparallel h-Telo DNA GQ 

as compared to mixed-type h-Telo DNA GQ structure (Table 4).  The fluorescent nucleoside 

also reported the binding of BRACO19 to both mixed-type and antiparallel GQs of 5 with 

significant quenching in fluorescence intensity (Figure 11).  BRACO19 exhibited opposite 

binding affinities for GQs as compared to PDS (Table 4).  While BRACO19 binding to 

mixed-type h-Telo DNA GQ was found to be stronger than PDS, binding of BRACO19 to 

antiparallel DNA GQ was weaker compared to PDS. 



   Chapter 3A 

 

100 
 

 

Figure 9. Chemical structure of GQ binders, pyridostatin (PDS) and BRACO19. 

 

 

 

Figure 10. Emission spectra (solid lines) of mixed-type (A) and antiparallel (C) GQs of h-Telo DNA 

5 (0.25 µM) in the presence of K
+
 and Na

+
 ions, respectively, with increasing concentrations of PDS. 

Dashed lines represent emission profile of GQs in the absence of PDS. Curve fit for the binding of 

PDS to h-Telo DNA 5 in the presence of (B) KCl and (D) NaCl. Normalized fluorescence intensity at 

λem = 430 nm is plotted against log [PDS]. 

 



   Chapter 3A 

 

101 
 

 

Figure 11. Emission spectra (solid lines) of mixed-type (A) and antiparallel (C) GQs of h-Telo DNA 

5 (0.25 µM) in the presence of K
+
 and Na

+
 ions, respectively, with increasing concentrations of 

BRACO19. Dashed lines represent emission profile of GQs in the absence of BRACO19. Curve fit for 

the binding of BRACO19 to h-Telo DNA 5 in the presence of (B) KCl and (D) NaCl. Normalized 

fluorescence intensity at λem = 430 nm is plotted against log [BRACO19].  

 

High-resolution structures of TERRA have revealed distinct features of RNA GQs 

involving 2'-hydroxyl group and loop residues that are not found in DNA GQs.
[15]

  These 

studies suggest the possibility of developing small-molecule ligands that can selectively bind 

GQs based on nucleic acid type.
[89]

  TERRA ON 9, which forms parallel GQ structure in both 

K
+
 and Na

+
 ionic conditions, was subjected to binding studies.  Concentration-dependent 

quenching in fluorescence intensity signalled the binding of PDS and BRACO19 to 9 (Figure 

12, 13).  The ligands exhibited significantly higher but similar binding affinities for TERRA 

as compared to h-Telo DNA in the presence of K
+
 and Na

+
 ions (Table 4).  These results are 

consistent with the ability of TERRA ON 9 to form one type of stable GQ structure (i.e., 

parallel) as compared to corresponding DNA sequence, irrespective of ionic conditions.  

Importantly, control binding experiments with nucleoside 1 and duplexes of h-Telo DNA 

(5•8) and TERRA (9•8) resulted only in minor changes in fluorescence intensity indicating 

that the nucleoside incorporated into ONs 5 and 9 signalled only the specific binding of 



   Chapter 3A 

 

102 
 

ligands to GQ structures (Figure 14).  In the absence of structural analysis, fluorescence 

quenching displayed by GQs of 5 and 9 is possibly due to the conformation attained by 

emissive nucleosides upon ligand binding, which is less rigid and appropriately positioned for 

nonradiative interactions with neighbouring bases and or ligands.
[68,90,91]

  Further, differential 

binding affinities exhibited by PDS and BRACO19 for DNA and RNA GQs could be 

ascribed to the differences in chemical environment and conformation of G-tetrads of GQ 

assemblies.
[53]

  Collectively, these observations highlight the potential of benzofuran-

modified nucleoside analogs as probes for quantitative estimation of structure-specific 

binding of ligands to GQ structures. 

 

 

Figure 12. Emission spectra (solid lines) of parallel GQ of TERRA 9 (0.25 µM) in the presence of K
+
 

(A) and Na
+
 (C) ions, respectively, with increasing concentrations of PDS. Dashed lines represent 

emission profile of GQs in the absence of PDS. Curve fit for the binding of PDS to TERRA 9 in the 

presence of (B) KCl and (D) NaCl. Normalized fluorescence intensity at λem = 430 nm is plotted 

against log [PDS].  
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Figure 13.  Emission spectra (solid lines) of parallel GQ of TERRA 9 (0.25 µM) in the presence of K
+
 

(A) and Na
+
 (C) ions, respectively, with increasing concentrations of BRACO19. Dashed lines 

represent emission profile of GQs in the absence of BRACO19. Curve fit for the binding of 

BRACO19 to TERRA 9 in the presence of (B) KCl and (D) NaCl. Normalized fluorescence intensity 

at λem = 440 nm is plotted against log [BRACO19].  

 

 

Table 4. Binding constant (Kd) for PDS and BRACO19 binding to h-Telo DNA 5 and 

TERRA 9.  

 

ON PDS (nM) BRACO19 (nM) 

in KCl in NaCl in KCl in NaCl 

5  919 ± 07 440 ± 21 476 ± 25 938 ± 29 

9  260 ± 10 268 ± 12 294 ± 04 244 ± 11 

11  n.d. 539 ± 19 483 ± 23 462 ± 17 

n.d. = not determined (although addition of PDS to 11 in the presence of KCl resulted in quenching, 

reliable binding constant could not be determined). 
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Figure 14. Control binding experiments. Fluorescence intensity of nucleoside 1 and duplexes of h-

Telo DNA (5•8) and TERAA (9•8) (0.25 µM in 10 mM Tris-HCl buffer pH 7.5, 100 mM NaCl) as a 

function of increasing concentrations of PDS and BRACO19. Samples were excited at 330 nm with 

excitation and emission slit widths of 8 nm and 10 nm, respectively. Changes in FI of 1 and duplexes 

5•8 and 9•8 are plotted at respective emission maximum (447 nm, 430 nm and 440 nm, respectively). 

Addition of increasing concentrations of ligands to nucleoside 1 and duplexes of h-Telo DNA (5•8) 

and TERAA (9•8) resulted only in minor changes in fluorescence intensity. 

 

 

3A.2.5 Binding of ligands to higher-order h-Telo DNA GQ structures 

The telomeric DNA, which terminates in a 100200 bases 3' single stranded overhang of G-

rich hexameric repeats, can form higher-order GQ structures (e.g., dimer or multimer). 
[92,93]

  

Such consecutive GQ units have been also considered as a potential target as they play an 

important role in recognition and function of telomeric DNA.  We synthesized longer h-Telo 

DNA repeat 11 containing two modifications, which could form two consecutive GQ units. 

[94]
 The CD and fluorescence profiles of ON 11 in the presence of KCl and NaCl revealed the 

formation of mixed-type and antiparallel GQ structures, respectively (Figure 15).  Akin to ON 

5, addition of increasing concentrations of PDS and BRACO19 resulted in concentration-

dependent decrease in fluorescence intensity, which however, yielded similar binding 

constants in both Na
+
 and K

+
 ionic conditions (Table 4).  These results underscore the 

potential utility of emissive nucleoside in studying the structure as well as in identifying 

higher-order GQ binders. 
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Figure 15. (A) CD  and (B) fluorescence spectra of doubly modified longer h-Telo DNA repeat 11 in 

10 mM Tris-HCl buffer (pH 7.5) containing either 100 mM KCl or 100 mM NaCl. CD and 

fluorescence profiles of ON 11 in the presence of KCl and NaCl were found to be similar to h-Telo 

DNA 5. 

 

 

 

3A.3 Conclusions 

Environment-sensitive and minimally perturbing 5-benzofuran-modified 2'-deoxyuridine (1) 

and uridine (2) analogs, when incorporated into one of the loop residues of human telomeric 

DNA and RNA ONs, reported the formation of different DNA and RNA GQ structures with 

significant enhancement in fluorescence intensity.  These GQ sensors enabled the 

development of a simple fluorescence method to detect and quantify topology- and nucleic 

acid-specific binding of ligands to GQ structures.  Although many fluorescent purine 

nucleosides analogs have been used in the study of DNA GQs, their use in the discrimination 

of different GQ topologies based on nucleic acid type and in the quantitative estimation of 

ligands binding to DNA and RNA GQs has not been well explored.
[35]

  Moreover, some of 

the easily accessible analogs (e.g., 2-AP, 6-MI, furyl-dG), though exhibit enhancement in 

fluorescence depending on the position of incorporation, significantly destabilize the GQ 

structures.
[60,66,67]

  Hence, implementation of such probes in screening formats to identify 

efficient GQ binders may not be feasible.  In this context, benzofuran-modified nucleoside 

analogs could serve as useful GQ probes and provide an efficient platform to identify 

topology- and nucleic acid-specific GQ binders of therapeutic potential.  
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3A.4 Experimental Section 

3A.4.1 Materials 

5-iodouridine, benzofuran, butyllithium, tributyltin chloride, bis(triphenylphosphine)-

palladium(II) chloride, 4,4'-dimethoxytrityl chloride, Pyridostatin (PDS), BRACO19 were 

obtained from Sigma-Aldrich. 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite was 

purchased from Alfa Aesar. N-benzoyl-protected dA, dT, N,N-dimethylformamidine-

protected dG and N-acetyl-protected dC phosphoramidite substrates for solid-phase DNA 

synthesis were purchased from ChemGenes Corporation. Solid supports for DNA synthesis 

were obtained from ChemGenes Corporation.  TBDMS-protected ribonucleoside 

phosphoramidite substrates and solid supports required for RNA synthesis were purchased 

from Glen Research. All other reagents for solid-phase ON synthesis were obtained from 

ChemGenes Corporation. h-Telo DNA ONs 5, 6 and 11 were synthesized by following our 

earlier report using phosphoramidite 3.
[72] 

Synthetic DNA ONs 7 and 8 were purchased from 

Integrated DNA Technologies, Inc. and purified by polyacrylamide gel electrophoresis 

(PAGE) under denaturing condition, and desalted on Sep-Pak Classic C18 cartridges (Waters 

Corporation). Custom synthesized oligoribonucleotide 10 was purchased from Dharmacon 

RNAi Technologies, deprotected according to the supplier’s protocol, PAGE-purified and 

desalted using Sep-Pak Classic C18 cartridge. Chemicals (BioUltra grade) for preparing 

buffer solutions were purchased from Sigma-Aldrich. Autoclaved water was used for 

preparation of all buffer solutions and in biophysical analysis. 

 

3A.4.2 Instrumentation 

NMR spectra were recorded on 400 MHz Jeol ECS-400 spectrometer. Mass measurements 

were recorded on Applied Biosystems 4800 Plus MALDI TOF/TOF analyzer and Water 

Synapt G2 High Definition mass spectrometers. Modified DNA and RNA ONs were 

synthesized on Applied Biosystems RNA/DNA synthesizer (ABI-394). Absorption spectra 

were recorded on Shimadzu UV-2600 spectrophotometer. HPLC analysis was performed 

using Agilent Technologies 1260 Infinity. UV-thermal melting studies of ONs were 

performed on Cary 300Bio UV-Vis spectrophotometer and CD analysis was performed on 

JASCO J-815 CD spectrometer. Steady-state and time-resolved fluorescence experiments 

were carried out in a micro fluorescence cuvette (Hellma, path length 1.0 cm) on a TCSPC 

instrument (Horiba Jobin Yvon, Fluorolog-3). 
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3A.4.3 Synthesis 

5-Benzofuran-modified 5'-DMT-protected uridine 13: A mixture of 5'-DMT-protected 5-

iodouridine 12
 
(0.750 g, 1.12 mmol, 1.0 equiv), 2-(tri-n-butylstannyl)benzofuran (0.681 g, 

1.67 mmol, 1.5 equiv), and  bis(triphenylphosphine)-palladium(II) chloride (0.047 g, 0.07 

mmol, 0.06 equiv) was dissolved in anhydrous dioxane (15 ml). The reaction mixture was 

heated at 90 C for 2 h and filtered through celite pad. The celite pad was washed with 

dichloromethane (2  20 ml), filtrate was evaporated and the resulting solid residue was 

purified by silica gel column chromatography to afford the compound 13 as a white foam 

(0.68 g, 92%). TLC (CH2Cl2:MeOH = 94:6 with few drops of Et3N); Rf  = 0.74; 
1
H NMR (400 

MHz, CDCl3): δ (ppm) 8.49 (s, 1H), 7.47 (d, J = 8.4 Hz, 2H), 7.36–7.33 (m, 6H), 7.18 (t, J = 

7.8 Hz, 2H), 7.08–7.00 (m, 2H), 6.91 (t, J = 8.4 Hz, 1H), 6.69 (dd, J = 8.8, 2.4 Hz, 4H), 6.25 

(d, J = 8.4 Hz, 1H),  6.04 (d, J = 5.2 Hz, 1H), 4.56 (br, 4H), 4.49 (t, J = 5.2 Hz, 1H), 4.30–

4.26 (m, 2H), 3.59 (s, 3H), 3.58 (s, 3H); 
13

C NMR (100 MHz, CDCl3 ): δ (ppm) 161.6, 158.5, 

153.5, 151.4, 147.6, 144.6, 135.9, 135.7, 135.3, 130.2, 130.1, 129.0, 128.3, 128.0, 127.0, 

124.1, 122.7, 120.8, 113.3, 110.9, 107.0, 105.8, 90.5, 86.9, 75.8, 71.2, 63.2, 55.2, 53.1; 

HRMS: (m/z) Calculated for C38H34N2O9K [M+K]
+
 = 701.1901, found: 701.1908. 

 

5-Benzofuran-modified 2'-O-TBDMS protected uridine 14: Compound 13 (0.600 g, 0.91 

mmol, 1.0 equiv) and silver nitrate (0.346 g, 2.04 mmol, 2.2 equiv) were dissolved in 

anhydrous pyridine (1.8 ml).  To the above solution was added anhydrous THF (9 ml). After 

stirring for 10 min tert-butyldimethylsilyl chloride (0.307 g, 2.04 mmol, 2.25 equiv) was 

added. Reaction mixture was stirred for additional 0.5 h and filtered through celite pad. Celite 

pad was washed with ethyl acetate (2  15 ml) and the combined organic solution was then 

washed with 5 % sodium bicarbonate (25 ml) followed by brine solution (25 ml). The organic 

extract was dried over sodium sulphate and evaporated. The resulting crude residue was 

purified by silica gel column chromatography to afford the product 14 as a white solid (0.425 

g, 60%). TLC (petroleum ether:EtOAc = 60:40 with few drops of Et3N); Rf = 0.6; 
1
H NMR 

(400 MHz, CDCl3): δ (ppm) 8.55 ( s, 1H), 7.55 (d, J = 7.6 Hz, 2H), 7.45–7.39 (m, 6H), 7.20 

(t, J = 7.6 Hz, 2H), 7.10–7.02 (m, 2H), 6.82 (t, J = 7.8 Hz, 1H), 6.71 (dd, J = 8.8, 4.8 Hz, 

4H), 6.19 (d, J = 6.8 Hz, 1H),  5.80 (d, J = 8.4 Hz, 1H), 4.58 (t, J = 5.4 Hz, 1H), 4.21 (dd, J = 

7.8, 5.4 Hz, 1H), 4.13 (t, J = 4.0 Hz, 1H), 3.72 (dd, J = 11.0, 1.8 Hz, 1H), 3.63 (s, 3H), 3.60 

(s, 3H), 3.25 (dd, J = 11.0, 2.6 Hz, 1H), 0.90 (s, 9H), 0.13 (s, 3H), 0.11 (s, 3H); 
13

C NMR 

(100 MHz, CDCl3 ): δ (ppm) 160.0, 158.7, 153.5, 149.5, 147.3, 144.7, 135.8, 135.5, 134.9, 
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130.2, 130.1, 128.8, 128.3, 128.0, 127.1, 124.3, 122.7, 120.8, 113.3, 111.0, 107.5, 106.2, 

87.8, 87.1, 84.2, 76.0, 71.3, 63.3, 55.3, 31.1, 25.7, -4.6, -5.0; HRMS: (m/z): Calculated for 

C44H48N2O9SiK [M+K]
+
 = 815.2766, found: 815.2769. 

 

5-Benzofuran-modified uridine phosphoramidite substrate 4: To a solution of compound 

14 (0.250 g, 0.32 mmol, 1.0 equiv) in anhydrous dichloromethane (2.5 ml) was added N,N-

diisopropylethylamine (0.140 ml, 0.80 mmol, 2.5 equiv) and stirred for 10 min. To this 

solution was slowly added 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (0.11 ml, 

0.48 mmol, 1.5 equiv) and the reaction mixture was stirred for 12 h. The solvent was 

evaporated to dryness and the residue was redissolved in ethyl acetate (20 ml), which was 

washed with 5% sodium bicarbonate solution (15 ml) followed by brine solution (15 ml). The 

organic extract was dried over sodium sulphate, evaporated and the crude solid residue was 

purified by column chromatography to afford the product 4 as a white solid (0.254 g, 81%). 

TLC (petroleum ether:EtOAc = 60:40 with few drops of Et3N); Rf = 0.70; 
1
H NMR (400 

MHz, CDCl3): δ (ppm) 8.61 (s, 1H), 7.58 (d, J = 7.6 Hz, 2H), 7.44 (d, J = 7.6 Hz, 6H), 7.21 

(t, J = 7.6 Hz, 2H), 7.10 (t, J = 7.4 Hz, 1H), 7.01 (t, J = 7.6 Hz, 1H), 6.786.70 (m, 6H), 6.16 

(d, J = 6.4 Hz, 1H), 5.61 (d, J = 8.4 Hz, 1H),  4.56 (dd, J = 6.4, 5.2 Hz, 1H), 4.35 (br, 1H), 

4.174.11 (m, 1H), 3.80 (br, 1H), 3.62 (s, 3H), 3.60 (s, 3H), 3.54 (dd, J = 11.4, 6.2 Hz, 2H), 

3.433.34 (m, 1H), 3.15 (dd, J = 11.0, 2.6 Hz, 1H), 2.282.21 (m, 2H), 1.16 (d, J = 6.8 Hz, 

6H), 1.13 (d, J = 6.8 Hz, 6H), 0.86 (s, 9H), 0.06 (s, 6H); 
13

C NMR (100 MHz, CDCl3 ): δ 

(ppm) 160.0, 158.6, 153.5, 149.4, 147.5, 144.7, 136.0, 135.6, 135.1, 130.3, 128.9, 128.4, 

127.1, 124.1, 122.7, 120.7, 117.4, 113.3, 111.0, 107.2, 105.9, 87.6, 87.1, 84.3, 75.2, 73.0, 

62.9, 57.6, 55.3, 43.6, 25.8, 24.8, 22.8, 20.2, 18.1, -4.6, -4.7; 
31

P NMR (162 MHz, CDCl3): δ 

(ppm) 151.6; HRMS: (m/z): Calculated for C53H65N4O10PSiK [M+K]
 +

 = 1015.3845, found: 

1015.3854. 

 

3A.4.4 Solid-phase synthesis of modified DNA and RNA ONs 

Benzofuran-modified h-Telo DNA ONs 5, 6 and 11 were synthesized and purified according 

to our earlier report using phosphoramidite 3.
[53]

 Benzofuran-modified TERRA ON 8 was 

synthesized on a 1 μmole scale CPG solid support (1000 Å) by following standard solid-

phase RNA ON synthesis protocol using 2'-O-TBDMS-protected phosphoramidite substrates. 

While incorporation of native 2'-O-TBDMS-protected phosphoramidites was performed with 

a coupling time of 10 min, incorporation of fluorescent 2'-O-TBDMS-protected 
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phosphoramidite substrate 4 was performed with a coupling time of 30 min.  The coupling 

efficiency of 4 based on trityl monitor-assay was found to be ~35%.  After deprotection of 

trityl group on the synthesizer, the solid support was treated with a 1:1 solution of 10 M 

methylamine in ethanol and water (1.5 mL) for 12 h.  The mixture was centrifuged and the 

supernatant was evaporated to dryness on a Speed Vac.  The residue was then dissolved in 

DMSO (100 L) and was added TEA.3HF (150 L).  The resulting solution was heated at 65 

°C for 2.5 h and was brought to RT. The completely deprotected ON solution was lyophilized 

and was purified by PAGE (20% gel) under denaturing conditions.   The band corresponding 

to the full-length product was identified by UV shadowing.  The ON was extracted with 

ammonium acetate buffer (0.5 M, 3 ml) and desalted using a Sep-Pak classic C18 cartridge.  

 

3A.4.5 MALDI-TOF mass analysis of modified DNA and RNA ONs 

2 µL of the modified ON (~200 µM) was combined with 1 µL of ammonium citrate buffer 

(100 mM, pH 9), 2 µL of a DNA internal standard (200 µM) and 4 µL of saturated 3-

hydroxypicolinic acid solution. The sample was desalted using an ion-exchange resin (Dowex 

50W-X8, 100-200 mesh, ammonium form), spotted on the MALDI plate and was air dried. 

The resulting spectrum was calibrated relative to an internal DNA ON standard.  

 

3A.4.6 Photophysical analysis of fluorescently modified DNA and RNA GQs and 

corresponding duplexes 

Steady-state fluorescence 

GQ forming ONs 5/6/9/11 (0.25 µM) were heated at 90 °C for 3 min in 10 mM Tris-HCl 

buffer (pH 7.5) containing either 100 mM KCl or 100 mM NaCl. Samples were then cooled 

slowly to RT and were kept at 4 °C for 1 h. Duplexes (0.25 µM) of ONs 5/6/9 were 

assembled by heating a 1:1 mixture of the ON with complementary DNA ON 8 in 10 mM 

Tris-HCl buffer (pH 7.5) containing either 100 mM KCl or 100 mM NaCl at 90 °C for 3 min.  

Duplexes (5•8, 6•8 and 9•8) were then cooled slowly to RT and stored at 4 °C for 1 h. 

Fluorescently modified GQs and duplexes were excited at 330 nm with excitation and 

emission slit widths of 8 and 10 nm, respectively. All fluorescence experiments were 

performed in triplicate in a micro fluorescence cuvette (Hellma, path length 1.0 cm) on a 

Horiba Jobin Yvon, Fluorolog-3 at 20 °C. 
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Quantum yield determination 

 Quantum yield of fluorescently modified DNA and RNA ONs were determined relative to 

the quantum yield of nucleoside 1 and 2 respectively, by using the following equation. 
[69]

 

      F(s)
2

sxsxxsF(x) //FF/AA  nn  

Where s is respective fluorescent nucleoside, x is fluorescently modified DNA and RNA ON 

constructs, A is the absorbance at excitation wavelength, F is the area under the emission 

curve, n is the refractive index of the buffer, and F  is the quantum yield. Quantum yield of 

nucleoside 1 and 2 is 0.19 and 0.21, respectively. 

 

Time-resolved fluorescence 

Excited-state lifetime of GQs and duplexes (1 µM), assembled as mentioned above, were 

determined using TCSPC instrument (Horiba Jobin Yvon, Fluorolog-3). ONs were excited 

using 339 nm LED source (IBH, UK, NanoLED-339L) and fluorescence signal at respective 

emission maximum was collected (Table 1). All experiments were performed in duplicate and 

decay profiles were analyzed using IBH DAS6 analysis software. Fluorescence intensity 

decay kinetics of all ON constructs were found to be biexponential with χ
2
 (goodness of fit) 

values very close to unity. 

 

3A.4.7 Circular dichroism analysis 

h-Telo DNA ONs 5 and 7 and TERRA ONs 9 and 10 (4 µM) were assembled into GQs by 

heating the ONs at 90 °C for 3 min in 10 mM Tris-HCl buffer (pH 7.5) containing either 100 

mM KCl or 100 mM NaCl. Samples were then cooled slowly to RT and kept at 4 °C for 1 h 

prior to CD analysis. CD spectra were collected from 350 to 220 nm on a Jasco J-815 CD 

spectrometer using 1 nm bandwidth at 20 C. Experiments were performed in duplicate 

wherein each spectrum was an average of five scans. The spectrum of buffer was subtracted 

from all sample spectra. 

 

3A.4.8 Thermal melting analysis 

h-Telo DNA ONs 5 and 7 and TERRA ONs 9 and 10 (1 µM) were annealed by heating the 

ONs at 90 °C for 3 min in 10 mM Tris-HCl buffer (pH 7.5) containing either 100 mM KCl or 

100 mM NaCl. Samples were then cooled slowly to RT and kept at 4 °C for 1 h prior to 

thermal melting analysis. UV-thermal melting analysis was performed in triplicate at 260 nm 

and 295 nm by using Cary 300Bio UV-Vis spectrophotometer. 
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3A.4.9 Fluorescence binding assay: Binding of PDS and BRACO19 to h-Telo DNA ONs 

5, 11 and TERRA 9 

A series of solution of DNA and RNA GQs (0.25 µM) of 5/11 and 9, respectively, containing 

increasing concentrations of PDS/BRACO19 was prepared in Tris-HCl buffer (10 mM, pH 

7.5) containing either 100 mM KCl or 100 mM NaCl. The concentration of ligand was 

increased from 13 nM to 2.5 µM. The samples were excited at 330 nm with excitation and 

emission slit widths of 8 and 10 nm, respectively. A spectral blank of the buffer in the 

absence of ON and ligand was subtracted from all measurements. All fluorescence 

experiments were performed in triplicate in a micro fluorescence cuvette (Hellma, path length 

1.0 cm) on a Horiba Jobin Yvon, Fluorolog-3 at 20 °C. Control binding experiments with 

duplexes 5•8 and 9•8 were also performed under similar conditions. Normalized fluorescence 

intensity (FN) versus log of ligand concentration plots were fitted using Hill equation 

(OriginPro 8.5.1) to determine the apparent binding constant  Kd  for the binding of ligands to 

GQs. 
[70] 
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Fi is the fluorescence intensity at each titration point.  F0 and Fs are the fluorescence intensity 

in the absence of ligand (L) and at saturation, respectively.  n is the Hill coefficient or degree 

of cooperativity associated with the binding. 
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The value of the Hill coefficient describes the cooperativity of ligand binding in the following 

way if  n>1  is a positively cooperative binding means once one ligand molecule is bound to 

GQ, its affinity for other ligand molecules increases. While if n<1 is a negatively cooperative 

binding means once one ligand molecule is bound to GQ, its affinity for other ligand 

molecules decreases. We have observer a Hills coefficient of ~3 for each binding study.  
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3A.6  Appendix-III: Characterization data of synthesized compounds 

1
H NMR of 5-Benzofuran-modified 5'-DMT-protected uridine 13 in CDCl3 

 

13
C NMR of 5-Benzofuran-modified 5'-DMT-protected uridine 13 in CDCl3 
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1
H NMR of 5-Benzofuran-modified 2'-O-TBDMS-protected uridine 14 in CDCl3 

 

13
C NMR of 5-Benzofuran-modified 2'-O-TBDMS-protected uridine 14 in CDCl3 
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31
P NMR of phosphoramidite substrate 4 in CDCl3 
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3B.1 Introduction 

Cytosine rich (C-rich) DNA oligonucleotides (ONs) in acidic condition form an intercalated 

tetraplex of hemiprotonated CC

 base pairs inducing a stable self-assembly called i- motif.

[1]
  

C-rich  sequences abundantly present in human telomeric (h-telo) DNA and promoter regions 

of several oncogenes. Some of these sequences have been shown to form stable i-motif 

structure in vitro in slightly acidic pH.
[2]

  Several proteins including transcription factors 

selectively bind to the C-rich DNA and induce i-motif structures.  This protein DNA 

interaction leading to the control of oncogenic expression at the transcription level.
[3,4] 

 

Although direct evidence for the existence of i-motif structure in cellular environment is yet 

to be proven, recent studies suggest the possibility of targeting these structures with specific 

ligands, which modulate the oncogenic expression at transcription level leading to potential 

therapeutics for genetic diseases.
[5]

  Moreover, sequence specific molecular recognition 

properties of this pH sensitive self-assembly has been programmed and utilized as a building 

block for the design of several functional DNA nano-devices used for a variety of 

applications.
[6]

  

Structurally, i-motif DNA exhibits a variety of folding topologies and wider range of 

stability in vitro, which greatly relies on the number of cytosine residues, the loop length and 

the analytical conditions.
[2e,7]

  In addition, C-rich RNA sequences forming i-motif structures 

in solution have been identified.
[8]

  Contrary to DNA i-motif conformation, the i-motif 

formed by RNA ON are much less stable possibly due to the hydrophilic 2' hydroxyl group, 

which prefer the hydration of RNA and thereby destabilizing the i-motif formation.
[8] 

Sequence dependent folding and intercalation topologies of i-motif DNA structures have 

been investigated by X-ray crystallography and NMR at the atomic level.
[9] 

 Fluorescence 

resonance energy transfer (FRET) has been widely used to study the conformational 

dynamics and folding kinetics of DNA i-motif in vitro as well as in vivo.
[10]

  Recently, base 

modified fluorescent nucleoside analogs have emerged as valuable probe to understand the 

folding transitions of i-motif DNA.
[11]   

Kim and co-workers have introduced a pyrene-

modified deoxyadenosine (
Py

A) analog into c-rich DNA and characterized the i-motif 

formation by monitoring the exciplex emission of the fluorophore.
[11b]

 Using a similar 

approach, Majima group has implemented a combination of 5-(pyrenylethynyl)-2'-

deoxyuridine  and 2'- anthraquinone-modified uridine analogs to study the electron transfer 

process during i-motif formation.
[11c]

  Later, Mata and Luedtke used dimethylaniline (DMA) 
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fused deoxycytidine (
DMA

C) to compare the folding kinetics of i-motif with duplex.
[11d]

 
 

However, depending on the position within the DNA majority of these probes reasonably 

destabilize the i-motif structure, and hence, hamper the sensitivity of fluorescence based 

studies of i-motifs.  In this context, development of minimally perturbing fluorescent probes, 

which faithfully report the structural transitions, will help in understanding these structures 

and further accelerate the therapeutic evaluation of this non-canonical structure of nucleic 

acids.    

Here, we describe environment-sensitive and minimally perturbing fluorescent 

pyrimidine nucleoside analogs, based on a 5-(benzofuran-2-yl)uracil core, for the structural 

analysis of DNA and RNA i-motifs.  Upon incorporating into one of the loop regions of C-

rich h-telo DNA and RNA ON sequences, these analogs clearly signaled the transition from 

single stranded ONs into their respective i-motif structures.  Importantly, steady-state as well 

as time-resolved fluorescence spectroscopy techniques indicated the potential of these probes 

in estimating the ipH of i-motif formation.  Our results demonstrate that these i-motif sensors 

provide a simple platform to probe the structural polymorphism of biologically important C-

rich DNA and RNA sequences.  

 

3B.2 Results and Discussion 

3B.2.1 Fluorescence detection of DNA i-motif formation 

In the previous chapter, we have demonstrated the utility of 5-benzofuran-conjugated 2'-

deoxyuridine (1) and uridine (2) in the detection of DNA and RNA G-quadruplex topologies. 

These results encouraged us to explore the utility of the fluorescent analogs as probes for i-

motif structures in nucleic acids. Since the stability of i-motif DNA is significantly dependent 

on the number of cytosine residue in ON sequence, an increase in cytosine content induces i-

motif formation even at neutral/slightly alkaline pH with higher stability.
[7]

  Therefore, to 

assess the ability of fluorescent nucleoside 1 towards detection of i-motif formation, we have 

synthesized cytosine-dense DNA ON 3 by solid phase ON synthesis (Figure 1). We 

purposely chose to modify the dT residues as modifications on cytosine could alter the 

efficiency of i-motif formation.  The purity and integrity of full-length modified DNA ON 

was confirmed by HPLC and mass analysis, respectively (Figure 2 and Table 1). 
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Figure 1. Chemical structure of 5-benzofuran-conjugated 2'-deoxyuridine (1) and uridine (2) used in 

the synthesis of i-motif-forming DNA and RNA ONs (3, 4 and 8). 4 and 8 are fluorescent h-telo DNA 

and RNA ONs, respectively, containing the modification at one of the loop positions. 7 and 9 are 

control unmodified h-telo DNA and RNA ONs, respectively. 5 is control fluorescent DNA ON which 

does not forms i-motif even at acidic pH. 

 

 

 

Figure 2. HPLC chromatograms of PAGE purified fluorescent ONs 3, 4 and 8 at 260 nm. Mobile 

phase A = 100 mM triethylammonium acetate buffer (pH 7.6), mobile phase B = acetonitrile. Flow 

rate = 1 mL/min. Gradient = 010% B in 10 min and 10100% B in 20 min.  

 

Table 1. ε260 and mass data of modified DNA and RNA ONs. 

Modified ON ε260 (M
-1

cm
-1

)
[a]

 Calcd. mass Observed mass
 

3 178813 7040.6 7041.5 

4 224613 7232.8 7233.0 

5 161613 5257.5 5257.9 

8 230253 7571.1 7571.1 

 

[a] The molar absorption coefficient of modified oligonucleotides were determined by using 

OligoAnalyzer 3.1. The extinction coefficient of nucleoside 1 (ε260 = 12613 M
-1

cm
-1

) and 2 (ε260 = 

17253 M
-1

cm
-1

) were used in place of thymidine and uridine respectively.  

 

Steady-state fluorescence analysis of DNA ON 3 was performed as function of pH in 

Tris-HCl buffer solution.  When excited at 330 nm, DNA ON 3 at slightly basic pH (8.6) 
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displayed strong emission band centered at 440 nm (Figure 3A).  As the pH was lowered 

from 8.6 to 5.0 DNA ON 3 showed a significant pH-dependent fluorescence quenching (~ 19 

fold) without apparent changes in emission maximum (Figure 3A). Upon plotting the 

normalised fluorescence intensity at emission maximum against pH, a sigmoidal curve was 

observed, which yielded a ipH 7.2 (Figure 3B, Table 5).   

 

 

Figure 3. (A) Fluorescence spectra of DNA ON 3 (1 µM) in Tris-HCl buffer (100 mM) at different 

pH. (B) Curve fit obtained by plotting normalized fluorescence intensity at λem = 440 nm against pH 

was used to determine the transition point of i-motif formation. 

 

Furthermore, time-resolved fluorescence analysis revealed distinct decay kinetics for 

DNA ON 3, as we changed the pH of sample.  DNA ON 3 at pH 8.6 was mostly in single 

stranded form and exhibited mono-exponential and highest lifetime (5.66 ns). While at pH 

5.0 it formed stable i-motif assembly, which displayed a significantly lower and bi-

exponential decay kinetics (2.11ns) (Figure 4A, Table 2). This trend in lifetime was found to 

be consistent with the trend in emission intensity observed in steady-state experiments. 

Importantly, a saturation lifetime isotherm yielded an ipH 7.0 (Figure 4B, Table 5), which 

was similar to the one obtained by steady-state analysis.  These observations highlight the 

consistency of the fluorescence nucleoside analog 1 in reporting the pH dependent structural 

transition of DNA ON 3 from single strand to intercalated i-motif structure.  The remarkable 

difference in the emission intensity and lifetime exhibited by DNA ON 3 at different pH is 

likely due to significant conformational change leading to effective stacking of the 

fluorophore 1 between adjacent nucleobases as a consequence of i-motif formation. 
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Figure 4. (A) Time-resolved fluorescence spectra of DNA ON 3 (1 µM) in Tris-HCl buffer (100 mM) 

at representative pH. (B) Curve fit obtained by plotting normalized lifetime against pH was used to 

determine the transition point of i-motif formation. 

 

Table 2. Lifetime properties of DNA ON 3 in Tris-HCl buffer (100 mM ) at different pH 

      

 

 

 

 

 

 

 

 

 

 

[a] Relative amplitude is given in parenthesis. [b] Standard deviations for τave (lifetime) are ≤ 0.05 ns. 

Life time of  DNA ON 3 at pH 5.0 to 7.1 was found bi-exponential while at pH 7.5 to 8.6 was mono-

exponential. 

 

Owing to biological relevance of C-rich h-telo DNA sequences d(C3TA2)n the folding 

kinetics and topologies have been well studied by NMR spectroscopy.
[2a,2c,9b]

  It is also 

reported  that  while adopting intramolecular i-motif structure the loop region (TAA) of h-telo 

DNA undergoes substantial conformational change.
[13]

 Hence, to further confirm the 

sequence independent conformational sensitivity of 1, we have synthesized h-telo DNA ON 4 

containing fluorescent uridine at one of the loop regions. When excited in Tris-HCl buffer at 

pH 8.6 h-telo DNA ON 4 exhibited a strong emission band at 440 nm. A progressive 

quenching in fluorescence (~ 5 fold) was observed as the pH was lowered (Figure 5A). In 

addition, lifetime analysis also revealed different decay kinetics for h-telo DNA 4 at different 

pH. It displayed longer mono-exponential life time (5.75 ns) at pH 8.6 and exhibited shorter 

ON 3 at λem 

(nm) 

1
[a] 

(ns) 

2
[a] 

(ns) 

Ave
[b] 

(ns)
 

pH 5.0 440 1.18 (0.74) 4.70 (0.26) 2.11 

pH 5.8 440 1.24 (0.70) 4.98 (0.30) 2.35 

pH 6.6 440 1.40 (0.64) 5.52 (0.36) 2.87 

pH 7.1 440 1.94 (0.26) 5.88 (0.74) 4.85 

pH 7.5 440 5.50 (1.00) - 5.50  

pH 8.1 440 5.58 (1.00) - 5.58  

pH 8.6 440 5.66 (1.00) - 5.66 
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bi-exponential life time (4.20 ns) at pH 5.0 (Figure 6A, Table 3). Further, we have 

determined the ipH for h-telo DNA ON 4 by using steady-state and lifetime analysis data 

(Figure 5B, 6B respectively and Table 5). The obtained ipH values are comparable with h-

telo DNA (CCCTAA)3CCC, which was recently reported by using circular dichroisms (CD) 

spectroscopy.
[7c]

  Appreciable difference in the emission intensity and lifetime exhibited by h-

telo DNA ON 4 at different pH is likely due to the combinations of conformation change and 

effective stacking of fluorescent nucleosides with neighbouring bases as a consequence of i-

motif formation at acidic pH.
[2c] 

 Importantly, control fluorescence experiments with 

nucleoside 1 and DNA ON 5 which does not fold into i-motif structure resulted in only 

marginal changes in fluorescence intensity (Figure 7). These results clearly indicate that the 

fluorescence properties of free nucleoside are not dependent on the pH of the solution.  

These results demonstrate that conformational-sensitive nucleoside analog 1 selectively 

detected the pH induced i-motif formation only upon incorporation into C-rich DNA ONs. 

 

 

Figure 5. (A) Fluorescence spectra of h-telo DNA ON 4 (1 µM) in Tris-HCl buffer (100 mM) at 

different pH. (B) Curve fit obtained by plotting normalized fluorescence intensity at λem = 440 nm 

against pH was used to determine the transition point of i-motif formation. 
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Figure 6. (A) Time-resolved fluorescence spectra of h-telo DNA ON 4 (1 µM) in Tris-HCl buffer 

(100 mM) at representative pH. (B) Curve fit obtained by plotting normalized lifetime against pH was 

used to determine the transition point of i-motif formation. 

 

Table 3. Lifetime properties of h-telo DNA ON 4 in Tris buffer (100 mM with different pH) 

 

 

 

 

 

 

[a] Relative amplitude is given in parenthesis. [b] Standard deviations for τave (lifetime) are ≤ 0.05 ns. 

Life time of h-telo DNA ON 4 in pH 5.0 to 6.2 was bi-exponential while, in pH 6.6 to 8.6 was mono 

exponential 

 

Figure 7. Fluorescence spectra of (A) Free nucleoside 1 and (B) DNA ON 5 (1 µM) in Tris-HCl 

buffer (100 mM) at different pH. 

Sample λem 

(nm) 

1
[a] 

(ns) 

2
[a] 

(ns) 

Ave
[b] 

(ns)
 

pH 5.0 440 1.51 (0.45) 6.41 (0.55) 4.20 

pH 5.8 440 1.51 (0.44) 6.37 (0.56) 4.21 

pH 6.2 440 1.76 (0.37) 6.26 (0.63) 4.61 

pH 6.6 440 5.75 - 5.75 

pH 7.1 440 5.80 - 5.80 

pH 7.5 440 5.76 - 5.76 

pH 8.1 440 5.76 - 5.76 

pH 8.6 440 5.75 - 5.75 
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3B.2.2 Fluorescence detection of RNA i-motif formation 

Unlike C-rich DNA, short RNA oligomers (~5 mer) do not form i-motif even in fairly acidic 

conditions.
[14]

  However, longer RNA ON sequences such as [r(UC5)]4 form RNA i-motif, 

which is structurally similar to equivalent DNA but surprisingly less stable.
[8]

  To study the i-

motif formation in C-rich RNA, we synthesized h-telo RNA ON r(C3UA2)4 8 containing 

benzofuran-conjugated uridine 2 at one of the  loop positions (Figure 1, 2 and Table 1).  Like 

DNA ONs 3 and 4 h-telo RNA ON 8 was also subjected to steady-state fluorescence as well 

as lifetime analysis in Tris-HCl buffer solution as a function of pH. 

When excited at its lowest energy maximum (330nm) h-telo RNA ON 8 displayed 

strong emission band at 440 nm at pH 7.5.  Upon increasing the acidity of the sample from 

(pH 7.5 to 4.0) h-telo RNA ON 8 exhibited a significant pH-dependent fluorescence 

quenching (~ 6 fold) without apparent change in emission maximum (Figure 8A). The 

observed trend in fluorescence quenching of h-telo RNA ON 8 is similar to that of h-telo 

DNA ON 4, which yielded a ipH 5.8 (Figure 8B, Table 5). This result implicates the tendency 

of RNA to form possible i-motif structure at relatively lower pH than the corresponding DNA 

ON.
[8]

  Furthermore, time-resolved fluorescence analysis revealed distinct decay kinetics for 

h-telo RNA ON 8, as we changed the pH of sample.  ON 8 at pH 7.5 exhibited a highest 

lifetime of 6.35 ns. While at pH 4.0 it is expected to adopt i-motif form, which displayed a 

significantly lower lifetime (4.17 ns, Figure 9A, Table 4). This trend in lifetime was found to 

be consistent with the trend in emission intensity observed in steady-state experiments. 

Importantly, saturation lifetime profile yielded a ipH 5.6, which is similar to the ipH obtained 

by steady-state analysis (Figure 9B, Table 5).  These observations highlight the potential of 

the fluorescent ribonucleoside analog 2 to probe the pH dependent conformational transition 

of C-rich RNA from single stranded state to possibly i-motif form.  The significant difference 

in the emission intensity and lifetime exhibited by h-telo RNA ON 8 at different pH is 

probably due to the effective stacking interaction between the fluorophore 2 and adjacent 

nucleobases. On the basis of observed fluorescence and lifetime changes compared to the 

equivalent DNA ON we assume that C-rich RNA oligonucleotide also induce the pH 

dependent i-motif structure. 
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Figure 8. (A) Fluorescence spectra of h-telo RNA 8 (1 µM) in Tris-HCl buffer (100 mM) at different 

pH. (B) Curve fit obtained by plotting normalized fluorescence intensity at λem = 440 nm against pH 

was used to determine the transition point of i-motif formation. 

 

 

Figure 9. (A) Time-resolved fluorescence spectra of h-telo RNA ON 8 (1 µM) in Tris-HCl buffer 

(100 mM) at representative pH. (B) Curve fit obtained by plotting normalized lifetime against pH was 

used to determine the transition point of i-motif formation. 

 

Table 5. Transitional pH of i-motif formation (ipH) obtained from steady-state fluorescence 

as well as life time analysis for DNA ONs 3, 4 and h-telo RNA ON 8. 

 

ONs ipH from steady-state 

fluorescence analysis 

ipH from life time 

analysis 

3 7.20 (±0.03) 7.00 (±0.01) 

4 6.50 (± 0.01) 6.30 (±0.02) 

8 5.80 (±0.01) 5.60 (±0.05) 
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3B.2.3 Circular dichroism and thermal melting studies 

Benzofuran-modification in DNA and RNA could potentially affect the formation and overall 

stability of i-motif structures.  CD analysis of modified DNA ON 3 and 4 and corresponding 

unmodified ON 6 and 7 at different pH confirmed the pH-dependent i-motif formation and 

also ascertained that the modification did not hamper i-motif structure (Figure 10).  DNA 

ONs 3 and 6 exhibited a strong positive peak at 275 nm at pH 7.5 corresponding to a random 

structure.  As the pH was lowered the ONs displayed noticeable changes in CD profile.  At 

pH 5.0 these ONs exhibited a strong positive peak at 290 nm and negative peak at 265 nm 

characteristic of an i-motif structure.
[7c]

  Similarly, h-telo DNA ON 4 and 7 displayed a 

positive peak at 270 nm and negative peak at 250 nm at pH 7.5. These ONs exhibited strong 

positive peak at 290 nm and negative peak at 255 nm at pH 5.0 characteristic of an i-motif 

structure.
[7e,11,15] 

 h-telo RNA ON 8 and 9 exhibited strong positive peak at 270 nm at pH 7.1 

and displayed a noticeable pH-dependent red shifted hypochromic profile in CD. At pH 4.5 

these RNA ONs displayed a positive peak at 275 nm, which could be characteristic of RNA i-

motif (Figure 11).  Furthermore, UV-thermal melting analysis of modified and unmodified 

DNA ONs at pH 5.0 resulted in similar Tm values (ΔTm  1C) suggesting that the benzofuran 

modification had only a minor impact on i-motif stability (Figure 12 and Table 6).  DNA 

ONs 3 and 6 displayed remarkably higher Tm values as compared to h-telo DNA ONs 4 and 7, 

which is consistent with the cytosine content. On the other hand modified h-telo RNA ON 8 

and corresponding unmodified RNA ON 9 did not give reliable thermal melting profiles for 

the determination of Tm of respective i-motif structure. 

 

Figure 10. CD spectra of (A) fluorescently modified DNA ON 3 and  control unmodified DNA ON 6 

(B) fluorescently modified h-telo DNA ON 4 and control h-telo DNA ON 7 in 100 mM Tris-HCl-HCl 

buffer at different pH.  
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Figure 11. CD spectra of fluorescently modified h-telo RNA 8 and control h-telo DNA 9 in 100 mM 

Tris-HCl-HCl buffer at different pH.  

 

 

Figure 12. UV-thermal melting profiles of fluorescently modified DNA 3, 4 and  control unmodified 

DNA 6 and 7 in 100 mM Tris-HCl-HCl buffer at pH 5.0.  

 

Table 6. Tm values of fluorescently modified and control unmodified DNA ONs in Tris-HCl 

buffer at pH 5.0. 

 

Fluorescently-modified 

DNA ON 

Tm  

(°C) 

Control unmodified 

DNA ON 

Tm  

(°C) 

3 84 ± 0.7 6 85 ± 0.6 

4 60 ± 0.4 7 61 ± 0.5 
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3B.3 Conclusions 

5-benzofuran- conjugated 2'-deoxyuridine (1) and uridine (2) analogs upon incorporation into 

one of the loop residues faithfully reported the pH-dependent formation of DNA and RNA i-

motifs by changes in fluorescent intensity and excited-state lifetime. The incorporation of 

modified nucleosides into i-motif forming ON sequences did not hamper the structure and 

stability of the i-motifs. Notably, these probes enabled the determination of i-motif transition 

pH (ipH) based on cytosine content in the ONs and nucleic acid type (DNA vs. RNA). 

Currently, we are exploring the possibility of using these fluorescent probes in studying 

protein/ligand binding to biologically relevant i-motif structures. 

 

3B.4 Experimental section 

3B.4.1 Materials 

Benzofuran-modified nucleoside analogoues 1, 2 and corresponding phosphoramedite 

substrate for solid phase oligonucleotide (ON) synthesis were synthesis as per our earliear 

reports 
[12]

. N-benzoyl-protected dA, dT, N,N-dimethylformamidine-protected dG and N-

acetyl-protected dC phosphoramidite substrates for solid phase DNA synthesis were 

purchased from ChemGenes. Solid supports for the solid phase DNA synthesis were obtained 

from ChemGenes. TBDMS-protected ribonucleoside phosphoramidite substrates and solid 

supports required for the solid-phase RNA synthesis were purchased from Glen Research. All 

other reagents for solid phase oligonucleotides synthesis were obtained from ChemGenes. 

Synthetic DNA oligonucleotides were purchased from Integrated DNA Technologies, Inc. 

and purified by polyacrylamide gel electrophoresis (PAGE) under denaturing condition and 

desalted on Sep-Pak Classic C18 cartridges (Waters Corporation). Custom synthesized 

oligoribonucleotide was purchased from Dharmacon RNAi Technologies, deprotected 

according to the supplier’s protocol, PAGE-purified and desalted on Sep-Pak Classic C18 

cartridges. Chemicals (BioUltra grade) for preparing buffer solutions were purchased from 

Sigma-Aldrich. Autoclaved water was used for preparation of all buffer solution and 

fluorescence analysis.   
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3B.4.2 Instrumentation 

 Mass measurements were recorded on Applied Biosystems 4800 Plus MALDI TOF/TOF 

analyzer. Modified DNA and RNA oligonucleotides were synthesized on Applied 

Biosystems RNA/DNA synthesizer (ABI-394). Absorption spectra were recorded on a 

PerkinElmer, Lambda 45 UV-Vis spectrophotometer. RP-HPLC analyses were performed 

using Agilent Technologies 1260 Infinity. UV-thermal melting studies of oligonucleotides 

were performed on a Cary 300Bio UV-Vis spectrophotometer and CD analysis was 

performed on JASCO J-815 CD spectrometer. Steady-state fluorescence and time-resolved 

experiments were carried out in a micro fluorescence cuvette (Hellma, path length 1.0 cm) on 

a TCSPC instrument (Horiba Jobin Yvon, Fluorolog-3).   

 

3B.4.3 Solid-Phase synthesis and purification of modified DNA and RNA ONs 

Benzofuran-modified DNA ONs 3, 4, 5 and RNA ON 8 were synthesized and purified by 

following our earlier reports 
[12]

. See Table 1 for 260 and MALDI-MS data of the modified 

oligonucleotides and Figure 2 for the HPLC chromatogram of ON 3, 4 and 8. 

 

3B.4.4 MALDI-TOF MS of DNA and RNA ONs 

Molecular weight of benzofuran-modified DNA and RNA ONs were determined using 

Applied Biosystems 4800 Plus MALDI TOF/TOF analyzer.  2 µL of the modified ON (200 

µM) was combined with 1 µL of ammonium citrate buffer (100 mM, pH 9), 1.5 µL of a DNA 

standard (200 µM) and 4 µL of saturated 3-hydroxypicolinic acid solution. The sample was 

desalted with an ionexchange resin (Dowex 50W-X8, 100-200 mesh, ammonium form), 

spotted on the MALDI plate, and was air dried. The resulting spectrum was calibrated 

relative to an internal DNA ON standard. 

 

3B.4.5 Photophysical analysis of fluorescently modified ONs 

Steady-state fluorescence 

Fluorescently modified DNA ONs 3, 4 and RNA ON 8 (1.0 µM) were mixed in 100 mM Tris 

buffer containing different pH (4.0 to 8.6) and kept for 1 h at 20 °C. Similarly samples of 

DNA ON 5 which doesn’t forms i-motif structure and nucleoside 1 were prepared in 100 mM 

Tris buffer containing different pH (4.0 to 8.6). Fluorescently modified ONs and nucleoside 

were excited at 330 nm with excitation and emission slit widths of 2 and 5 nm, respectively. 
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All fluorescence experiments were performed in triplicate in a micro fluorescence cuvette 

(Hellma, path length 1.0 cm) on a Horiba Jobin Yvon, Fluorolog-3 at 20 °C. 

 

Time-resolved fluorescence 

Fluorescently modified DNA ONs 3, 4 and RNA ON 8 (1.0 µM) were mixed in 100 mM Tris 

buffer containing different pH (4.0 to 8.6) and lifetimes of the ONs were determined using 

TCSPC instrument (Horiba Jobin Yvon, Fluorolog-3). Fluorescently modified ONs were 

excited using 339 nm LED source (IBH, UK, NanoLED-339L) and fluorescence signal at 

respective emission maximum was collected. All Experiments were performed in duplicate 

and decay profiles were analyzed using IBH DAS6 analysis software. Fluorescence intensity 

decay kinetics for oligonucleotide constructs were found to be either mono-exponential or bi-

exponential with χ
2
 (goodness of fit) values very close to unity. 

 

3B.4.6 Circular dichroism analysis 

Fluorescently modified DNA ONs 3, 4, controlled unmodified DNA ONs 6, 7 and 

Fluorescently modified RNA ON 8 (8.0 µM) were mixed in 100 mM Tris buffer containing 

different pH (4.0 to 8.6). CD spectra were collected from 350 to 225 nm on a Jasco J-815 CD 

spectrometer using 1 nm bandwidth at 20 C. Experiments were performed in duplicate 

wherein each spectrum was an average of five scans. The spectrum of buffer was subtracted 

from all sample spectra. 

 

3B.4.7 Thermal melting analysis 

Fluorescently modified DNA ONs 3, 4, controlled unmodified DNA ONs 6, 7 and 

Fluorescently modified RNA ON 8 (8.0 µM) were mixed in 100 mM Tris buffer containing 

different pH (4.0 to 8.6).  UV-thermal melting analysis was performed in triplicate at 260 nm 

and 295 nm by using Cary 300Bio UV-Vis spectrophotometer. 

 

3B.4.8 Determination of transitional pH  

Transitional pH of i-motif formation (ipH) is considered as a pH at which 50% of the ON is 

in folded state (i-motif form).  Normalized fluorescence intensity (FN) versus pH plots were 

fitted using Hill equation (OriginPro 8.5.1) to determine the transitional pH.
[16] 
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4.1 Introduction 

Base-modified fluorescent nucleoside probes that photophysically report subtle changes in 

their neighboring base environment have been very useful in designing bioanalytical assays to 

study the structure and function of nucleic acids.
[1,2]

  Over the years several such responsive 

fluorescent nucleoside analogue probes have been appropriately implemented in assays to (i) 

detect base pair mismatches,
[3]

 abasic sites,
[4]

 mutagenic nucleobase modifications,
[5]

 electron 

transfer process
[6]

 and (ii) study nucleic acid topologies,
[7]

 enzyme activities,
[8]

 nucleic acid-

small molecule and nucleic acid-protein complexes.
[9]

  However, baring a very few examples, 

the majority of emissive nucleoside analogs, when incorporated into ON sequences, 

experience drastic fluorescence quenching due to interactions with neighbouring bases, which 

considerably limit their applications.
[10]

  Notably, purines, especially guanine (G), quench the 

fluorescence of most of the fluorophores by photoinduced electron-transfer process, and 

hence, turn-on fluorescence detection of purine repeats and mismatches has been quite a 

challenge.
[11-13]

  G-repeats (e.g., G-triad) are biologically important structural motifs and are 

frequently found in nucleic acids (e.g., telomeric and oncogene promoter regions).  Hence, 

development of fluorescence probes that can signal the presence of G-repeats with an 

enhancement in fluorescence intensity is highly desired.
[13]

  Therefore, much of the recent 

efforts in the development of new fluorescent nucleoside analogs are dedicated towards 

designing environment-sensitive analogs that have excitation and emission maximum in the 

visible region and high fluorescence efficiency within ONs, with the view of implementing 

them in both in vitro and in vivo assays.
[14,15-18]

 

Kool and co-workers have assembled a library of DNA-like chain, called 

oligodeoxyfluorosides, containing different PAH fluorophores, which display large Stokes 

shifts and wide array of quantum yields and emission wavelengths.
[16]

  These 

oligodeoxyfluorosides with tunable photophysical properties have been implemented in the 

detection of molecular species in solution and in the multiplexed imaging of cells.  In a 

somewhat similar approach, siRNAs labeled with multiple phenylpyrrolocytidine residues 

have been used to monitor the trafficking and silencing activity of siRNA inside living cells 

using fluorescence microscopy.
[17]

  More recently, a quadracyclic adenine analogue and 4-

aminophthalimide C-nucleoside have been introduced as fluorescent nucleoside surrogates, 

which when incorporated into ONs form stable duplexes and retain a reasonable fluorescence 

efficiency as compared to most other fluorescent nucleoside analogs.
[18]

  Predicting the 

photophysical behaviour of nucleoside analogs, free or incorporated into ONs, based on their 
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structure is not simple, and hence, probe design and implementation largely remain an 

empirical task. As a part of the continued efforts to develop new fluorescence probes with 

useful properties, here, we report the synthesis and photophysical properties of a highly 

emissive ribonucleoside analogue 6 obtained by conjugating the Lucifer chromophore, 

napthalimide core, at the 5-position of uridine via an ethynyl linker.
 
 The napthalimide-

modified uridine analogue exhibits both excitation and emission maximum in the visible 

region and excellent fluorescence solvatochromism.  Notably, the fluorescence properties of 

emissive nucleoside incorporated into ONs are sensitive to flanking bases and base pair 

substitutions.  In particular, the emissive nucleoside signals the presence of purine repeats 

(dG and dA) with a significant increase in fluorescence intensity, a property seldom exhibited 

by most of the fluorescent nucleoside analogs.
[11]

 

 

4.2 Results and Discussion 

4.2.1 Synthesis and photophysical properties of naphthalimide-modified uridine 6  

The design of fluorescent probe 6 is based on the 4-amino-1,8-naphthalimide core present in 

Lucifer dyes, which absorbs light in the visible region and exhibits large Stoke shifts and high 

quantum yields.
[19,20]

  The photophysical properties of parent napthalimide, containing the 

electron-withdrawing imide moiety, largely depends on the substituent present at the 4-

position of the dye. Typically, derivatives containing electron donating groups at this position 

exhibit very strong fluorescence due to the generation of a charge transfer excited state. 
[21]

  

As the fluorescence properties of naphthalimide core can be tuned by rational modification, 

its derivatives have been extensively used as biological markers, sensors, electroluminescent 

materials, to name a few.
[20]

  Encouraged by these reports, it was postulated that coupling 4-

ethynyl-1,8-naphthalimide at the 5-position of uridine would impart superior probe-like 

properties akin to Lucifer dyes to the nucleobase.  The naphthalimide-modified 

ribonucleoside 6 was synthesized according to the steps illustrated in Scheme 1.  4-ethynyl-

1,8-naphthalimide derivative 4 was prepared by first reacting commercially available 4-

bromo-1,8-naphthalic anhydride 1 with amine-modified triethylene glycol linker 2 followed 

by a Sonogashira cross coupling reaction with TMS-acetylene.  The silyl protecting group 

was then deprotected in the presence of TBAF to afford the naphthalimide derivative 4 in 

moderate yields.  Attachment of triethylene glycol linker at the imide position was chosen to 

enhance the solubility of the naphthalimide derivative in polar solvents for subsequent 

manipulations.  The fluorescent uridine analogue 6 was then obtained by performing a 
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palladium-catalyzed cross coupling reaction between 4-alkyne-modified naphthalimide 4 and 

5-iodouridine 5. 

 

 

Scheme 1. Synthesis of fluorescent uridine analogue 6 and its corresponding triphosphate 7. 

 

The ground state and excited state electronic properties of nucleoside 6 have been 

evaluated in solvents of different polarity to test the solvatochromic behaviour of the 

nucleoside.  While ground state electronic spectrum is marginally affected by changes in 

solvent polarity, the excited state properties of 6 are significantly altered by solvent polarity 

changes (Figure 1, Table 1).  In dioxane, the least polar solvent used in this study, the 

nucleoside exhibits a very strong emission band (λem = 480 nm) corresponding to a quantum 

yield of 87% (Figure 1, Table 1).  As the solvent polarity is increased from dioxane to water 

the nucleoside shows a remarkable 48 nm red-shifted emission band (λem = 528) and a nearly 

11-fold quenching in fluorescence intensity.  Excited-state lifetime measurements reveal 

longer lifetimes in nonpolar solvents as compared to in polar solvents (Figure 2 and Table 1).  

A good positive correlation between Stokes shift in different solvents and ET(30) value, a 

microscopic solvent polarity parameter, further indicates the sensitivity of nucleoside to 

microenvironment changes (Figure 3). Taken together, high fluorescence efficiency, 
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absorption and emission profiles in the visible region and sensitivity to polarity changes 

prompted us to study the fluorescence properties of the emissive nucleoside within ONs.  

 

 

Figure 1. Absorption (25 µM, solid) and emission (5.0 µM, dash) spectra of nucleoside 6 in solvents 

of different polarity. All solutions for absorption and emission studies contained 2.5% and 0.5% 

DMSO, respectively. 

 

 

Figure 2. Excited state decay profile of ribonucleoside 6 in solvents of different polarity. Laser profile 

(prompt) is shown in black, curve fits are shown in solid lines. 

 

Table 1. Photophysical properties of nucleoside 6.
 

solvent λmax
[a] 

(nm) 

λem
 

(nm) 

Irel
[b] 

Φ
[c] 

τave
[c] 

(ns) 

water 391 528 1 0.11   1.03 

methanol 393 527 3.7 0.24   1.66 

acetonitrile 393 500 9.6 0.67   3.68 

dioxane 393 480 10.8 0.87   2.78 

[a] Lowest energy maximum.  [b] Relative fluorescence intensity is given with respect to intensity in 

water. [c] Errors for  and τave are ≤ 0.003 and 0.03 ns, respectively. 
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Figure 3. A plot of Stokes shift vs. ET(30) for ribonucleoside 6 in solvents of different polarity. 

 

4.2.2 Enzymatic incorporation of nucleoside 6 into RNA ONs 

Primer extension and in vitro transcription reactions in the presence of DNA and RNA 

polymerases, respectively, and ligation reactions have been effectively used in the synthesis 

of fluorescently modified DNA and RNA ONs.
[9,21-24] 

 Notably, Hirao and co-workers have 

elegantly used unnatural base pairs, which are orthogonal to A-T/U and G-C pairs, to site-

specifically incorporate fluorescent analogs of unnatural bases into RNA ONs by in vitro 

transcription reactions.
[9a,25]

  Therefore, to assess the photophysical behavior of the emissive 

nucleoside within ONs, we chose to incorporate the naphthalimide-modified uridine into 

RNA ONs by in vitro transcription reactions.  The modified UTP 7 required for enzymatic 

incorporation was synthesized by treating nucleoside 6 with anhydrous POCl3 and then with 

bis-tributylammonium pyrophosphate in ice cold conditions (Scheme 1).
[26]

  The efficiency of 

T7 RNA polymerase to incorporate the modification into RNA ONs was first tested by 

radiolabeling experiments using a series of promoter-template DNA duplexes.  The duplexes 

were formed by annealing a T7 RNA polymerase consensus promoter DNA ON with 

template ONs T1–T5 (Figure 4).
[27]

  The templates were predisposed to direct the 

incorporation of the monophosphate of 7 at one or two positions near the promoter region, 

away from the promoter region, and at the 3'-end of the transcript.  In vitro transcription 

reactions were performed in the presence of GTP, CTP, -
32

P ATP and UTP/7, and the 

radiolabled transcription products were analyzed by polyacrylamide gel electrophoresis under 

denaturing conditions and phosphorimaged. 



 Chapter 4 

 

144 
 

 

Figure 4. Incorporation of UTP 7 into RNA ONs by in vitro transcription reactions using templates 

T1T7. 

 

When a transcription reaction is performed in the presence of template T1, the RNA 

polymerase incorporates the monophosphate of 7 at the +7 position to afford the full-length 

transcript 9 in a good yield (Figure 5, lane 2).
[28]

  The incorporation of a heavier 

ribonucleotide into the transcript is also evident from the retarded mobility exhibited by 

transcript 9 (Figure 5, compare lane 1 and 2).  While a control reaction in the absence of UTP 

and 7 produces no full-length oligoribonucleotide product ruling out any misincorporation, a 

reaction in the presence of equal amounts of UTP and 7 indicates that the enzyme 

predominantly prefers natural UTP over modified UTP (Figure 5, lane 3 and 4, respectively).  

Attempts to introduce the modification near the promoter region (+3 and +4 positions) using 

templates T2 and T3 resulted in very low amounts of the full-length transcripts (Figure 5, 

lanes 6 and 8).  This observation is reasonable because the enzyme often tends to be less 

tolerant to modifications during the initial phase of the polymerization process.
[24b]

  

Interestingly, a transcription reaction in the presence of template T4 results in double 

incorporations in successive positions with a reasonable efficiency (Figure 5, lane 10).  Also, 

when a reaction is carried out in the presence of template T5 the RNA polymerase 

incorporates the modification at the 3-end of the transcript (13) with an excellent efficiency 

(Figure 5, lane 12 and Table 2).  Although, internally modified transcript 9 and 3-end 

modified transcript 13 have same mass, their electrophoretic mobility is different (Figure 5, 

compare lane 2 and 12).  Predicting the electrophoretic mobility of modified ONs based on 

charge and mass is not straight forward as hydrophobicity, hydration, conformation and 
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frictional properties of the appended group as well as its interactions with sieving medium 

could affect the mobility.
[29]

  Therefore, the observed difference in mobility could be possibly 

due to the differences in the hydrophobicity, conformation and frictional properties of the 

internally- and 3-end-attached fluorophore.   

 

 

 

Figure 5. Phosphorimage of transcription products resolved by PAGE under denaturing conditions. 

Transcription reactions were performed with templates T1–T5 in the presence of UTP and modified 

UTP 7. % incorporation of 7 is given relative to a control reaction in the presence of natural NTPs. 

The modified full-length transcripts, denoted using arrow heads, were ascertained by mass analysis 

(Table 2). The incorporation of UTP 7 was very low in the presence of template T2 and hence, the 

band corresponding to the full-length transcript 10 could not be assigned (lane 6). 

 

RNA ONs were isolated from large-scale transcription reactions to further ascertain 

the incorporation of naphthalimide modification in the transcripts.  Mass analysis confirmed 

the formation of modified full-length RNA ON products in the presence of fluorescent UTP 

by in vitro transcription reactions (Table 2).  The presence of ribonucleoside 6 in the 
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transcription product was also established by an enzymatic digestion reaction.  In this 

experiment the RNA ON 9 was subjected to digestion in the presence phosphodiesterase, 

alkaline phosphatase, RNase A and RNase T1.  The resulting ribonucleoside products 

analyzed by HPLC revealed the presence of modified nucleoside in the transcript (Figure 6, 

Table 3).        

 

Table 2. ε260 and mass data of modified RNA ONs. 

RNA ON ε260 (M
-1

cm
-1

) Calcd. mass Observed mass
 

9 91613 3780.3 3779.9 

11 92413 3780.3 3780.8 

12 90626 4106.6 4107.4 

13 90313 3780.3 3780.9 

14 98013 3748.3 3748.3 

15 85713 3700.2 3700.7 

20 91013 3462.3 3463.1 

 
[a] The molar absorption coefficient of modified ONs were determined by using OligoAnalyzer 3.1. 

The extinction coefficient of nucleoside 6 (ε260 = 10,413 M
-1

cm
-1

) was used in place of natural uridine.     

 

 

 

Figure 6. HPLC chromatogram of ribonucleoside products obtained from an enzymatic digestion of 

transcript 9 at 260 nm. a) Mixture of natural ribonucleosides and modified fluorescent ribonucleoside 

6. b) Digested ON 9. The fractions corresponding to individual ribonucleoside fractions were further 

analyzed by mass spectroscopy (see Table 3). 
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Table 3. MALDI-TOF mass analysis of HPLC fractions of ON 9 digest. 

HPLC fractions 

of the digest 

Calcd. for Found 

rC C9H13N3O5K = 282.05 [M+K]
+
 282.07 

rG C10H13N5O5K = 306.08 [M+K]
+
  306.30 

rA C10H13N5O4 = 290.09 [M+Na]
+
 290.10 

6 C17H16N2O7 = 648.16 [M+K]
+
 648.20 

 

 

4.2.3 Incorporation of nucleoside 6 into RNA ON by solid-phase synthesis. 

Interactions with neighboring bases can affect the photophysical properties of an emissive 

nucleoside incorporated into ONs by various mechanisms.
[30-32,11]

  Such fluorescent 

nucleoside analogs whose photophysical properties are modulated by subtle changes in their 

neighboring base environment are very useful in designing nucleic acid-based diagnostic 

tools.
[1,2] 

 Therefore, we decided to evaluate the effect of flanking bases and base pair 

substitutions on the fluorescence properties of emissive ribonucleoside 6.  RNA ONs 9, 14, 

and 15 containing 6 in between rG, rA and rC residues, respectively, were synthesized by 

large-scale transcription reactions (Figure 4, Table 2).  However, enzymatic synthesis of an 

RNA ON containing modified uridine 6 in-between U residues was not attempted as it would 

be difficult to control the site of incorporation by in vitro transcription reactions.  In addition, 

the RNA polymerase predominantly prefers natural UTP over modified UTP 7, which would 

prevent the introduction of 6 in between U residues by transcription reaction (Figure 5, lane 

4).  Therefore, we synthesized the RNA ON 20, containing 6 in between U residues, by solid-

phase ON synthesis protocol.  The 2'-O-(tert-butyldimethylsilyl)-protected phosphoramidite 

substrate 19 was synthesized by following the steps illustrated in scheme 2.  The modified 

phosphoramidite substrate was then site-specifically incorporated into an RNA ON sequence 

20 by using a standard RNA ON synthesis cycle.  The ON was deprotected and purified, and 

the presence of fluorescent uridine analogue in the full-length product was confirmed by mass 

analysis (Table 2).  
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Scheme 2. Synthesis of naphthalimide-modified uridine phosphoramidite substrate 19 used in the 

solid-phase synthesis of RNA ON 20.  DMT = 4,4'-dimethoxytrityl, TBDMS = 2'-O-tert-

butyldimethylsilyl.  

 

4.2.4 Photophysical characterization of naphthalimide-modified RNA ONs 

RNA ONs 9 and 14 in which 6 is flanked by purine residues, rG and rA, respectively, 

displayed a significantly quenched and slightly blue-shifted emission band as compared to the 

free nucleoside.  While ON 20, containing 6 in-between rU residues, exhibited discernible 

reduction in fluorescence intensity, ON 15, containing 6 in between rC residues, displayed 

significant enhancement in fluorescence intensity as compared to the free nucleoside (Figure 

7).  The effect of neighbouring bases on fluorescence properties of nucleoside 6 was further 

evaluated by using duplexes made of ONs 9, 14, 15 and 20.  The duplexes were assembled by 

hybridizing fluorescent ONs with complementary DNA ONs in such a fashion that the 

emissive nucleoside was placed opposite to complementary and mismatched bases (Figure 8).   

The naphthalimide modification can potentially affect the hybridization efficiency of the 

RNA ONs, and hence, the observed fluorescence profile may be due to a combination of 

intact duplexes and unhybridized fluorescent ON.  Therefore, prior to performing the 

fluorescence study, the effect of modification on the stability of duplexes was determined by 

thermal denaturation experiments.  Although, the modification had slight destabilization 
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effect, the naphthalimide-modified ONs formed stable duplexes with Tm values well above 

room temperature (Figure 9, Table 4).  Hence, this destabilization due to the presence of 

modification should not hamper the photophysical characterization of duplexes at room 

temperature.    

 

Figure 7. Emission spectra of nucleoside 6 (1 M) and RNA ONs 9, 14, 15 and 20 (1 M) containing 

6 in between rG, rA, rC and rU residues, respectively. ONs were excited at 407 nm, and excitation and 

emission slit widths were kept at 6 and 8 nm respectively. 

   

 

Figure 8. Sequence of custom DNA ONs used in this study. For example, hybridization of 9 with 9A, 

9T, 9G and 9C would place the fluorescent nucleoside 6 opposite to complementary base dA and 

mismatched bases dT, dG and dC, respectively. 

 

 

Table 4. Tm values of modified ONs duplexes
[a] 

 

Duplex Tm [°C] Duplex Tm [°C] Duplex Tm [°C] Duplex Tm [°C] 

9•9A 53.3 14•14A 43.7 15•15A 55.9 20•20A 43.1 

9•9T 49.3 14•14T 42.2 15•15T 52.1 20•20T 41.6 

9•9G 49.7 14•14G 40.3 15•15G 53.3 20•20G 39.1 

9•9C 51.1 14•14C 40.9 15•15C 53.6 20•20C 39.7 

[a] Errors for Tm  ≤ 0.9 °C.  
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Figure 9. Representative UV-thermal melting profile of control unmodified (8•9A) and fluorescently 

modified (9•9A) duplexes (1 M) at 260 nm. For ON sequence see Figure 4 and 8. Tm of duplex 8•9A 

is 59.2 ± 0.6 °C and 9•9A is 53.3 °C ± 0.7 °C. Although, the naphthalimide-modified duplex has 

lower Tm than corresponding unmodified duplex, the modified duplex forms a stable hybrid with Tm 

values well above room temperature.  Hence, this destabilization due to the presence of modification 

should not hamper the photophysical characterization of duplexes at room temperature. See Table 4 

for Tm values of other modified duplexes in which the emissive nucleoside was placed in-between 

different flanking bases and opposite to complementary and mismatched bases.    

 

 

The nucleoside 6 flanked by rG residues, when placed opposite to complementary and 

mismatched bases in RNA-DNA heteroduplexes 9•9A, 9•9T, 9•9G and 9•9C, respectively, 

displayed further quenching in fluorescence intensity with no change in emission maximum 

as compared to single stranded RNA ON 9 (Figure 10A).  Although, the duplexes made of 

ON 14 in which the emissive nucleoside is flanked by rA and placed opposite to dA, dT and 

dC bases showed enhancement in fluorescence intensity as compared to 14, their overall 

fluorescence efficiency was weak (Figure 10B).  The fluorescence quenching exhibited by 

nucleoside analogue 6 upon incorporation into ONs duplexes is a common feature, which is 

also shown by most of the other nucleoside analogs.  This quenching in intensity could be due 

to electron transfer process between the modified base and neighbouring bases.
[31]

  However, 

partial stacking interaction and relative conformation of the napthalimide core with respect to 

the uracil base in different base environment could also influence the fluorescence 

outcome.
[30,32] 
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Figure 10. (A) Emisson spectra (1 M) of ON 9 and duplexes made of 9. (B) Emisson spectra (1 M) 

of ON 14 and duplexes made of 14. ONs were excited at 407 nm, and excitation and emission slit 

widths were kept at 6 and 8 nm, respectively.
 

 

  

 The nucleoside analogue in-between rC residues in RNA ON 15 showed an intense 

band with emission maximum at 515 nm (Figure 11A).  Surprisingly, the emissive uridine 

analogue placed opposite to dG residue in a duplex 15•15G (containing consecutive dG 

residues) displayed more than 2-fold enhancement in fluorescence intensity as compared to 

when it was placed opposite to its complementary base (dA) in duplex 15•15A (Figure 11A).  

However, the enhancement in fluorescence intensity was not very significant when the 

nucleoside analogue was placed opposite to dT and dC mismatches in duplexes 15•15T, and 

15•15C, respectively.  We were doubly surprised when the fluorescent uridine analogue 

incorporated in-between rU residues and placed opposite to complementary (20•20A) and 

mismatched bases (20•20T, 20•20G, 20•20C) displayed a remarkable enhancement (> four-

fold) in fluorescence intensity with no apparent change in emission maximum as compared to 

the single stranded ON 20 (Figure 11B).  This observation is noteworthy because the majority 

of fluorescent nucleoside analogs including 2-aminopurine, upon incorporation into ONs, 

experience drastic quenching in fluorescence intensity due to stacking interactions and or 

electron transfer process.
[2,11,30]

  In particular, this effect is more pronounced when the 

nucleoside analogue is placed in the vicinity of purines bases.
[17]
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Figure 11. (A) Emisson spectra (1 M) of ON 15 and duplexes made of 15. (B) Emisson spectra (1 

M) of ON 20 and duplexes made of 20. ONs were excited at 407 nm and excitation and emission slit 

widths were kept at 6 and 8 nm, respectively. 
 

 

The fluorescence profile exhibited by nucleoside 6 in different nucleobase 

environment could be likely due to alterations in the relative conformation of the 

naphthalimide moiety with respect to the uracil base, electron transfer process between the 

emissive nucleobase and neighbouring bases and solvation-desolvation effects.
[30-32,11]

  

Together, these results clearly indicate that the fluorescence properties of emissive base are 

sensitive to flanking bases and base pair substitutions, which essentially arise due to changes 

in various interactions between the modified base and neighbouring bases.  The fact that the 

fluorescence of the majority of fluorophores is quenched by purine residues,
[11] 

the 

enhancement in fluorescence intensity exhibited by naphthalimide-modified nucleoside, when 

placed in a G-rich and A-rich environment, is rare and useful.
[13]

  Such an analogue probe 

with an excitation and emission maximum in the visible region and ability to exhibit 

enhanced fluorescence efficiency in certain sequence context could be highly useful in 

devising hybridization assays to detect nucleobase repeats in nucleic acids (e.g., G-repeats 

and A-repeats).           

 

4.3 Conclusions 

Nucleic acids perform their function by either interacting with proteins, nucleic acids or small 

molecule metabolites, and during such recognition events they undergo conformational 

changes both at the global and nucleoside levels.
[33]

  The changes in nucleoside conformation 

(e.g., near the recognition site) also alter its surrounding physical properties and interactions 

with adjacent nucleosides.  Hence, environment-sensitive fluorescent nucleoside analogs with 
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properties such as excitation and emission maximum in the visible region and high quantum 

yields within ONs, which are suitable for both in vitro and cell-based applications, are highly 

desired.  In this regards, fluorescent ribonucleoside 6, based on the Lucifer chromophore, 

represents a new type of environment-sensitive nucleoside analogue with excitation and 

emission maximum in the visible region and a high quantum yield.  The triphosphate and 

phosphoramidite derivative of naphthalimide-modified nucleoside acts as a good substrate for 

the synthesis of fluorescent RNA ONs by in vitro transcription reaction as well as by solid-

phase ON synthesis protocol, respectively.  Furthermore, the emissive nucleoside 

incorporated into ON duplexes exhibits appreciable fluorescence efficiency, and is also 

responsive to changes in its flanking bases and base pair substitutions.  These favourable 

photophysical properties and amicability to enzymatic and chemical incorporation underscore 

the potential of naphthalimide-modified nucleoside analogue as a useful probe in the 

investigation of nucleic acids by fluorescence spectroscopy and microscopy.
[17]

  We are 

currently evaluating the suitability of the fluorescent nucleoside analogue in probing the 

cellular uptake and trafficking of RNA ONs (e.g., siRNA) by fluorescence microscopy, and 

the results will be reported in due course.   

 

4.4 Experimental Section 

4.4.1 Materials 

Except mentioned, materials obtained from commercial suppliers were used without any 

purification. 5-iodouridine, triethylene glycol monomethyl ether, 4-bromo-1,8-naphthalic 

anhydride, ethynyltrimethylsilane, tetrabutylammonium fluoride, tetrakis 

(triphenylphosphine) palladium(0), Copper(I) iodide, silver nitrate, tert-butyldimethylsilyl 

chloride and DEAE Sephadex A-25 resin were obtained from Sigma-Aldrich. POCl3 was 

purchased from Across Organics, and was distilled prior to use. 2-Cyanoethyl N,N-

diisopropylchlorophosphoramidite was purchased from Alfa Aesar. TBDMS-protected 

ribonucleoside phosphoramidite substrates and solid supports required for the solid-phase ON 

synthesis were purchased from Glen Research. Custom synthesized DNA ONs (ONs) were 

purchased from Integrated DNA Technologies, Inc. DNA ONs were purified by 

polyacrylamide gel electrophoresis (PAGE) under denaturing condition, followed by desalted 

on Sep-Pak Classic C18 cartridges (Waters Corporation). T7 RNA polymerase, ribonuclease 

inhibitor (RiboLock), RNase A, RNase T1 and NTPs were obtained from Fermentas Life 

Sciences. Calf intestinal alkaline phosphatase was procured from Invitrogen. Snake venom 
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phosphodiesterase I was purchased from Sigma-Aldrich. Radiolabeled α-
32

P ATP (2000 

Ci/mmol) was purchased from the Board of Radiation and Isotope Technology, Government 

of India. Chemicals for preparing buffer solutions were purchased from Sigma-Aldrich 

(BioUltra grade). Autoclaved water was used in all biochemical reactions and fluorescence 

analysis. 

 

4.4.2 Instrumentation 

NMR spectra were recorded on a 400 MHz Jeol ECS-400. All MALDI-MS measurements 

were recorded on an Applied Biosystems 4800 Plus MALDI TOF/TOF analyzer, MicroMass 

ESI-TOF and Water Synapt G2 High Defination mass spectrometer. Absorption spectra were 

recorded on a PerkinElmer, Lambda 45 UV-Vis spectrophotometer. UV-thermal melting 

studies of ONs were performed on a Cary 300Bio UV-Vis spectrophotometer. Steady State 

and time-resolved fluorescence experiments were carried out in a micro fluorescence cuvette 

(Hellma, path length 1.0 cm) on a TCSPC instrument (Horiba Jobin Yvon, Fluorolog-3). 

Reversed-phase flash chromatographic (C18 RediSepRf column) purifications were carried 

out using Teledyne ISCO, Combi Flash Rf. HPLC analyses were performed using Agilent 

Technologies 1260 Infinity.  Modified RNA ONs were synthesized on an Applied Biosystems 

oligonucleotide synthesizer (ABI-394).   

 

4.4.3 Synthesis of ribonucleoside 6 and triphosphate substrate 7 

4-Bromo-N-(triethyleneglycol monomethyl ether)-1,8-naphthalimide (3): Refluxed a 

mixture of 4-Bromo-1,8-napthalic anhydride 1 (1.4 g, 5.1 mmol, 1.0 equiv), 2-(2-(2-

methoxyethoxy)ethoxy)ethanamine 2
[35]

 (1.08 g, 5.6 mmol, 1.1 equiv) and ethanol (14 ml) for 

8 h. Evaporated the solvent completely, redissolved the product in ethyacetate and washed 

with water follwed by brine, an organic extract was dried over sodium sulphate and 

evaporated. The crude product obtained was purified by coloumn chromatograthy to give 

product 3 as pale yellow solid (2.92 g, 90%). TLC (Ethyl acetate) Rf = 0.65; 
1
H NMR (400 

MHz, CDCl3): δ (ppm)  8.62 (dd, J = 7.2 Hz, J = 1.2 Hz, 1H), 8.54 (dd, J = 8.4 Hz, J = 1.2 

Hz, 1H), 8.38 (d, J = 7.6 Hz, 1H), 8.02 (d, J = 8 Hz, 1H), 7.82 (dd, J = 8.4 Hz, J = 7.2 Hz, 

1H), 4.42 (t, J = 6 Hz, 2H), 3.81 (t, J = 6.2 Hz, 2H), 3.713.69 (m, 2H), 3.623.60 (m, 2H), 

3.583.56 (m, 2H), 3.443.42 (m, 2H), 3.30 (s, 3H); 
13

C NMR (100 MHz, CDCl3): δ (ppm) 

163.7, 133.4, 132.2, 131.4, 131.2, 130.7, 130.4, 129.1, 128.2, 123.1, 122.3, 72.0, 70.7, 70.6, 
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70.3, 68.0, 59.1, 39.3. HRMS: m/z Calcd. for C19H20BrNO5Na [M+Na]
+
 = 444.0423, found = 

444.0420. 

 

4-Ethnyl-N-(triethyleneglycol monomethyl ether)-1,8-naphthalimide (4): A mixture of 4-

Bromo napthalimide derivative 3 (2.89 g, 6.8 mmol, 1.0 equiv), tetrakis(triphenylphosphine) 

palladium(0) (0.395 g, 0.34 mmol, 0.05 equiv), CuI (0.13 g, 0.68 mmol, 0.1 equiv) and N,N-

diisopropylethylamine (4.2 mL, 24 mmol, 3.5 equiv) were dissolved in degassed anhydrous 

THF (57 ml).  Trimethylsilylacetylene (3.9 mL, 27 mmol, 4 equiv) was added slowly to the 

above solution and reaction mixture was stirred at RT for 12 h in dark, solvent was 

evaporated completely and the residue was purified by silica gel column chromatography to 

afford the brown viscous oil (2.62 g, 87%). Into a solution of coupled product (2.5 g, 5.7 

mmol, 1 equiv) and anhydrous methanol (50 ml) was added 1 M tetrabutylammonium 

fluoride solution in THF (22.8 mL, 22.8 mmol, 4.0 equiv). The reaction mixture was heated at 

60 °C for 1 h, evaporated the solvent and dissolved the residue in ethyl acetate, washed with 

water and brine. Dry the organic extract over sodium sulphate and evaporated, the crude 

product was purified by column chromatography to give a product 4 as lemon yellow soft 

solid (1.37 g, 66%). TLC (Ethyl acetate) Rf = 0.63; 
1
H NMR (400 MHz, CDCl3): δ (ppm)  

8.63 (d, J = 8.4 Hz, 1H), 8.60 (d, J = 7.6 Hz, 1H), 8.50 (d, J = 7.6 Hz, 1H), 7.91 (d, J = 7.6 

Hz, 1H), 7.80 (appt, J = 7.8 Hz, 1H), 4.42 (t, J = 6 Hz, 2H), 3.82 (t, J = 6.0 Hz, 2H), 3.74 (s, 

1H), 3.713.69 (m, 2H), 3.623.60 (m, 2H), 3.583.56 (m, 2H), 3.443.42 (m, 2H), 3.30 (s, 

3H); 
13

C NMR (100 MHz, CDCl3): δ (ppm) 164.0, 163.8, 132.4, 132.0, 131.8, 131.7, 130.3, 

128.0, 127.8, 126.4, 123.0, 122.8, 86.7, 80.4, 72.0, 70.7, 70.6, 70.3, 68.0, 59.1, 39.3. HRMS: 

m/z Calcd. for C21H21NO5Na
 
[M+Na]

+
 = 390.1317, found = 390.1321.  

 

4-Ethynyl-N-(triethylene glycol monomethyl ether)-1,8-naphthalimide-conjugated 

uridine (6): Degassed a mixture of iodouridine 5 (0.1 g, 0.27 mmol, 1.0 equiv), 4-Ethynyl-N-

(2-triethyleneglycol monomethyl ether)-1,8-naphthalimide  4 (0.140 g, 0.38 mmol, 1.25 

equiv), CuI (0.005 g, 0.027 mmol, 0.1 equiv) and  tetrakis(triphenylphosphine) palladium(0) 

(0.016 g, 0.014 mmol, 0.05 equiv) for 0.5 h and dissolved in degassed anhydrous DMF (4 

ml), Et3N (0.075 ml, 0.54 mmol, 2.0 equiv) was slowly added to the above solution. The 

reaction mixture was stirred in dark at RT for 4 h.  Solvent was evaporated and the resulting 

solid was purified by reverse-phase flash column chromatography (C18 RediSepRf, 0–60% 

acetonitrile in water for 40 min) to give the fluorescent ribinucleoside 6 as orange solid 
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(0.140 g, 85%).  TLC (CH2Cl2:MeOH = 8:2); Rf  = 0.72;  
1
H NMR (400 MHz, d6-DMSO): δ 

(ppm) 11.85 (br, 1H), 8.79 (s, 1H), 8.73 (d, J = 8.4 Hz, 1H), 8.54 (d, J = 6.8 Hz, 1H), 8.44 (d, 

J = 7.6 Hz, 1H), 7.997.92 (m, 2H),  5.78 (d, J = 3.2 Hz, 1H), 5.55 (d, J = 4 Hz, 1H), 5.45 

(br, 1H), 5.13 (d, J = 4.8 Hz, 1H), 4.23 (t, J = 6 Hz, 2H), 4.134.07 (m, 2H), 3.923.79 (m, 

2H), 3.673.64 (m, 3H), 3.553.53 (m, 2H), 3.473.40 (m, 4H), 3.303.27 (m, 2H), 3.14 (s, 

3H); 
13

C NMR (100 MHz, d6-DMSO): δ (ppm) 163.2, 162.9, 161.5, 149.6, 145.4, 132.0, 

131.4, 130.7, 130.2, 130.0, 128.3, 127.4, 126.5, 122.6, 121.5, 97.4, 92.9, 89.4, 89.1, 84.6, 

74.2, 71.2, 69.7, 69.7, 69.6, 68.8, 66.9, 59.9, 58.0. HRMS: m/z Calcd. for C30H31N3O11Na 

[M+Na]
+
 = 632.1856, found = 632.1853. ε260 = 10,413 M

-1
cm

-1
, ε390 = 23,880 M

-1
cm

-1
. 

 

4-Ethynyl-N-(triethyleneglycol monomethyl ether)-1,8-naphthalimide-conjugated 

uridine triphosphate (7): To an ice cold solution of ribonucleoside 6 (0.091 g, 0.15 mmol, 

1.0 equiv) in trimethyl phosphate (1.2 ml) was added freshly distilled POCl3 (35 μL, 0.37 

mmol, 2.5 equiv). The solution was stirred for 24 h at ~4 °C. A solution of bis-

tributylammonium pyrophosphate (0.5 M in DMF, 1.5 ml, 5.0 equiv) and tributylamine (0.35 

ml, 1.5 mmol, 10.0 equiv) was rapidly added under ice-cold condition. The reaction was 

quenched after 30 min with 1 M triethylammonium bicarbonate buffer (TEAB, pH 7.5, 15 

ml), and was washed with ethyl acetate (20 ml). The aqueous layer was evaporated and the 

residue was purified first on DEAE sephadex-A25 anion exchange column (10 mM-1M 

TEAB buffer, pH 7.5) followed by reverse-phase flash column chromatography (C18 

RediSepRf, 0–40% acetonitrile in 50 mM triethylammonium acetate buffer (TEAA), pH 7.2, 

40 min). Appropriate fractions were lyophilized to give the desired triphosphate product 7 as 

a tetratriethylammonium salt (59 mg, 31%). 1H NMR (400 MHz, D2O): δ (ppm) 7.977.87 

(m, 4H), 7.427.38 (m, 2H), 5.72 (br, 1H), 4.30 (br, 2H), 4.16 (br, 3H), 3.99 (br, 2H), 3.58 (t,  

J = 4.4 Hz, 2H), 3.51 (br, 2H),  3.43 (br, 2H), 3.353.33 (m, 2H), 3.19 (t,  J = 3.6 Hz, 2H), 

3.03 (s, 3H); 
13

C NMR (100 MHz, D2O): δ (ppm) 164.6, 164.4, 162.8, 150.2, 144.7, 133.2, 

131.8, 130.7, 130.3, 130.0, 128.0, 127.3, 126.5, 120.5, 119.8, 99.3, 91.2, 90.9, 89.5, 83.5, 

73.6, 70.9, 69.6, 69.6, 69.5, 69.4, 67.3, 65.2, 57.9; 
31

P NMR (162 MHz, D2O): δ (ppm) -9.09 

(br, Pγ), -11.32 (br, Pα), -22..51 (br, Pβ) HRMS (negative mode): m/z Calcd. for 

C30H34N3O20P3 [M] = 849.0949, found = 848.0955 [M-H]
+
. 

 

Naphthalimide-modified 5'-DMT-protected uridine (17): A mixture of 5'-DMT protected-

iodouridine 16
 

(0.615 g, 0.92 mmol, 1.0 equiv),
[36]

 4-Ethynyl-N-(2-triethyleneglycol 
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monomethyl ether)-1,8-naphthalimide 4 (0.470 g, 1.28 mmol, 1.4 equiv), CuI (0.021 g, 0.113 

mmol, 0.12 equiv) and  tetrakis(triphenylphosphine) palladium(0) (0.065 g, 0.056 mmol, 0.06 

equiv) was dissolved in degassed anhydrous DMF (12 ml).  N,N-diisopropylethylamine (0.78 

ml, 4.5 mmol, 4.9 equiv) was slowly added to the above solution. The reaction mixture was 

stirred in dark at RT for 5 h. Solvent was evaporated and the resulting solid was purified by 

silica gel column chromatography to afford the compound 17 as faint yellow foam (0.705 g, 

85%). TLC (CH2Cl2:MeOH = 95:5 with few drops of Et3N); Rf  = 0.56; 
1
H NMR (400 MHz, 

CDCl3): δ (ppm) 8.46 (S, 1H), 8.34 (d, J = 7.2 Hz, 1H), 8.26 (d, J = 7.2 Hz, 1H), 8.09 (d, J = 

7.2 Hz, 1H), 7.47 (d, J = 7.2 Hz, 2H), 7.36 (d, J = 8 Hz, 4H), 7.237.18 (m, 3H), 7.02 (t, J = 7 

Hz, 1H), 6.89 (d, J = 7.2 Hz, 1H), 6.76 (appt, J = 5.6 Hz, 4H), 6.07 (br, 1H), 4.57 (br, 1H), 

4.44 (br, 1H), 4.36 (br, 3H), 4.27 (br, 2H), 3.77 (t, J = 5.6 Hz, 2H), 3.68 (t, J = 5.6 Hz, 2H), 

3.61 (t, J = 4 Hz, 2H), 3.57 (S, 9H), 3.45 (t, J = 6 Hz, 2H), 3.313.26 (m, 4H); 
13

C NMR (100 

MHz, CDCl3): δ (ppm) 164.0, 163.8, 162.4, 158.7, 150.9, 144.7, 143.2, 135.9, 135.6, 132.7, 

131.4, 131.0, 130.4, 130.0, 129.9, 128.3, 128.0, 127.6, 127.4, 127.1, 126.9, 122.3, 121.6, 

113.5, 100.3, 91.3, 90.4, 90.1, 87.2, 84.9, 76.1, 72.0, 70.8, 70.7, 70.5, 70.2, 68.0, 63.0, 59.1, 

55.2, 39.2; HRMS: m/z Calcd. for C51H50N3O13 [M+H]
+
 = 912.3344, found = 912.3349. 

 

Naphthalimide-modified 2'-O-TBDMS protected uridine (18): A mixture of compound 17 

(0.840 g, 0.92 mmol, 1.0 equiv) and silver nitrate (0.350 g, 2.07 mmol, 2.25 equiv) was 

dissolved in anhydrous pyridine (2.5 ml).  To the above solution was added anhydrous THF 

(12.6 ml) and stirred for 10 min. After this period, tert-butyldimethylsilyl chloride (TBDMS-

Cl, 0.312 g, 2.07 mmol, 2.25 equiv) was added to the reaction mixture. The reaction mixture 

was stirred for additional 0.5 h and filtered through celite pad. Celite pad was washed with 

ethyl acetate (3 x 10 ml), and the filtrate was washed with 5 % sodium bicarbonate (25 ml) 

followed by brine (25 ml). The organic extract was dried over sodium sulphate and 

evaporated. The resulting crude residue was purified by silica gel column chromatography to 

afford the product 18 as pale yellow foam (0.690 g, 73%). TLC (EtOAc:petroleum ether = 

60:40 with few drops of Et3N); Rf  = 0.50; 
1
H NMR (400 MHz, CDCl3): δ (ppm) 8.57 (S, 1H), 

8.50 (d, J = 7.2 Hz, 1H), 8.42 (d, J = 8.4 Hz, 1H), 8.18 (d, J = 8.0 Hz, 1H), 7.49 (d, J = 7.6 

Hz, 2H), 7.44 (d, J = 8 Hz, 1H), 7.38 (dd, J = 8.6 Hz, J = 5.4 Hz, 5H), 7.23 (t, J = 7.6 Hz, 

2H), 7.05 (t, J = 7.4 Hz, 1H), 6.75 (dd, J = 8.8 Hz, J = 2.8 Hz, 4H), 6.13 (d, J = 5.2 Hz,  1H), 

4.60 (t, J = 5.0 Hz, 1H), 4.40 (t, J = 5.8 Hz, 1H), 4.25 (t, J = 4.0 Hz, 1H), 4.22 (br, 1H), 3.79 

(t, J = 6.0 Hz, 2H), 3.70 (t, J = 4.8 Hz, 2H), 3.62 (t, J = 4.8 Hz, 2H), 3.59 (br, 4H), 3.57 (S, 
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6H), 3.45 (t, J = 4.8 Hz, 2H), 3.31 (S, 3H), 3.26 (br, 1H), 0.92 (S, 9H), 0.17 (S, 3H), 0.14 (S, 

3H); 
13

C NMR (100 MHz, CDCl3): δ (ppm) 164.2, 164.0, 162.2, 158.8, 150.1, 144.7, 143.0, 

135.6, 135.3, 133.0, 131.6, 131.3, 130.5, 128.3, 128.1, 127.9, 127.8, 127.6, 127.3, 127.1, 

122.5, 121.8, 113.5, 100.4, 91.3, 90.3, 88.6, 87.5, 84.4, 72.0, 71.5, 70.7, 70.6, 70.3, 68.0, 

63.2, 59.1, 55.2, 53.0, 39.2, 29.8, 25.8, -4.6, -5.0; HRMS: m/z Calcd. for C57H64N3O13Si 

[M+H]
+
 =1026.4208, found = 1026.4224. 

 

Naphthalimide-modified uridine phosphoramidite (19): To a solution of compound 18 

(0.250 g, 0.24 mmol, 1.0 equiv) in anhydrous dichloromethane (2.5 ml) was added N,N-

diisopropylethylamine (0.11 ml, 0.6 mmol, 2.5 equiv) and stirred for 10 min. To this solution 

was slowly added 2-Cyanoethyl N,N-diisopropylchlorophosphoramidite (0.065 ml, 0.29 

mmol, 1.2 equiv) and the reaction mixture was stirred for 12 h. The solvent was evaporated to 

dryness and was redissolved in ethyl acetate (20 ml), washed with 5% sodium bicarbonate 

solution (10 ml) followed by brine (10 ml). The organic extract was dried over sodium 

sulphate, evaporated and the residue was purified by column chromatography to afford the 

product 19 as pale yellow solid (0.210 g, 70 %). TLC (EtOAc:petroleum ether = 60:40 with 

few drops of Et3N); Rf  = 0.60; 
1
H NMR (400 MHz, CDCl3): δ (ppm) 8.69 (S, 1H), 8.48 (d, J 

= 6.0 Hz, 1H), 8.42 (d, J = 8.4 Hz, 1H), 8.17 (d, J = 8.8 Hz, 1H), 7.52 (d, J = 7.6 Hz, 2H), 

7.407.37 (m, 5H), 7.23 (d, J = 7.6 Hz, 2H), 7.00 (d, J = 7.2 Hz, 1H), 6.75 (dd, J = 7.0 Hz, J 

= 1.8 Hz, 5H), 6.20 (d, J = 6.4 Hz,  1H), 4.65 (t, J = 4.2 Hz, 1H), 4.40 (d, J = 6.0 Hz, 2H), 

4.23 (d, J = 4.8 Hz, 1H), 3.78 (d, J = 6.0 Hz, 1H), 3.69 (t, J = 4.6 Hz, 2H), 3.65 (t, J = 3.2 Hz, 

2H), 3.61 (t, J = 2.6 Hz,  2H), 3.59 (appt, 2H, J = 1.8 Hz), 3.58 (s, 6H),3.52 (t, J = 2.8 Hz, 2H), 

3.45 (t, J = 2.6 Hz, 2H) 3.3 (S, 3H), 2.70 (br, 2H), 2.69 (br, 2H), 2.67 (br, 2H), 1.14 (d, J = 

7.2 Hz, 12H)  0.92 (S, 9H), 0.14 (S, 3H), 0.12 (S, 3H);
 31

P NMR (162 MHz, CDCl3): δ (ppm) 

150.61, 149.50; HRMS: m/z Calcd. for C66H80N5O14 PSiNa [M+Na]
+
 =1248.5106, found = 

1248.5121. 

 

4.4.4 Photophysical characterization of ribonucleoside analogue 6 

Steady-state fluorescence of ribonucleoside analog in various solvents 

 Ribonucleoside analog 6 (5 M) in water, methanol, acetonitrile, dioxane, was excited at 

respective lowest energy absorption maximum with an excitation and emission slit widths of 

1 nm and 5 nm respectively. Fluorescence experiments were performed in triplicate in a 

micro fluorescence cell (Hellma, path length 1.0 cm) on a Horiba Jobin Yvon, Fluorolog-3.  
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Quantum yield determination in various solvents 

Quantum yield of ribonucleoside 6 in different solvents relative to cumarin 153 as standard 

was determined using the following equation.
[37]

  

      F(s)
2

sxsxxsF(x) //FF/AA  nn  

Where s is the standard, x is the ribonucleoside, A is the absorbance at excitation wavelength, 

F is the area under the emission curve, n is the refractive index of the solvent, and F  is the 

quantum yield. Quantum yield of cumarin 153 in acetonitrile is 0.56.
[38] 

 

Time-resolved fluorescence measurements 

Excited state lifetimes of ribonucleoside 6 in various solvents were determined using TCSPC 

fluorescence spectrophotometer (Horiba Jobin Yvon). Concentration of ribonucleoside 6 in 

all solvents was 5 µM, and was excited using 371 nm LED source (IBH, UK, NanoLED-

371L) and fluorescence signal at respective emission maximum was collected. Lifetime 

measurements were performed in duplicate, and decay profiles were analyzed using IBH 

DAS6 analysis software. Fluorescence intensity decay kinetics in all solvents was found to be 

monoexponential with 
2
 (goodness of fit) values very close to unity.  

 

4.4.5 Enzymatic incorporation of modified triphosphate 7 into RNA ONs 

Transcription reactions in presence of radiolabeled -
32

P ATP:  Promoter-template 

duplexes were constructed by heating a equimolar concentration (final 5 μM) of DNA 

templates (T1–T5) and 18-mer T7 RNA polymerase consensus promoter DNA sequence in 

TE buffer (10mM Tris-HCl, 1 mM EDTA, 100 mM NaCl, pH 7.8) at 90 °C for 3 min and 

cooling the solution slowly to room temperature. The duplexes were then placed in ice bath 

for 20 min and stored at -40 °C. Transcription reactions were performed in 40 mM Tris-HCl 

buffer (pH 7.9) containing 250 nM annealed templates, 10 mM MgCl2, 10 mM NaCl, 10 mM 

dithiothreitol (DTT), 2 mM spermidine, 1 U/μL RNase inhibitor (RiboLock), 1 mM GTP, 1 

mM CTP, 1 mM UTP and or 1 mM modified UTP 7, 20 μM ATP, 5 μCi α
32

P ATP and 3 

U/μL T7 RNA polymerase in a total volume of 20 μL. reactions were quenched After 4 h at 

37 °C, by adding 20 μL of the loading buffer (7 M urea in 10 mM Tris-HCl, 100 mM EDTA, 

0.05% bromophenol blue, pH 8), heated to 75 °C for 3 min and cooled on an ice bath. The 

samples (5 μL) were loaded onto a sequencing 18% denaturing polyacrylamide gel. The 

products on the gel were exposed to X-ray film (10 min) and the exposed film was developed, 

fixed and dried. The bands were then quantified using the software GeneTools (from 
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Syngene), percentage incorporation of modified ribonucleoside triphosphate 7 is reported 

relative to transcription efficiency in the presence of natural NTPs. All reactions were 

performed in duplicate and the standard deviations were found to be ± 3%. 

 

Large-scale transcription reactions: Large-scale transcription reactions using template T1 

and T3T7 were performed in a 250 μL reaction volume under similar conditions mentioned 

above to isolate ONs for further characterization and photophysical studies. Mixed a solutions 

of  2 mM GTP, 2 mM CTP, 2 mM ATP, 2 mM UTP or 2 mM modified UTP 7, 20 mM 

MgCl2, 0.4 U/μL RNase inhibitor (RiboLock), 300 nM annealed template and 800 units T7 

RNA polymerase and incubation for 12 h at 37 °C. The reaction volume was reduced 

approximately to 1/3 by Speed Vac, and 30 μL of loading buffer was added. The samples 

were loaded onto a preparative 20% denaturing polyacrylamide gel and run at constant power 

of (24 W) for 5 h. The gel was UV shadowed, appropriate band was removed, extracted with 

0.3 M sodium acetate and desalted using Sep-Pak classic C18 cartridge. Typical yields of the 

transcripts are 16–19 nmol.  

 

4.4.6 Enzymatic digestion of transcript 9 

4 nmol of the fluorescent modified ON 9 was digested with snake venom phosphodiesterase I 

(0.015 U), calf intestine alkaline phosphatase (1.5 U/μL), and RNase A (0.5 μg) in a total 

volume of 100 μL in 50 mM Tris-HCl buffer (pH 8.5, 40 mM MgCl2, 0.1 mM EDTA) for 24 

h at 37 °C. RNase T1 (0.6 U/μL) was then added, and the sample was incubated for another 

12 h at 37 °C. The ribonucleoside mixture obtained was analyzed by reversed-phase 

analytical HPLC using Phenomenex, Luna C18 column (250 x 4.6 mm, 5 micron) at 260 nm 

and 390 nm. Mobile phase A: 50 mM triethylammonium acetate buffer (pH 7.1), mobile 

phase B: acetonitrile. Flow rate: 1 mL/min. Gradient: 0−10% B in 20 min and 10−100% B in 

10 min. The fractions corresponding to individual ribonucleoside fractions were further 

analyzed by mass spectroscopy. 

 

4.4.7 Solid-phase synthesis of RNA ON 20 

Napthalimide-modified RNA ON 20 was synthesized on a 1 μmole scale CPG solid support 

(1000 Å) by following standard solid-phase RNA ON synthesis protocol.
[34]

  While 

incorporation of regular 2'-O-TBDMS-protected phosphoramidites were performed with a 

coupling time of 10 min, incorporation of fluorescent 2'-O-TBDMS-protected 
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phosphoramidite substrate 19 was performed with a coupling time of 30 min.  The coupling 

efficiency in the presence of 19, based on trityl monitor assay, was found to be 20%.  The 

trityl protecting group was deprotected on the synthesizer. The solid support was treated with 

a 1:1 solution of 10 M methylamine in ethanol and water (1.5 mL) for 12 h.  The mixture was 

centrifuged and the supernatant was evaporated to dryness on a Speed Vac.  The residue was 

then dissolved in DMSO (100 L) and treated with TEA.3HF (150 L).  The sample was 

heated at 65°C for 2.5 h and was brought to RM. The completely deprotected ON solution 

was lyophilized and was purified by PAGE using a 20% gel under denaturing conditions.   

The band corresponding to the full-length product was identified by UV shadowing.  The ON 

was extracted with ammonium acetate buffer (0.5 M, 3 ml) and desalted using Sep-Pak 

classic C18 cartridges.   

 

4.4.8 MALDI-TOF MS of ONs transcripts 

Molecular weight of RNA transcripts were determined using Applied Biosystems 4800 Plus 

MALDI TOF/TOF analyzer.  2 µL of the transcript (150 µM) was combined with 1 µL of 

ammonium citrate buffer (100 mM, pH 9), 2 µL of a DNA standard (200 µM, 18-mer) and 4 

µL of saturated 3-hydroxypicolinic acid solution. The sample was desalted with an 

ionexchange resin (Dowex 50W-X8, 100-200 mesh, ammonium form), spotted on the 

MALDI plate, and was air dried. The resulting spectrum was calibrated relative to an internal 

18-mer DNA ON standard. 

 

4.4.9 Photophysical characterization of naphthalimide-modified ONs 

ONs 9, 14, 15 and 20 (10 µM) were annealed to respective complementary custom DNA ONs 

by heating a 1:1.1 mixture of the ONs in 20 mM cacodylate buffer (pH 7.0, 500 mM NaCl, 

0.5 mM EDTA) at 90 °C for 3 min.  Samples were then cooled slowly to RT, placed in 

crushed ice for 2 h. Samples were diluted to give a final concentration of 1 µM (with respect 

to 9, 14, 15 and 20) in cacodylate buffer. Fluorescently modified duplexes were excited at 

407 nm with excitation and emission slit widths of 6 and 8 nm, respectively. Fluorescence 

experiments were performed in triplicate in a micro fluorescence cuvette (Hellma, path length 

1.0 cm) on a Horiba Jobin Yvon, Fluorolog-3 at 20 °C. 
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4.6 Appendix-IV: Characterization data of synthesized compounds  

1
H-NMR of 4-Bromo napthalimide derivative 3 in CDCl3 

 
13

C-NMR of 4-Bromo napthalimide derivative 3 in CDCl3 
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1
H-NMR of napthalimide alkyne 4 in CDCl3 

 

 
13

C-NMR of napthalimide alkyne 4 in CDCl3 
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1
H-NMR of emissive ribonucleoside 6 in d6-DMSO 

 
13

C-NMR of ribonucleoside 6 in d6-DMSO 
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1
H-NMR of ribonucleotide 7 in D2O (contains trace amount of TEAA buffer). 

 
 

13
C-NMR of ribonucleotide 7 in D2O (contains trace amount of TEAA buffer).  
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31
P-NMR of ribonucleotide 7 in D2O. 

 
 

1
H-NMR of 5' DMT protected ribonucleoside 17 in CDCl3 
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13
C-NMR of 5' DMT protected ribonucleoside 17 in CDCl3 

 

 

1
H-NMR of 5' DMT, 2' TBDMS protected ribonucleoside 18 in CDCl3 
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13
C-NMR of 5' DMT, 2' TBDMS protected ribonucleoside 18 in CDCl3

 

 

 

1
H-NMR of phosphoramidite 19 in CDCl3 (Containing trace amount of triethylamine) 
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31
P-NMR of phosphoramidite 19 in CDCl3 

 

Representative RP-HPLC chromatogram of PAGE-purified RNA transcript (9) and napthalimide 

modified RNA ON 20 synthesized by solid-phase synthesis method at 260 nm.  Mobile phase A = 20 

mM triethylammonium acetate buffer (pH 7.2), mobile phase B = acetonitrile. Flow rate = 1 mL/min. 

Gradient = 010% B in 10 min and 10100% B in 20 min. 
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Azide-modified nucleotides a versatile toolbox for posttranscriptional 

functionalization of RNA by bioorthogonal chemical reactions 
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5.1 Introduction 

Chemical modification of RNA has become indispensible in the study of its structure and 

function and in the development of nucleic acid-based diagnostic and therapeutic tools. 
[1-2]

 

Typically, RNA labeling strategies based on solid-phase chemical synthesis and enzymatic 

methods are sufficient for most in vitro applications.  However, analogous labeling strategies 

for cellular RNA are much less developed.  In particular, paucity of efficient RNA imaging 

tools has been a major impediment in the study of cellular RNA biogenesis, localization and 

degradation, a combination of processes that tightly regulates gene expression. 
[3]

  Methods to 

visualize RNA commonly rely on metabolic labeling of RNA with ribonucleoside or 

ribonucleotide analogs such as BrU or BrUTP followed by immunostaining with fluorescent 

antibody for BrU.
[4-5]

  However, these methods involve laborious assay setups and are not 

applicable to all cell types and tissue samples due to limited permeability of the antibodies. 

Endogenous RNA has also been visualized by using fluorescently-modified antisense 

oligonucleotide (ON) probes,
[6-7]

 molecular beacons,
[8]

 nucleic acid-templated reactions 
[9-10]

 

and more recently, aptamer-binding fluorophores.
[11]

  Apart from synthetic challenges in 

preparing the ON probes, these methods also suffer from poor membrane permeability and 

short half-life of the probes and background fluorescence due to non-specific interactions.
[12]

 

Alternatively, postsynthetic functionalization by using chemoselective reactions (e.g., 

azide-alkyne cycloaddition, Staudinger ligation) has recently emerged as a valuable method 

to label glycans, proteins, lipids, and nucleic acids for a variety of applications.
[13-18]

  In this 

methodology, a nucleoside containing an unnatural reactive group is incorporated into an ON 

sequence by chemical or enzymatic method.  Further functionalization is achieved 

postsynthetically by performing a chemoselective reaction between the labeled ON and a 

probe containing the cognate reactive group.  While DNA labeling and imaging techniques 

based on this strategy are well documented,
[19-27]

 postsynthetic RNA manipulations are less 

prevalent
[28-30]

 as methods developed for DNA often do not work for RNA due to its inherent 

instability.  Moreover, the azide group, which participates in a wide range of bioorthogonal 

reactions in comparison to alkyne functionality, cannot be easily incorporated into nucleic 

acids by solid-phase ON synthesis protocols because most azide substrates are unstable in 

solution and undergo Staudinger-type reaction with phosphoramidite substrates.
[31-33]

  Hence, 

except for a very few examples wherein the azide group has been incorporated into DNA, 
[34-

35]
 these procedures mostly use easily accessible alkyne-modified nucleic acids, thereby 

making this postsynthetic modification method one-dimensional.
[36-41] 
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Figure 1.  Schematic diagram illustrating the posttranscriptional chemical labeling of RNA transcripts 

in vitro and in cells by using azide-modified UTP analogs. 

 

 Owing to these practical problems in current labeling procedures and paucity of 

efficient RNA imaging tools, we sought to develop a robust and modular labeling tool that 

would enable the study of RNA in vitro as well as in cells.  Towards this endeavour, we have 

recently reported the effective incorporation of an azide group into short RNA ONs by in 

vitro transcription reactions using 5-azidopropyl-modified UTP analogue.
[42-43]

  The azide-

modified RNA ONs were suitable for posttranscriptional chemical modification by copper(I)-

catalyzed azide-alkyne cycloaddition (CuAAC) and Staudinger reduction reactions.  

Encouraged by these results we wanted to develop a small series of azide-modified nucleotide 

analogs, which would enable the detailed investigation of the utility of our azide labeling 

technique to functionalize RNA with biophysical probes by CuAAC, copper-free strain-

promoted azide-alkyne cycloaddition (SPAAC) and azide-phosphine Staudinger ligation 

reactions both in vitro and in cells.  Here, we describe the development of a versatile toolbox 

composed of azide-modified uridine triphosphates, which facilitates the direct incorporation 

of azide functionality into RNA transcripts by transcription reaction (Figure 1).  The azide-



 Chapter 5 

 

177 
 

modified RNA is readily functionalized with biophysical probes in a modular fashion by 

CuAAC, copper-free strain-promoted azide-alkyne cycloaddition (SPAAC) and azide-

phosphine Staudinger ligation reactions.   

 

5.2 Result and Discussion  

5.2.1 Synthesis of azide-modified UTP analogs 

5-Modified pyrimidine ribonucleotides are known to serve as good substrates in in vitro 

transcription reaction catalyzed by T7 RNA polymerase.
[44,46]

  Therefore, we assembled a 

toolbox containing 5-azido-modified UTP analogs (46) to perform posttranscriptional 

chemical labeling and imaging of RNA (Scheme 1).  The ribonucleosides (13) were 

synthesized according to analogous procedures reported in the literature.
[47]

 The 

corresponding modified triphosphate substrates (46) necessary for transcription reactions 

were obtained by first phosphorylating the nucleoside with POCl3 followed by a reaction with 

bis-tributylammonium pyrophosphate (Scheme 1).
[42]

 

 

 

Scheme 1. General scheme for the synthesis of azide-modified UTP analogs 46 from ribonucleosides 

13, respectively.
[47]

 

 

5.2.2 Enzymatic incorporation of azide-modified UTP analogs in to RNA  

The suitability of transcription reaction in producing azide-modified RNA was first evaluated 

in vitro by using a series of short promoter-template DNA duplexes and T7 RNA polymerase 

(Figure 2).  Deoxyadenosine (dA) residue was placed in the coding region of the templates at 



 Chapter 5 

 

178 
 

one or two sites to direct the incorporation of azide-modified UTP into RNA transcripts. The 

templates were also designed to contain a dT residue at the 5'-end to direct the incorporation 

of a unique A residue at the 3'-end of each transcript.  Transcription reactions were performed 

with templates T1T5 in the presence of GTP, CTP, UTP/modified UTP and -
32

P ATP. The 

products were then resolved by polyacrylamide gel electrophoresis (PAGE) and 

phosphorimaged.  In this experimental setup successful transcription reactions producing 3'-

end radiolabeled full-length RNA transcripts will be detected and all failed reactions resulting 

in the formation of truncated transcripts will remain undetected. 

 

 

Figure 2. Incorporation of azide-modified UTP analogs (46) into RNA ONs by in vitro transcription 

reactions.  Incorporation of 46 in the presence of DNA template T1 will produce RNA transcripts 

79, respectively. Transcripts resulting from T2T5 are also shown.
[47]

 
 

 

Transcription reactions performed in the presence of template T1 and modified UTPs 

46 resulted in very high yields of azide-modified full-length RNA transcripts 79, 

respectively, in comparison to a control reaction in the presence of natural UTP (Figure 3, 

lane 2).  The retarded mobility of modified transcripts as compared to control unmodified 

transcript indicated the incorporation of heavier nucleotides into transcripts (Figure 3, 

compare lanes 1 and 2).  In addition to full-length product, non-templated random 

incorporation of nucleotides resulted in the formation of trace amounts of longer transcripts.  

This observation is not unusual as in vitro transcription reactions with short templates are 

known to produce N+1 and N+2 products.
[48]

  Furthermore, absence of a band corresponding 

to full-length transcript in a control reaction performed with no UTP or modified UTP ruled 

out any misincorporation during the transcription reaction (Figure 3, lane 3).  To test the 

preference of RNA polymerase, reactions were performed in the presence of 1:1 

concentration of natural UTP and modified UTP.  Rewardingly, the enzyme incorporated 



 Chapter 5 

 

179 
 

both natural as well as modified UTPs reasonably well, indicating that the azide group could 

be potentially incorporated into cellular RNA transcripts by using cell’s biosynthetic 

machinery (Figure 3, lane 4).  Furthermore, reactions with templates T2T5 revealed that the 

modified uridine analogs could be incorporated into RNA transcripts near the transcription 

initiation site (TATA box) and at more than one site with moderate to high efficiency (Figure 

3, lanes 6, 8, 10 and 12). 

 

 

Figure 3. Incorporation of modified UTPs into RNA ONs by T7 RNA polymerase. Transcription 

reactions were performed with templates T1T5 in the presence of UTP and or modified UTPs 4 and 

6. Relative % incorporation of azide-modified UTPs into modified full-length transcript is given with 

respect to the amount of full-length transcript formed in the presence of natural NTPs. 

 

 

To unambiguously confirm the incorporation of azide functionality into RNA ONs, 

large-scale transcription reactions were performed in the presence of template T1 and 

modified UTPs 4−6.  Mass analysis of transcripts isolated after PAGE purification clearly 

confirmed the integrity of modified full-length RNA products (Table 1).  In addition, HPLC 

analysis of ribonucleoside products obtained from digestion of modified transcripts clearly 

ascertained the incorporation of azide-modified uridine analogs into RNA (Figure 4, 5). 
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Table 1. ε260, isolated yield and MALDI-TOF mass data of azide-modified RNA transcripts 

obtained from large-scale transcription reactions with template T1. 

RNA 

Transcript 

ε260 (M
-1

cm
-1

) Isolated  

yield (nmol)
[a] 

Calcd. mass Observed mass
 

7   90600 12 3469.9 3469.9 

8 90133 14 3498.0 3497.2 

9  84700 18 3670.2 3669.8 

     
[a]

 Yield from large-scale transcription reactions (250 L volume reaction).  

 

 

Figure 4. HPLC chromatogram of ribonucleoside products obtained from an enzymatic digestion of 

oligoribonucleotide 7 at 260 nm. (A) A mix of natural ribonucleosides and azide-modified 

ribonucleoside 1. (B) ON 7 digest. Mobile phase A: 100 mM TEAA (pH 7.5); mobile phase B: 

acetonitrile.  Flow rate: 1 mL/min.  Gradient: 0−10% B in 20 min and 10−100% B in 10 min. Mass 

analysis of HPLC fraction corresponding to ribonucleosides also confirmed the integrity of the 

ribonucleosides (data not shown). HPLC analysis was performed on Agilent Technologies 1260 

Infinity. 
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Figure 5. HPLC chromatogram of ribonucleoside products obtained from an enzymatic digestion of 

oligoribonucleotide 9 at 260 nm. (A) Natural ribonucleosides and azide-modified ribonucleoside 3 

mix. (B) ON 9 digest. Mobile phase A: 100 mM TEAA (pH 7.5); mobile phase B: acetonitrile.  Flow 

rate: 1 mL/min.  Gradient: 0−10% B in 20 min and 10−100% B in 10 min. Mass analysis of HPLC 

fraction corresponding to ribonucleosides also confirmed the integrity of the ribonucleosides (data not 

shown). HPLC analysis was performed on Dionex ICS 3000. 

 

 

 

Figure 6. Schematic diagram of EGFPinpDisplay plasmid, which was linearized by using XhoI 

restriction enzyme. Transcription reactions with linearized plasmid in the presence of natural or 

modified UTPs will produce nearly 1.1 kb RNA transcript containing 258 uridine or modified uridine 

residues, respectively.
[56]

   

 



 Chapter 5 

 

182 
 

The efficacy of RNA polymerase to incorporate azide groups at multiple sites in RNA 

sequences of biological relevance was evaluated by performing transcription reactions in the 

presence of linearized plasmid DNA that would generate nearly 1.1 kb RNA transcript (figure 

6).
[47]

 All modified UTPs (4−6) were found to be effectively incorporated by RNA 

polymerase to produce respective transcripts.  As before, HPLC analysis of ribonucleoside 

products obtained from enzymatic digestion of transcripts confirmed the incorporation of 

modification into the transcripts (Figure 7).  The fidelity of transcription reaction in the 

presence of modified UTPs (e.g., 4) was further confirmed by reverse transcribing modified 

transcripts into cDNA, which was then PCR amplified and sequenced.  The sequencing data 

showed 100% sequence identity with the template DNA used for the in vitro transcription 

reactions.  These results clearly reveal that (i) the azide-modified UTPs are incorporated into 

RNA transcripts with high fidelity and (ii) the transcription products are recognized and 

copied by reverse transcriptase with high fidelity to generate cDNA, which can be PCR 

amplified and transcribed again in the presence of modified UTPs.  This feature of nucleoside 

analogs could be highly beneficial in expanding the structural and functional diversity of 

RNA library used in the in vitro selection protocols.
[49,50] 

 

 

.  
Figure 7. HPLC chromatogram of ribonucleoside products obtained from enzymatic digestion 

reactions of RNA transcripts, which were prepared by in vitro transcription reaction with linearized 

EGFPinpDisplay plasmid template and in the presence of A) natural UTP; B) AMUTP (4); C) 

APUTP (5); D) ATUTP (6). The presence of modified ribonucleosides (13) in RNA transcripts was 

confirmed by comparing the retention times with standard ribonucleoside mix.  
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5.2.3 Posttranscriptional chemical functionalization of azide-modified RNA ONs 

The compatibility of azide-modified RNA ONs 79 to posttranscriptional chemical 

functionalization was evaluated by performing click and Staudinger ligation reactions in the 

presence of a variety of biophysical probes (Figure 8).  First, the azide-modified RNA ONs 

79 were subjected to CuAAC reaction with alkyne substrates in the presence of a water-

soluble Cu(I) stabilizing ligand, tris-(3-hydroxypropyltriazolylmethyl)amine (THPTA), 
[36,51]

 

CuSO4 and sodium ascorbate at 37 °C.  Typically, reaction mixture after 30 min was resolved 

by PAGE under denaturing conditions, and the band corresponding to the product was 

isolated.  The cycloaddition reaction with naphthalimide-alkyne (10), Alexa594-alkyne (11) 

and biotin-alkyne (12) was completed in 30 min to afford the desired fluorescent- and biotin-

labeled RNA ONs in moderate to good yields (Scheme 2, 10, Table 2).  Reactions between 

ON 79 and biotin-alkyne substrate gave the expected clicked products and also an unknown 

slower migrating sideproduct in trace amounts (Figure 9A).   

 

  

Figure 8. Building blocks for posttranscriptional chemical modification.
[47] 
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Scheme 2. Posttranscriptional chemical functionalization of azide-modified RNA transcripts 7, 8 and 

9 by CuAAC reaction using alkyne substrates 1012. 

 

 

 

Scheme 3. Posttranscriptional chemical functionalization of azide-modified RNA transcripts 7, 8 and 

9 by copper–free SPAAC reaction with alkyne substrates 13 and 14. 
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On the other hand, RNA ONs 79 underwent facile copper-free SPAAC reaction with 

commercially available cyclooctyne building blocks of biotin (13) and Cy3 (14) in 60 min at 

37 °C (Scheme 3, 10, Table 2) to produce the clicked products in moderate to very high 

yields.  In SPAAC reaction conditions, we did not detect any sideproducts.  Next, the azide-

modified ONs were subjected to Staudinger ligation reaction with biotinylated triaryl 

phosphine substrate 15.  Since the kinetics of the ligation reaction is slow,
[13]

 the desired 

biotinylated RNA products (15a-15c) were formed in isolable amounts when the reaction was 

performed for 15 h at 60 °C (Scheme 4, Table 2).  Some amount of unreacted azide-modified 

RNA transcript was noticed as the reaction did not proceed to completion (Figure 9C). 

 

 

Scheme 4. Posttranscriptional chemical functionalization of azide-modified RNA transcripts 7, 8 and 

9 by Staudinger ligation reaction with triaryl phosphine substrate 15 

 

 

Figure 9. Representative UV shadowed (254 nm) images of polyacrylamide gels of RNA ON 

products obtained from posttranscriptional chemical modification by click reactions. (A) CuAAC 

reaction between azide-modified RNA ON 7 and alkyne substrates 10 and 12. (B) Copper-free 

SPAAC reaction between azide-modified RNA ON 7 and alkyne substrates 13 and 14. Bands 

corresponding to clicked products are indicated using arrows.  The unknown slower migrating bands 

formed under CuAAC conditions are denoted using “?”. Mass analysis indicates that the slower 

migrating bands could probably be the sulfoxide form of the biotinylated RNA products (data not 

shown). Conversion of biotin to biotin sulfoxide has been reported earlier.
[7]

 (C) Staudinger ligation 

reaction between RNA ON 9 and biotinylated triaryl phosphine substrate 15. Some amount of 

unreacted azide-modified RNA transcript was noticed as the reaction did not proceed to completion.  
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Notably, ATU (3) labeled RNA ON 9 containing a longer tetraethyleneglycol spacer 

gave the best yield with all substrates as compared to ONs 7 and 8 containing shorter linkers.  

Under these posttranscriptional modification conditions we observed minimum degradation 

of RNA (Figure 9).  Typically, 15 nmol reaction scale yielded 412 nmol of the labeled 

product after gel electrophoretic purification.  The integrity of all clicked and ligated RNA 

products was confirmed by mass analysis (Table 2).  Taken together, these results clearly 

demonstrate that this posttranscriptional chemical labeling methodology is simple, modular, 

and generates labeled RNA ONs in sufficient amounts for biophysical analysis. 

 

 

Table 2. Yield and mass data of posttranscriptionally functionalized RNA ONs 79. See 

Schemes 57 for the chemical structure of the products.  

 

Entry RNA 

ON 

Substrate Product Yield 

(nmol) 

Isolated 

yield 

(%)
[a]

 

MALDI-TOF mass analysis of 

products (m/z) 

Calculated 

mass 

Observed mass 

1 7 10 10a 6 40 3867.4 3866.6 

2 8 10 10b 8 53 3895.4 3895.7 

3 9 10 10c 10 67 4066.6 4067.2 

4 7 11 11a 9 60 4230.8 4230.6 

5 8 11 11b 10 67 4258.8 4258.8 

6 9 11 11c 11 73 4431.0 4431.3 

7 7 12 12a 5 33 3751.3 3751.3 

8 8 12 12b 5 33 3779.4 3778.8 

9 9 12 12c 5 33 3951.5 3950.5 

10 7 13 13a 8.4 56 4219.8 4220.0 

11 8 13 13b 8.8 59 4247.9 4248.2 

12 9 13 13c 10.2 68 4420.1 4419.7 

13 7 14 14a 9.6 64 4454.1 4453.5 

14 8 14 14b 9.7 65 4482.2 4482.4 

15 9 14 14c 12.4 83 4654.4 4654.7 

16 7 15 15a 4 27 4112.8 4112.9 

17 8 15 15b 4 27 4140.8 4141.1 

18 9 15 15c 7 47 4313.0 4312.5 

[a] 
All reactions were performed on 15 nmol scale of modified RNA ONs. Yields reported are with 

respect to the RNA products isolated after PAGE purification. 

 

 



 Chapter 5 

 

187 
 

5.3 Conclusions 

We have developed a robust and modular posttranscriptional chemical functionalization 

protocol to label RNA in vitro with biophysical probes by using a novel toolbox made of 

azide-modified UTP analogs.  These modified UTPs, synthesized in few steps, are effectively 

incorporated by RNA polymerases to endow RNA with azide functionality.  Further, the 

azide-modified transcripts are conveniently labeled posttranscriptionally by CuAAC, SPAAC 

and Staudinger ligation reactions with a variety of substrates ranging from fluorescent probes 

to affinity tags. 

One of my colleagues Anupam Sawant has taken forward this azide modified UTPs and 

evaluated their metabolic incorporation efficiency into cellular RNA. He has successfully 

demonstrated the incorporation of azide-modified UTP analog (AMUTP 4) by endogenous 

RNA polymerases, which is the first example of selective labeling of cellular RNA transcripts 

with azide groups.  The selective labeling of RNA with azide group enabled the imaging of 

newly transcribing RNA in fixed and in live cells by click reactions. It is expected that this 

modular and practical chemical labeling methodology will provide a new platform to study 

RNA in vitro and inside the cells.  

 

5.4 Experimental Section 

5.4.1 Materials 

Uridine, 5-iodouridine, tetrakis(triphenylphosphine) palladium (0), copper(I) iodide, 

paraformaldehyde, 4-bromo-1,8-naphthalic anhydride, diphenylphosphine,    1-methyl 2-

iodoterephthalate, triethylene glycol monomethyl ether, tetraethylene glycol, propargylamine, 

sodium azide, sodium ascorbate, CuSO4, biotin, DEAE Sephadex A-25 resin and snake 

venom phosphodiesterase I were obtained from Sigma-Aldrich. POCl3 was purchased from 

Across Organics and freshly distilled prior to use. Fluorescent dyes Alexa594-alkyne 11 and 

calf intestinal alkaline phosphatase (CIP) were acquired from Invitrogen (Life Technologies). 

Activated cyclooctyne derivatives 13 and 14 were obtained from Click Chemistry Tools. 

Radiolabeled α-
32

P ATP (2000 Ci/mmol) was purchased from the Board of Radiation and 

Isotope Technology, Government of India. T7 RNA polymerase, ribonuclease inhibitor 

(RiboLock), NTPs, RNase A and RNase T1 were obtained from Fermentas Life Science. 

DNA ONs were purchased from Integrated DNA Technologies, Inc., purified by gel 

electrophoresis under denaturing condition and desalted using Sep-Pak Classic C18 cartridges 
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(Waters Corporation). Chemicals for preparing all buffer solutions were purchased from 

Sigma-Aldrich (BioUltra grade). Autoclaved water was used in all biochemical reactions and 

HPLC analysis. 

 

5.4.2 Instrumentation 

NMR spectra were recorded on a 400 MHz Jeol ECS-400. All MALDI-MS measurements 

were recorded on an Applied Biosystems 4800 Plus MALDI TOF/TOF analyzer, MicroMass 

ESI-TOF and Water Synapt G2 High Defination mass spectrometer. Absorption spectra were 

recorded on PerkinElmer, Lambda 45 UV-Vis and Shimadzu UV-2600 spectrophotometers. 

Reversed-phase flash chromatographic (C18 RediSepRf column) purifications were carried 

out using Combi Flash Rf  Teledyne ISCO, RP-HPLC analyses were performed using Agilent 

Technologies 1260 Infinity and Dionex ICS 3000. Phosphorimages were recorded on a 

Typhoon Trio+, GE-Healthcare phosphorimager.  

 

5.4.3 Synthesis 

 

Scheme 5. Synthesis of 5-azidomethyl UTP (AMUTP 4) from corresponding ribonucleoside 1.  

 

5-(azidomethyl) uridine (AMU 1): 5-(azidomethyl)-2′, 3′-O-isopropylideneuridine 18 
[53] 

(0.80 g, 2.4 mmol) was dissolved in 50% aqueous acetic acid (16 ml) and refluxed for 4 h. 

The reaction mixture was then allowed to come to RT and the solvent was evaporated. The 

crude residue was purified by silica gel column chromatography (0–12% methanol in 

dichloromethane) to afford the product 1 as white solid (0.39 g, 55%). TLC (CH2Cl2:MeOH = 

85:15) Rf = 0.30; 
1
H NMR (400 MHz, d6-DMSO): δ (ppm) 11.57 (s, 1H), 8.08 (s, 1H), 5.77 

(d, J = 5.2 Hz, 1H), 5.41 (br, 1H), 5.13 (br, 2H), 4.054.02 (m, 3H), 3.97 (t, J = 4.4 Hz, 1H), 

3.84 (dd, J = 7.4 Hz, 3.4 Hz, 1H), 3.65 (d, J = 12 Hz, 1H), 3.55 (d, J = 12 Hz, 1H); 
13

C NMR 

(100 MHz, d6-DMSO): δ (ppm) 162.9, 150.5, 140.1, 108.3, 87.9, 84.8, 73.6, 69.7, 60.8, 47.0; 
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HRMS: (m/z) Calculated for C10H12N5O6 [MH]

 = 299.0788, found = 299.0792; 260 = 9300 

M
-1

cm
-1

.  

 

5-(azidomethyl) uridine-5-triphosphate (AMUTP 4): To an ice cold solution of 5-

(azidomethyl) uridine 1 (92 mg, 0.27 mmol, 1.0 equiv) in trimethyl phosphate (1.0 mL) was 

added freshly distilled POCl3 (63 μL, 0.68 mmol, 2.5 equiv). The solution was stirred for 12 h 

at ~4 °C. A solution of bis-tributylammonium pyrophosphate (0.5 M in DMF, 2.7 mL, 5.0 

equiv) and tributylamine (0.65 mL, 2.71 mmol, 10 equiv) was rapidly added under ice cold 

condition. The reaction was quenched after 30 min with 1 M triethylammonium bicarbonate 

buffer (TEAB, pH 7.5, 15 mL) and was washed with ethyl acetate (20 mL). The aqueous 

layer was evaporated and the residue was purified first on DEAE sephadex-A25 anion 

exchange column (10 mM–1 M TEAB buffer, pH  7.5) followed by reversed-phase flash 

column chromatography (C18 RediSepRf, 0–40% acetonitrile in 50 mM triethylammonium 

actetate buffer, pH 7.5, 40 min). Appropriate fractions were lyophilized to afford the desired 

triphosphate product 4 as a tetratriethylammonium salt (113 mg, 39%); 
1
H NMR (400 MHz, 

D2O): δ (ppm) 7.96 (s, 1H), 5.82 (d, J = 3.6 Hz, 1H), 4.30 (br, 2H), 4.13–4.02 (m, 5H); 
13

C 

NMR (100 MHz, D2O): δ (ppm) 165.1, 151.7, 140.8, 109.8, 88.4, 83.4, 73.8, 69.5, 64.8, 47.1; 

31
P NMR (162 MHz, D2O): δ (ppm) 10.98 (br), 21.76 (br); HRMS: (m/z) Calculated for 

C10H15N5O15P3 [MH]

 = 537.9777, found = 537.9796. 

  

Tosyl-propargyloxy-tetra-ethylene glycol conjugated uridine (21): To a mixture of 5-

iodouridine 19 (0.40 g, 1.08 mmol, 1.0 equiv), tosyl-propargyloxy-tetraethylene glycol 20 
[54] 

(0.627 g, 1.62 mmol, 1.5 equiv), CuI (0.02 g, 0.11 mmol, 0.1 equiv) and 

tetrakis(triphenylphosphine) palladium(0) (0.075 g, 0.065 mmol, 0.06 equiv) in anhydrous 

dioxane (10 ml) was added N,N-diisopropylethylamine (0.75 ml, 4.32 mmol, 4.0 equiv) 

slowly. The reaction mixture was stirred at RT for 12 h. Solvent was evaporated and the 

resulting syrup was purified by silica gel column chromatography (0–10% methanol in 

dichloromethane) to give product 21 as faint orange semisolid (0.645 g, 95%). TLC 

(CH2Cl2:MeOH = 86:14) Rf  = 0.73;  
1
H NMR (400 MHz, d6-DMSO): δ (ppm) 11.66 (s, 1H), 

8.33 (s, 1H), 7.78 (d, J = 8.4 Hz, 2H), 7.48 (d, J = 8.4 Hz, 2H), 5.75 (d, J = 6.4 Hz, 1H), 5.42 

(d, J = 5.2 Hz, 1H), 5.22 (t, J = 4.8 Hz, 1H), 5.08 (d, J = 5.2 Hz, 1H), 4.33 (d, J = 4.8 Hz, 

2H), 4.10 (t, J = 4.2 Hz, 2H), 4.05 (dd, J = 10.0, J = 5.2 Hz, 1H), 3.98 (dd, J = 9.6, J = 4.8 

Hz, 1H), 3.86 (dd, J = 7.0, J = 2.6 Hz, 1H), 3.583.52 (m, 10H), 3.49 (s, 2H), 3.44 (br, 4H), 
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2.42 (s, 3H); 
13

C NMR (100 MHz, d6-DMSO): δ (ppm) 161.5, 149.7, 144.9, 144.2, 132.4, 

130.2, 128.1, 127.6, 125.5, 97.8, 88.8, 88.3, 84.8, 78.4, 73.9, 71.0, 70.0, 69.8, 69.7, 69.6, 

69.5, 69.3, 68.6, 67.9, 60.3, 58.2, 21.1; HRMS: (m/z) Calculated for C27H36N2O13SK [M+K]
+
 

= 667.1575, found = 667.1573.  

 

 

Scheme 6. Synthesis of azide-modified ribonucleoside ATU 3 and corresponding triphosphate 

ATUTP 6.  

 

Azido-propargyloxy-tetraethylene glycol conjugated uridine (ATU 3): To a solution of 

compound 21 (0.60 g, 0.96 mmol, 1.0 equiv) in DMF (6 ml) was added sodium azide (0.124 

g, 1.92 mmol, 2.0 equiv). The reaction mixture was stirred at 50 °C for 4 h, then it was cooled 

to RT and solvent was evaporated. The resulting crude product was purified by silica gel 

column chromatography (0–12% methanol in dichloromethane) to afford the ribonucleoside 3 

as a pale brown semi-solid (0.360 g, 76 %). TLC (CH2Cl2:MeOH = 86:14) Rf = 0.65; 
1
H 

NMR (400 MHz, d6-DMSO): δ (ppm) 11.64 (s, 1H), 8.32 (s, 1H), 5.75 (d, J = 4.4 Hz, 1H), 

5.40 (br, 1H), 5.20 (t, J = 4.2 Hz, 1H), 5.06 (br, 1H), 4.33 (s, 2H), 4.05 (t, J = 4.6 Hz, 1H), 

3.98 (t, J = 4.8 Hz, 1H), 3.83 (dd, J = 7.2, J = 2.8 Hz, 1H), 3.613.52 ( m, 16H), 3.39 (t, J = 

4.8 Hz, 2H); 
13

C NMR (100 MHz, d6-DMSO): δ (ppm) 161.6, 149.7, 144.2, 97.8, 88.8, 88.3, 

84.8, 73.9, 69.8, 69.7, 69.6, 69.4, 69.2, 68.6, 60.3, 58.2, 50.0; HRMS: (m/z) Calculated for 

C20H29N5O10K [M+K]
+
 = 538.1551, found = 538.1558; 260 = 3400 M

-1
cm

-1
. 

 

Azido-propargyloxy-tetraethylene glycol conjugated uridine-5-triphosphate (ATUTP 

6): To an ice cold solution of azide-modified ribonucleoside 3 (90 mg, 0.18 mmol, 1.0 equiv) 
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in trimethyl phosphate (1 mL) was slowly added freshly distilled POCl3 (42 μL, 0.45 mmol, 

2.5 equiv). The reaction mixture was stirred for 5 h at ~4 °C. A solution of bis-

tributylammonium pyrophosphate (0.5 M in DMF, 1.9 mL, 5.2 equiv) and tributylamine (0.47 

mL, 1.98 mmol, 11 equiv) was rapidly added under ice cold condition. The reaction was 

quenched after 30 min with 1 M triethylammonium bicarbonate buffer (TEAB, pH 7.6, 15 

mL) and was extracted with ethyl acetate (20 mL). The aqueous layer was evaporated and the 

residue was purified first on DEAE sephadex-A25 anion exchange column (10 mM–1 M 

TEAB buffer, pH  7.6) followed by reversed-phase flash column chromatography (C18 

RediSepRf, 0–40% acetonitrile in 100 mM triethylammonium actetate buffer, pH 7.5, 50 

min). Appropriate fractions were lyophilized to afford the desired triphosphate product 6 as a 

tetratriethylammonium salt (66 mg, 32%). 
1
H NMR (400 MHz, D2O): δ (ppm) 7.98 (s, 1H), 

5.75 (d, J = 4.4 Hz, 1H) 4.26 (br, 2H), 4.20 (br, 2H), 4.08 (br, 3H), 3.62 (t, J = 3.8, 2H), 

3.553.51 ( m, 12H), 3.30 (t, J = 4.6 Hz, 2H); 
13

C NMR (100 MHz, D2O): δ (ppm) 164.3, 

150.7, 144.8, 99.2, 89.9, 88.8, 83.4, 77.2, 73.6, 69.5, 69.4, 69.2, 68.7, 65.0, 58.5, 50.1; 
31

P 

NMR (162 MHz, D2O): δ (ppm) 10.71 (br), 22.06 (br); HRMS: (m/z) Calculated for 

C20H32N5O19P3K [M+K]
+
 = 778.0541, found = 778.0549. 

 

 

Scheme 6. Synthesis of alkyne substrate 10 for CuAAC reaction, NMP = N-methyl-2-pyrrolidone. 

 

4-(Prop-2-yn-1-ylamino-N-(triethyleneglycol monomethyl ether)-1,8-naphthalimide 

(10): A solution of 4-bromo-napthalimide derivative 22 
[55]

 (0.200 g, 0.47 mmol, 1.0 equiv), 

propargylamine (60 L, 0.94 mmol, 2.0 equiv) in N-methyl-2-pyrrolidone (2 mL) was heated 

at 140 °C for 12 h. Reaction mixture was diluted with water (10 mL) and the product was 

extracted with ethyl acetate (3×15 mL). The organic layer was dried over sodium sulphate 

and evaporated to dryness. The crude product was purified by silica gel chromatography (50–

80% ethyl acetate in petroleum ether) to give product 10 as a lemon yellow solid (0.127 g, 

68%). TLC (ethyl acetate) Rf  = 0.50; 
1
H NMR (400 MHz, CDCl3): δ (ppm)  8.44 (d, J = 7.2 

Hz, 1H), 8.39 (d, J = 8.4 Hz, 1H), 8.07 (d, J = 8.8 Hz, 1H), 7.52 (t, J = 8 Hz, 1H), 6.72 (d, J = 
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8.4 Hz, 1H), 5.78 (s, 1H), 4.40 (t, J = 6.0 Hz, 2H), 4.204.18 (m, 2H), 3.84 (t, J = 6.0 Hz, 

2H), 3.74 (t, J = 4.6 Hz, 2H), 3.65 (t, J = 4.8 Hz, 2H), 3.59 (t, J = 4.8 Hz, 2H), 3.43 (t, J = 4.8 

Hz, 2H), 3.27 (s, 3H), 2.33 (t, J = 2.4 Hz, 1H); 
13

C NMR (100 MHz, CDCl3): δ (ppm) 164.7, 

164.2, 148.3, 134.1, 131.2, 129.5, 126.4, 125.1, 122.9, 120.6, 111.5, 105.2, 79.1, 72.7, 72.0, 

70.7, 70.6, 70.3, 68.3, 59.1, 39.0, 33.4; HRMS: m/z Calculated for C22H24N2O5K [M+K]
+
 = 

435.1322, found = 435.1329. 

 

5.4.4 Enzymatic incorporation of azide-modified UTP 4 and 6 

Transcription reactions with α-
32

P ATP: The promoter-template duplexes (5 μM) were 

assembled by heating T7 RNA polymerase consensus promoter DNA sequence and DNA 

template (T1–T5) in TE buffer (10 mM Tris-HCl, 1 mM EDTA, 100 mM NaCl, pH 7.8) at 90 

°C for 3 min. The solution was allowed to come to room temperature slowly and then placed 

on an ice bath for 20 min, and stored at 40 °C. The transcription reactions were carried out 

at 37 °C in 40 mM Tris-HCl buffer (pH 7.9) containing 250 nM annealed promoter-template 

duplexes, 10 mM MgCl2, 10 mM NaCl, 10 mM of dithiothreitol (DTT), 2 mM spermidine, 1 

U/μL RNase inhibitor (Riboblock), 1 mM GTP, CTP, UTP and or modified UTP 4/6, 20 μM 

ATP, 5 μCi α-
32

P ATP and 3 U/μL T7 RNA in a total volume of 20 μL. The reaction was 

quenched after 3.5 h by adding 20 μL of loading buffer (7 M urea in 10 mM Tris-HCl, 100 

mM EDTA, 0.05% bromophenol blue, pH 8), heated for 3 min at 75 °C followed by cooling 

the samples on an ice bath.  The samples (4 μL) were loaded on a sequencing 18% denaturing 

polyacrylamide gel and electrophoresed.  The radioactive bands were phosphorimaged and 

then quantified using the GeneTools software from Syngene to determine the relative 

transcription efficiencies.  Relative percentage incorporation of azide-modified 

ribonucleoside triphosphates 4–6 into full-length transcripts has been reported with respect to 

the amount of full-length transcript formed in the presence of natural NTPs.  All reactions 

were performed in duplicate and the errors in yields were ≤ 4%.  

 

Large-scale transcription reactions: Large-scale transcription reactions were performed 

using DNA template T1.  Each reaction (250 μL) was performed in the presence of 2 mM 

GTP, CTP, ATP, and modified UTP 4/5/6, 20 mM MgCl2, 0.4 U/μL RNase inhibitor 

(Riboblock), 300 nM annealed template and 800 units T7 RNA polymerase. After incubating 

for 12 h at 37 °C, the reaction volume was reduced to 1/3 by speed vac. 50 μL of the loading 

buffer was added and the sample was loaded on a preparative 20% denaturing polyacrylamide 
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gel. The gel was UV shadowed, appropriate band was cut out, extracted with 0.3 M sodium 

acetate and desalted using Sep-Pak classic C18 cartridge. 

 

5.4.5 Enzymatic digestion of RNA ONs 7 and 9 

~4 nmol of the modified oligoribonucleotide transcripts 7 and 9 were treated with snake 

venom phosphodiesterase I (0.01 U), calf intestinal alkaline phosphatase (10 μL, 1 U/μL), and 

RNase A (0.25 μg) in a total volume of 100 μL in 50 mM Tris-HCl buffer (pH 8.5, 40 mM 

MgCl2, 0.1 mM EDTA) at 37 °C. ON 7 was incubated for 5 h and ONs 9 was incubated for 

12 h.  After this period, RNase T1 (0.2 U/μL) was added, and the samples were incubated for 

another 1 h (7) and 4 h (9) at 37 °C.  The ribonucleoside mixture obtained from the digest was 

analyzed by reversed-phase HPLC using Phenomenex-Luna C18 column (250 x 4.6 mm, 5 

micron) at 260 nm.  

 

5.4.6 In vitro transcription with linearized plasmid DNA template in the presence of 

modified UTPs 4−6 

The EGFP gene was PCR amplified from the pEGFPC1 vector (Clontech) (forward primer 5' 

gcgcgcagatctATGGTGAGCAAGGGCGAGGAGCTGTTC 3', reverse primer 5' 

gcgcgcgtcgacatccatttcaacCTTGTACAGCTCGTCCATGCC GAGAGT 3') under standard 

PCR conditions with Platinum Pfx Polymerase (Invitrogen).  The PCR product was cloned in 

the pDisplay vector (Invitrogen) in the Bgl2 and Sal1 restriction enzyme sites using standard 

restriction enzyme-ligation mediated cloning protocols to give GFPinpDisplay (Figure 6).
[56]

 

The construct was linearized with XhoI and purified by phenol-chloroform extraction.  

The transcription reactions were carried out in 40 mM Tris-HCl buffer (pH 7.9) 

containing 500 ng of linearized EGFPinpDisplay plasmid template, 1 mM GTP, CTP, ATP, 

UTP and or modified UTPs 4/5/6, 10 mM MgCl2, 10 mM NaCl, 10 mM of dithiothreitol 

(DTT), 2 mM spermidine, 1 U/μL RNase inhibitor (Riboblock) and 40 units T7 RNA 

polymerase in a total volume of 25 μL. Samples were incubated at 37 °C for 3h. LiCl (7.5 M, 

12.5 μL) was added and the reaction solutions were kept at 20 °C for 1 h followed by 

centrifugation (12000 rpm) at 4 °C for 15 min. The RNA pellets formed from each reaction 

were washed with 70% aqueous ethanol, dried and dissolved in 20 μL of nuclease free water. 

The presence of modified ribonucleosides (13) in each transcript was confirmed by 

enzymatic digestion followed by HPLC analysis of ribonucleoside products obtained from the 

digest (See Figure 7) 
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5.4.7 Posttranscriptional modification of azide-modified RNA ONs 79 by CuAAC 

reaction 

A solution of THPTA (3.3 μL, 90 mM), CuSO4 (3.3 μL, 45 mM) and sodium ascorbate (3.3 

μL, 90 mM) was added to an aqueous solution of azide-modified RNA ONs 7/8/9 in water 

(27 μL, 0.55 mM).  Stock solutions (7.5 mM) of alkyne substrates 10, 11 and 12 were 

prepared in DMSO.  Alkyne substrates (10 μL, 7.5 mM) were added to individual reaction 

mix and the reaction volume was adjusted to 50 μL by adding water.  The final concentration 

of reaction components was the following: THPTA (6.0 mM), CuSO4 (3.0 mM), sodium 

ascorbate (6.0 mM), RNA ON (0.30 mM, 15 nmol), alkyne substrate (1.5 mM) and DMSO 

(20%).  The reaction mixtures were incubated at 37 °C for 30 min and purified by PAGE 

under denaturing conditions.  The bands corresponding to clicked products were cut and 

extracted in 0.5 M ammonium acetate and desalted using Sep-Pak classic C18 cartridge. For 

structure of clicked products see Scheme 2 and for yields and mass data see Table 2. 

 

5.4.8 Posttranscriptional modification of azide-modified RNA ONs 79 by copper-free 

SPAAC reaction with cyclooctyne building blocks of biotin (13) and Cy3 (14) 

A solution of azide-modified RNA ONs 7/8/9 in water (23 μL, 0.65 mM) was mixed with 

alkyne substrate 13 or 14 (4.5 μL, 10 mM) dissolved in DMSO. Total volume of the reaction 

was adjusted to 37.5 μL by adding 10 μL of water such that the final concentration of ONs 

was 0.40 mM (15 nmol) and alkyne substrates was 1.2 mM and percentage DMSO was 12. 

The individual reaction mixture was incubated at 37 °C for 1 h and the clicked product was 

purified by PAGE under denaturing conditions. The bands corresponding to clicked product 

was cut and extracted in 0.5 M ammonium acetate and desalted using Sep-Pak classic C18 

cartridge. For structure of clicked products see Scheme 3 and for yields and mass data see 

Table 2. 

 

5.4.9 Posttranscriptional modification of azide-modified RNA ONs 79 by Staudinger 

ligation reaction with biotinylated triaryl phosphine substrate 15 

A solution of azide-modified RNA ONs 7/8/9 in water (27 μL, 0.55 mM) was mixed with 

PBS buffer (10 μL, 100 mM). The biotinylated phosphine substrate 15  (10 μL, 15 mM) in 

DMSO was then added to the above solution and mixed well.
[45]

 The reaction volume was 

adjusted to 50 μL by adding water.  The final concentration of reaction components was the 

following: RNA ONs (0.30 mM, 15 nmol), 15 (3.0 mM) and DMSO (20%). The reaction 
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mixture was incubated at 60 °C for 15 h and was purified by PAGE under denaturing 

conditions. Bands corresponding to the ligated products were cut and extracted in 0.5 M 

ammonium acetate and desalted using Sep-Pak classic C18 cartridge. For structure of 

products see Scheme 4 and for yields and mass data see Table 2. 
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5.6 Appendix-V: Characterization data of synthesized compounds 
1
H-NMR of azide-modified ribonucleoside 1 in d6- DMSO 

 
13

C-NMR of azide-modified ribonucleoside 1 in d6- DMSO  
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1
H-NMR of azide-modified ribonucleoside 3 in d6-DMSO 

 

13
C-NMR of azide-modified ribonucleoside 3 in d6- DMSO  
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1
H-NMR of azide-modified ribonucleoside triphosphate 4 in D2O. Trace amounts of 

triethylammonium acetate buffer is also present. 

 

13
C-NMR of azide-modified ribonucleoside triphosphate 4 in D2O. Trace amounts of 

triethylammonium acetate buffer is also present. 
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31
P-NMR of azide-modified ribonucleoside triphosphate 4 in D2O.  

 

1
H-NMR of azide-modified ribonucleoside triphosphate 6 in D2O. Trace amounts of 

triethylammonium acetate buffer is also present.  
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13
C-NMR of azide-modified ribonucleoside triphosphate 6 in D2O. Trace amounts of 

triethylammonium acetate buffer is also present. 

 

31
P-NMR of azide-modified ribonucleoside triphosphate 6 in D2O 
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MALDI-TOF mass spectra of azide-modified transcripts 7−9 calibrated relative to the +1 and 

+2 ions of an internal 18-mer DNA ON standard (m/z for +1 and +2 ions are 5466.6 and 

2733.3, respectively). 
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The main objective of this thesis was to develop biophysical tools to investigate the structure, 

function and recognition properties of nucleic acids using tailor-made nucleoside analogue 

probes. Towards this endeavour, we were successful in developing microenvironment-

sensitive fluorescent pyrimidine ribonucleoside analogues by conjugating heterobicycles at 

the 5-position of uracil. In particular, 5-benzofuran-modified uridine was found to be highly 

emissive and sensitive to it surrounding environment. Importantly, when incorporated into 

DNA and RNA oligonucleotides (ONs), it retained reasonable fluorescence and was highly 

sensitive to its neighbouring base environment. Its probe-like properties within DNA and 

RNA ONs enabled the development of fluorescence assays to (i) detect DNA and RNA 

lesions (e.g., abasic sites), (ii) monitor nucleic acids- and topology-specific binding of ligands 

to G-quadruplexes, and (iii) detect the formation of non-canonical nucleic acid structures such 

as i-motif. We were also successful in developing another novel nucleoside analogue based 

on the Lucifer chromophore, with excitation and emission in the visible region and a high 

quantum yield.  The triphosphate and phosphoramidite derivative of naphthalimide-modified 

nucleoside acts as a good substrate for the synthesis of fluorescent RNA ONs by in vitro 

transcription reaction as well as by solid-phase ON synthesis protocol, respectively.  

Importantly, the emissive nucleoside incorporated into ON duplexes exhibits appreciable 

fluorescence efficiency, and is also responsive to changes in its flanking bases and base pair 

substitutions.   

In parallel, we synthesized a small series of azide-modified UTP analogues to 

establish a methodology to label RNA in vitro and in cells by using bioorthogonal chemical 

reactions. We were able to incorporate azide functionality into RNA by in vitro transcription 

reactions and further developed a modular posttranscriptional chemical functionalization 

protocol to label RNA in vitro with variety of biophysical probes. One of these analogues, 5-

azidomethyl uridine AMUTP served as an efficient substrate for endogenous RNA 

polymerases. This is the first example of selective labeling of cellular RNA transcripts with 

azide groups. The selective labeling of RNA with azide group enabled the imaging newly 

transcribing RNA in fixed and in live cells by click reactions.  

Taken together, our results highlight the potential of these base-modified nucleoside 

analog as useful probes in the study of nucleic acids in vitro as well as inside the cells. 


