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Synopsis 

 

Base-Modified Peptide Nucleic Acid Analogues as Hybridization Probes in 

Nucleic Acid Diagnostics 

 

Background 

Nucleic acids adopt several complex secondary and tertiary structures to perform functions 

like storage and transfer of genetic information, catalysis and regulation of gene expression.
1
 

Several biophysical tools have been developed to detect nucleic acid sequences and also 

understand the structure and function of nucleic acids.
2
 In particular, fluorescence-based 

techniques, which are highly sensitive and offer detection of analytes in real time, have been 

widely utilized for the detection of nucleic acid sequences in cell-free and cellular systems.
3
 

As natural nucleobases are practically nonemissive, often in these studies, a complementary 

oligonucleotide (ON) labeled with an appropriate fluorescent reporter or reporters (e.g., 

FRET pair) is used as a probe to target the nucleic acid sequence of interest.
4
 Upon 

hybridization to the target nucleic acid, the reporter signals the binding event via changes in 

its fluorescence properties, which is used in detecting as well as imaging specific nucleic acid 

motifs in vitro and in live cells. Alternatively, environment-sensitive fluorescent nucleoside 

analogue probes incorporated into ONs have been extensively used in studying nucleic acid 

lesions (e.g., abasic site, mismatch base pair) and the conformational changes that occur at 

the nucleotide level during a binding event or in a reaction involving nucleic acids.
5
  

Although the utility of such ON reporters are arguably undeniable, low fluorescence 

efficiency upon incorporation into ON sequences, background fluorescence, poor 

hybridization efficiency and nucleases mediated degradation limit the practical utility of 

many such labeled ON probes, particularly in cellular environment.
6
 Therefore, it is highly 

desirable to develop robust fluorescence hybridization tools with properties suitable for cell-

free and in-cell analysis of nucleic acids. In this context, a synthetic nucleic acid analogue, 

peptide nucleic acid (PNA), containing an uncharged and achiral pseudo-peptide backbone 

would be appropriate as it is resistant to nucleases and proteases, and base-pairs strongly with 

complementary DNA and RNA ONs.
7
  Inspired by many of the useful properties of PNA and 

base-modified nucleobase analogues, we hypothesized that constructing PNA oligomer 

probes containing microenvironment- and conformation-sensitive fluorescent nucleobase 
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analogues would provide ample opportunities to develop new and robust diagnostic tools for 

studying the structure and functions of nucleic acids in both cell-free and cellular systems.
8
 

This thesis illustrates the design, synthesis and photophysical characterization of 

fluorescent PNA analogues obtained by attaching heterobicyclic rings (benzofuran and 

benzothiophene) at the 5-position of the uracil base. The fluorescence properties of PNA base 

analogues are highly sensitive to changes in their microenvironment.  Importantly, the 

sensitivity of the fluorescent PNA analogues to neighbouring base environment in PNA-DNA 

and PNA-RNA duplexes enabled the development of fluorescence hybridization assays to 

detect telomeric DNA repeats, G-quadruplex (GQ) forming proto-oncogenes and abasic sites 

in RNA. For example, benzofuran-modified PNA oligomer has been used to develop a simple 

turn-on fluorescence hybridization assay for the detection of telomeric DNA repeats using 

graphene oxide (GO) platform. Benzothiophene-modified PNA oligomers enabled the 

detection of GQ-forming sequences in proto-oncogenes and depurination activity of a toxic 

ribosome inactivating proteins (RIPs) toxin. Furthermore, PNA analogue based on the 

Lucifer chromophore, with the ability to positively signal the presence of adenosine repeat, 

has been utilized in imaging of poly(A) tails of mRNA in cells.  

Although development of robust fluorescence-based PNA probes is challenging, 

development of efficient methods to incorporate such reporters into PNA oligomers is equally 

important. The last part of the thesis describes the development of a post-synthetic PNA 

labeling technology by using chemoselective reactions. PNA oligomers containing 

chemoselective reactive handles have been prepared and post-synthetically functionalized 

with variety of biophysical tags by using copper(I)-catalyzed azide-alkyne cycloaddition 

(CuAAC), strain-promoted azide-alkyne cycloaddition (SPAAC), azide-phosphine 

Staudinger ligation and palladium-catalyzed reactions. Taken together, novel environment-

sensitive fluorescent PNA probes and chemical labeling techniques reported in this thesis will 

expand the scope of PNA in devising new platforms to detect, image and target biologically 

relevant nucleic acid motifs. 

 

The thesis is organized as follows: 

 

Chapter 1: Introduction to nucleic acids and PNA 

This chapter briefly describes different tools that have been developed to advance our 

understanding of the structure and function of nucleic acids.  The detection of nucleic acids 
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by using synthetic ON probes in cell-free as well as cellular conditions is elaborated.  

Structure, properties and various modifications carried out on PNA for detecting and 

targeting nucleic acids are also discussed.  In particular, fluorescent base-modified PNA 

probes for studying structure and conformation of nucleic acids are elaborated.  Further, we 

provide a detailed discussion on the applications of PNA in nucleic acid therapeutics, 

molecular biology, PCR clamping, microarrays and biosensors, and nucleic acid diagnostics.  

Finally, the limitations of presently available fluorescent PNA analogues and PNA labeling 

methodologies followed by motivation for the present research work are provided. 

 

Chapter 2: Synthesis, incorporation and photophysical analysis of 5-heterobicycle-

modified uracil PNA analogues 

In order to modify appropriate nucleobase (A/T/G/C) in the context to PNA, we have taken 

the advantage of fluorescent uridine analogues (5-benzothiophene-uridine and 5-benzofuran-

uridine) reported by our group.
9
 We first synthesized full set of benzofuran-conjugated 

ribonucleoside analogues and compared their photophysical properties in solvents of different 

polarity and viscosity.
10

 From these results, we observed that benzofuran uridine analogue 

exhibits probe like property because, it shows a) emission maximum in the visible region, b) 

reasonable quantum yield, and c) good solvatochromism. Based on these observations, PNA 

base analogues made of 5-benzothiophene (
BT

U)- and 5-benzofuran (
BF

U)-conjugated uracil 

core were synthesized (Figure 1A). Preliminary photophysical analysis of emissive PNA 

analogues revealed that the 
BT

U- and 
BF

U-modified PNA analogues are highly sensitive to 

their microenvironment (Figure 1B and 1C). 

 

Figure 1. (A) Chemical structure of nucleobase-modified PNA analogues (
BT

U and 
BF

U). Absorption 

(solid line) and emission (dashed line) spectra of monomers in water, dioxane and its mixtures. 

Absorption and emission spectra for 
BT

U (B) and 
BF

U (C). With change in solvent polarity, absorption 

spectrum is marginally affected, while emission spectrum is significantly affected. 
 

BT
U and 

BF
U were incorporated into model PNA oligomers, wherein the emissive base 

was placed in-between different flanking bases. Subsequent hybridization with various DNA 
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ONs and photophysical analysis revealed that the fluorescence properties of emissive PNA 

analogues are sensitive to neighbouring base environment (Figure 2).
11

 Importantly, UV-

thermal melting and circular dichroism (CD) studies of unmodified and modified PNA-DNA 

heteroduplexes pointed out that benzothiophene- and benzofuran-modifications had only 

marginal impact on the structure and stability of duplexes. Interestingly, the PNA oligomer 

containing 
BT

U PNA base flanked in-between C residues, selectively signaled the presence of 

perfect complementary base dA in a DNA ON (in GAG base set) with the appreciable 

enhancement in fluorescence intensity as compared to corresponding single-stranded PNA 

and mismatched PNA-DNA duplexes (Figure 2B).
11

 The ability of 
BF

U PNA to report 

complementary DNA ONs and 
BT

U PNA to selectively signal the presence of a GAG base set 

in DNA ON with significant enhancement in fluorescence efficiency has been utilized in 

devising assays to detect the human telomeric DNA repeat and GQ forming proto-oncogenes, 

and monitor the depurination activity of plant toxins. These applications are discussed in the 

following chapters. 

 

Figure 2. (A) Fluorescence intensity of 
BF

U-modified PNA 1 (
BF

U flanked in-between A residues) and 

their PNA-DNA heteroduplexes. 
BF

U reports complementary ONs with enhancement in fluorescence 

intensity. (B) Fluorescence spectra of 
BT

U-modified PNA 6 (
BT

U flanked in-between C residues) and 

its PNA-DNA heteroduplexes. 
BT

U selectively signals the presence of perfect complementary base dA 

in DNA ON (GAG base set) with significant enhancement in fluorescence intensity as compared to 

single-stranded and mismatched duplexes.  
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Chapter 3: Fluorescence detection of noncanonical nucleic acid motifs and depurination 

activity of plant toxins using fluorescent PNA probes 

 

Chapter 3A: Fluorescent PNA-graphene oxide platform as a turn-on sensor for the 

detection of human telomeric DNA repeats 

This chapter describes the development of a fluorescence turn-on platform to detect the 

human telomeric DNA repeat (TTAGGG)n by using benzofuran-modified uracil PNA 

analogue (
BF

U) and graphene oxide (GO) (Figure 3A).
12

 This sensor assembly is made of a 

PNA oligomer labeled with 
BF

U, which retains its fluorescence efficiency upon hybridization 

to the target ON (e.g., human telomeric DNA repeat) and GO, an excellent fluorescence 

quencher, which shows significantly higher binding affinity for single stranded (ss) ONs over 

the double stranded (ds) and folded ONs. A 
BF

U-labeled PNA probe complementary to the 

human telomeric DNA ON (telo-DNA) was synthesized (Figure 3B). Upon addition of ss 

fluorescent PNA probe to an aqueous dispersion of GO, reasonable quenching in 

fluorescence intensity was observed as a result of binding of PNA probe to GO. Further, 

addition of telo-DNA ON resulted in a significant enhancement in fluorescence intensity, 

which was due to desorption of PNA probe from GO surface and subsequent duplex 

formation with complementary telo-DNA ON (Figure 3C). Fluorescence anisotropy 

experiments also corroborated with the observed results. This assay also enabled the 

fluorescence detection of biologically relevant higher order GQ structures of human 

telomeric DNA repeat.
12

 Further, the suitability of this detection method in setting up a 

rudimentary assay in identifying small molecule G-quadruplex binders was explored. Taken 

together, the results demonstrate that this method, which does not involve rigorous assay 

setup, could provide new opportunities to detect telomeric DNA repeats and discover 

efficient G-quadruplex binders. 
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Figure 3. (A) A schematic illustration of the fluorescence turn-on assay to detect the human telomeric 

DNA repeats by using 
BF

U-modified fluorescent PNA-GO platform. (B) 
BF

U-modified fluorescent 

PNA probe targeting telomeric DNA ON (telo-DNA) are shown. (C) Fluorescence detection of 

telomere DNA using PNA-GO platform. Upon addition of 
BF

U-PNA probe GO, it shows reduction in 

fluorescence intensity due to formation of PNA-GO complex. Subsequent addition of telomere target 

(telo-DNA) results in appreciable enhancement in fluorescence due to desorption of PNA probe from 

GO and formation of PNA-telomere duplex. 

 

Chapter 3B: Benzothiophene-conjugated uracil PNA analogue as a fluorescence tool for 

detecting oncogenic G-quadruplex motifs and activity of toxic ribosome inactivating 

proteins 

The PNA oligomer containing 
BT

U, flanked in between C-residue (C
BT

UC), selectively 

signaled the presence of GAG base in a complementary DNA ON with significant 

enhancement in fluorescence intensity (discussed in chapter 2).
11

 The GAG triplet base sets 

are constituents of many functionally important nucleic acid motifs such as G-quadruplex 

(GQ) forming sequences in the promoter (c-myc, c-myb, c-kit etc.) and untranslated regions 

(UTRs) of mRNA (NRAS, BCL-2 etc.) of a number of oncogenes.
13

 In addition, GAG base 

set is also present in the highly conserved sarcin-ricin loop of eukaryotic 28S rRNA, which is 

a critical site for the binding of elongation factors to ribosome during protein synthesis 

process.
14

  The adenosine residue (A4324) of the GAG base set present in the sarcin-ricin loop 

is specifically depurinated by ribosome inactivating protein (RIP) toxins to produce an RNA 

abasic site.
14

 In this chapter, we describe the utility of the responsiveness of the 
BT

U PNA 
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analogue to develop a simple turn-on fluorescence hybridization assay to detect GQ motifs of 

proto-oncogenes (c-myc and c-kit), and to monitor as well as estimate the depurination 

activity of ribosome inactivating protein (RIP) toxins (Figure 4A and Figure 5A).  

 

Figure 4. (A) A schematic illustration of the fluorescence turn-on assay to detect the GAG base set 

containing GQ forming DNA sequences using emissive PNA probes (B) 
BT

U-modified fluorescent 

PNA probes 7 and 8 targeting c-myc and c-kit DNA ONs, respectively are shown. (C) 
BT

U-PNA 

probes (7 and 8) detect c-myc and c-kit DNA ONs by the formation of PNA-DNA heteroduplex (7•c-

myc and 8•c-kit2) with enhancement in fluorescence intensity. 

 

To setup a hybridization assay, 
BT

U-modified PNA oligomers 7, 8 and 9 (
BT

U flanked 

in-between C residues) complementary to c-myc, c-kit and RNA containing the conserved 

region of the sarcin-ricin stem-loop domain of rRNA ONs were synthesized by using SPPS 

(Figure 4B and Figure 5B). PNA probes were initially hybridized to respective ON target and 

subjected to fluorescence analysis. The heteroduplex of PNA probe 7 and 8 with c-myc and c-

kit displayed significant enhancement in fluorescence intensity as compared to corresponding 

ss PNA oligomer (Figure 4C). Moreover, strand invasion ability of PNA probe 7 and 8 were 

evaluated by incubating them with preformed GQ structures of c-myc and c-kit ON, 

respectively, at physiological conditions. This experiment showed that PNA probe 8 was able 

to invade GQ formed by c-kit ON, while PNA probe 7 was not very effective in invading the 

GQ structure of c-myc. Taken together, our results validate that 
BT

U-modified PNA oligomers 

could be potentially utilized as fluorescence turn-on probes to detect certain GQ forming 

motifs.
11
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Figure 5. (A) Study of depurination activity of ribosome inactivating protein (RIP) toxin using 

fluorescent PNA oligomer probe. (B) Saporin mediated depurination of RIPs RNA substrate 

monitored by fluorescent 
BT

U-PNA probe 9. Fluorescence intensity is gradually decreased as a 

function of time due to the formation of PNA-RNA product duplex with 
BT

U-opposite to developing 

abasic site. 

 

The ability of the 
BT

U-modified PNA 9 to differentiate between a complementary base 

in a GAG base set and an abasic site in a PNA-RNA heteroduplex by change in the 

fluorescence intensity was utilized in monitoring the depurination activity of RIP toxins (e.g. 

saporin, Figure 5A). Thermally folded RIPs RNA substrate was incubated with various 

concentration of saporin and then aliquots of reaction mixtures was immediately hybridized 

with PNA probe 9. In the PNA-RNA substrate duplex the emissive base would be paired with 

the complementary base A and in the PNA-RNA product duplex the probe would be located 

opposite to an abasic site. Fluorescence spectra of aliquots revealed a time-dependent 

quenching in emission intensity as a result of generation of an abasic site by saporin, which 

enabled the detection as well as kinetic evaluation of the activity of saporin (Figure 5B).  

These results demonstrate that 
BT

U, when placed opposite to a developing abasic site in RNA, 

could be used to detect and estimate the depurination activity of RIP toxins, irrespective of 

the protein’s identity.
11

 

 

Chapter 4: Lucifer chromophore-based fluorescent PNA probe for imaging poly(A) tail 

of mRNA 

BT
U and 

BF
U PNA analogues reported in the previous chapters, though very useful, have 

excitation maximum in the UV region, which would limit their application in cell-based 

analysis.  In this chapter, design and synthesis of a set of emissive PNA analogues based on 

Lucifer
15

 (
Nap

U and 
Amnap

U) and pyrene
16

 (
Py

U) chromophores, which have excitation and 
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emission maximum suitable for confocal microscopy, are described (Figure 6A). The 

fluorescence property of 
Nap

U PNA analogue is highly sensitive to its microenvironment as 

compared to 
Amnap

U and 
Py

U PNA analogues (Figure 6B).  Further, 
Nap

U PNA analogue was 

incorporated into model PNA oligomers, where 
Nap

U-modification was placed in-between 

different flanking bases (A, T, G and C residues) and subjected to fluorescence analysis.  

Among all model PNA designed, one of the emissive PNA oligomer (
Nap

U-flanked in 

between T residues) was able to preferentially detect A-repeat in DNA ON with significant 

enhancement in fluorescence intensity (Figure 6C).  Moreover, the excitation and emission 

profiles of 
Nap

U analogue incorporated into PNA oligomer are compatible for cell imaging 

using fluorescence microscopy. 

 

Figure 6.  (A) Chemical structure of nucleobase-modified PNA analogues based on Lucifer (
Nap

U and 
Amnap

U) and pyrene (
Py

U) fluorophores are shown. Absorption (solid line) and emission (dashed line) 

spectra of monomers in water, dioxane and its mixtures. (B) Absorption and emission spectra for 
Nap

U. With change in solvent polarity, absorption spectrum is marginally affected, while emission 

spectrum is significantly affected. (C) Utility of 
Nap

U to preferentially detect adenosine dA repeats (-

AAA-) in DNA ON with significant enhancement in fluorescence is demonstrated. 

 

Typically, A-repeats [poly(A) tail] are present at the 3-UTR region of eukaryotic 

mRNA.
17

  The poly(A) tail performs various functions such as it provides stability to mRNA 

in cytoplasm and assists in the translation process.
17

  The ability of 
Nap

U PNA analogue to 

report the presence of a triplet A encouraged us to design a hybridization assay for the 

detection of poly(A) mRNA in cell-free as well as cellular conditions.  In this regard, 

fluorescent poly(T) PNA probe (TTTTT
Nap

UTTTTTTKK) was synthesized, which was found 
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to photophysically distinguish between poly(A) DNA and poly(A) RNA.  This property of 

the poly(T) PNA probe was utilized in imaging endogenous mRNA in fixed cells by confocal 

microscopy (Figure 7).    

 

Figure 7. (A) Imaging cellular poly(A) mRNA using Cy-5 oligo-dT and poly(T) PNA probe. Cultured 

DLD1 cells were fixed, permeabilized and hybridized with Cy-5 oligo-dT (0.5 µM) and poly(T) PNA 

probe (1.0 µM) for 2.5 h at 37 °C. (B) Cells were treated with RNase A (single-stranded RNA 

cleaving enzyme) and hybridized with Cy-5 oligo-dT (1.0 µM) and poly(T) PNA probe (1.0 µM) 

under similar conditions. 

 

As a control, poly(A) mRNA was imaged by incubating cells with a commercially 

available poly(A) mRNA probe, Cy-5 oligo-dT30. Oligo-dT probe exhibited characteristic 

poly(A) mRNA distribution pattern (red colour in Cy-5 channel) in cytoplasm with punctated 

nuclear staining, which was consistent with literature reports (Figure 7A).
18

 Similar staining 

pattern was observed with our fluorescent poly(T) PNA probe (green colour in naphthalimide 

channel, Figure 7A). The disappearance of poly(A) staining pattern after RNase A treatment 

(Figure 7B) and other control experiments using unmodified poly(T) PNA probe and random 

PNA oligomers confirmed the specific staining of the poly(A) mRNA in fixed cells by 
Nap

U-
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modified PNA probe. Interestingly, competition experiments with different ratios of Cy-5 

oligo-dT30 and fluorescent poly(T) PNA probe indicated that PNA probe preferentially and 

strongly binds to poly(A) mRNA as compared to commercially available oligo-dT probe. 

Collectively, the ability of PNA to displace/invade nucleic acid structures and the results 

presented in this chapter underscore the potential of Lucifer-based PNA oligomers as 

efficient probes for detecting and imaging specific nucleic acid sequences in cells. 

 

Chapter 5: Postsynthetic chemical labeling of PNA oligomers by using bioorthogonal 

chemical reactions 

Given the importance of functionalized PNA probes in nucleic acid diagnosis and 

therapeutics, development of new methods to introduce complex functionalities that are not 

straightforwardly possible by solid-phase are highly desired. In this regard, the 

chemoselective reactions such as CuAAC, SPAAC, Staudinger ligation and palladium-

catalyzed reactions have been useful in labeling nucleic acids.
19

 We sought to explore the 

potential of these reactions in the context of ssPNA and PNA hybridized to biologically 

relevant nucleic acid motifs with the view of implementing these reactions in imaging and 

pulling down of specific nucleic acid sequences in cells.  

In this chapter, we report the synthesis of alkyne (
OD

U)-, azide (
TGAz

U)- and iodo (
I
U)-

modified uracil PNA analogues (Figure 8A). These PNA analogues containing a small 

chemoselective reactive handle were incorporated into PNA oligomers by solid-phase method 

and subsequent chemical functionalization was achieved by performing CuAAC, SPAAC, 

Staudinger ligation and palladium-catalyzed reactions with respective reactive counterpart 

possessing a reporter or an affinity tag (e.g., fluorescent reporters, sugar, biotin tag, Figure 8B 

and 8C). The azide-alkyne and azide-phosphine click reactions worked very well in solution 

and the respective products could be isolated in respectable yields that would be sufficient 

enough for downstream biophysical analysis. Further, palladium-catalyzed Suzuki-Miyaura 

and Cu-free Sonogashira reactions of an 
I
U-modified PNA oligomer with boronic acid (e.g., 

benzothiophene and CF3 benzene boronic acids) and alkyne (naphthalimide and glucose 

alkyne) substrates gave the coupled products in low to moderate yields. Reaction with 

benzothiophene boronic acid and naphthalimide alkyne produced environment-sensitive 

fluorescent PNA probes and a reaction with CF3 benzene boronic acid generated a 19F 

isotope-labeled PNA probe suitable for 19F NMR analysis. CuAAC, SPAAC and Staudinger 

ligation reactions have been further extended to label specific PNA-DNA heteroduplexes 
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(post-hybridization labeling) with fluorophores and an affinity tag. The reactions proceeded 

very well indicating that such post-hybridization chemical labeling techniques could be used 

for imaging specific nucleic acid sequences in the cells. 

 

Figure 8. (A) Chemical structure of 
OD

U, 
TGAz

U and 
I
U PNA analogues, and azido acetic acid are 

shown. Sequences of ODU-PNA, TG azide-PNA, azidoAA-PNA and iodo-PNA are also given. (B) 

Postsynthetic chemical functionalization of ODU- and TG azide- and azidoAA-PNA by CuAAC 

reaction. TG azide- and azidoAA-PNA by SPAAC and Staudinger ligation reactions. (C) 

Postsynthetic chemical functionalization of iodo-PNA by palladium-catalyzed reactions.  
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Peptide nucleic acid as hybridization probes for targeting 

and detecting nucleic acids 
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1.1 Introduction 

The fundamental functions such as storage and transfer of genetic information in living 

systems are performed by nucleic acids (DNA/RNA).
1
  Apart from this, they participate in 

catalysing reactions (e.g., ribozymes)
2
, regulating gene expression (e.g., RNA interference by 

miRNA and siRNA),
3
 regulating the biosynthesis of certain metabolities (e.g., riboswitches)

4
 

and gene editing (e.g., CRISPR).
5
  Nucleic acids perform the aforementioned functions by 

interacting with other biomolecules, and in doing so, they adopt complex secondary canonical 

and non-canonical structures (Figure 1).
6
  The major driving forces like hydrogen bonding, π-

stacking and metal ion interactions are responsible for the formation of different structural 

motifs.  Therefore, to study the structure-function relationship, several biophysical and 

biochemical tools have been developed.  Techniques namely fluorescence, nuclear magnetic 

resonance (NMR), electron paramagnetic resonance (EPR), X-ray crystallography and 

microscopy have been widely utilized.
7
  Notably, nucleic acids have to be labeled with 

appropriate reporter molecule due to the lack of intrinsic reporter like functionality of natural 

nucleic acids.  Among these, fluorescence is a widely used technique because it offers high 

sensitivity, rapid and real-time analysis.
8
 

  

Figure 1. Various structural elements adopted by nucleic acids. 

There are various methods available for understanding the structure and dynamics of 

nucleic acids in cell-free and cellular conditions.
9
  Typically, cellular DNA and RNA 

oligonucleotides (ONs) have been visualized by covalent labeling such as incorporating 

modified nucleosides or by non-covalent labeling with small fluorescent dyes that are known 
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to bind to either DNA or RNA specifically (e.g., DAPI, Hoechst, SYTO etc.).
10

  These 

methods provide overall imaging of cellular DNA and RNA inside cells.  However, these 

methods cannot be used to detect specific sequences in the cell.  In this regard, strategies 

based on the hybridization of complementary ON probes with nucleic acid targets have been 

widely employed for detection of specific nucleic acid sequences.
11

  Currently, DNA 

microarrays, and in situ hybridization based on the molecular recognition of ON labeled with 

different biophysical tags have been applied in molecular diagnostics, and therapeutics.
7a

  In 

particular, ON probes conjugated to fluorescent tags (e.g., fluorescein, rhodamine, Alexa and 

cyanine dyes) have been routinely used for developing hybridization assays.
7a

 

Fluorescence in situ hybridization (FISH) using linear ON probes has provided 

valuable information about spatial and temporal distribution including the expression, 

localization, degradation, and storage of nucleic acid sequences in cellular milieu (Figure 

2A).
12

  Fluorescein-labeled DNA ONs were first explored for detection and tracking of 

endogenous poly(A) mRNA inside cells.
13

  However, this linear ON FISH probe was unable 

to distinguish between unbound probe and probe hybridized to nucleic acid targets.
14

  

Moreover, these ON probes exhibit poor signal-to-noise ratio (background fluorescence 

problem), which precludes their utility for live cell imaging. These shortcomings were further 

overcome by using “turn on” probes such as molecular beacons
15

 and FIT (forced 

intercalation) PNA probes, which upon hybridization to target nucleic acid display significant 

enhancement in fluorescence. Utility of FIT PNA probes are discussed in section 1.2.5.3. On 

the other hand, the molecular beacon consists of ON sequences with fluorophore-quencher 

pair at the end, which forms hairpin loop structure in the absence of target nucleic acids 

(Figure 2B).  Molecular beacon exhibits reduced fluorescence in the absence of 

complementary target due to the proximity of quencher and fluorophore in hairpin loop 

structure.  Upon hybridization with target nucleic acid the hairpin loop structure would open 

and separate the fluorophore and quencher, which results in the intense fluorescence signal. 

In parallel, small molecules that emit very high fluorescence upon binding to specific 

RNA sequences have been recently used for aptamer based fluorescence detection of nucleic 

acids in living cells (Figure 2C).
16

  In this approach, small molecule e.g., 3,5-difluoro-4-

hydroxybenzylidene imidazolinone (DFHBI) upon binding to RNA aptamer (Spinach, 

Spinach2, Broccoli) result in enhanced green coloured fluorescence.  In another strategy, 

fluorescent protein [green fluorescent protein (GFP)] fused to bacterial phage MS2 coat 

protein, which specifically binds to hairpin loop motif of target mRNA has been utilized for 

cell imaging (Figure 2D).
17

  Although, all above methods have been regularly used for global 
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detection of specific nucleic acids inside cells, these methods lack the detection of 

conformational changes occurring at nucleotide level in a specific nucleic acid sequence.  

 

Figure 2. Different methods to visualize nucleic acid (particularly RNA) in fixed and live cells. (A 

and B) FISH using linear ON and molecular beacon probes. (C and D)  Aptamer and vector based 

imaging of specific RNA molecules upon binding to fluorescent reporters. 

 

ONs probes have also been shown to modulate gene expression of disease-causing 

protein upon sequences-specific binding to target nucleic acids.
18

  Typically, there are two 

main strategies involved, i) targeting dsDNA using complementary ON probes, which is 

known to form triplex with dsDNA (antigene therapy), ii) targeting mRNA using 

complementary ON probes (antisense therapy) (Figure 3).
19

  Small interfering RNA (siRNA) 

and micro RNA (miRNA) inhibits the gene expression of specific proteins by binding to 

complementary mRNA.
20

  DNA ONs have also been shown to regulate gene expression upon 

hybridizing to complementary mRNA sequences, which were further used for therapeutic 

applications.
21

  Despite these elegant strategies in regulating gene expression, natural ON 

probes have limitations such as poor hybridization efficiency and half-life in cellular 

conditions.
22
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Figure 3. The design principle of antigene and antisense therapy using ON probes.
 

 

Owing to the practical limitations of natural DNA/RNA ON hybridization probes in 

detecting as well as targeting therapeutically relevant nucleic acid sequences, several 

synthetic nucleic acid mimics have been developed.  In this chapter, an overview of the 

different synthetic nucleic acid mimics, particularly peptide nucleic acid (PNA) as 

hybridization probes in nucleic acid diagnostics has been discussed.  Moreover, different 

synthetic strategies to synthesize labeled PNA oligomers and shortcomings in available 

fluorescent base-modified PNA analogues are described.  Finally, the motivation behind the 

present research work of developing microenvironment-sensitive fluorescent PNA probes and 

labeling methodologies for nucleic acid detection is discussed.  

 

1.2 Peptide nucleic acid (PNA) as hybridization probe  

1.2.1 Background 

To overcome the drawbacks of natural ONs, several synthetic nucleic acid analogues have 

been developed over the years by replacing the sugar-phosphate backbone or the 

phosphodiester linkage with charged or neutral backbone.  synthetic analogues such as 

phosphorothioate (PS)
23

 ON, locked nucleic acid (LNA)
24

, morpholino
25

 ON and peptide 

nucleic acid (PNA)
26

 have been introduced by various research groups (Figure 4A).  Most of 

the above analogues displayed superior properties such as strong binding affinity and/or 

higher stability in cell-free and cellular conditions as compared to natural ONs.  Among all 

the modified ON designed, PNA is highly useful hybridization probe, because of its very 

strong binding to complementary ONs and is highly resistant to hydrolytic cleavage (nuclease 

or protease.
27

  Unlike most of the above ON probes, PNA in PNA-DNA duplex consist of 

neutral peptide backbone, which eliminates the inter-strand electrostatic repulsion prevalent 
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in natural ON duplexes (Figure 4B).  These useful features of PNA have been widely 

implemented in developing robust hybridization probes in nucleic acid diagnosis and 

biosensors applications.
27a,28

 

 

Figure 4. (A) The structures of few synthetic nucleic acid mimics. (B) Schematic illustration of strong 

binding hybridization probes for nucleic acid diagnostics as compared to ON probes. 

 

1.2.2 Peptide nucleic acid (PNA) structure and properties 

Nielsen and co-worker first introduced peptide nucleic acid (PNA) in 1991.
26

  Since then, an 

enormous amount of studies explaining their synthesis, characterization, and applications 

have been published in several hundreds of research articles.  In PNA, the sugar-

phosphodiester backbone of nucleic acid is replaced by repeating units of an achiral pseudo-

peptide backbone, N-(2-aminoethyl)glycine (aeg) with nitrogenous bases attached to the 
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backbone via methylene carbonyl spacer (Figure 5).
29

  By convention, the PNA sequences are 

always written from the N- to the C-terminus.  Neutral PNA backbone exhibits no 

electrostatic repulsion when PNAs hybridized to complementary ONs.  Hence, it shows a 

very high binding affinity for complementary DNA and RNA ONs as compared to natural 

DNA or RNA ONs.
30

  Greater stability results in improved thermal melting temperature (Tm) 

for PNA-ON duplexes as compared to corresponding DNA-DNA or DNA-RNA duplexes.  

Additionally, the binding affinity of PNA oligomers is independent of ionic strength due to 

its neutral aeg-backbone, which shows that Tm values of PNA-DNA duplex are less affected 

by low ionic strength.
31

  This property can be further explored for targeting secondary 

structural motifs adopted by DNA or RNA ONs, which are destabilized by low ionic strength.  

PNA is neither a nucleic acid nor a peptide and which essentially provides resistance to 

hydrolysis by nucleases and protease.
32

  Moreover, PNA oligomers are not recognized by 

polymerases, and hence cannot be used as primers for polymerase reactions.  Besides, the 

neutral backbone of PNAs is responsible for its poor solubility and self-aggregation in an 

aqueous medium. 
32,33


 

 

Figure 5. Chemical structure of DNA/RNA and PNA. 

 

Although, PNA structurally deviates from DNA/RNA ONs due to the absence of the 

sugar phosphate backbone, it possesses useful properties as compared to DNA/RNA ONs.
34

  

In DNA/RNA duplexes two strands are always oriented in the antiparallel direction (with the 

5'-end of one strand opposite to the 3'-end of the other), while in PNA-DNA or PNA-RNA 

duplexes two strands can be oriented in parallel or antiparallel orientation (Figure 6).  

However, the antiparallel orientation is strongly preferred in PNA-DNA and PNA-RNA 

duplexes.
35

  PNA double helix is formed by hydrogen bonding as well as π-stacking between 

nucleobases with a smaller twist and larger π-overlap between the neighboring bases.  PNAs 
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are known to form B- and A-type structures when associated with DNA and RNA, 

respectively.
35

  Techniques such as NMR, and X-ray crystallography have been implemented 

to solve the three-dimensional structure of PNA-DNA
36

, PNA-RNA
37

 duplexes and (PNA)2-

DNA
38

 triplex.  From these techniques, it was concluded that PNA-RNA and PNA-DNA 

duplexes form distinct helical structures termed as ‘P-form’ helix.
34

 

A mismatch in PNA-DNA or PNA-RNA duplex is significantly destabilized than a 

mismatch in corresponding DNA-DNA or DNA-RNA or RNA-RNA duplex.
39

  This single 

base discrimination ability of PNA probes could offer high specificity and thus allows the 

further development of several PNA-based strategies for molecular diagnostics.  Although 

PNA was initially designed as potential drug candidates for antisense and antigene therapy, 

today there are various applications of these molecules in molecular biology and 

biotechnology, drug discovery, diagnostics and biosensors, and material chemistry. 

 

Figure 6. Parallel and antiparallel modes of PNA-DNA duplex. 

 

1.2.3 Triplex formation and strand-invasion by PNA 

 

Figure 7.  Schematic illustration of the modes by which PNA binds to single-strand and double-strand 

DNA targets. PNA oligomers and DNA are shown in green and red, respectively. 
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Apart from PNA-DNA heteroduplex (Figure 7A), PNA is also known to form stable 

triplexes upon binding to double-stranded DNA, for example, cytosine-rich PNAs and 

guanine/cytosine-rich DNA duplexes produce PNA-(DNA)2 triplexes by Hoogsteen base-

pairing (Figure 7B).
40a,40b

 Formation of extremely stable PNA-DNA duplex using duplex 

invasion by purine-rich PNA oligomers is also reported (Figure 7C).
40d

  Further, 

homopyrimidine-rich PNAs and homopurine DNA strand from DNA-DNA duplex forms 

(PNA)2-DNA triplexes through triplex invasion by Watson-Crick and Hoogsteen base-pairing 

(Figure 7D).
40c

  Finally, double duplex invasion complex is reported using pseudo 

complementary PNA with diaminopurine-thiouracil base pair, that destabilizes PNA-PNA 

duplex by steric interaction (Figure 7E).
40e

 

 

1.2.4 Drawbacks of original aeg-PNA 

Original aeg-PNA oligomer exhibits certain limitations such as low aqueous solubility, poor 

cellular permeability, ambiguity in DNA binding orientation (antiparallel or parallel) and 

self-aggregations.
29,34

  Several design strategies have been adopted to improve the binding 

affinity, aqueous solubility and specificity of PNA by modifying the backbone or the 

nucleobase. 

 

1.2.5 Chemical modifications of PNA 

Various backbone- and nucleobase-modified PNA analogues have been introduced to 

overcome above mentioned shortcomings of PNA by different research groups.  Few of the 

modified-PNA analogues are discussed below. 

1.2.5.1 Backbone modifications 

PNA backbone can be modified in the ethylene diamine side or glycine part or methylene 

carbonyl linker or a combination of above.
29

  The design principle behind the backbone 

modifications are i) attachment of cationic groups in the backbone or at the N- or C-terminus 

to improve solubility and cellular permeability, ii) replacement of acyclic backbone with 

conformationally constrained cyclic backbone to improve the selective binding affinity for 

either DNA or RNA ONs, iii) introduction of chirality in achiral PNA to improve binding 

orientation to complementary DNA/RNA (Figure 8).
29

 

The initial modification was carried out in aeg-PNA analogue 1
26

 by extending 

methylene group to either at ethylene diamine or glycine side or methylene carbonyl linker 

between nucleobase and backbone (Figure 8).  PNA analogues, N-(2-aminoethyl)--alanine 
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2
41

 and N-(3-aminopropyl)glycine 3
42

 backbone and ethylene carbonyl linked nucleobase 4
42

 

obtained by above design resulted in large destabilization of PNA-DNA duplexes as 

compared to aeg-PNA-DNA duplex.  To improve the binding affinity and solubility, the 

amide linkage of aeg-PNA was substituted with tertiary amine, which is positively charged at 

neutral pH.  The cationic PNA analogue 5
43

 with flexible linkage synthesized by above 

strategy was highly soluble in aqueous medium but with reduced thermal stability (Tm) 

towards complementary DNA ONs.  This observation underscores the importance of amide 

bond in constrained flexibility of PNA backbone.  The tertiary amide bond in aeg-PNA is 

responsible for cis and trans rotamers, which interferes in the orientation during hybridization 

process.  To overcome this difficulty, olefinic polyamide nucleic acid analogues 6
44

 and 7
44

 

were introduced by replacing the amide linkage with olefinic C=C double bond E and Z, 

respectively. 

 

Figure 8. Structures of representative backbone-modified PNA analogues. 

Further, the appropriate constrained flexibility in PNA backbone to improve its 

binding affinity towards complementary DNA ON has been evaluated.  For this purposes, 

PNA backbone was modified by either substituting alkyl groups (in the ethylene diamine or 

glycine side) or by cyclization of backbone (in aminoethyl or glycine side).  Series of PNA 
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analogues were reported by substituting alkyl groups at α-or γ-position in PNA backbone.  

For example, Ganesh et al. have recently reported the synthesis of sterically constrained PNA 

analogue 8
45

 with gem-dimethyl substituent at α-position in glycine side (Figure 8).  This 

analogue exhibited superior binding affinity for DNA as compared to RNA ON.  Further, the 

cyclization of PNA backbone in aminoethyl or glycine side has been systematically carried 

out to generate PNAs with better selectivity and binding orientation for the DNA or RNA 

ONs.  They have also introduced a chiral cyclohexyl-derived backbone, which resulted in a 

conformationally constrained cis-cyclohexyl PNA analogue 9
46

.  This analogue showed an 

unprecedented binding affinity for RNA as compared to DNA ON.  Further, conformational 

flexibility was achieved by proline-based PNA, where the tertiary amide linker was replaced 

with a pyrrolidine ring.  Several proline-based PNA analogues have been reported so far.
47

  

Among them, 4-aminoprolyl PNA analogue 10
48

 exhibited a higher binding to 

complementary DNA ON, while most of the remaining analogues resulted in reduction in the 

hybridization efficiency for complementary ONs as compared to original aeg-PNA.  Vilavian 

et al. have reported a pyrrolidinyl PNA 11
49

 consisting of D-prolyl-2-

aminocyclopentanecarboxylic acid (ACPC) backbone with considerably better specificity 

towards DNA ONs than original aeg-PNA. 

Further, to introduce the chirality, various amino acid residues with desired 

stereochemistry have been attached at α-or γ-position in PNA backbone by Nielsen et al.
50

  

PNA analogue 12
50

 derived by positively charged D-lysine at α-position in glycine side was 

able to stabilize PNA-DNA duplexes as compared to unmodified PNA-DNA duplex due to 

the electrostatic attraction with negatively charged phosphate backbone of DNA (Figure 8).  

Besides, lysine-modified PNA monomer showed significantly better solubility in aqueous 

conditions.
50

  However, analogues derived from negatively charged amino acids (e.g., 13
50

) 

significantly destabilized the PNA-DNA duplex due to electrostatic repulsion.  Recently, 

Heemstra and co-workers have evaluated the detailed effect of ionic strength on duplex 

stability of PNA oligomers containing negatively or positively charged side chains.
51

  These 

studies showed that the electrostatic interactions do play a role in PNA binding; at medium to 

high salt concentrations negatively charged PNA binds more strongly to DNA and RNA than 

positively charged PNA oligomers.  PNA analogues with hydrophobic amino acid also 

showed a reduced binding affinity towards complementary DNA ON.  When thermal stability 

of PNA analogues derived from L and D amino acids were compared, PNA monomers 

containing D-amino acids exhibited a stronger binding affinity for complementary antiparallel 
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DNA strands than L-monomers.  In general, backbone modification has often resulted in the 

destabilization of PNA-RNA duplexes as compared to PNA-DNA duplexes. 

To overcome the problem of poor cell permeability and aqueous solubility of original 

aeg-PNA, Ly et al. have replaced the glycine part with D-arginine to obtain chiral PNA 

analogue 14
52

.  Despite the positively charged guanidinium group, the thermal melting 

analysis suggested that a single modification in decamer PNA sequence destabilized the 

PNA-DNA duplex by 2‒4 °C.  However, multiple modifications incorporated at the alternate 

position in PNA sequence, stabilized the PNA-DNA duplex.
53

  Next, cell permeability studies 

were performed in human HCT116 (colon), Sao2 (Osteosarcoma) and HeLa cell lines, and it 

was found that these cationic PNAs permeabilized through the cell membrane and 

accumulated specifically in the nucleus.
52

  Further, they synthesized second generation 

guanidino PNA 15
54

 by incorporating guanidinium group at the γ-position in the backbone.  

The thermal melting and cell permeability studies confirmed that PNA sequences containing 

analogue 15 were bound tightly to complementary DNA ON and was taken up easily into 

HeLa cells compared to the original aeg-PNA.  Ganesh et al. have also reported cationic γ-

PNA analogues 16
55

 and 17
56

 by incorporating guanidinium and amino group at γ-position in 

the backbone, respectively.  Moreover, better binding affinity and cell permeability of PNA 

sequences containing above analogues were further confirmed by thermal melting and cell 

penetration studies in HeLa cell lines.  In general, except for a few backbone modifications, 

most of the attempts have resulted in PNA oligomers with lower affinity for complementary 

ONs as compared to the original aeg-PNA. 

 

1.2.5.2 Nucleobase modifications 

Unnatural and modified bases have been substituted in place of canonical nucleobases to 

enhance the binding of PNA oligomers to complementary nucleic acids (Figure 9).
29

  The 

nucleobase-modified PNAs reported so far are limited in number as compared to backbone-

modified PNAs discussed earlier.  2,6-Diaminopurine analogue 18
57

 binds to thymine in 

complementary ONs with significantly stronger affinity (Figure 9).  Further, 2,6-

diaminopurine 18–thiouracil 19 pair
58

 has been effectively utilized as a sterically 

compromised base pair in designing PNA oligomers for double duplex-invasion of DNA or 

RNA (Figure 9).  Cytosine has also been replaced with pseudoisocytosine 20
59

 to obtain 

highly stable triplex-forming PNA analogue at physiological pH (Figure 9).  2-Aminopurine 

PNA analogue 21
60

 was introduced for reverse Watson-Crick base-pairing with uracil and 

thymine, which was inherently fluorescent and was utilized for studying the hybridization of 
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PNA to complementary ONs by fluorescence spectroscopy (Figure 9).  6-Thioguanine 22
61

 

incorporated into PNA displayed a characteristic shift in absorption maximum upon 

hybridization to complementary ON, however it reduced the thermal stability of PNA-DNA 

heteroduplex.  A number of bi- and tricyclic cytosine and thymine analogues (e.g., 23
62

) have 

also been introduced into PNA oligomers. These modifications have resulted in better 

stabilization of the PNA-DNA duplexes by enhanced base paring and stacking interactions 

(Figure 9).  An attempt has also been made to synthesize PNA analogue 24
63

 by completely 

replacing nucleobase with potential anti-tumor agent-naphthalimide for intercalation studies, 

but it resulted in destabilization of PNA-DNA heteroduplex. 

 

Figure 9. Structures of base-modified PNA analogues.
 

 

1.2.5.3 Fluorescent nucleobase-modified PNA analogues 

Nucleobases in aeg-PNA have been further modified with a known fluorophores or 

heterocyclic rings to impart the useful fluorescence properties, which are essential for the 

diagnosis and imaging applications, as natural nucleobases are practically non-emissive.  

Fluorescent nucleobase-modified PNA analogues can be utilized to detect the conformational 

changes occurring at the nucleotide level.  In this regards, very few microenvironment 

sensitive emissive PNA analogues are reported so far, and those are discussed below. 

2-Aminopurine PNA analogue 22
59

 has been incorporated into a PNA oligomer and 

was hybridized to a complementary DNA ON by Ganesh et al. (Figure 9).  Binding affinity 
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and kinetics of hybridization process of fluorescent PNA-DNA hetroduplex were studied by 

thermal melting analysis and fluorescence decay kinetics, respectively.  Further, emissive 8-

vinylguanine PNA analogue 25
64

 was synthesized and incorporated into PNA oligomers by 

Diederichsen et al. (Figure 10).  The emissive PNA oligomers containing 25 have been 

developed for distinguishing the quadruplex formation in RNA ON from single-strand PNA 

by the change in fluorescence intensity.  Both of the analogues, 2-aminopurine 22 and 8-

vinylguanine 25 were found to be minimally perturbing when hybridized to complementary 

ONs.  However, they exhibited excitation and emission maxima in the UV-region, which 

limits their practical utility in a cell-based analysis.
 

Phenylpyrrolocytosine PNA analogue 26
65

 reported by Hudson et al. displayed 

emission maximum in the visible region with the quantum yield of 0.32 in buffer solution 

(Figure 10).  The analogue exhibited good microenvironment sensitivity and was able to 

report the hybridization process to complementary DNA ON with higher binding affinity for 

guanine base.  However, the hybridization with complementary DNA displayed a quenching 

in fluorescence intensity as compared to single-strand phenylpyrrolocytosine PNA oligomer.  

Further, phenylpyrrolocytosine PNA containing nine D-lysine residues has been shown to 

internalized into cytoplasm, when incubated into GM04281 (fibroblast) cell lines for one or 

nine days by Corey et al.
66

  In another example, pyrene-labeled uracil pyrrolidinyl PNA 

analogue 27
67

 has been incorporated into PNA oligomers and was used as a base-

discriminating fluorescent base by Vilaivan and co-workers (Figure 10).  

Seitz et al. have reported fluorogenic PNA-based FIT (forced intercalation) probes 

(28, 29 and 30)
68

 by completely replacing nucleobase with hybridization responsive cyanine 

fluorophores, e.g., thiozole orange (TO), oxazole yellow (OY) and pyridinium-linked dye 

(BO) etc. (Figure 10).  The fluorescence of single-stranded FIT-PNA probes was completely 

quenched, while it was significantly increased upon hybridization to complementary 

DNA/RNA ONs.  This was possible due to the restricted intramolecular rotation caused by 

intercalation of cyanine fluorophores (TO or OY) in PNA-DNA/RNA heteroduplex.  These 

FIT-PNA probes have been efficiently utilized for the detection and imaging of cellular 

nucleic acid targets such as viral mRNA, K-ras mRNA and miRNA-122 within living 

cells.
68‒70

  Further, PNA FIT-probes have been explored for single-nucleotide-specific 

genotyping by quantitative PCR (qPCR).
71

  Recently, Nishizawa et al. investigated the utility 

of triplex forming PNA oligomer containing TO-base surrogate for fluorescence sensing of 

dsRNA sequences.
72

  The PNA probe exhibited remarkable light-up response of the TO unit 

upon PNA-dsRNA triplex formation through Hoogsteen base pairing at acidic pH.  Although 
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these PNA FIT-probes lack a hydrogen bonding face, they have been elegantly explored for 

the detection of mismatched base as well as single nucleotide polymorphism (SNP) in nucleic 

acid sequences.
68

 

 

Figure 10. Structures of fluorescent base-modified PNA analogues. 

 

1.2.6 Application of PNA oligomers 

This section describes various applications of unmodified and modified aeg-PNA oligomers 

in gene therapy and as molecular biology probe, PCR clamping tool, and nucleic acid 

diagnostic tool. 

1.2.6.1 PNA as antisense and antigene agents 

The PNA was initially developed for sequence specific binding to the complementary 

dsDNA or ssmRNA and thereby regulating gene expression of disease-causing proteins.
26

  

Moreover, the inability of RNaseH to recognize PNA-RNA duplex has been aptly exploited 

in regulating protein expression levels by targeting mRNAs.
73

  However, the failure of 

RNaseH in recognizing PNA-RNA duplex requires the PNA in stoichiometric amount for 

antisense application, which could be one of the limitation of PNA as antisense drug.  In this 

regards, PNA possesses useful properties such as strong binding, strand invasion ability, and 

higher biological stability required for gene therapy.  Although, extensively utilized in cell-

free systems, low strand invasion kinetics, and poor solubility and cell permeability due to 

the neutral and hydrophobic nature of PNAs have hampered its effective use in cell-based 
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studies.  Several transfection protocols for PNA have been established till now, which include 

microinjection, electroporation, co-transfection with DNA, and conjugation to lipophilic 

moieties, cell-penetrating peptides, nanoparticales, etc.
74

  Enormous amount of studies have 

been devoted on targeting particular genes using complementary PNA oligomers in vitro as 

well as in vivo. 

Gait et al. have used electroporation of a PNA oligomer as well as PNA containing 

four additional lysine residues (positively charged amino acid residues) at the terminus to 

explicitly block miR-122 activity in human and rat liver cells.
75

  Further, the splicing 

correction of mRNA using PNA oligomers conjugated with peptides has been demonstrated 

in a mouse model of Duchenne muscular dystrophy by Wood and co-workers.
76

  Corey et al. 

reported the inhibition of human telomerase activity by PNA targeting to RNA component of 

human telomerase (hTR).
77

  These results suggested that PNA inhibits the activity of human 

telomerase by 10- to 50-fold more efficiently than phosphorothioate (PS) ONs with IC50 

values within picomolar to nanomolar range.  Fabbri and co-workers have reported that PNA 

conjugated to octaarginine is easily taken up by the human leukemic K562 cells, thereby 

inhibiting the activity of target microRNA-210.
78

  The detailed study on the principles of 

using different cell penetrating peptide-PNA conjugates for cellular delivery of antisense 

oligomers have been reported by Nielsen and Shiraishi.
79

  In another example, limited 

cellular uptake and low bioavailability has been overcome by conjugating PNA oligomers 

with cholesterol and cholic acid derivatives.
80

  These PNA oligomers exhibited antisense 

activity in cultured HeLa pLuc705 cells.  Pandey, Patino and co-workers demonstrated that 

cyclic PNAs conjugated to cell penetrating vector (triphenylphosphonium cation) via a 

disulfide linkage inhibited the activity of HIV replication by targeting the HIV-1 TAR RNA 

loop.
81

 

 

1.2.6.2 PNA as PCR clamp 

The strong binding affinity and specificity of PNA towards complementary ON and inability 

of DNA polymerases to process PNA-DNA duplex has been utilized in PCR clamping.
82

  

PNA-mediated PCR clamping has been introduced by Stanley and Nielsen et al. for selective 

amplification of ribosomal DNAs (rDNAs), which are not abundant in clone libraries 

generated by standard PCR.
83

  This technique enabled the differentiatation of two sequences, 

which differed by only one base pair.  PNA-clamp method has also been introduced for 

detection of mutations caused in epidermal growth factor receptor (EGFR) gene, which are 

associated with resistant to Gefitinib therapy in lung cancer.
84

  This method has been 
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subsequently used for single nucleotide polymorphism (SNP) specific genotyping of the gene 

of interest (mutant screening).  For example, globin reduction PNA targeting to human blood 

gamma globin RNA was able to suppress the amplification of the globin RNA during cDNA 

synthesis.
84

  In another example, PNA complementary to chloroplast and mitochondrial 16S 

sequences has been explored as a PCR blocker for studying genetic material recovered 

directly from environmental samples (metagenomics).
85

 

 

1.2.6.3 PNA as biosensor and microarrays 

PNA can be used on microarrays and other biosensors, where its specific hybridization to 

complementary DNA or RNA was detected by various biophysical tools such as surface 

plasmon resonance (SPR), time-of-flight secondary ion mass spectrometry (TOF-SIMS), 

electrochemical detection, or direct electronic detection and fluorescence-based techniques.
86

 

Appella et al. have demonstrated the colorimetric sandwich-hybridization assay for 

detection of anthrax DNA using PNA oligomers.
87

  In this strategy, one of the PNA (capture 

probe) was immobilized on the surface, and then complementary DNA was incubated 

followed by another PNA (detection probe).  This assay has been conveniently carried out in 

96-well plate format.  The biotin labeled PNA with commercially available avidin-

horseradish peroxidase conjugate (HRP-avidin) and tetramethylbenzidine (TMB) has been 

used to generate a signal in the presence of target DNA.  Further, PNA in combination with 

gold and silver nanoparticles (AuNPs and AgNPs) has been explored in colorimetric 

detection of nucleic acids by Su and Kanjanawarut.
88

  This method utilizes the interesting 

property of nanoparticles by controlling the particle aggregation and dispersion in the 

presence of PNA and PNA-DNA complexes.  This assay has enabled the detection of a 

specific DNA sequence with single-base-mismatch resolution by color change.  Park et al. 

have reported an electrochemical method to identify mutations in human gene by using PNA-

modified electrode and a single-stranded DNA specific endonuclease.
89

  Recently, Kelley and 

co-workers have reported immobilization of PNA on nanostructured microelectrodes (Au 

electrodeposited with a fine layer of Pd) for electrochemical assay.
90

  This assay helped in the 

detection of circulating tumor DNA collected from lung cancer and melanoma patients with 

great sensitivity and specificity. 

In another example, Fernandez et al. has introduced the proline-based oligo-T PNA 

probe attached to magnetic beads for sequence-specific purification of mRNA.
91 

 Poly(A) tail 

in mRNA was recognized by oligo-T PNA upon incubation with a pool of nucleic acids and 

was specifically separated from genomic DNA and rRNA by applying a magnetic field.  
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Schultz, Harris and co-workers have demonstrated a simple methodology to identify and 

monitor the activity of enzymes using PNA-encoded small molecule microarrays.
92

  In this 

method, small molecules and fluorescent tag (fluorescein) were conjugated to PNA and then 

incubated with cell lysates.  Subsequently, PNAs that did not interact with proteins were 

removed by size exclusion filtration, and remaining mixture was subjected to a microarray 

with complementary ON.  Fluorescence signal obtained from various positions on chip gave 

the amount of protein present in cell lysates.  Recently, label-free detection of DNA targets 

by a combination of cationic-conjugated polymers (CCP) and PNA probe containing FRET 

pair has been demonstrated by Liu and Bazan.
93

  In this method, fluorescent PNA probe was 

allowed to hybridize with target nucleic acids followed by incubation with fluorescent CCP.  

CCP in association with negatively charged DNA target by electrostatic attraction and which 

is also in proximity to the hybridized PNA probe to DNA target.  Then selective excitation of 

the CCP resulted in very efficient FRET to fluorescent PNA probe.  Recently, Kumar and co-

workers have combined the properties of graphene oxide (GO) and PNA to develop 

fluorescence hybridization assay for the detection of specific DNA sequences.
94

 

 

1.2.6.4 PNA as hybridization probes 

Notably, over the last few years much of the interest has been focused on the use of PNA 

oligomers as hybridization probes in nucleic acid diagnostics.  The tighter binding affinity, 

and strand invasion ability of PNA oligomers even at low ionic strength suggested that PNA 

can be more useful for hybridization applications, such as sequence-specific capture of 

single-stranded and double-strand nucleic acids, as compared to that of natural or synthetic 

ON probes.
27a

  Several biophysical techniques have been utilized for studying nucleic acids 

by using PNA as hybridization probes for various applications like detection, imaging, pull 

down assay etc.   

Traditionally, nucleic acids are analyzed by standard hybridization techniques, such 

as Southern and Northern blotting.
27a

  In this regards, PNA pre-gel hybridization process 

have been developed as an alternative to Southern/Northern analysis, where labeled PNA 

oligomers were subjected to hybridization with denatured dsDNA/RNA sample at low ionic 

strength prior to loading on the gel and resolved.  The PNA-DNA hybrids were then blotted 

onto a nylon membrane and detected using standard chemiluminescent techniques up to 

single mismatch in DNA sample by Egholm and co-workers.
95

  Alternatively, affinity 

electrophoresis (gel-based method) has been introduced for detection of nucleic acids, where 

the mobility of DNA bound to PNA probes slowed down as compared to unbound DNA in 
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the gel matrix.  Nordén et al. have studied the kinetics of PNA-DNA and PNA-RNA 

hybridization in real time by using biomolecular interaction analysis (BIAcore) technique.
39b

 

PNA is especially good for in situ hybridization (ISH) because it can bind to DNA or 

RNA quickly even under low salt or other unfavorable conditions for ON probes.
96

  

Additionally, PNA exhibits low background signals, mild washing protocol and high stability 

of PNA probe in biological fluid.  Also, PNA oligomers are compatible with variety of 

reporter molecules such as digoxigenin (DIG), biotin, and fluorescent tags like fluorescein, 

rhodamine, cyanine, Alexa etc.  In this direction, variety of labeled PNA probes has been 

commercialized and being used for detection and imaging of target nucleic acids in cellular 

conditions.   

Biotin-labeled PNA probes have been used for the detection of human parvovirus B19 

nucleic acids in clinical specimen by Gallinel and co-workers.
97

  This PNA-based in situ 

hybridization assay has been more practical and faster to perform as compared to 

standardized DNA-based ISH assay.  These results suggested that the PNA-ISH was highly 

specific and sensitive as compared to a PCR assay.  In another example, Burton et al. have 

developed a DIG-labeled PNA probe for the detection of lactobacilli PCR amplicons samples 

using denaturing gradient gel electrophoresis (DGGE) blots.
98

  The lactobacillus-specific 

PNA probe was able to distinguish DNA fragments from lactobacilli from other bacterial 

species, including those that migrated to a similar position.  DIG-labeled PNA probes in 

combination with digoxigenin antibodies could be further explored for the detection of 

nucleic acid sequences by in situ hybridization assay similar to DIG-labeled DNA probes, but 

with better selectivity and sensitivity.
97

 

Fluorescence in situ hybridization (FISH) assay is one of most widely used techniques 

in molecular biology.  The PNA-FISH assay has been first introduced by Lansdorp et al. for 

the quantitative detection of human telomeric DNA repeats using fluorescein labeled PNA 

probe and was able to estimate the telomere length as compared to other DNA/RNA probes.
99

  

Further, multicolor FISH with fluorescent PNA probes have been carried for detecting and 

enumerating specific chromosomes in interphase and metaphase cells.
100

  Cy-5 labeled PNA 

probe has been explored for studying the dynamic behavior of telomeric DNA in living 

human osteosarcoma U2OS cells by Dirks and co-workers.
101

  Telomeric PNA probes have 

also been utilized in several FISH assay of cancer and ageing related diseases.  In another 

example, fluorescently-labeled PNA probes targeting species-specific rRNA sequences have 

been utilized for identification of gram-negative and gram-positive bacteria using FISH assay 

by Perry-O’Keefe et al.
102

  The specificity and sensitivity of fluorescently-labeled PNA 
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probes were evaluated using 28 representative species and were in good agreement with 

available rDNA sequence information. 

Recently, FISH assay has been performed for sensing miRNA, which regulates 

diverse gene expression at the post-transcriptional level using fluorescent PNA probe and 

nano graphene oxide (NGO) complex by Min and co-workers.
103

  Fluorescence of PNA 

probe in PNA-NGO complex was initially quenched by π-stacking with GO surface.  Upon 

incubation of PNA-NGO complex into cancer cells with specific miRNA over-expressed 

were able to detect in live cells with much lower background signals. 

 

1.3 Methods to synthesize modified PNA probes 

1.3.1 Solid-phase peptide synthesis (SPPS) 

Unmodified and modified PNA oligomers are synthesized by a well-established solid-phase 

peptide synthesis (SPPS) protocol using t-butoxycarbonyl (Boc) or 

fluorenylmethyloxycarbonyl (Fmoc) chemistry (Figure 11).
34

  For SPPS, amino group of aeg-

backbone is commonly protected by either Boc or Fmoc group depending upon the 

chemistry, while carboxyl group is free for coupling with amino counterpart.  The exocyclic 

amino groups present in purines (A and G) and pyrimidines (C) for Boc-and Fmoc- PNA 

monomers are protected with Cbz-and Bhoc-group, respectively. 

 

Figure 11. A schematic diagram for the synthesis of PNA oligomers by solid-phase peptide synthesis 

(SPPS) using Boc-and Fmoc-chemistry.
34

 

 

First, the PNA oligomer T10 was synthesized using Boc-chemistry by Nielsen and co-

workers.
26

  This strategy involves strong acidic condition (50% TFA in dichloromethane) for 

deprotection of Boc-group during SPPS cycle followed by coupling with appropriate Boc- 
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PNA monomer in presence of coupling reagents HOBt, HBTU and DIPEA in dry DMF 

(Figure 11).  Further, PNA oligomer is cleaved from the solid support using strongly acidic 

conditions such as TFMSA in TFA or HF in anisole.  The MBHA resin is used as solid 

support for Boc-chemistry.  While, currently Fmoc-chemistry is being majorly used for 

synthesis of PNA oligomers due to its milder reaction protocols.  Fmoc-group is deprotected 

during SPPS cycle using 20% piperidine in DMF, followed by coupling with Fmoc-PNA 

monomers in presence of coupling reagents HOBt, HBTU and DIPEA in dry DMF.  Then 

desired length of PNA oligomer is isolated after cleavage using TFA.  Finally, crude PNA 

oligomers isolated after cleavage and further purified by RP-HPLC and characterized by 

mass spectrometry.  Therefore, labeled PNA probes for various applications can be 

synthesized by SPPS or SPPS followed by chemical ligation such as acid-amine coupling or 

thiol-maleimide reaction. 

 

1.3.2 Postsynthetic chemical modifications 

Despite the success of SPPS in generating labeled PNA oligomers, several modified PNA 

analogues exhibits poor stability under the stringent solid-phase synthesis condition or show 

poor coupling efficiency.  Therefore, there is a significant demand for the development of 

chemical functionalization methods that would allow easy access to a variety of labeled PNA 

oligomers.  In this regards, bulky reporter molecules can be conjugated to PNA oligomers 

after SPPS by chemical ligation such as acid-amine coupling or thiol-maleimide reaction.
104

  

Unfortunately, poor stability of the activated esters and less chemoselectivity due to intrinsic 

amine and alcohol groups in biomolecules has restricted their utility.  Moreover, these 

chemoselective reactions exhibit certain drawbacks such as pH sensitivity of acid-amine 

coupling and oxidation of thiols.
105

 

 Alternatively, postsynthetic functionalizations of biomolecules including proteins, 

glycans and nucleic acids have been achevied using chemoselective reactions, such as copper 

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

cycloaddition (SPAAC), azide-phosphine Staudinger ligation, inverse electron demand Diels-

Alder reactions (IEDDA), and palladium-catalyzed reactions with various biophysical 

tags.
106,107

  Therefore, this chemoseletive reactions could be further extended for labeling of 

PNA with a variety of reporters.  In this approach, PNA monomer containing a small reactive 

group has to be incorporated into oligomers using SPPS followed by a chemoselective 

reaction with a suitable reactive counterpart containing a desired biophysical probe (Figure 

12).  In context to PNA, postsynthetic chemical modification such as CuAAC has been 
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carried out on solid support as well as in solutions to label PNA oligomers with fluorescent 

tags, peptide, ligand molecules.
108‒111

 

Kumar et al. have introduced a CuAAC reaction for synthesis of PNA-peptide 

conjugates in tert-butyl alcohol-water mixture for better cell permeability in antisense 

therapy.
108

  In another example, CuAAC reaction has been carried out on PNA oligomer with 

solid support (resin) for synthesis of fluorescent and ligand labeled PNA probes by Hudson 

and co-workers.
109

  Recently, Manicardi et al. have reported the synthesis of furan-PNA 

oligomer using CuAAC reaction in solution for covalent targeting of single stranded DNA 

through a crosslinking strategy.
110

  In one of the example, SPAAC reaction has also been 

utilized for the synthesis of Cy-5 labled γ-PNA oligomers in acidic buffer (pH 4), which was 

subsequently used for designing 3D DNA nanocage strcutures by Fromme and co-workers.
111

  

However, postsynthetic chemical methodologies with milder reaction conditions are not very 

well explored for labeling of PNA oligomers with diverse biophysical reporters including 

fluorophores, affinity tags etc. 

 

Figure 12. Design of postsynthetic chemical functionalization on PNA oligomers with different 

biophysical probes. 

 

1.4 Statement of research problem 

In recent years, PNA has been mainly used as a hybridization probe in nucleic acid diagnosis 

and biosensor applications.  In general, hybridization assays use PNA probes conjugated to 

bulky fluorophores through linker, which can be used for detection of nucleic acids 

globally.
11,12b

  However, various conformational changes occurring at the nucleotide level are 

difficult to analyze by the above PNA probes.  In this regards, very few minimally perturbing 

microenvironment-sensitive nucleobase-modified PNA analogues have been incorporated 

into PNA and used in studying nucleic acids by a hybridization process.  However, the 

minimally perturbing analogues have excitation and emission maximum in the UV region and 

or exhibit decrease in fluorescence intensity upon hybridization to complementary ONs.  In 

this regard, development of minimally perturbing PNA base analogues, which (i) display 

emission in the visible region, (ii) retain reasonable fluorescence efficiency upon 

incorporation into PNA oligomers, and importantly (iii) are responsive to changes in 
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surrounding environment are highly desired.  Such a PNA base analogue incorporated into a 

PNA oligomer and hybridized to a complementary target nucleic acid sequence would not 

only enable the detection but also could be used to modulate the function of the target nucleic 

acid. 

 

Figure 13. (A) Design of fluorescent 5-heterobicycle-conjugated uracil PNA oligomers as 

hybridization probes for fluorescence detection of nucleic acids. (B) Design of highly emissive 

nucleobase-modified PNA analogues based on Lucifer chromophore chromospheres for the detection 

and imaging of poly(A) mRNA in cell-free and cellular conditions. 

 

This thesis describes the design, synthesis and applications of a novel series of 

emissive PNA analogues derived by conjugating heterobicycles (benzofuran and 

benzothiophene) at the 5-position of uracil base (Figure 13A).  The PNA base analogues 

show emission in the visible region and exhibit excellent solvatochromism.  The analogues 

incorporated into model PNA oligomers are structurally minimally invasive and interestingly, 

their fluorescence properties are highly sensitive to changes in neighbouring base 

environment.  Depending on the photophysical behaviour, the benzofuran- and 

benzothiophene-modified PNA oligomers were used in the establishing assay to detect non-

canonical G-quadruplex structures of telomeric DNA repeat and oncogenic DNA promoters, 
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and in the monitoring the depurination activity of ribosome inactivating protein (RIP) toxins.  

Further, the development of PNA uracil base analogues based on the Lucifer chromophore as 

tools for imaging ploy(A) mRNA sequences in cells have been described (Figure 13B). 

 

Figure 14. Design and incorporation of azide-, alkyne-, and iodo-modified uracil PNA analogues into 

PNA oligomers by SPPS followed by labeling with biophysical probes.  (A) Postsynthetic labeling of 

single-stranded alkyne- and azide-modified PNA oligomers, and post-hybridization labeling of 

alkyne- and azide-modified PNA-ON duplex with CuAAC, SPAAC and Staudinger ligation reactions.  

(B) Postsynthetic labeling of single-stranded iodo-modified PNA oligomers by using palladium-

catalyzed reactions. 

 

Although development of robust fluorescence-based PNA probes is challenging, 

development of efficient methods to incorporate such reporters into PNA oligomers is equally 

important.  In this context, development of postsynthetic chemical methodologies for labeling 

PNA oligomers with variety of biophysical reporters by using CuAAC, SPAAC, Staudinger 

ligation and palladium-catalyzed reactions is described in the final chapter (Figure 14).  

CuAAC, SPAAC and Staudinger ligation have been further extended to label specific PNA-

DNA heteroduplexes (post-hybridization labeling) with fluorophores and a biotin affinity tag 

(Figure 14A).  Such post-hybridization labeling techniques could be used for multiplexed 
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imaging of specific nucleic acid sequences in the cells.  Taken together, the development and 

applications of the biophysical tools as well as the labeling methodologies described in this 

thesis will definitely expand the scope of PNA as a useful tool in diagnostic and therapeutic 

applications. 
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Synthesis, incorporation and responsiveness of 
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2.1 Introduction 

Oligonucleotides (ONs) probes labeled with base modified fluorescent nucleoside analogues 

capable of binding to target nucleic acids have been elegantly utilized in studying nucleic-

acid structure, folding, and recognition process.
1,2

  Typically, such emissive nucleobase 

analogues are obtained by attaching known fluorophores as base surrogates or heterocycles to 

the nucleobase.
1c

  Albeit, with few exception,
3
 labeled ONs exhibit low fluorescence, 

compromised hybridization efficiency and less stability in nuclease environment, which 

eventually hampers their practical applications, in particular, as hybridization probes.
1c

  In 

this regard, a synthetic nucleic acid mimic such as peptide nucleic acid (PNA) could be an 

ideal candidate. PNA oligomers consist of repeating units of N-(2-aminoethyl)glycine (aeg) 

linked via amide bonds in which the nucleobases are attached through methylene carbonyl 

linkage.
5
  This pseudo-peptide backbone in PNA provides stability in cellular environment 

and better hybridization affinity towards the complementary ONs.
4
 PNA oligomers were 

primarily developed as antisense and antigene therapeutic agents to control the expression of 

disease causing genes.
6
  Notably, in recent years, PNAs has been widely used as 

hybridization probes for applications in clinical diagnosis.
7
  Normally, the hybridization 

assays use PNA probes attached to large fluorophores, which could potentially reduce the 

hybridization efficiency of the probe to the target ON sequence.  Alternatively, a few 

nucleobase analogues (e.g., 2-aminopurine, 8-vinylguanine, etc.) have been incorporated into 

PNA and used in studying nucleic acid topologies and hybridization process.
8
  However, 

these analogues have excitation and emission maximum in the UV region and or exhibit 

decrease in fluorescence intensity upon hybridization to complementary ONs.  Therefore, 

there is significant demand for the development of fluorescent PNA probes that could 

effectively report the binding event with an enhancement in fluorescence intensity, which 

greatly facilitate the development of robust diagnostic and therapeutic tools. 

As a part of our efforts in developing nonperturbing fluorescent ribonucleoside 

analogues, we have introduced a small series of extended ribonucleosides by conjugating 

heterobicycles (indole, N-methylindole, benzothiophene and benzofuran) at the 5-position of 

uridine.
9,10

  5-benzofuran and 5-benzothiophene modified uridine analogues were moderately 

emissive and their fluorescence properties were highly sensitive to changes in their local 

environment.
9,10

  More importantly,  when incorporated into ONs and hybridized  to 

complementary ONs, the nucleosides were structurally noninvasive and retained appreciable 

fluorescence efficiency, a property rarely exhibited by the majority of fluorophores.  5-
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benzofuran uridine analogue (BFU) was utilized to distinguish different nucleic acid 

topologies and report the binding of small molecule ligands to telomeric DNA and RNA G-

quadruplex structures in buffer solution.
11

  Further, 5-benzothiophene uridine analogue 

(BTU) was implemented in a biophysical assay to study the ON dynamics in a cell-like 

confined environment.
12 

 

Figure 1. (A) Chemical structure of benzofuran-conjugated pyrimidine and purine ribonucleosides. 

Selection criteria for the development of fluorescent base-modified PNA analogues. (B) Design of 

benzofuran- and benzothiophene- modified uracil PNA oligomers as hybridization probes for nucleic 

acid detection. 

 

In order to design a suitable emissive nucleobase (A/U/G/C) for incorporation into 

PNA oligomers, we have initially compared the photophysical properties of benzofuran 

modified pyrimidine and purine analogues (Figure 1A).  To have a direct comparison with 
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BFU (1), we have synthesized remaining benzofuran-conjugated ribonucleoside analogues (2, 

3 and 4) and evaluated their photophysical properties in different solvents (Figure 1A).
13

  The 

fluorescence properties of pyrimidine ribonucleosides (1 and 2) as compared to purine 

ribonucleosides (3 and 4) were highly sensitive to solvent polarity and or viscosity changes.  

Further, BFU (1) displayed better fluorescence efficiency and environment-sensitivity as 

compared to BFC (2).  Therefore, we envisioned that base modified uracil analogue 

containing a heterocycle at the 5 position would be a better candidate to devise nucleobase 

probes.  Hence, we decided to attach heterocycles at the 5 position of uracil PNA base and 

incorporate into PNA oligomers to devise robust hybridization probes (Figure 1B). 

In this chapter, we report the synthesis and photophysical analysis of benzofuran-

conjugated pyrimidine and purine ribonucleoside analogues.  Further, synthesis, 

photophysical analysis and incorporation of 5-benzofuran and 5-benzothiophene conjugated 

uracil PNA analogues into PNA oligomers by solid-phase peptide synthesis (SPPS) are 

discussed.  Next, the impact of neighboring base environment on the fluorescence properties 

of emissive PNA analogues incorporated into PNA oligomers and hybridized to 

complementary ONs has been discussed.  The results obtained from these studies point out 

that both benzofuran- and benzothiophene-modified PNA uracil analogues are minimally 

perturbing and are highly responsive to changes in their neighboring based environment.  In 

subsequent chapters we have used these highly useful features to develop PNA probes to 

detect G-quadruplex forming human telomeric DNA repeats and proto-oncogenes (e.g., c-kit 

and c-myc), and study the kinetics of depurination activity of ribosome inactivating protein 

toxins (e.g. saporin). 

 

2.2 Results and Discussion 

2.2.1 Synthesis and photophysical analysis of benzofuran-conjugated ribonucleoside 

analogues 

2.2.1.1 Synthesis of full-set of benzofuran-conjugated ribonucleoside analogues 

Benzofuran-conjugated adenosine (3) and guanosine (4) analogues were synthesized by 

performing palladium catalyzed Stille cross-coupling reaction between 2-(tri-n-

butylstannyl)benzofuran and respective 8-bromopurines
14

 under microwave conditions 

(Scheme 1).  5-benzofuran uridine (1) and 5-benzofuran cytidine (2) ribonucleosides were 

synthesized and studied by a colleagues from our group.
10,13
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Scheme 1. Synthesis of fluorescent 8-benzofuran purine ribonucleoside analogues 3 and 4.
15

 

 

2.2.1.2 Photophysical characterization of fluorescent ribonucleoside analogues 

Fluorescence properties of emissive nucleoside analogues, when incorporated into ONs, can 

be affected by changes in microenvironment and by various interactions with neighbouring 

bases.  Generally, collisional and stacking interactions with adjacent bases and electron 

transfer between the fluorescent base and neighbouring bases result in fluorescence 

quenching.
16-19

  If the nucleoside analogue is solvatochromic or conformation-sensitive, then 

its fluorescence properties are likely to be altered by solvation-desolvation effects or by 

structural rigidification-derigidification process, respectively.
17,20 

The solvatochromic property of an emissive nucleoside can be evaluated by 

performing UV-vis absorption and fluorescence measurements in solvents of different 

polarity.  In nucleoside analogues the relative conformation of the benzofuran moiety with 

respect to the nucleobase separated by a rotatable aryl-aryl bond could influence the effective 

conjugation and hence, the fluorescence properties.  It has been shown that the relative 

conformation of nucleoside analogues containing molecular rotor element, when incorporated 

into ONs, is influenced by molecular crowding effects due to interaction with neighbouring 

bases.
20

  The conformation-sensitivity of a fluorophore, in this case, benzofuran-conjugated 

nucleosides, can be evaluated by performing photophysical characterization in solvents of 

different viscosity.  Typically, rotation about the aryl-aryl bond is restricted in a viscous 

medium as compared to in a less viscous medium, which usually results in higher quantum 

yield.  Nucleic acid-based assays to study the structure and function of nucleic acids often 

utilize fluorescent nucleoside analogues that photophysical respond to subtle changes in 

microenvironment (e.g., polarity and viscosity) and or conformation.
1
  Therefore, in order to 
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assess the suitability of our emissive nucleosides as biophysical tools we have studied the 

photophysical behaviour of free nucleosides in different environments. 

 

Fluorescence properties of ribonucleosides in solvents of different polarity: The 

absorption spectrum of 1 and 2 were marginally affected by solvent polarity change (Table 

1).  However, the excited-state properties of pyrimidine analogues were significantly affected 

by solvent polarity.  When excited, nucleoside 1 and 2 displayed an emission band in the 

visible region corresponding to a quantum yield of 0.212
10

 and 0.03
13 

respectively (Table 1).  

As the solvent polarity was reduced from water to dioxane, a significant quenching in 

fluorescence intensity corresponding to a nearly 2-fold reduction in quantum yield with a 

blue-shifted emission maximum was observed for both the nucleoside analogues.  Time-

resolved fluorescence measurements revealed a longer excited-state lifetime for the 

nucleosides in water as compared to in dioxane (Table 1). 

 

Figure 2. Absorption (25 µM, solid lines) and emission (5 µM, dashed lines) spectra of 

ribonucleoside 3 (A) and 4 (B) in different solvents. Samples were excited at respective lowest energy 

maximum, and excitation and emission slit widths were maintained at 2 and 3 nm, respectively. All 

solutions for absorption and emission studies contained 2.5% and 0.5% DMSO, respectively. 

 

The absorption spectrum of benzofuran-modified adenosine analogue 3 showed a 

major absorption maximum at nearly 320 nm, which more or less remained unaltered as the 

solvent polarity was decreased from water to dioxane (Figure 2A, Table 1).  Upon excitation 

at 320 nm, the nucleoside 3 in water displayed a strong emission band (λem=384 nm) 

corresponding to a quantum yield 0.62.  Akin to ground-state properties, the excited-state 

properties such as emission maximum, quantum yield and lifetime were not significantly 

affected by solvent polarity changes (Figure 2A, Table 1, Figure 3).  Benzofuran-modified 

guanosine analogue 4 exhibited a slightly red-shifted absorption maximum, which again was 

not significantly affected by solvent polarity changes (Figure 2B, Table 1).  When a solution 
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of 4 in water was excited at 323 nm, it displayed an emission maximum in the visible region 

corresponding to a high quantum yield of 0.82 (Figure 2B, Table 1).  Analogous to 

benzofuran-conjugated adenosine analogue, the solvent polarity changes had minor impact on 

the quantum yield and excited-state lifetime of nucleoside 4 (Table 1, Figure 4).   

The ratio of radiative (Kr) to nonradiative (Knr) decay rate constant calculated for 

ribonucleosides using quantum yield and lifetime in different solvents clearly indicates that 

the fluorescence emission of pyrimidine analogues was more favoured in polar solvents as 

opposed to in nonpolar solvents (Table 1).  However, fluorescence properties of purine 

analogues were not substantially affected by solvent polarity changes (Table 1).  Together, 

these results indicated that the photophysical behaviour of purine analogues, when 

incorporated into ONs, might not be affected by solvation-desolvation effects. 

 

Figure 3. Excited state decay profile of ribonucleoside 3 (5 M) in various solvents. Samples were 

excited using 339 nm LED source. Laser profile is shown in black (prompt). Curve fits are shown in 

solid lines. 

 

 

Figure 4. Excited state decay profile of ribonucleoside 4 (5 M) in various solvents. Samples were 

excited using 339 nm LED source. Laser profile is shown in black (prompt). Curve fits are shown in 

solid lines. 
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Table 1. Photophysical properties of ribonucleosides 1, 2, 3 and 4 in various solvents
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a 
The lowest energy maximum is given. 

b 
Relative emission intensity with respect to intensity in water. 

c 
Standard deviations for quantum yield () and lifetime () are ≤ 0.02 and ≤ 0.04 ns, respectively. 

Photophysical properties of ribonucleosides 1 and 2 have been adapted from reference 10 and 13 

respectively. 

 

Fluorescence properties of nucleosides in solvents of different viscosity: The 

conformational flexibility of pyrimidine and purine analogues has been studied by 

performing steady-state fluorescence and lifetime measurements in solvents of different 

viscosity.  Fluorescence properties for ribonucleoside analogues 1 and 2 such as quantum 

yield and excited state lifetime increases as the solvent viscosity was increased from water to 

ethylene glycol to glycerol (Table 1).  These results indicate the presence of a molecular rotor 

element in pyrimidine nucleosides, which is rigidified in a more viscous medium resulting in 

enhanced fluorescence efficiencies.  Purine analogues 3 and 4 exhibited only minor 

alterations in fluorescence properties as the solvent viscosity was increased from water to 

ethylene glycol to glycerol (Table 1, Figure 5). These observations indicated that the 

benzofuran and purine rings in purine analogues were fairly coplanar and conformationally 

rigid, which explains their high quantum yields even in less viscous medium, water.  These 

results confirmed that the purine analogues 3 and 4 are not conformation-sensitive. 

Ribonucleoside Solvent
 

λmax
a 

(nm) 

λem
 

(nm) 

Irel
b 

c
  

 

c 

(ns) 

kr/knr 

 water 322 447 1.0 0.21 2.55 0.27 

1 methanol 322 423 0.8 0.15 0.94 0.16 

 acetonitrile 322 410 0.4 0.06 0.33 0.06 

 dioxane 322 404 0.6 0.10 0.43 0.11 

 ethylene glycol 322 428 1.9 0.38 3.13 0.61 

 glycerol 322 427 2.4 0.53 3.40 1.12 

 water 290 452 1.0 0.03 0.57 0.03 

2 methanol 290 446 0.7 0.01 0.38 0.01 

 acetonitrile 291 440 0.5 0.01 0.34 0.01 

 dioxane 297 437 0.6 0.01 0.34 0.01 

 ethylene glycol 292 444 2.3 0.06 1.25 0.06 

 glycerol 292 447 5.0 0.13 3.07 0.15 

 water 320 384 1.0 0.62 1.68 1.63 

3 methanol 318 383 1.0 0.56 1.48 1.27 

 acetonitrile 317 382 0.9 0.53 1.39 1.13 

 dioxane 320 384 1.0 0.60 1.35 1.50 

 ethylene glycol 322 385 0.9 0.61 1.45   1.56 

 glycerol 323 384 1.0 0.66 1.34 1.94 

 water 323 403 1.0 0.82 1.94 4.56 

4 methanol 323 397 1.0 0.75 1.72 3.00 

 acetonitrile 323 397 0.8 0.62 1.59 1.63 

 dioxane 324 394 1.0 0.80 1.48 4.00 

 ethylene glycol 327 403 0.9 0.74 1.70 2.85 

 glycerol 327 399 0.9 0.84 1.60 5.25 
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Figure 5. Emission spectra (5.0 M) of nucleoside 3 (A) and 4 (B) in solvents of varying viscosity. 

Samples were excited at respective lowest energy maximum. Excitation and emission slit widths were 

2 and 3 nm, respectively.
 

 

Effect of collisional interaction on fluorescence properties of ribonucleosides: Collisional 

interaction between a fluorescent nucleobase and neighbouring bases in an ON sequence can 

quench the fluorescence by nonradiative pathway.
17

  Since these interactions can also take 

place when the nucleobases are free in solution, it is possible to study the effect of collisional 

interactions on the fluorescence by titrating the fluorophore with increasing concentrations of 

the natural bases.  Typically, such fluorescence titrations are performed by adding increasing 

amounts of nucleotide phosphates (e.g., nucleoside monophosphates, NMPs), which are 

readily soluble in water compared to nucleobases.  Increasing concentrations of AMP, CMP 

and UMP resulted in minor reduction in fluorescence intensity of purine ribonucleosides.  

Among the four NMPs used in this study, GMP exhibits the highest quenching effect on 

ribonucleosides 3 and 4 with a Stern-Volmer quenching constant (Ksv) of 26.6 and 24.8 M
-1

, 

respectively (Figure 6, Table 2).  It is worth mentioning here that the quenching effect 

produced by NMPs on 2-AP fluorescence is very high compared to the benzofuran-modified 

nucleosides.
17

  Hence, collisional interactions with neighbouring bases may not have an 

impact on the fluorescence outcome of the benzofuran-modified nucleosides within ONs.
21

 

Similar results were obtained for BFU (1) and BFC (2) in Stern-Volmer quenching 

experiment (Table 2). 
10,13
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Figure 6. A representative Stern-Volmer plot for the titration of ribonucleosides 3 and 4 with GMP. 

 

Table 2. Stern-Volmer quenching constant for the titration of emissive ribonucleosides with 

NMPs.
15

      
 

 
 
 

 

 

 

a
Ref. 10 and 

b
Ref. 13. nd= not determined 

 

The photophysical analysis of a complete set of benzofuran-modified fluorescent 

ribonucleoside analogues exhibited moderate to very high fluorescence efficiency with an 

emission maxima of 382‒452 nm.
13

  In particular, photophysical properties such as quantum 

yield, Stokes shift and lifetime of pyrimidine ribonucleosides as compared to purine 

ribonucleosides were highly sensitive to change in solvent polarity and or viscosity.  From 

our results, it was observed that BFU exhibited useful probe like characteristics necessary for 

devising tools to investigate nucleic acids, when compared to other benzofuran-conjugated 

ribonucleoside analogues.  Inspired by the interesting properties BFU and BTU analogues,
9-12

 

we have decided to further explore benzofuran- and benzothiophene-conjugated uracil base in 

the context to PNA oligomers for developing robust hybridization probes for important 

nucleic acid targets. 

 

Ribonucleoside
 

Ksv (M
–1

) 

AMP GMP CMP UMP 

1
a
 nd 26.2  0.2 nd 8.3  1.0 

2
b
 nd

 
8.2  0.7 nd nd 

3 15.0  1.0 26.6  0.4 5.8  0.5 10.0  0.5 

4 6.7  0.4 24.8  0.6 11.9  0.2 13.3  0.4 
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2.2.2 Synthesis, incorporation and photophysical analysis of 5-benzofuran and 5-

benzothiophene-conjugated uracil PNA analogues 

2.2.2.1 Synthesis of 5-benzofuran and 5-benzothiophene-conjugated uracil PNA 

monomers 

 

Scheme 2. Synthesis of 5-benzothiophene and benzofuran -modified uracil PNA monomers 13(a-b) 

and 14(a-b) used in the solid phase PNA synthesis and fluorescence studies respectively.
15

 

 

The benzothiophene and benzofuran-modified uracil aegPNA monomers 13a and 13b 

required for the SPPS were prepared by following the steps illustrated in Scheme 2.  5-

Iodouracil-modified intermediate 11 containing aeg backbone was synthesized in four steps 

following known literature procedures.
22

  First, ethylene diamine 7 was converted into mono-

protected ethylene diamine 8 by treating with Boc-anhydride.  Compound 8 was mono 

alkylated using ethyl bromoacetate to afford ethyl N-(Boc-amino ethyl) glycinate 9.  The 

compound 9 was acylated using acetyl chloride to give N-Boc-aminoethyl-N-chloroacetyl 

glycinate 10.  Further, compound 10 was converted into PNA ester 11 by reacting with 5-

iodouracil in the presence of K2CO3.  The respective fluorescent PNA esters 12(a-b) were 

obtained by a Stille cross-coupling reaction with 2-(tri-n-butylstannyl)benzothiophene and 2-

(tri-n-butylstannyl)benzofuran respectively, in the presence of a palladium catalyst.  

Subsequent ester hydrolysis of 12(a-b) in the presence of lithium hydroxide afforded the 

fluorescent monomers 13(a-b) necessary for solid phase PNA synthesis.  The fully 
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deprotected PNA monomers 14(a-b) required for photophysical analysis were obtained by 

treating 13(a-b) with TFA.  

 

2.2.2.2 Photophysical properties of 5-benzofuran and 5-benzothiophene-conjugated 

uracil PNA monomers 

Prior to incorporation into PNA oligomers, the responsiveness of the monomers to 

microenvironment changes was evaluated by performing preliminary photophysical 

characterization in solvents of different polarity using completely deprotected PNA 

monomers 14(a-b) (Scheme 2).  The bands corresponding to the longest absorption 

maximum showed a minor hyperchromic effect and bathochromic shift as the solvent polarity 

was decreased from water to dioxane (Figure 7, Table 3).  Upon exciting a solution of 14a at 

318 nm and 14b at 322 nm in water, an emission band in the visible region (λem (14a) = 467 

nm, λem (14b) = 447 nm) corresponding to a quantum yield of 0.06 and 0.28 was observed 

(Figure 7, Table 3).  As the polarity of the medium was decreased by varying the water-

dioxane ratio, PNA base analogues 14a and 14b displayed a significant hypsochromic shift in 

its emission maximum from 467 to 439 nm and 447 to 413 nm respectively. 

 

Figure 7. Absorption (solid line) and emission (dashed line) spectra of monomer in water, dioxane 

and their mixtures. (A) Absorption 50 µM and emission 5 µM for 14a (B) absorption 25 µM and 

emission 5 µM for 14b. Samples were excited at their respective lowest energy maximum. Excitation 

and emission slit widths were kept at 3 and 4 nm for 14a and 2 and 3 nm for 14b respectively. All 

solutions for absorption and emission studies contained 5% and 0.5% DMSO, respectively for 14a 

and 2.5% and 0.5% DMSO, respectively for 14b. 

 

A nearly linear plot was obtained when Reichardt’s microscopic solvent polarity 

parameter ET(30) was plotted against Stokes shift, which further confirmed the sensitivity of 

the analogues to microscopic polarity changes (Figure 8).
23

  Although responsiveness of the 

benzofuran-modified PNA analogue (14b) and BFU nucleoside (1)
10

 are similar (compared 

with the results reported in reference 10), the responsiveness of respective analogues (1 or 

14b) could be different when incorporated into oligomer and hybridized to target 
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oligonucleotides.  Interestingly, the fluorescence intensity, quantum yield and excited-state 

lifetime were found to change nonlinearly as solvent polarity was reduced by using water-

dioxane system (Figure 7, Table 3 and Figure 9). The fluorophore system in 14a and 14b has 

an aryl-aryl rotatable bond between benzothiophene/benzofuran and uracil rings, and hence, 

its fluorescence could be also sensitive to solvent viscosity changes.
24,25

  Although water and 

dioxane mixtures are commonly used to study the effect of polarity,
20,26

 they exhibit small 

nonlinearity in viscosity.
27

  The fluorophore system in PNA base analogues could undergo 

structural rigidification in viscous medium, and hence, the observed trend in fluorescence 

properties of 14a and 14b is likely due to the combined effect of polarity and viscosity of the 

medium.  Such photophysical behavior in response to polarity and viscosity effects have been 

observed in case of fluorescent probes possessing similar molecular rotor element.
20,26

 

 

Figure 8. Plot of Stokes shift versus ET(30) (microscopic solvent polarity parameter)
23

 for PNA 

monomer 14a (circle) and 14b (square) respectively. 

 

Figure 9. Excited-state decay profile (5.0 M) of PNA monomer 14a (A) and 14b (B) in solvents of 

different polarity. Samples were excited using a 320 nm LED source. The laser profile is shown in 

black (prompt). Curve fits are depicted as solid lines. 
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Table 3. Photophysical properties of emissive PNA base analog 14a and 14b. 

Monomer solvent
 

λmax
[a] 

(nm) 

λem
 

(nm) 

Irel
[b] 

[c]
 

 

1
[d] 

(ns) 

2
[d] 

(ns) 

3
[d] 

(ns) 

av
[c] 

(ns) 

14a water 318 467 1.00 0.06 0.82 (0.55) 1.70 (0.45) - 1.22 

25% dioxane 320 459 1.90 0.10 0.92 (0.60) 2.49 (0.40) - 1.54 

50% dioxane 321 457 2.35 0.11 0.67 (0.69) 2.88 (0.31) - 1.35 

75% dioxane 322 449 2.39 0.11 0.45 (0.73) 2.58 (0.27) - 1.03 

dioxane 322 439 1.50 0.06 0.04 (0.96) 1.29 (0.04) 4.477 (0.005) 0.11 

14b water 322 447 1.00 0.28 3.69 - - 3.69 

25% dioxane 324 437 1.51 0.38 4.23 - - 4.23 

50% dioxane 324 431 1.52 0.36 3.39 - - 3.39 

75% dioxane 324 423 1.17 0.26 0.28 (0.18) 2.15 (1.18) - 2.50 

 dioxane 324 413 0.36 0.09 0.62 (0.96) 2.55 (0.04) - 0.69 
[a]

 Lowest energy maximum is given. 
[b]

 Intensity with respect to water. 
[c]

 Standard deviations for 

quantum yield () and average lifetime (av) are ≤ 0.01 and ≤ 0.05 ns, respectively. 
[d]

Relative 

amplitude is given in parenthesis. 

 

2.2.2.3 Synthesis of model 15mer fluorescent PNA oligomers containing 14a and 14b  

 

Figure 10. (A) Model 15mer PNA oligomers with modification M is 5-benzothiophene or 5-

benzofuran conjugated uracil PNA monomer. (B) Sequence of control unmodified PNA oligomers 

1518 and fluorescent PNA oligomers 15X18X (contained 14a) and 15Y18Y (contained 14b) 

obtained by solid phase synthesis are shown in bold letters. PNA sequences are written from N- to C-

terminus containing two lysine (K) residues at the C-terminus. Sequence of synthetic DNA ONs (“d” 

preceding the parentheses) used in this study are shown.
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Numerous studies have shown that the photophysical behaviour of fluorescent base 

analogues incorporated into ONs greatly influenced by a variety of mechanisms involving 

neighbouring bases, which include stacking, collisional and H-bonding interactions, 

rigidification-derigidification of the fluorophore and electron transfer process between 

adjacent bases and the fluorophore.
16‒19

  To study the effect of neighboring bases on the 

fluorescence properties of PNA base analogues, we synthesized a series of model 15mer 

fluorescent PNA oligomers 15X–18X and 15Y–18Y containing modified base 14a and 14b, 

respectively (Figure 10).
15

  The PNA oligomers were designed to contain the modification in-

between different flanking bases (A, T, G and C residues).  The control unmodified (15–18) 

and fluorescently modified PNA oligomers were synthesized by standard solid-phase PNA 

synthesis protocol using Boc-protected aeg-PNA monomers.  Two lysine residues were 

attached at the C terminus of PNAs to enhance the solubility in aqueous buffer.  The 

oligomers were purified by RP-HPLC and their integrity was confirmed by mass analysis 

(see 2.6 Appendix-I for HPLC profile and mass spectra, Table 4).
15

 

 

Table 4. ε260 and MALDI-TOF mass analysis of PNA oligomers 

a
PNA sequences are written from N to C terminus. 

 

2.2.2.4 Circular dichroism and thermal melting analysis of PNA-DNA duplexes 

The introduction of benzothiophene and benzofuran modifications can potentially affect the 

native structure and the hybridization efficiency of PNA oligomer, and hence, the observed 

PNA
 

Sequence
a
 ε260 (M

-1
cm

-1
) Calculated mass Observed mass 

15 CGATCAATAACTAGCKK 15.78 x 10
4
 4311.31 [M]

+
 4311.41 

15X CGATCAA14aAACTAGCKK 15.94 x 10
4
 4429.46 [M]

+
 4429.47 

15Y CGATCAA14bAACTAGCKK 16.12 x 10
4
 4414.41 [M+H]

+
 4414.10 

16 CGATCATTTACTAGCKK 14.76 x 10
4
 4293.28 [M]

+
 4293.43 

16X CGATCAT14aTACTAGCKK 14.92 x 10
4
 4411.43 [M]

+
 4411.97 

16Y CGATCAT14bTACTAGCKK 15.09 x 10
4
 4395.37 [M]

+
 4395.38 

17 CGATCAGTGACTAGCKK 15.40 x 10
4
 4344.32 [M+H]

+
 4344.67 

17X CGATCAG14aGACTAGCKK 15.54 x 10
4
 4461.46 [M]

+
 4461.85 

17Y CGATCAG14bGACTAGCKK 15.74 x 10
4
 4446.33 [M+H]

+
 4446.39 

18 CGATCACTCACTAGCKK 14.36 x 10
4
 4263.26 [M]

+
 4263.27 

18X CGATCAC14aCACTAGCKK 14.52 x 10
4
 4382.42 [M+H]

+
 4382.19 

18Y CGATCAC14bCACTAGCKK 14.72 x 10
4
 4365.35 [M]

+
 4365.89 
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fluorescence properties may not be a true reflection of the intact duplexes.  A series of PNA-

DNA heteroduplexes were assembled by annealing control unmodified and fluorescently 

modified PNA oligomers with complementary DNA ONs (Figure 10B).  The duplexes were 

designed in such a fashion that the emissive base was placed opposite to its complementary 

base, mismatched bases and abasic site.  UV-thermal denaturation and circular dichroism 

(CD) analyses of unmodified and modified PNA-DNA duplexes indicate that benzothiophene 

and benzofuran modifications marginally affect the structure and stability of duplexes (Figure 

11 and Figure 12, Table 5).  In addition, UV-thermal denaturation study showed that both the 

modification slightly, destabilizes the matched duplexes and stabilizes the mismatched 

duplexes (Table 5).  Notably, the modified PNA oligomers formed a stable PNA-DNA hybrid 

at room temperature.  Therefore, the observed fluorescence properties will be a true 

indication of intact duplex, which will be further useful for devising hybridization assays for 

the detection of clinically important nucleic acids at physiological conditions. 

 

Figure 11. Representative UV-thermal melting profile (1.0 µM) of control unmodified (15•15A), 

benzothiophene-modified (15X•8A) and benzofuran-modified (15Y•8A) PNA-DNA duplexes in 10 

mM phosphate buffer (pH 7.1, 100 mM NaCl, 0.1 mM EDTA). For Tm values see Table 5.
15 
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Figure 12. CD spectra (5.0 µM) of control unmodified and fluorescently modified duplexes in 10 mM 

phosphate buffer (pH 7.1, 100 mM NaCl, 0.1 mM EDTA). (A) 15•15A, 15X•15A, 15Y•15A, 16•16A, 

16X•16A, 16Y•16A. (B) 17•17A, 17X•17A, 17Y•17A, 18•18A, 18X•18A, 18Y•18A.
15

 

 

Table 5. Tm values of control and modified PNA-DNA duplexes 

Control duplex Tm (°C) Duplex made 

of 14a 

Tm (°C) Duplex made 

of 14b 

Tm (°C) 

15•15A 66.8 ± 0.4 15X•15A 62.5 ± 0.8 15Y•15A 63.6 ± 0.5 

15•15T 59.3 ± 0.9 15X•15T 59.1 ± 0.5 15Y•15T 58.6 ± 0.6 

15•15G 57.4 ± 0.5 15X•15G 58.6 ± 0.6 15Y•15G 58.3 ± 1.0 

15•15C 53.4 ± 0.7 15X•15C 59.6 ± 0.9 15Y•15C 58.3 ± 0.9 

16•16A 62.3 ± 0.5 16X•16A 61.3 ± 0.5 16Y•16A 62.6 ± 0.5 

16•16T 56.6 ± 1.0 16X•16T 57.3 ± 1.1 16Y•16T 58.0 ± 0.6 

16•16G 52.7 ± 0.4 16X•16G 54.6 ± 0.6 16Y•16G 54.0 ± 0.7 

16•16C 52.4 ± 0.7 16X•16C 54.1 ± 0.5 16Y•16C 55.1 ± 1.1 

17•17A 74.6 ± 1.1 17X•17A 70.4 ± 0.5 17Y•17A 73.4 ± 0.5 

17•17T 65.4 ± 1.0 17X•17T 66.3 ± 0.5 17Y•17T 66.2 ± 0.5 

17•17G 65.6 ± 0.3 17X•17G 67.5 ± 0.6 17Y•17G 67.1 ± 0.5 

17•17C 62.6 ± 0.8 17X•17C 67.8 ± 0.7 17Y•17C 66.1 ± 0.4 

18•18A 70.1 ± 0.5 18X•18A 68.0 ± 0.9 18Y•18A 69.0 ± 0.5 

18•18T 61.5 ± 0.5 18X•18T 62.6 ± 0.6 18Y•18T 63.3 ± 0.8 

18•18G 62.6 ± 0.5 18X•18G 62.9 ± 0.7 18Y•18G 63.3 ± 0.8 

18•18C 57.8 ± 0.7 18X•18C 62.3 ± 0.5 18Y•18C 62.1 ± 0.4 

 

2.2.2.5 Photophysical properties of PNA oligomers containing fluorescent base 

analogues 14a and 14b 

Numerous studies have shown that the photophysical behaviour of fluorescent base analogues 

incorporated into ONs is greatly influenced by a variety of mechanisms involving 
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neighbouring bases, which include stacking, collisional and H-bonding interactions, 

rigidification-derigidification of the fluorophore and electron transfer process between 

adjacent bases and the fluorophore.
17–20

  Initially, we studied the impact of flanking bases on 

the fluorescence properties of emissive PNA analogues by performing steady state 

fluorescence of emissive PNA analogues (14a and 14b) and fluorescent PNA oligomers 

15X18X (contained 14a) and 15Y18Y (contained 14b).  Benzothiophene-modified single 

stranded PNA oligomers 15X, 16X and 18X in which 14a is flanked between A, T and C 

residues, respectively, displayed significant enhancement in fluorescence intensity and 

slightly blue-shifted emission maximum as compared to free monomer 14a (Figure 13A).  

PNA 17X in which the modification is flanked by G residues exhibited a profile similar to the 

free PNA base 14a.  However, benzofuran-modified single stranded PNA oligomers 15Y, 

16Y and 18Y showed 3–6 fold quenching in fluorescence intensity with slight blue-shift in 

emission maximum as compared to free PNA base 14b (Figure 13B).  Modified base placed 

between G-residues in PNA 17Y exhibited dramatic quenching in fluorescence intensity.  It is 

well documented in literature that among nucleobases, guanine quenches the fluorescence of 

many fluorophores, especially when placed in the flanking position.
19

 

 

Figure 13. (A) Emission spectra (0.5 µM) of PNA monomer 14a and PNA oligomers 15X18X. 

Excitation and emission slit widths were kept at 5 and 7 nm, respectively. (B) Emission spectra (0.5 

µM) of PNA monomer 14b and PNA oligomers 15Y18Y. Excitation and emission slit widths were 

kept at 3 and 5 nm, respectively. All Samples were excited at 330 nm.  

 

Next, the effect of base pair substitution was studied by assembling a series of PNA-

DNA duplexes constructed by hybridizing PNA 15X–18X and 15Y–18Y with 

complementary and mismatched DNA ONs (Figure 10B).  For example, while hybridization 

of PNA 15X or 15Y with DNA ON 15A would place the respective modified base analogue 

opposite to its complementary base dA, hybridization with ONs 15T, 15G and 15C would 

place the analogues opposite to mismatched bases dT, dG and dC, respectively. 
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Benzothiophene-modified PNA base 14a flanked by A residues (PNA 15X) and 

paired with complementary and mismatched bases in PNA-DNA duplexes displayed 

substantial enhancement in fluorescence intensity (3–4 fold) as compared to single stranded 

PNA 15X (Figure 14A).  PNA oligomer 15Y containing benzofuran-modified PNA base 14b, 

when hybridized to complementary and mismatched DNA ONs, also showed enhancement in 

fluorescence intensity (2–5 fold) as compared to PNA 15Y (Figure 14B).  Similarly, PNA-

DNA duplexes made of PNA 16X and 16Y (modification flanked by T residues) exhibited 

considerable enhancement in intensity as compared to respective PNA oligomers (Figure 15).  

Although 14a and 14b flanked by G residues and placed opposite to different bases in 

duplexes made of PNA 17X and 17Y exhibited different fluorescence intensity, the overall 

intensity was very low (Figure 16).  In all the above duplexes along with enhancement in 

fluorescence intensity small differences in emission maximum were observed. 

 

Figure 14. (A) Fluorescence intensity (0.5 µM) of PNA oligomer 15X and its duplexes at respective 

emission maximum. Excitation and emission slit widths were kept at 5 nm and 7 nm, respectively. (B) 

Fluorescence intensity (0.5 µM) of PNA oligomer 15Y and its duplexes at respective emission 

maximum. Excitation and emission slit widths were kept at 3 nm and 5 nm, respectively. All samples 

were excited at 330 nm. 

 

Figure 15. (A) Fluorescence intensity (0.5 µM) of PNA oligomer 16X and its duplexes at respective 

emission maximum. Excitation and emission slit widths were kept at 5 nm and 7 nm, respectively. (B) 

Fluorescence intensity (0.5 µM) of PNA oligomer 16Y and its duplexes at respective emission 

maximum. Excitation and emission slit widths were kept at 3 nm and 5 nm, respectively. All samples 

were excited at 330 nm. 
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Figure 16. (A) Fluorescence intensity (0.5 µM) of PNA oligomer 17X and its duplexes at respective 

emission maximum. Excitation and emission slit widths were kept at 5 nm and 7 nm, respectively. (B) 

Fluorescence intensity (0.5 µM) of PNA oligomer 17Y and its duplexes at respective emission 

maximum. Excitation and emission slit widths were kept at 3 nm and 5 nm, respectively. All samples 

were excited at 330 nm. 
 

Interestingly, duplex 18X•18A in which 14a is flanked by C residues and present 

opposite to its complementary base dA displayed significantly higher fluorescence intensity 

(~5-fold) with no apparent change in emission maximum as compared to single stranded 

PNA 18X (Figure 17A).  Furthermore, when 14a was placed opposite to mismatched bases 

dT, dG and dC in duplexes 18X•18T, 18X•18G, 18X•18C, respectively, a profile similar to 

that of PNA 18X with no enhancement in fluorescence intensity was observed.  Although 

benzofuran-modified uracil analogue 14b base paired with dA in duplex 18Y•18A showed 

enhancement in fluorescence intensity as compared to PNA 18Y, the fold increase (~2-fold) 

was not substantial as compared to benzothiophene-modified uracil analogue 14a in the same 

environment (compare Figure 17A and Figure 17B).  Moreover, 14b placed opposite to 

mismatched bases in duplexes 18Y•18T, 18Y•18G, 18Y•18C exhibited lower intensity as 

compared to PNA 18Y.  This observation indicate that benzothiophene-modified PNA base 

14a, when flanked by C residues, selectively reports the presence of a complementary 

nucleobase (dA) in a GAG sequence with appreciable enhancement in fluorescence intensity.  

Although the exact morphology of the fluorescent nucleobase 14a in the matched and 

mismatched PNA-DNA duplexes is unknown, we believe that the observed selectivity for the 

matched base dA can be possibly due to the following reasons.  In the PNA-DNA (18X•18A) 

duplex benzothiophene-modification attached at 5-position of uracil is extrahelical and 

projected towards major groove because of effective H-bonding with dA.  Therefore, it 

experiences less stacking interaction and also located away from guanosine residues of ON 

18A, which resulted into higher fluorescence intensity for 18X•18A duplex.  However, due to 

the absence of H-bonding in mismatched PNA-DNA duplexes (18X•18T, 18X•18G and 
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18X•18C), benzothiophene-modification could be intrahelical and closer to guanosine 

residues of ONs 18T, 18G and 18C.  Subsequently, the benzothiophene-modification 

experiences the stacking interaction from neighbouring guanosine residues and resulted into 

significantly lower fluorescence intensity.  This observation was further supported by Tm 

values (Table 5), where the modified mismatched PNA-DNA duplexes displayed slightly 

higher Tm values as compared to corresponding control unmodified mismatched PNA-DNA 

duplexes.  In general, the distinct fluorescence profile exhibited by emissive analogues in 

different nucleobase environment could be possibly due to the combined effect of π‒π 

stacking and electron transfer process between the neighboring bases and emissive PNA base, 

and rigidification of emissive PNA base.
17-19,26

 

 

Figure 17. (A) Emission spectra (0.5 µM) of PNA 18X and PNA-DNA duplexes formed by 

hybridizing 18X with DNA ONs. Excitations and emission slit widths were kept at 5 and 7 nm, 

respectively. (B) Emission spectra (0.5 µM) of PNA 18Y and PNA-DNA duplexes formed by 

hybridizing 18Y with DNA ONs. Excitation and emission slit widths were kept at 3 and 5 nm, 

respectively. All PNA oligomers and duplexes were excited at 330 nm. 

 

2.3 Conclusion 

In conclusion, we have synthesized and systematically compared the photophysical properties 

of the full set of benzofuran-conjugated ribonucleoside analogues.  In particular, BFU 

analogue showed probe-like fluorescence properties as compared to remaining benzofuran-

conjugated ribonucleoside analogues, which essentially laid the foundation for the design of 

emissive benzofuran and benzothiophene-modified PNA probes.  5-benzothiophene and 5-

benzofuran conjugated uracil PNA analogues (14a and 14b) were synthesized and 

incorporated into PNA oligomers.  These PNA analogues displayed emission maxima in the 

visible region, high conformational sensitivity and moderate quantum yields.  Moreover, 

when incorporated into PNA oligomers and hybridized to complementary ONs, both the 

analogues displayed significant enhancement in fluorescence intensity.  In particular, 5- 
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benzothiophene analogue 14a showed significant enhancement in fluorescence intensity, 

when hybridized with the perfect complementary ON (18A) as compared to mismatched 

duplexes as well as single strand PNA 18X.  These interesting properties of emissive 

analogues 14a and 14b could be judicially utilized to develop hybridization assays to target 

and detect therapeutically relevant nucleic acid motifs.  

 

2.4 Experimental Section 

2.4.1 Materials 

Chloroacetyl chloride, di-t-butyl dicarbonate, ethane-1,2-diamine, ethyl bromoacetate, TFA 

and silica gel (100-200 mesh) were purchased from Spectrochem India. Dry DMF and dry 

dichloromethane were purchased from Rankem India. Acetic anhydride was purchased from 

Thomas Baker India. Adenosine, guanosine, benzofuran, tributyltin chloride, N-

bromosuccinimide (NBS), 5-Iodouracil, benzo[b]thiophene, bis(triphenylphosphine)-

palladium (II) chloride, pyridine, N-hydroxybenzotriazole (HOBt), 3-

[bis(dimethylamino)methyliumyl]-3H-benzotriazol-1-oxide hexafluorophosphate (HBTU), 

N,N-diisopropylethylamine (DIPEA), 1,2-ethanedithiol, thioanisole and 

trifluoromethanesulfonic acid (TFMSA) were purchased from Sigma-Aldrich. Chemicals for 

preparing buffer solutions were obtained from Sigma-Aldrich. 8-Bromo adenosine, 8-bromo 

gaunosine, 2-(tri-n-butylstannyl) benzo[b]thiophene and 2-(tri-n-butylstannyl)benzofuran 

were prepared by using a method described in the literature.
17,28

 Ethyl-2-(N-(2-((tert-

butoxycarbonyl)amino)ethyl)-2-chloroacetamido)acetate
 
10 was synthesized by using method 

reported in the literature.
22

 Boc-protected aeg-PNA monomers were purchased from ASM 

Research Chemicals. The exocyclic amino group of adenine, guanine and cytosine PNA 

monomers was protected with cbz (Z) group. 4-Methylbenzhydrylamine•HCl (MBHA) resin 

LL (100-200 mesh) and Boc-Lys(2-Cl-Z)-OH were obtained from Novabiochem. DNA ONs 

were purchased from Integrated DNA Technologies. All ONs were purified by 

polyacrylamide gel electrophoresis (PAGE) under denaturing conditions and desalted on Sep-

Pak Classic C18 cartridges (Waters Corporation). Autoclaved water was used in all 

biochemical reactions and fluorescence measurements.  

 

2.4.2 Instrumentation 

NMR spectra were recorded on a 400 MHz Jeol ECS-400 spectrometer (
1
H 400 MHz and 

13
C 

100 MHz) and processed in Mnova NMR software from Mestrelab Research. All mass 



50 

 

measurements were recorded on an Applied Biosystems 4800 Plus MALDI-TOF/TOF 

analyzer instrument and Water Synapt G2 High Definition mass spectrometers. Reversed-

phase (RP) flash chromatography (C18 RediSepRf column) purifications were carried out 

using Teledyne ISCO, Combi Flash Rf. Microwave reactions were performed using CEM 

discover microwave synthesizer. PNA oligomers were purified by using Agilent 

Technologies 1260 Infinity HPLC. Absorption spectra were recorded on a Shimadzu UV-

2600 spectrophotometer. UV-thermal melting analysis of duplexes was performed on a Cary 

300Bio UV-Vis spectrophotometer. Steady-state fluorescence experiments were carried out 

in a micro fluorescence cuvette (Hellma, path length 1.0 cm) on a Fluoromax-4 and 

Fluorolog-3 spectrophotometers (Horibha Scientific). Time-resolved fluorescence 

experiments were carried out on a TCSPC instrument (Horiba JobinYvon, Fluorolog 3). All 

CD spectra were recorded on JASCO J-815 CD spectrometer. 

 

2.4.3 Synthesis of fluorescent ribonucleoside analogues 3 and 4 

 

2.4.3.1 (2R,3R,4S,5R)-2-(6-Amino-8-(benzofuran-2-yl)-9H-purin-9-yl)-5 

(hydroxymethyl)tetrahydrofuran-3,4-diol 3 

To a mixture of 8-bromoadenosine 5
17

 (0.20 g, 0.58 mmol, 1.0 equiv) and 

bis(triphenylphosphine)-palladium(II) chloride (0.020 g, 0.04 mmol, 0.05 equiv) in degassed 

anhydrous DMF (6 ml) was added 2-(tri-n-butylstannyl)benzofuran (0.353 g, 0.87 mmol, 1.5 

equiv). The reaction mixture was heated at 75 °C using microwave for 25 min, cooled to RT 

and filtered through celite pad. The celite pad was washed with DMF (2 × 15 ml) and solvent 

was evaporated using rota evaporator with high vacuum pump. Residue was purified by 

reversed phase column chromatography (C18 RediSepRf column, CH3CN:H2O) to afford 

product 3 as white solid (0.160 g, 72%). Rf = 0.42 (CH2Cl2:MeOH = 8.5:1.5); 
1
H-NMR (400 

MHz, d6-DMSO): δ = 8.19 (s, 1H), 7.84 (d, J = 7.6 Hz, 1H), 7.76 (bs, 2H), 7.75 (d, J = 8.4 

Hz, 1H), 7.60 (s, 1H), 7.48­7.47 (m, 1H), 7.38 (appt, J = 7.6 Hz, 1H), 6.21 (d, J = 6.8 Hz, 1H), 

5.79 (dd, J1 = 9.0 Hz, J2 = 3.6 Hz, 1H), 5.52 (d, J = 6.4 Hz, 1H), 5.28 (d, J = 4.4 Hz, 1H), 

5.18-5.13 (m, 1H), 4.26-4.23 (m, 1H), 4.06-4.04 (m, 1H), 3.76-3.71 (m, 1H), 3.61-3.55 (m, 

1H) ppm; 
13

C-NMR (100 MHz, d6-DMSO): δ = 156.6, 154.6, 152.8, 149.9, 144.8, 141.2, 

127.4, 126.4, 123.9, 122.3, 119.6, 111.6, 109.9, 89.5, 86.9, 71.8, 71.0, 62.2 ppm; HRMS: 

(m/z): Calculated for C18H18N5O5: 384.1308 [M+H]
+
; found = 384.1308. 
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2.4.3.2 2-Amino-8-(benzofuran-2-yl)-9-((2R,3R,4S,5R)-3,4-dihydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl)-1,9-dihydro-6H-purin-6-one 4 

To a mixture of 8-bromoguanosine 6
17

 (0.60 g, 1.65 mmol, 1.0 equiv) and 

bis(triphenylphosphine)-palladium(II) chloride (0.057 g, 0.081 mmol, 0.05 equiv) in degassed 

anhydrous DMF (6 ml) was added 2-(tri-n-butylstannyl)benzofuran (1.01 g, 2.48 mmol, 1.5 

equiv). The reaction mixture was heated at 75 °C using microwave for 25 min, cooled to RT 

and filtered through celite pad. The celite pad was washed with DMF (2 × 15 ml) and solvent 

was evaporated using rota evaporator under reduced pressure. The resulting residue was 

purified by reversed phase column chromatography (C18 RediSepRf column, CH3CN:H2O) 

to afford product 6 as white solid (0.130 g, 20%). Rf = 0.76 (CH2Cl2:MeOH = 8:2); 
1
H-NMR 

(400 MHz, d6-DMSO): δ = 10.87 (s, 1H), 7.77 (d, J = 7.2 Hz, 1H), 7.68 (d, J = 8.4 Hz, 1H), 

7.45­7.40 (m, 2H), 7.36-7.32 (m, 1H), 6.54 (bs, 2H), 6.03 (d, J = 6.4 Hz, 1H), 5.40 (d, J = 6.4 

Hz, 1H), 5.06-4.99 (m, 3H), 4.16 (dd, J1 = 9.2 Hz, J2 = 5.2 Hz, 1H), 3.90 (dd, J1 = 9.2 Hz, J2 

= 4.8 Hz, 1H), 3.73-3.68 (m, 1H), 3.60-3.54 (m, 1H) ppm; 
13

C-NMR (100 MHz, d6-DMSO): 

δ = 157.0, 154.8, 154.0, 152.7, 146.2, 138.3, 128.1, 126.3, 124.2, 122.4, 118.3, 112.0, 108.6, 

89.6, 86.4, 71.2, 70.9, 62.5 ppm; HRMS: (m/z): Calculated for C18H18N5O6: 400.1257 

[M+H]
+
; found = 400.1274.  

 

2.4.4 Synthesis of fluorescent PNA monomers 

The amide group in the aeg backbone of the PNA monomers is known to give two rotamers 

with different chemical shifts.
29

 1114(a-b) also gave two rotamers with different chemical 

shifts, and the rotamers have been indicated as major (ma.) and minor (mi.).  

 

2.4.4.1 Ethyl-2-(N-(2-((tert-butoxycarbonyl)amino)ethyl)-2-(5-iodo-2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)acetamido)acetate 11 

To a solution of ethyl-2-(N-(2-((tert-butoxycarbonyl)amino)ethyl)-2-chloroacetamido)acetate
 

10
22

 (2.00 g, 6.20 mmol, 1.0 equiv.) in DMF (20 mL) was added potassium carbonate (1.88 g, 

13.63 mmol, 2.2 equiv.) and 5-iodouracil (1.62 g, 6.82 mmol, 1.1 equiv.). The reaction 

mixture was stirred for 12 h at room temperature (RT). Water (100 mL) was added and the 

product was extracted using EtOAc (2 × 100 mL). The organic layer was evaporated and 

residue was purified by silica gel column chromatography to afford the product 11 as a white 

solid (1.60 g, 49%). Rf = 0.29 (petroleum ether:EtOAc = 30:70); 
1
H-NMR (400 MHz, 

CDCl3): δ = 9.66 (minor (mi.)) and 9.60 (major (ma.) (br, 1H), 7.65 (mi.) and 7.59 (ma.) 
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(s,1H), 5.65 (ma.) and 5.10 (mi.) (t, J = 6.0 Hz, 1H), 4.63 (ma.) and 4.48 (mi.) (s, 2H), 4.26–

4.05 (m, 4H), 3.51 (appt, J = 5.6 Hz, 2H), 3.34–3.24 (m, 2H), 1.44 (ma.) and 1.42 (mi.) (s, 

9H), 1.31 (mi.) and 1.27 (ma.) (t, J = 7.1 Hz, 3H) ppm; 
13

C-NMR (100 MHz, CDCl3): δ = 

169.7 (ma.) and 169.4 (mi.), 167.4 (mi.) and 167.1 (ma.), 160.8 (mi.) and 160.8 (ma.), 156.3, 

150.9, 149.6, 80.2, 68.3 (ma.) and 68.2 (mi.), 62.5 (mi.) and 61.9 (ma.), 49.3, 48.9, 48.4, 38.8, 

28.6 (ma.) and 28.5 (mi.), 14.2 (mi.) and 14.2 (ma.) ppm; HRMS: (m/z): Calc. for 

C17H25IN4O7Na: 547.0666 [M+Na]
+
; found: 547.0666. 

 

2.4.4.2 General procedure for synthesis of fluorescent PNA esters 12(a–b) 

To a suspension of compound 11 (1.0 equiv.) and bis(triphenylphosphine)-palladium(II) 

chloride (0.05 equiv.) in degassed anhydrous dioxane (30 mL per g of 11) was added 2-(tri-n-

butylstannyl) benzo[b]thiophene or 2-(tri-n-butylstannyl)benzofuran 
47

 (1.5 equiv.). The 

reaction mixture was heated at 75 °C for 3 h, and filtered through celite pad. Celite pad was 

washed with hot dioxane. Dioxane was evaporated and the residue was purified by silica gel 

column chromatography to afford the desired products 12(a–b). 

 

Ethyl-2-(2-(5-(benzothiophene-2-yl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(2-

((tert-butoxycarbonyl)amino)ethyl)acetamido)acetate 12a  

Faint brown solid, 48% yield. Rf  = 0.26 (petroleum ether:EtOAc = 3:7); 
1
H-NMR (400 MHz, 

d6-DMSO): δ = 11.83 (br, 1H), 8.29 (ma.) and 8.25 (mi.) (s, 1H), 7.92 (d, J = 7.6 Hz, 1H), 

7.79 (d, J = 6.4 Hz, 2H), 7.37–7.29 (m, 2H), 6.98 (ma.) and 6.77 (mi.) (t, J = 5.2 Hz, 1H), 

4.86 (ma.) and 4.68 (mi.) (s, 2H), 4.35–4.06 (m, 4H), 3.47–3.37 (m, 2H), 3.27–3.20 (ma.) and 

3.08–3.03 (mi.) (m, 2H), 1.39 (ma.) and 1.36 (mi.) (s, 9H), 1.26 (mi.) and 1.18 (ma.) (t, J = 

7.0 Hz, 3H) ppm; 
13

C-NMR (100 MHz, d6-DMSO): δ = 169.3 (mi.) and 169.0 (ma.), 167.5 

(mi.) and 167.2 (ma.), 160.8, 155.9 (ma.) and 155.7 (mi.), 152.9, 149.9, 148.9, 142.6, 131.6 

and 131.5, 128.9 (ma.) and 128.8 (mi.), 124.5, 123.2, 121.2, 110.4, 104.0, 78.2 (ma.) and 77.8 

(mi.), 61.3 (mi.) and 60.6 (ma.), 48.3, 47.9, 47.0, 38.1, 28.2, 14.1 ppm; HRMS: Calcd. for 

C25H30N4O7SNa: 553.1733 [M+Na]
+
; found: 553.1727.  

 

Ethyl-2-(2-(5-(benzofuran-2-yl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(2-((tert-

butoxycarbonyl)amino)ethyl)acetamido)acetate 12b 

White solid, 42% yield. Rf = 0.63 (petroleum ether:EtOAc = 10:90); 
1
H-NMR (400 MHz, d6-

DMSO): δ = 11.85 (br, 1H), 8.21 (ma.) and 8.15 (mi.) (s, 1H), 7.64 (d, J = 7.6 Hz, 1H), 7.49 

(d, J = 7.6 Hz, 1H), 7.38 (s, 1H), 7.30–7.21 (m, 2H), 6.99 (ma.) and 6.77 (mi.) (t, J = 5.2 Hz, 
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1H), 4.93 (ma.) and 4.75 (mi.) (s, 2H), 4.33–4.07 (m, 4H), 3.46–3.37 (m, 2H), 3.23–3.04 (m, 

2H), 1.40 (ma.) and 1.36 (mi.) (s, 9H), 1.27 (mi.) and 1.18 (ma.) (t, J = 7.0 Hz, 3H) ppm; 
13

C-

NMR (100 MHz, d6-DMSO): δ = 169.0, 167.2, 160.7, 155.8, 152.9, 149.9, 148.9, 142.6, 

131.5, 128.8, 124.5, 123.2, 121.2, 110.4, 103.9, 78.1, 60.6, 48.3, 47.9, 47.0, 38.1, 28.2, 14.0 

ppm; HRMS: (m/z): Calc. for C25H30N4O8Na: 537.1961 [M+Na]
+
; found: 537.1960.  

 

2.4.4.3 General procedure for synthesis of fluorescent PNA acid 13(a–b) 

To a solution of compound 12(a–b) (1.0 equiv.) in methanol (40 mL per g 12(a–b)) was 

added lithium hydroxide (3% solution in H2O, 10.0 mL per g of 12(a–b)) and the reaction 

mixture was stirred for 3 h at RT. Reaction mixture was evaporated to dryness, and residue 

was dissolved in water (minimum amount) and washed with diethyl ether. To the aqueous 

extract was added saturated KHSO4 solution to adjust the pH to ~4. The product was then 

extracted in EtOAc and solvent was evaporated to afford the products 13(a–b). 

 

2-(2-(5-(Benzothiophene-2-yl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(2-((tert 

butoxycarbonyl)amino)ethyl)acetamido)acetic acid 13a 

The residue was redissolved in DMF (1.5 mL) and purified by C18 RP column 

chromatography (C18 Redi SepRf, 0–100% methanol in 50 min) to afford the product 13a as 

a faint brown solid, 91% yield. Rf  = 0.26 (CH2Cl2:MeOH = 8:2); 
1
H-NMR (400 MHz, d6-

DMSO): δ = 11.83 (ma.) and 11.80 (mi.) (br, 1H), 8.30 (ma.) and 8.25 (mi.) (s, 1 H), 7.93–

7.90  (m, 1H), 7.80–7.77 (m, 2H), 7.36–7.28 (m, 2H), 6.99 (ma.) and 6.84 (mi.) (appt, J = 5.0 

Hz, 1H), 4.85 (ma.) and 4.66 (mi.) (s, 2H), 4.09 (mi.) and 3.99 (ma.) (s, 2H), 3.44–3.41 (ma.) 

and 3.35–3.32 (mi) (m, 2H), 3.22–3.17 (ma.) and 3.05–3.03 (mi.) (m, 2H), 1.39 (ma.) and 

1.35 (mi.) (s, 9H) ppm; 
13

C-NMR (100 MHz, d6-DMSO): δ = 170.5, 167.4 (mi.) and 166.9 

(ma.), 161.8, 155.8 (ma.) and 155.6 (mi.), 149.9, 143.7, 139.1, 138.7 (mi.) and 138.6 (ma.), 

135.0, 124.5 (ma.) and 124.4 (m.), 124.1 (ma.) and 124.0 (mi.), 123.1, 122.0, 119.2 (ma.) and 

119.1 (mi.), 107.1 and 107.0, 78.1 (ma.) and 77.7 (mi.), 48.4 (mi.) and 48.3 (ma.), 47.9, 47.2, 

46.9, 38.1 (ma.) and 37.6 (mi.), 28.2 ppm (Note: trace amount of DMF impurity was present); 

HRMS: Calcd. for C23H26N4O7SNa: 525.1420 [M+Na]
+
; found: 525.1422. 

 

2-(2-(5-(Benzofuran-2-yl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(2-((tert 

butoxycarbonyl)amino)ethyl)acetamido)acetic acid 13b 

White solid, 93% yield. Rf = 0.26 (CH2Cl2:MeOH = 70:30); 
1
H-NMR (400 MHz, d6-DMSO): 

δ = 11.83 (ma.) and 11.81 (mi.) (br, 1H), 8.22 (ma.) and 8.14 (mi.) (s, 1 H), 7.64 (d, J = 6.0 
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Hz, 1H), 7.51–7.49 (m, 1H), 7.37 (s, 1H), 7.30–7.22 (m, 2H), 6.97 (ma.) and 6.76 (mi.), 4.91 

(ma.) and 4.73 (mi.) (s, 2H), 4.20 (mi.) and 4.00 (ma.) (s, 2H), 3.42 (appt, J = 5.0 Hz, 2H), 

3.22–3.17 (ma.) and 3.06–3.03 (mi.) (m, 2H), 1.40 (ma.) and 1.36 (mi.) (s, 9H) ppm; 
13

C-

NMR (100 MHz, d6-DMSO): δ = 170.8 (ma.) and 170.5 (mi.), 167.4 (mi.) and 167.0 (ma.), 

160.7, 155.8 (ma.) and 155.6 (mi.), 152.9, 149.9, 148.9, 142.7, 128.9, 124.5, 123.2, 121.2, 

110.4, 103.9, 78.1, 48.3, 47.7, 46.9, 38.0, 28.2 ppm; HRMS: (m/z): Calc. for C23H26N4O8Na: 

509.1648 [M+Na]
+
; found: 509.1648.   

 

2.4.4.4 General procedure for synthesis of fluorescent PNA acid 14(a–b) 

A solution of compound 13(a–b) (1.0 equiv.) in 50% TFA in CH2Cl2 (40 mL per g of 13(a–

b)) was stirred for 2 h at RT. Reaction mixture was evaporated and the residue was purified 

by reverse-phase (RP) column chromatography (C18 Redi SepRf,  0–50% acetonitrile in 50 

min) to afford products 14(a–b). 

 

2-(N-(2-Aminoethyl)-2-(5-(benzothiophene-2-yl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)acetamido)acetic acid 14a 

Off-white solid, 88% yield. Rf = 0.52 (CH2Cl2: MeOH = 3:7); 
1
H-NMR (400 MHz, d6-

DMSO): δ = 8.40 (mi.) and 8.35 (mi.) and 8.31 (ma.) (s, 1H), 7.91 (d, J = 7.6 Hz, 1H), 7.80 

(ma.) and 7.77 (mi.) (s, 2H), 7.36–7.27 (m, 2H), 4.89 (mi.) and 4.63 (ma.) (s, 2H), 3.85–3.61 

(m, 4H), 3.06–2.88 (m, 2H) ppm; 
13

C-NMR (100 MHz, d6-DMSO): δ = 168.2, 167.2, 161.9, 

150.0, 143.9, 139.1, 138.7, 135.0, 124.5, 124.0 123.1, 122.0, 119.2 (ma.) and 119.1 (mi.), 

107.1 (ma.) and 106.9 (mi.), 50.0 (ma.) and 49.9 (mi.), 46.5 (mi.) and 46.2 (ma.), 36.7, 35.9 

ppm; HRMS: Calcd. for C18H19N4O5S: 403.1076 [M+H]
+
; found: 403.1078. λmax (H2O) = 273 

nm and 318 nm; ε260 = 11970 M
-1

cm
-1

, ε322 =  12170 M
-1

cm
-1

. 

 

2-(N-(2-Aminoethyl)-2-(5-(benzofuran-2-yl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)acetamido)acetic acid 14b 

 White solid, 64% yield. Rf = 0.44 (CH2Cl2:MeOH = 30:70); 
1
H-NMR (400 MHz, d6-DMSO): 

δ = 8.30 (mi.) and 8.18 (ma.) (s, 1H), 8.18 (br, 1H), 7.64 (d, J = 7.6 Hz, 1H), 7.51 (d, J = 8.0 

Hz, 1H), 7.38–7.22 (m, 3H), 4.94 (mi.) and 4.73 (ma.) (s, 2H), 4.06 (ma.) and 3.98 (mi.) (br, 

2H), 3.66 (mi.) and 3.58 (ma.) (br, 2H), 3.13 (mi.) and 2.98 (ma.) (br, 2H) ppm; 
13

C-NMR 

(100 MHz, d6-DMSO): δ =168.4, 167.2, 160.7(mi.) and 160.7 (ma.), 152.9, 150.0 (mi.) and 

149.9 (ma.), 148.9, 142.7, 128.8, 124.5, 123.2, 121.2, 110.4, 104.0 (ma.) and 103.8 (mi.), 
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48.4, 45.2, 42.5 36.8 ppm; HRMS: (m/z): Calc. for C18H19N4O6: 387.1305 [M+H]
+
; found: 

387.1308. λmax(H2O) = 263, 274 nm and 322 nm; ε260= 12210 M
-1

cm
-1
, ε322= 14340 M

-1
cm

-1
. 

 

2.4.5 Photophysical characterization of emissive ribonucleoside analogues 3 and 4 

UV-Vis absorption: Samples of 3 and 4 (25 µM) were prepared in solvents of different 

polarity such as water, methanol, acetonitrile and dioxane. Solutions of 3 and 6 contained 

2.5% DMSO. 

Steady-state fluorescence: Emission spectra of 3 and 4 (5 µM) in water, methanol, 

acetonitrile and dioxane were obtained by exciting the samples at respective longest 

absorption maximum (see Table 1) by maintaining the excitation and emission slit widths at 2 

and 3 nm, respectively. All solutions contained 0.5% DMSO. 

Time-resolved fluorescence measurements: Excited-state lifetimes of emissive 

ribonucleosides 3 and 4 in different solvents were determined using TCSPC fluorescence 

spectrophotometer (Horiba Jobin Yvon).  Ribonucleoside analogues were excited using 339 

nm LED source (IBH, UK, NanoLED) 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 of ribonucleosides in various solvents was found to be monoexponential with 
2
 

(goodness of fit) values very close to unity. 

Radiative and nonradiative decay rate constants: Radiative (kr) and nonradiative decay 

(knr) rate constants of emissive ribonucleosides in different solvents were determined from 

their respective quantum yield () and average lifetime (τ) using following equations.
 

 kr = /τ 

 1/τ = kr + knr 

 

2.4.6 Quenching Studies and Stern-Volmer plot 

Fluorescence quenching of ribonucleoside analogues 3 and 4 by other nucleobases were 

performed by adding aliquots of concentrated nucleotide monophosphate solution (AMP, 

GMP, CMP, TMP, 40 mM) into ribonucleoside solution, where both solutions contained 

equal concentration of the ribonucleoside (5 μM).  All solutions were prepared in 20 mM 

cacodylate buffer containing 0.5% DMSO (100 mM NaCl, 0.5 mM EDTA, pH 7.1). Stern-

Volmer plot was obtained by plotting F0/F vs. concentration of the quencher (NMPs) and was 

fit using the following equation. 
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F0/F = 1 + Ksv[NMP]  (1) 

Where F0 and F are the fluorescence intensities in the absence and presence of quencher 

(NMPs) respectively, and Ksv is the Stern-Volmer quenching constant. 

 

2.4.7 Photophysical characterization of PNA base analogues 14a and 14b 

UV-Vis absorption: Samples of 14a (50 µM) and 14b (25 µM) were prepared in solvents of 

different polarity such as water, dioxane and their mixtures (25% dioxane, 50% dioxane, 75% 

dioxane in water). Solutions of 14a and 14b contained 5% and 2.5% DMSO, respectively.   

Steady-state fluorescence: Emission spectra of 14a and 14b (5 µM) in water, dioxane and 

water-dioxane mixture were obtained by exciting the samples at respective longest absorption 

maximum (see Table 1) by maintaining the excitation and emission slit widths at 3 and 4 nm, 

respectively, for 14a and 2 and 3 nm, respectively, for 14b. All solutions contained 0.5% 

DMSO.  

Time-resolved fluorescence: Excited-state lifetime of PNA base analogues 14a and 14b (5 

μM) in various solvents were determined using TCSPC instrument (Horiba Jobin Yvon, 

Fluorolog-3). Analogues 14a and 14b were excited using a 320 nm LED source (IBH, UK, 

NanoLED-320L) 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 profiles were found to be 

monoexponential, biexponential or triexponential with 
2
 (goodness of fit) values very close 

to unity. 

 

2.4.8 Quantum yield determination for emissive ribonucleosides and PNA base 

analogues 

The quantum yield of emissive ribonucleoside 3 and 4 and PNA base analogues 14a and 14b 

in different solvents were determined with respect to 2-aminopurine standard using the 

following equation.
30

 

ΦF(x) = (As/Ax) (Fx/Fs) (nx/ns)
2
ΦF(s) 

Where s is the standard, x is ribonucleoside (3 or 4)/ PNA analogue (14a or 14b), A is the 

absorbance at excitation wavelength, F is the area under the emission curve, n is the 

refractive index of the solvent, and ΦF is the quantum yield. 
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2.4.9 Solid phase synthesis of control and fluorescently modified PNA oligomers 

All control and modified PNA oligomers were synthesized by applying standard solid phase 

PNA synthesis protocol
31

 on MBHA resin using Boc-protected aeg-PNA monomers and 

fluorescently modified PNA base analogues 13(a‒b). In order to enhance aqueous solubility 

of PNA oligomers, two lysine residue were attached at the C-terminus. The fluorescent PNA 

oligomers 15X–18X and 15Y–18Y containing modified base 14a and 14b, respectively were 

synthesized by solid phase synthesis. Respective control unmodified PNA oligomers (15–18) 

were also synthesized by using the same protocol to compare the impact of the modification 

on the stability of PNA-DNA duplex.  

General procedure: In a glass sintered flask, 4-methylbenzhydrylamine•HCl (MBHA) resin 

(250 mg, 0.65 mmol/g) was swelled in CH2Cl2 (10 mL) for 12 h. Then solvent was removed 

and resin was treated with 50% DIPEA in CH2Cl2 (10 mL) for 10 min. This step was repeated 

two more times. The resin was then washed sequentially with CH2Cl2 (3 x 3 mL), DMF (3 x 

3 mL) and CH2Cl2 (3 x 3 mL). The resin was dried under nitrogen flow for few minutes. The 

coupling reaction was performed in dry DMF (1.8 mL) with Boc-Lys (2-Cl-Z)-OH (36 mg, 

1.0 equiv. to obtain a loading of 0.35 mmol/g) in the presence of HOBt (1.0 equiv.), HBTU 

(1.0 equiv.) and DIPEA (1.0 equiv.) for 7–9 h at RT. The resin was further washed with 

CH2Cl2 (3 x 3 mL), DMF (3 x 3 mL) and CH2Cl2 (3 x 3 mL). Next, remaining amino groups 

on the resin was capped with acetic anhydride (1.0 mL) in pyridine (1.0 mL) for 1 h at RT. 

This step was repeated two more times, and the resin was then washed with CH2Cl2 (3 x 3 

mL), DMF (3 x 3 mL) and CH2Cl2 (3 x 3 mL) and dried under nitrogen flow for few minutes. 

The resin was treated with 50% TFA in CH2Cl2 (6 mL) for 15 min to remove Boc-group. 

This step was repeated two more times, and the resin was then washed with CH2Cl2 (3 x 3 

mL), DMF (3 x 3 mL) and CH2Cl2 (3 x 3 mL). Resin was further treated with 10% DIPEA in 

CH2Cl2 (6 mL) for 10 min three times. Resin was then washed with CH2Cl2 (3 x 3 mL), DMF 

(3 x 3 mL) and CH2Cl2 (3 x 3 mL). The coupling reactions were performed in dry DMF (1.8 

mL) with Boc-Lys(2-Cl-Z)-OH (3.0 equiv.) in the presence of HOBt (3.0 equiv.), HBTU (3.0 

equiv.) and DIPEA (3.0 equiv.) for 7–9 h at RT. The resin was then washed with CH2Cl2 (3 x 

3 mL), DMF (3 x 3 mL) and CH2Cl2 (3 x 3 mL). The resin was dried under nitrogen flow for 

few minutes. 

Above lysine loaded MBHA resin (25 mg, 0.35 mmol/g) was swelled in CH2Cl2 (2 

mL) for 2 h in glass sintered flask. The solvent was removed and resin was treated with 50% 

TFA in CH2Cl2 (3 mL) for 15 min to remove Boc-group as mentioned above. The resin was 

then washed with CH2Cl2 (3 x 3 mL), DMF (3 x 3 mL) and CH2Cl2 (3 x 3 mL). Resin was 
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further treated with 10% DIPEA in CH2Cl2 (6 mL) for 10 min three times. The resin was then 

washed with CH2Cl2 (3 x 3 mL), DMF (3 x 3 mL) and CH2Cl2 (3 x 3 mL). The coupling 

reaction was performed in dry DMF (0.6 mL) with appropriate Boc-protected PNA 

monomers (3.0 equiv.) in the presence of HOBt (3.0 equiv.), HBTU (3.0 equiv.) and DIPEA 

(3.0 equiv.) for 7–9 h at RT. The resin was washed again and the coupling, Boc deprotection, 

neutralization and washing steps were repeated in cycle as mentioned above to synthesize the 

desired PNA sequence. 

Cleavage procedure: The dried resin (20 mg) was transferred to a glass vial and treated with 

thioanisole (30 L) and ethanedithiol (12 L) in an ice bath for 10 min. TFA (300 L) was 

then added and stirred for another 10 min. Next, TFMSA (24 L) was added to the above 

mixture and was stirred for 2 h at room temperature. The resin was filtered, and the filtrate 

was concentrated and precipitated as a white solid by adding cold diethyl ether (1 mL). The 

solvent was decanted and the crude product was dissolved in autoclaved water and purified 

by RP-HPLC. 

 

2.4.4.10 HPLC analysis of PNA oligomers 

All control and fluorescently modified PNA oligomers were purified using a Luna C18 semi-

preparative RP column (5 micron, 250 × 10 mm, Phenomenex) on an Agilent Technologies 

1260 Infinity HPLC system. Conditions: 050% B in 25 min and 50100% B in 15 min 

(Mobile phase A: 5% acetonitrile in H2O containing 0.1% TFA. Mobile phase B: 50% 

acetonitrile in H2O containing 0.1% TFA). Flow rate was 2 mL/min. The chromatogram of 

control PNA oligomers was recorded at 260 nm and fluorescently modified PNA oligomers 

was recorded at 260 nm and 330 nm. Concentration of the PNA oligomers were determined 

by using the molar extinction coefficients of nucleobases at 260 nm (εA = 13700, εT = 8600, 

εG = 11700, εC = 6600, ε14a = 11970, ε14b = 12210 M
-1

cm
-1

).
31

 

 

2.4.4.11 MALDI-TOF mass measurement of PNA oligomers  

1 μL of a ~150 μM stock solution of PNA oligomer was combined with 2,5-

dihydroxybenzoic acid (DHB) or α-cyano-4-hydroxycinnamic acid (CHCA) matrix. The 

samples were spotted on a plate and air dried before mass analysis. 
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2.4.4.12 Thermal melting and CD analysis of PNA duplexes 

The PNA-DNA and PNA-RNA duplexes were assembled by heating a 1:1 mixture of PNA 

and DNA oligomers (10.0 µM) in 10 mM phosphate buffer (pH 7.1, 100 mM NaCl, 0.1 mM 

EDTA) at 90 ºC for 3 min. Samples were slowly cooled to RT and kept in an ice bath for ~1 

h. Samples were further diluted using phosphate buffer to give a final duplex concentration of 

1.0 µM for Tm and 5.0 µM for CD analysis, respectively. UV-thermal melting analysis of 

PNA duplexes were performed in duplicate using quartz cuvette on a Cary 300Bio UV-Vis 

spectrophotometer. The temperature was increased from 20 ºC to 90 ºC at 1 ºC/min and the 

absorbance was measured every 1 ºC interval at 260 nm. CD spectra of PNA duplexes were 

recorded with an average of three scans from 350 to 200 nm using quartz cuvette (Starna 

Scientific, path length 2 mm) on a JASCO J-815 CD spectrometer at 20 ºC and scan speed of 

100 nm/min. 

 

2.4.4.13 Fluorescence of benzothiophene- and benzofuran-modified PNA oligomers and 

their duplexes 

PNA-DNA duplexes were obtained by heating a 1:1 mixture of PNA and DNA (5.0 µM) in 

10 mM phosphate buffer (pH 7.1, 100 mM NaCl, 0.1 mM EDTA) at 90 ºC for 3 min. 

Samples were slowly cooled to RT and kept in an ice bath for ~1 h. Samples were further 

diluted using phosphate buffer to give a final duplex concentration of 0.5 µM. Samples were 

excited at 330 nm. Excitation and emission slit widths were maintained at 5 nm and 7 nm, 

respectively, for duplexes made of 14a, and 3 nm and 5 nm, respectively, for duplexes made 

of 14b. 
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2.6 Appendix-I: Characterization data of synthesized compounds 
 

1
H-NMR of benzofuran-conjugated adenosine 3 in d6-DMSO 

 

13
C-NMR of benzofuran-conjugated adenosine 3 in d6-DMSO 
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1
H-NMR of benzofuran-conjugated guanosine 4 in d6-DMSO 

 

 13
C-NMR of benzofuran-conjugated guanosine 4 in d6-DMSO. 
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1
H-NMR of 5-iodouracil PNA ester 11 in CDCl3 

 

13
C-NMR of 5-iodouracil PNA ester 11 in CDCl3 
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1
H-NMR of fluorescent benzothiophene PNA ester 12a in d6-DMSO  

 

13
C-NMR of fluorescent benzothiophene PNA ester 12a in d6-DMSO 
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1
H-NMR of fluorescent benzofuran PNA ester 12b in d6-DMSO 

 

13
C-NMR of fluorescent benzofuran PNA ester 12b in d6-DMSO  
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1
H-NMR of fluorescent benzothiophene PNA acid 13a in d6-DMSO  

 

13
C-NMR of fluorescent benzothiophene PNA acid 13a in d6-DMSO  
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1
H-NMR of fluorescent benzofuran PNA acid 13b in d6-DMSO  

 

13
C-NMR of fluorescent benzofuran PNA acid 13b in d6-DMSO  
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1
H-NMR of fluorescent benzothiophene PNA monomer 14a in d6-DMSO  

 

13
C-NMR of fluorescent benzothiophene PNA monomer 14a in d6-DMSO  
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1
H-NMR of fluorescent benzofuran PNA monomer 14b in d6-DMSO  

 

13
C-NMR of fluorescent benzofuran PNA monomer 14b in d6-DMSO 
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RP-HPLC chromatogram of fluorescent PNA oligomers 15X18X (contained 14a) and 

15Y18Y (contained 14b) at 260 nm. Conditions: 050% B in 25 min and 50100% B in 15 

min (Mobile phase A: 5% acetonitrile in H2O containing 0.1% TFA. Mobile phase B: 50% 

acetonitrile in H2O containing 0.1% TFA). Flow rate was 2 mL/min. 
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MALDI-TOF mass spectra of fluorescently modified PNA oligomers 15X18X and 

15Y18Y. See Table 4 for mass data of all PNA oligomers. 
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Fluorescence detection of noncanonical nucleic acid motifs 

and depurination activity of plant toxins using fluorescent 

PNA probes 
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Fluorescent PNA-graphene oxide platform as a turn-on 

sensor for the detection of human telomeric DNA repeats 
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3A.1 Introduction 

Telomeres, which endcap and protect eukaryotic chromosomes from end-to-end fusion and 

degradation, are typically composed of a few hundred bases to over 20 kilobases of tandem 

hexameric repeats (TTAGGG)n.
1,2

  The G-rich strand, orientated in the 5'3' direction, 

terminates in a 100200 bases 3' single stranded overhang.
3,4

 During cell division the 

telomeric repeats shorten progressively with each cycle inducing replicative senescence or 

apoptosis in human somatic cells.
5
  While aberrant loss of telomeric repeats has been 

implicated in genomic instability and aging-associated diseases,
6
 the maintenance of telomere 

length in tumor cells by telomerase activity has been implicated in carcinogenesis.
7
  In terms 

of structure, the G-rich telomeric sequences from various organisms are known to form G-

quadruplexes (GQs) in vitro.
8
  In one of the seminal contributions in the study of telomeres, it 

has been recently shown that telomeric repeats do fold into GQ structures in vivo (e.g., ciliate 

macronuclei and genomic DNA of human cells).
9,10

  These studies also indicate that the 

telomerase activity is tightly regulated by the unfolding of GQ structures, which further 

underscores the importance of telomeric repeats as a very important target for therapeutic 

intervention.
11,12 

Telomere structure and function studies greatly relies on the detection and estimation of 

telomeric repeats in genomic DNA.
13

  Conventionally, telomeres have been measured by 

forming terminal restriction fragments from genomic DNA using frequently cutting 

restriction enzymes, which produce short genomic fragments and longer uncut telomeres.  

The telomere fragments are then detected by southern blotting or in-gel hybridization using 

telomere-specific probes.
3,5,14

  Quantitative PCR and more recently, monochrome multiplex 

quantitative PCR techniques have also been used in the analysis of telomeres.
15

  Alternate to 

enzyme-based techniques, fluorescence in situ hybridization (FISH) technique using 

fluorescently labeled oligonucleotides (ONs) and peptide nucleic acids (PNA) that are 

complementary to telomeric repeats have been used to detect and measure telomeres in 

chromosomes.
16,17

  Although widely used, these methods have certain disadvantage, which 

preclude accurate, easy and rapid detection and measurements of telomeres.  For example, 

terminal restriction fragment analysis reports subtelomeric and variant repeats along with 

pure telomeric repeats and in situ hybridization technique suffers from variation in the 

hybridization efficiency of the probes to telomeric target.
13

 Moreover, these techniques are 

either time consuming and or use elaborate assay and sophisticated instrumental setups, and
 

hence, are not suitable for high throughput screening (HTS) for the discovery of telomere-
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specific ligands.  Therefore, given the biological and therapeutic significance of telomeres 

and other GQ forming sequences, it will be highly useful to develop GQ structure-specific 

detection methods that are simple and amenable to HTS.
18,19 

In the previous chapter, we have introduced the environment-sensitive fluorescent 5-

benzofuran uracil PNA analogue (1), which displays enhanced fluorescence intensity when 

hybridized to complementary ONs.  The probe like property of benzofuran PNA analogue 

motivated us to develop a simple hybridization assay for the detection of human telomeric 

DNA repeats (TTAGGG)n.  Moreover, developing a turn-on fluorescence sensor for such G-

rich ON sequences remain a challenge, because guanine is known to quench fluorescence of 

majority of fluorophores by electron transfer process.
20,21,22

  In this chapter, we describe a 

simple homogeneous fluorescence turn-on assay to detect the human telomeric DNA repeats 

(TTAGGG)n by using a benzofuran-modified fluorescent PNA oligomer on the graphene 

oxide (GO) platform. This turn-on telomere sensor assembly combines the properties of (i) a 

structurally nonperturbing and environment-sensitive fluorescent PNA base analogue (1), 

based on the 5-(benzofuran-2-yl)uracil core, which when incorporated into PNA oligomers 

and hybridized to complementary oligonucleotides retains its fluorescence efficiency, (ii) a 

PNA oligomer labeled with the fluorescent analogue 1, which strongly binds to human 

telomeric DNA repeats, and (iii) GO, an excellent fluorescence quencher, which shows 

significantly higher binding affinity for single stranded (ss) ONs over the double stranded 

(ds) and folded ONs (Figure 1).
23,24

  The choice of PNA over ON and GO over other carbon-

based nanomaterials in devising this detection assay is based on the following reasons.  PNA 

oligomer containing uncharged pseudo-peptide backbone, N-(2-aminoethyl)glycine (aeg), 

which is homomorphous with the nucleic acid backbone, has certain notable features: (i) the 

stability of PNA-DNA or PNA-RNA duplex is discernibly higher compared to the 

corresponding DNA-DNA or RNA-RNA duplex and (ii) the backbone is highly resistant to 

hydrolysis by nucleases and proteases.
25

  GO, which can be conveniently obtained by 

extensive oxidation followed by mechanochemical exfoliation of graphite, is highly 

dispersible in water as compared to carbon nanotubes, carbon nanofibers, graphene and 

fullerenes.
26

  Furthermore, GO sheets have high planar surface area, which enhances its 

optical quenching property as well as its binding affinity for biomolecules by noncovalent 

interactions.
27

  Utilizing these properties several GO-based homogeneous optical biosensing 

platforms have been conceived to detect biomolecules.
28

  In this design strategy, we expect 

that the binding of ssPNA probe to GO will first result in drastic quenching in fluorescence 

intensity by energy transfer process.
23a

  Subsequent addition of the human telomeric DNA 
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target would then displace the PNA from GO surface and form a PNA-DNA heteroduplex 

resulting in an enhancement in fluorescence intensity (Figure 1).  Utilizing this strategy, we 

have also explored the suitability of setting up an assay to detect the displacement of a small 

molecule GQ binder with our PNA probe. 

 

Figure 1. A schematic illustration of the fluorescence turn-on assay to detect the human telomeric 

DNA repeats by using benzofuran-modified fluorescent PNA-GO platform. 

 

3A.2 Results and discussion 

3A.2.1 Synthesis of fluorescent PNA oligomer probe 3 

In order to develop a fluorescence hybridization assay for the detection of human telomeric 

DNA repeat, (TTAGGG)3, we synthesized fluorescently modified 18-mer PNA oligomers 3 

and a control unmodified PNA 2 by using SPPS (Figure 2).  PNA oligomers were purified by 

RP-HPLC and integrity was confirmed by MALDI-TOF mass analysis (Figure 3, Table 1).  

Further, introduction of benzofuran modification can potentially affect the native structure 

and the hybridization efficiency of PNA oligomer, and hence, the observed fluorescence 

properties may not be a true reflection of the intact duplexes. To study this, we first examined 

the stability of PNA-DNA duplexes by performing UV-thermal melting and circular 

dichroism (CD) experiments in phosphate buffer (10 mM, 100 mM NaCl, pH 7.1).  The 

difference between Tm values of unmodified (2•5a) and modified (3•5a) PNA-DNA duplex 

was negligible (Table 2).  Also, CD spectra of modified duplex (3•5a) was comparable to that 

of unmodified duplex (2•5a), which indicated that benzofuran modification had only 

marginally affect the structure and stability of duplexes (Figure 4 and Table 2).  In addition, 

significantly higher Tm values (ΔTm = ~12 °C) exhibited by PNA-DNA duplexes over 

corresponding DNA-DNA duplex (4•5a) support our choice of using fluorescent PNA 

oligomer over corresponding DNA in devising this telomere detection assay. 
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Figure 2. Sequence of control unmodified PNA (2), fluorescently modified PNA probe (3) and 

control unmodified DNA ONs (4) complementary to telomeric DNA are shown. Telomere DNA 

sequences 5a5c containing hexameric repeats of 3, 6 and 9, respectively. Control random DNA ON 

6 used in the hybridization assay. PNA sequences (highlighted in bold) are written from N to C 

terminus and contain two lysine (K) residues at the C terminus. 

 

 

Figure 3. (A) RP-HPLC chromatogram of PNA telomere probe 3. Mobile phase A: 5% acetonitrile in 

H2O containing 0.1% TFA, mobile phase B: 50% acetonitrile in H2O containing 0.1% TFA. Flow 

rate: 3 mL/min. Gradient: 050% B in 25 min and 50100% B in 20 min. (B) MALDI-TOF mass 

spectrum of PNA telomere probe 3. Calculated for [M+H]
+
  = 5088.01 and observed =  5088.55. 

 

Table 1. ε260 and MALDI-TOF mass analysis of PNA oligomers 

 

a
PNA sequences are written from N to C terminus. 

 

Table 2. Tm values of control and modified PNA-DNA and DNA-DNA duplexes 

 
 

 

PNA
 

Sequence
a
 ε260 (M

-1
cm

-1
) Calculated mass Observed 

mass 

2 CCCTAACCCTAACCCTAAKK 16.7 x 10
4
 5007.90 [M+Na]

+
 5007.15  

3 CCC1AACCCTAACCCTAAKK 17.1 x 10
4
 5088.01 [M+H]

+
 5088.55  

Control  

unmodified duplex 
 

Tm (°C) Fluorescently  

modified duplex 

Tm (°C) 

2•5a 71.2 ± 0.8 3•5a 71.0 ± 1.0 

4•5a 59.3 ± 0.9   
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Figure 4. (A) UV-thermal melting analysis (2.0 µM) of control unmodified (2•5a) and fluorescently 

modified (3•5a) PNA-DNA duplexes and corresponding DNA-DNA duplex (4•5a) in 10 mM 

phosphate buffer (pH 7.1, 100 mM NaCl, 0.1 mM EDTA). For Tm values see Table 2. (B) CD spectra 

(5.0 µM) of control unmodified 2•5a and fluorescently modified 3•5a duplexes in 10 mM phosphate 

buffer (pH 7.1, 100 mM NaCl, 0.1 mM EDTA). A 1:1 mixture of PNA and DNA in the above 

mentioned buffer was heated at 90 ºC for 3 min and cooled slowly to room temperature. The samples 

were placed on crushed ice bath for at least 1 h before thermal melting and CD analyses. 

 

3A.2.2 Fluorescence hybridization assay to detect telomeric DNA repeats 

To setup a telomere detection assay, we took advantage of the nucleic acid-binding and 

excellent fluorescence quenching properties of GO.
23,24

  GO is a water-dispersible graphene 

derivative, which preferentially adsorbs ss ONs over ds ONs via ππ, hydrogen bonding and 

van der Waals interactions between the nucleobase rings and GO surface.
24,30

  Utilizing these 

properties of GO, several bioanalytical tools have been developed recently to detect nucleic 

acids, proteins and enzyme activities.
24,31,32

  However, most of these methods use ON probes 

attached to large fluorophores (e.g., fluorescein derivatives) via a linker, which by themselves 

could bind to GO even after desorption and hybridization to ON sequence (binding of 

fluorescein to reduced GO (rGO) has been reported in literature).
32o

  In this context, 

constructing a PNA probe containing a nonperturbing fluorescent base analogue as an 

integral part of the oligomer sequence would be appropriate as it would have adsorption, 

desorption and hybridization properties similar to that of the native oligomer.  GO required 

for these studies were synthesized with known literature procedure
29

 and characterized by a 

colleague from our group.
33

 

We performed preliminary fluorescence experiments to optimize the concentration of 

the PNA probe, GO and telomere DNA target required to setup an efficient telomere 

detection assay.  Based on initial observations (data not shown), concentration of PNA 3, GO 

and telomere DNA target was set to 100 nM, 1.0 µg/mL and 1.0 µM, respectively.  This 

combination produced significant fluorescence quenching upon adsorption of 3 onto GO 

surface and fluorescence enhancement upon desorption and subsequent hybridization with 
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telomere DNA target.  When excited, a solution of PNA 3 in phosphate buffer (10 mM, 100 

mM NaCl, pH 7.1) displayed a strong emission band with an emission maximum at 409 nm 

(Figure 5).  Upon addition of GO, a three-fold quenching in fluorescence intensity with no 

apparent change in emission maximum was observed due to the adsorption of fluorescent 

PNA oligomer on the GO surface (Figure 5).  The formation of PNA-GO complex (3-GO) 

was further confirmed by steady-state fluorescence anisotropy measurements.  The 

fluorescence anisotropy of free PNA 3 was 0.029 ± 0.005, while that of PNA-GO complex 

was 0.062 ± 0.004, which indicated that the ssPNA was adsorbed on GO surface.
24a

  

Subsequent addition of a short telomere DNA 5a to 3-GO resulted in a red-shifted emission 

band (λem = 422 nm) and a significant increase in fluorescence intensity (~4-fold) and 

anisotropy (0.168 ± 0.008, ~3-fold, Figure 5 and Table 3).  To estimate the recovery of 

fluorescence intensity upon addition of telomere DNA 5a to PNA-GO complex, the emission 

profile of prehybridized PNA-telomere DNA duplex 3•5a in the presence of GO under 

similar conditions was recorded.  The prehybridized duplex in GO gave a similar emission 

profile (λem = 422 nm), albeit with enhanced intensity, indicating a nearly 75% fluorescence 

recovery due to the addition of target DNA 5a to 3-GO (Figure 5).  Importantly, addition of a 

noncomplementary control ON 6 to PNA-GO complex resulted in a very small increase in 

intensity.  On the basis of these observations, it is likely that the added telomere DNA target 

displaces the PNA probe from the GO surface resulting in an intense fluorescence band 

corresponding to the PNA-telomere DNA duplex 3•5a.
34

 

 

Figure 5. (A) Fluorescence spectra of PNA probe 3, 3-GO complex and 3-GO complex in the 

presence of telomere DNA target 5a and control DNA 6 in phosphate buffer (10 mM, 100 mM NaCl, 

pH 7.1). (B) Comparison of fluorescence intensity at respective emission maximum (see Table 3). 

Conc. of PNA 3 (100 nM), DNA 5a and 6 (1.0 M) and GO (1.0 g/mL). Samples were excited at 

330 nm and excitation and emission slit widths were kept at 6 and 8 nm, respectively.
 35
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Table 3. Emission maximum of PNA probe 3, PNA-GO complex (3-GO) and PNA-GO 

complex in the presence of telomere target 5a and control DNA 6. 

Sample
a 

λem 

(nm) 

Irel
b
 

3 409 2.8 

3-GO 409 1.0 

3-GO  + 5a 422 3.7 

3-GO  + 6 406 1.2 

GO + 3•5a   422 4.8 

GO + 3•6  406 1.1 

3•5a 427 4.9 

b
Relative emission intensity with respect to PNA-GO complex.

35 

 

To study the utility of our PNA probe in detecting the number of telomere repeats 

present in same sequence (for increase in telomere length), DNAs of increasing hexameric 

repeats (5a‒5c) were added to PNA-GO complex.  Rewardingly, as the hexameric repeats 

increased from 3 to 6 to 9, a progressive increase in fluorescence intensity corresponding to 

the emission profile of PNA-telomere hybrid was observed (Figure 6).  The increase in 

fluorescence intensity as a function of telomere repeats could be possibly due to effective 

desorption and multiple hybridization of the PNA probe onto the longer telomere targets. 

 

Figure 6. Fluorescence spectra of PNA-GO complex in the presence of telomere DNAs (5a5c) of 

increasing hexameric repeats in phosphate buffer (10 mM, 100 mM NaCl, pH 7.1). Samples were 

excited at 330 nm and excitation and emission slit widths were kept at 6 and 8 nm, respectively.
 35

 

 

In order to further explore the utility of this method, the detection limit of the PNA-

GO platform was determined by monitoring the fluorescence response as a function of 
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increasing concentration of the telomere DNA target.  A significant increase in fluorescence 

intensity was observed upon addition of telomere DNA 5c (25–1000 nM) to the PNA-GO 

complex, with a good linear correlation until 100 nM of DNA (Figure 7).
34

  The detection 

limit of the PNA-GO platform for the telomeric DNA, based on three times the signal-to-

noise level, was estimated to be ~30 nM, which is comparable to other GO-based biosensing 

systems.
23a,32d,32l

 

 

Figure 7. A plot of normalized fluorescence intensity at λem = 422 nm versus increasing concentration 

of telomere DNA 5c. Conc. of PNA 3 (50 nM), GO (0.5 g/mL) and DNA 5c (251000 nM). 

Samples were excited at 330 nm and excitation and emission slit widths were kept at 10 nm and 12 

nm, respectively. A linear correlation was obtained until 100 nM of DNA 5c (y = 4.74x + 0.02, R
2
 = 

0.99).
35

 

 

3A.2.3 Displacement of small molecule GQ binder using telomere PNA probe 3 

 

Figure 8. Schematic representation of hybridization assay to detect the displacement of small 

molecule GQ binder with fluorescent PNA probe. 

 

Next, we evaluated the suitability of this telomere detection assay in identifying small 

molecules that strongly bind and stabilize GQ structures (Figure 8).  For this purpose, we 
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used two known GQ stabilizing ligands, pyridostatin (Py) and BRACO19 (Bc), which have 

been very well studied in the biophysical assays of GQ structures.
36,37

 

Telomere targets 5a5c
37

 were first annealed in phosphate buffer containing Na
+
 and 

K
+
 to form anti-parallel and parallel GQ structures, respectively.

8
  Then 1:1 telomere DNA-

Py/Bc (5a-Py/Bc, 5b-Py/Bc and 5c-Py/Bc) complexes  were prepared by mixing annealed 

telomere DNAs and Py/Bc in phosphate buffer.
35

  Upon addition of telomere DNA-Py/Bc 

complexes to 3-GO, a significant enhancement in fluorescence intensity corresponding to the 

emission profile of PNA-telomere DNA duplex was observed in buffer solution containing 

Na
+
 and K

+
 ions (Figure 9 and Figure 10).  Importantly, in a control experiment, addition of 

Py/Bc to PNA-GO complex produced only a small increase in fluorescence intensity.  

Together, these observations reveal that the desorbed PNA probe displaces Py/Bc from the 

telomere DNA-Py/Bc complex (irrespective of the parallel or anti-parallel nature of the 

telomere DNA) and forms a stable hybrid with telomeric DNA, resulting in an enhancement 

in fluorescence intensity.  Therefore, in a screening assay using this method, only a very 

strong GQ binder would resist displacement by the PNA probe, and such a state would be 

signaled by a low intensity and blue-shifted emission band associated with the PNA-GO 

complex.  Although, this method may not be suitable for estimating the binding constant, low 

intensity due to PNA-GO complex or high intensity due to PNA-telomere hybrid could 

indicate if a small molecule ligand, in a screening assay, is a strong or weak GQ binder, 

respectively.  Such displacement methods have been useful in identifying high affinity 

nucleic acid and protein binders.
39

 

 

Figure 9. (A) Chemical structure of pyridostatin (Py). Fluorescence spectra of PNA-GO complex in 

the presence of telomere DNA-Py complexes (5a-Py, 5b-Py and 5c-Py) in 10 mM phosphate buffer 

(pH 7.1, 0.1 mM EDTA) containing 100 mM NaCl (B) and 100 mM KCl (C). Conc. of PNA (100 

nM), DNA (1.0 M), Py (1.0 M) and GO (1.0 g/mL). Samples were excited at 330 nm and 

excitation and emission slit widths were kept at 6 and 8 nm, respectively
 
.
35
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Figure 10. (A) Chemical structure of BRACO19 (Bc). Fluorescence spectra of PNA-GO complex in 

the presence of telomere DNA-Bc complexes (5a-Bc, 5b-Bc and 5c-Bc) in 10 mM phosphate buffer 

(pH 7.1, 0.1 mM EDTA) containing 100 mM NaCl (B) and 100 mM KCl (C). Conc. of PNA (100 

nM), DNA (1.0 M), Bc (1.0 M) and GO (1.0 g/mL). Samples were excited at 330 nm and 

excitation and emission slit widths were kept at 6 and 8 nm, respectively
 
.
35 

 

3A.3 Conclusion 

We have developed a robust and simple homogeneous turn-on fluorescence assay to detect 

the human telomeric DNA repeats using a unique combination of an environment-sensitive 

fluorescent nucleobase analogue 1, the superior base pairing property of PNA, and surface 

and electronic properties of GO.  Notably, long human telomeric sequences can form higher 

order GQ structures in cells, and hence, methods to detect and identify ligands that bind 

higher-order GQ could be more useful for studying telomeric GQ structures.
39

  In this 

context, the ability of our PNA-GO platform to detect smaller as well as longer telomeric 

DNA repeats could be an alternative to existing methods (use of small molecule e.g., 

thioflavin T)
12e

 as most of the investigations use GQ formed by short telomere DNA repeat to 

study the structure or to indentify GQ-binding ligands.  Further, as a proof of principle we 

have shown the displacement of Py/Bc ligand from DNA-Py/Bc (5a-Py/Bc, 5b-Py/Bc and 

5c-Py/Bc) complex using our fluorescent PNA probe 3 with significant enhancement in 

fluorescence, which suggest that ligands (Py/Bc) are weak GQ binder.  Therefore, given the 

importance of GQ structures in biology and paucity in discovery assays to identify higher-

order GQ binders, we believe that this method, which does not involve rigorous assay and 

sophisticated instrument setups, would provide new avenues in the study of GQ structures. 

 

3A.4 Experimental Section 

3A.4.1 Materials 

Pyridostatin (Py) and BRACO19 (Bc) were purchased from Sigma-Aldrich. DNA ONs were 

purchased from Integrated DNA Technologies. All oligonucleotides were purified by 

polyacrylamide gel electrophoresis (PAGE) under denaturing conditions and desalted on Sep-
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Pak Classic C18 cartridges (Waters Corporation). Autoclaved water was used in all 

biochemical reactions and fluorescence measurements. 

 

3A.4.2 Instrumentation  

All mass measurements were recorded on an Applied Biosystems 4800 Plus MALDI-

TOF/TOF analyzer instrument and Water Synapt G2 High Definition mass spectrometers. 

PNA oligomers were purified by using Agilent Technologies 1260 Infinity HPLC. UV-

thermal melting analysis of duplexes was performed on a Cary 300Bio UV-Vis 

spectrophotometer. Steady-state fluorescence experiments were carried out in a micro 

fluorescence cuvette (Hellma, path length 1.0 cm) on Fluorolog-3 spectrophotometers 

(Horibha Scientific). Time-resolved fluorescence experiments were carried out on a TCSPC 

instrument (Horiba JobinYvon, Fluorolog 3). All CD spectra were recorded on JASCO J-815 

CD spectrometer. 

 

3A.4.3 Fluorescence of PNA oligomer 3 and duplexes made of 3 

PNA-DNA duplexes 3•5a and 3•6 were prepared by heating a mixture of PNA 3 (1.0 µM) 

and DNA 5a or 6 (10.0 µM) in 10 mM phosphate buffer (pH 7.1, 100 mM NaCl, 0.1 mM 

EDTA) at 90 °C for 3 min. Samples were cooled to RT slowly and kept on an ice bath for ~1 

h. Samples were further diluted using phosphate buffer to give a final duplex concentration of 

PNA 3 and DNA 5a or 6 as 100 nM and 1.0 µM respectively. Samples were excited at 330 

nm, and excitation and emission slit widths were maintained at 10 nm and 12 nm, 

respectively. Fluorescence experiments were performed in triplicate in a micro fluorescence 

cell (Hellma, pathlength 1.0 cm) on a Horiba Scientific Fluoromax-4 spectrofluorometer. 

 

3A.4.4 Fluorescence hybridization assay to detect telomeric DNA repeats using PNA 

probe 3 

Fluorescence of a solution of PNA 3 (100 nM) in 10 mM phosphate buffer (pH 7.1, 100 mM 

NaCl, 0.1 mM EDTA) was recorded (40 ºC) by exciting the sample at 330 nm with an 

excitation and emission slit widths of 6 nm and 8 nm, respectively. A spectral blank in the 

absence of the fluorescence PNA probe was corrected from the above spectrum. 

A stock dispersion of GO (100 µg/mL) in water was sonicated for 1 h. The PNA-GO 

complex (3-GO) was prepared by mixing an aqueous solution of PNA 3 with GO in 10 mM 

phosphate buffer (pH 7.1, 100 mM NaCl, 0.1 mM EDTA) such that the final concentration of 

3 and GO was 100 nM and 1.0 µg/mL, respectively. The sample was incubated at room 
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temperature for 3 h. To another set of solution containing PNA-GO complex was added 

telomere DNA target 5a such that the final concentration of PNA 3, GO and DNA 5a was 

100 nM, 1.0 µg/mL and 1.0 µM, respectively. Similarly, samples were also prepared in the 

presence of control DNA 6 (1.0 µM) and longer telomeric DNA repeats 5b and 5c (1.0 µM). 

The final volume of each sample was maintained at 400 L. The samples were incubated for 

another 75 min at 40 °C, and their fluorescence were recorded at 40 °C under the same 

conditions mentioned above. A spectrum of GO (1.0 µg/mL) alone in 10 mM phosphate 

buffer was used for blank correction. All fluorescence measurements were performed at least 

in triplicate. 

 

3A.4.5 Fluorescence of PNA-GO complex in the presence of telomere DNA-ligand 

(pyridostatin or BRACO19) complexes 

Telomere DNA targets 5a5c in phosphate buffer, containing either NaCl or KCl, were 

heated at 90 ºC for 3 min and cooled slowly to RT. After an hour at RT, pyridostatin (Py) or 

BRACO19 (Bc) was added to prepare 1:1 telomere-Py/Bc complexes (5a-Py/Bc, 5b-Py/Bc 

and 5c-Py/Bc, 50.0 M). The telomere-Py/Bc complexes were incubated at RT for an hour 

and were added to the PNA-GO complex (3-GO) as mentioned above. Control experiment 

was carried out by mixing 3-GO and Py/Bc. The total volume of each sample was maintained 

at 400 L. The final concentration of PNA 3, GO and telomere-Py/Bc complex was 100 nM, 

1.0 µg/mL and 1.0 M, respectively. The samples were incubated for another 75 min at 40 

°C, and their fluorescence was recorded under the same conditions as mentioned above. A 

spectrum of GO (1.0 µg/mL) alone in 10 mM phosphate buffer was used for blank correction. 

All fluorescence measurements were performed in triplicate. 

 

3A.4.6 Detection limit for PNA-GO platform  

The detection limit was calculated based on three times the signal-to-noise level using the 

following equation.
24a, 32d,32l 

Detection limit = 3/S 

Where,  is the variation in fluorescence intensity of PNA-GO complex in the absence of 

telomere DNA target and S is the slope of the linear fit.  
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Benzothiophene-conjugated uracil PNA analogue as a 

fluorescence tool for detecting oncogenic G-quadruplex 
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3B.1 Introduction 

Environment-sensitive fluorescent PNA nucleobase analogues that show enhancement in 

fluorescence intensity upon hybridization with complementary DNA/RNA oligonucleotides 

(ONs) can be used to develop turn-on fluorescence assays for the detection of therapeutically 

relevant nucleic acid targets.  As a part of our efforts in this direction, we have discussed the 

synthesis and photophysical properties of 5-benzofuran- (BF) and 5-benzothiophene-

modified uracil (BT) PNA oligomer probes in Chapter 2.
1
  In general, both the analogues 

exhibit enhancement in fluorescence intensity, when hybridized to complementary ONs.  In 

the first section of this chapter, we have introduced a turn-on fluorescence hybridization 

assay for the detection of telomeric DNA repeats by BF PNA probe.  However, this assay 

requires a graphene oxide (GO) platform to quench the fluorescence of single stranded (ss) 

BF PNA probe.
2
  In order to develop a simple and robust hybridization assay, an ideal ss PNA 

probe should be weakly fluorescent while its duplex with complementary ONs should be 

highly fluorescent. 

GAG triplet base sets are constituents of many functionally important nucleic acid 

motifs such as G-quadruplex (GQ) forming sequences in the promoter (c-myc, c-myb, c-kit 

etc.)
 
and untranslated regions (UTRs) of mRNA (NRAS, BCL-2 etc.) of a number of 

oncogenes.
3
  In addition, GAG base set is also present in the highly conserved sarcin-ricin 

loop of eukaryotic 28S rRNA, which is a critical site for the binding of elongation factors to 

ribosome during protein synthesis.
4
  Interestingly, PNA oligomers containing BT 

modification flanked in between C-residue (C7C), displayed significant enhancement in 

fluorescence intensity when hybridized to perfect complementary DNA ON (with GAG base 

set) as compared to ss PNA and mismatched duplexes.
1
  The responsiveness of BT-modified 

PNA oligomers in different neighbouring bases has been discussed in the previous chapter.  

In this chapter, the development of a turn-on fluorescence hybridization assay for the 

detection of biologically important GQ forming promoter oncogenes such as c-myc and c-kit 

using the sensitivity of the BT-modified PNA base analogue has been described (Figure 1A).  

Further, the ability of the PNA probe to photophysically distinguish between a 

complementary base in a GAG base set and an abasic site in an RNA-PNA duplex has been 

utilized in setting up a method to monitor and estimate the depurination activity of ribosome 

inactivating  protein toxins (RIPs, e.g. saporin, Figure 1B). 
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Figure 1. (A) A schematic illustration of the fluorescence turn-on assay to detect the GAG base set 

containing GQ forming DNA sequences using emissive PNA probes. (B) Study of depurination 

activity of ribosome inactivating protein (RIP) toxin using fluorescent PNA oligomer probe. 
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3B.2 Results and discussion 

3B.2.1 Fluorescence detection of GQ forming oncogenic promoter DNA sequences 

GQ sequences are majorly found in telomeric DNA repeats, telomeric repeat-containing RNA 

(TERRA), and in promoter regions and untranslated regions (UTR) of mRNA of a number of 

oncogenes.
3,5

  These GQ structures play a crucial roles in the cellular processes such as 

maintaining the chromosomal stability, replication, transcription and recombination.
6
  The 

detection of putative GQ forming sequences in human genome greatly relies on techniques 

such as fluorescence in situ hybridization, FRET and immunofluorescence microscopy.
7
  

Several fluorescent non-covalent GQ binders have been implemented in stabilization and 

detection of these GQ structures.
8,9

  Additionally, fluorescent analogues incorporated into 

oligomers have been developed to study the formation of GQ structures.
10

  While these 

fluorescence-based detection tools are very useful, however certain disadvantages hamper 

their practical applications.  Many of the small molecule ligands and ON probes poorly 

distinguish different GQ topologies and or display unfavorable fluorescence properties such 

as low fluorescence when bound to G-rich sequences.
8a,11

  In this context, PNA hybridization 

probes containing a minimally perturbing fluorescent nucleobase analogue that could report 

its binding to target G-rich ONs with significant enhancement in fluorescence would serve as 

robust tool to detect G-rich sequences in human genome.  Coincidentally, GAG triplet base 

sets are present in human oncogenic GQ forming promoter DNA sequences (e.g., c-myc, c-

kit).
3,12

  Importantly, such GAG base sets are not found in the GQ forming regions of 

telomeric DNA repeats and TERRA.  Therefore, it could be possible to detect such promoter 

GQ sequences in cellular conditions selectively over telomeric DNA/RNA repeats using 

these emissive PNA probes. 

To setup a turn-on fluorescence hybridization assay for the detection GQ forming c-

myc and c-kit2 ONs using benzothiophene-modified PNA analogue 7, we synthesized 

fluorescent PNA oligomers 8 and 9 by using SPPS (Figure 2A). PNA oligomers 8 and 9 are 

complementary to c-myc and c-kit2 ONs respectively.  PNA oligomers were purified by RP-

HPLC and their integrity was confirmed by MALDI-TOF mass analysis (Figure 2 and Table 

1).  PNA probes 8 and 9 contain C7C base set, which upon hybridization to c-myc and c-kit2 

ONs would place the emissive analogue 7 opposite to complementary base dA in GAG base 

set of the target ONs.  Initially, CD and UV-thermal melting studies were performed to 

confirm the formation of parallel GQ structure by c-myc and c-kit2 ONs in a buffer solution 

containing 100 mM KCl (Figure 3 and Table 2).  The GQ structure formed by c-kit2 (Tm = 
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67.5 ± 0.8) has much lower Tm value as compared to c-myc ON (Tm = 79.0 ± 0.5, Table 2).  

This difference in the Tm value of GQ structures are due to different number of tetrads present 

in respective GQ structures; c-myc GQ structure consists of four tetrads whereas c-kit2 

consists of three tetrads.
12a,12d

  The Tm of GQ structures also depend on the number 

nucleotides presents in the loop; with increase in number of nucleotide in loop increases the 

flexibility and decreases the stability.  In the c-myc GQ structure, only one nucleotide is 

present in all four loops and one of the A-residues in the loop participate in the tetrad 

formation. Alternatively, c-kit2 GQ structure consists of three loops (two with single 

nucleotide and one with five nucleotides), which provides extra flexibility but lower stability. 

 

Figure 2. (A) Sequence of GQ forming c-myc and c-kit2 DNA ONs used in this study. Fluorescent 

PNA oligomers 8 and 9 complementary to c-myc and c-kit2, respectively were synthesized by solid-

phase synthesis. PNA oligomers (highlighted in bold) are written from N to C terminus and contain 

two lysine (K) residues at the C terminus. RP-HPLC chromatogram of benzothiophene-modified PNA 

oligomers 8 (A) and 9 (B) at 260 nm. MALDI-TOF mass spectrum of benzothiophene-modified PNA 

oligomers 8 (C) and 9 (D). For mass data see Table 1. 
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Table 1. ε260 and MALDI-TOF mass analysis of PNA oligomers 

 

a
PNA sequences are written from N to C terminus. 

 

Figure 3. (A) UV-thermal melting profile of GQ forming DNA ONs c-myc and c-kit2 (1.0 µM) in 10 

mM phosphate buffer (pH 7.1, 100 mM KCl, 0.1 mM EDTA) at 295 nm. (B) CD spectra (5.0 µM) of 

benzothiophene-modified PNA-DNA duplexes (8•c-myc and 9•c-kit2) and GQ forming DNA ONs (c-

myc and c-kit2) in 10 mM phosphate buffer (pH 7.1, 100 mM KCl, 0.1 mM EDTA). For Tm values 

see Table 2.
13

 

 

Table 2. Tm values of GQ of c-myc and c-kit2 and their respective duplexes with fluorescent 

PNA probes 8 and 9.  

GQ Tm (°C) Duplex made of 7 Tm (°C) 

c-myc 79.0 ± 0.5 8•c-myc 77.2 ± 0.8 

c-kit2 67.5 ± 0.8 9•c-kit2 79.8 ± 0.6 

 

PNA probes 8 and 9 were hybridized with c-myc and c-kit2 ONs and subjected to 

fluorescence studies.  A hybrid of 8 and c-myc displayed discernible enhancement in 

fluorescence intensity (~2-fold) as compared to single stranded PNA 8 (Figure 4).  

Remarkably, a hybrid of 9 and c-kit2 displayed nearly 7-fold enhancement in fluorescence 

intensity as compared to free PNA 9.  In the absence of structural information, it is likely that 

the enhancement in fluorescence intensity exhibited by duplexes could be due to 

rigidification of the PNA base analogue in the base paired state as compared to in single 

stranded PNAs.  Reduced stacking interaction between the base paired fluorophore (projected 

in the major groove) and adjacent bases, and solvation-desolvation effects could have also 

influenced the overall outcome of fluorescence. 

PNA
 

Sequence
a
 ε260 (M

-1
cm

-1
) Calculated mass Observed mass 

8 CCCACCC7CCCCACCKK 11.68 x 10
4
 4223.29 4224.27 

9 CCCTCCC7CGCGCCCKK 11.48 x 10
4
 4270.30 4271.36 
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Figure 4. Emission spectra (0.5 µM) of single stranded PNA (8 and 9) and their duplex with c-myc 

and c-kit2 (8•c-myc and 9•c-kit2) in phosphate buffer containing 100 mm KCl. Samples were excited 

at 330 nm and excitation and emission slit widths were kept at 4 and 5 nm, respectively.
13

 

 

Figure 5. Fluorescence analysis of c-kit2 GQ strand invasion using complementary PNA probe 9. 

PNA 9 (1 µM) was added to a preformed GQ structure of c-kit2 (1 µM)  in 10 mM phosphate buffer 

(pH 7.1, 100 mM KCl, 0.1 mM EDTA) and incubated for 4 h. The final concentration of 9 + c-kit2 

mix was 0.5 µM. Samples were excited at 330 nm and fluorescence was recorded with excitation and 

emission slit widths of 4 and 5 nm, respectively. For comparison, the fluorescence profile of annealed 

9•c-kit2 duplex (0.5 µM, green) was also recorded under similar conditions. A nearly 5-fold 

enhancement in fluorescence intensity was observed when PNA probe 9 was incubated with 

preformed GQ structure of c-kit2 (red), which indicates that benzothiophene-modified PNA 9 disrupts 

the GQ structure of c-kit2 and forms a more emissive 9•c-kit2 heteroduplex. 
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Notably, Tm of PNA-DNA hybrid 9•c-kit2 was found to be significantly higher than 

GQ of c-kit2, which indicates that 9 could potentially invade the GQ structure of c-kit2 and 

form PNA-DNA heteroduplex (Table 2).  We performed strand invasion experiment by 

adding PNA 9 to a preformed GQ structure of c-kit2 in a buffer containing 100 mM KCl.  

The sample was incubated for 4 hr at 37 °C and fluorescence was measured.  Rewardingly, 

we observed a nearly 5-fold enhancement in fluorescence intensity as compared to free PNA 

probe 9, which indicates that benzothiophene-modified PNA 9 disrupts the GQ structure of c-

kit2 and forms a more emissive 9•c-kit2 heteroduplex (Figure 5).  On the other hand, PNA 8 

did not show appreciable enhancement in fluorescence intensity upon incubation with 

preformed GQ structure of c-myc (Figure 6).  This could be due to similar Tm values 

exhibited by both GQ of c-myc and 8•c-myc duplex, which would have prevented PNA from 

invading the c-myc GQ structure effectively.  It has been shown earlier that homologus PNA 

oligomers can invade and form stable heteroquadruplex with c-myc, while complementary 

PNA oligomers fail to strand invade GQ of c-myc to form a duplex.
14

   

 

Figure 6. Fluorescence analysis of c-myc GQ strand invasion using complementary PNA probe 8. 

PNA 8 (1 µM) was added to a preformed GQ structure of c-myc (1 µM)  in 10 mM phosphate buffer 

(pH 7.1, 100 mM KCl, 0.1 mM EDTA) and incubated for 4 h. The final concentration of 8 + c-myc 

mix was 0.5 µM. Samples were excited at 330 nm and fluorescence was recorded with excitation and 

emission slit widths of 4 and 5 nm, respectively. For comparison, the fluorescence profile of annealed 

8•c-myc duplex (0.5 µM, green) was also recorded under similar conditions. There was no 

enhancement in fluorescence intensity, when PNA probe 8 was incubated with preformed GQ 

structure of c-myc (red), which indicates that benzothiophene-modified PNA 8 did not disrupts the 

GQ structure of c-myc and forms a slightly more emissive 8•c-myc heteroduplex. 
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Taken together, these results substantiate that benzothiophene-modified PNA 

oligomers could be potentially utilized as fluorescence turn-on probes to detect certain GQ 

forming motifs.  Transcription and translation regulation of protein expression by targeting 

such GQ structures is being actively pursued.  Ligands and oligomer probes that specifically 

bind to GQs have been shown to regulate the activity of oncogenic promoter DNA and RNA 

sequences.
5
  Hence, these PNA probes might also enable the study of the functional roles of 

GQ-forming sequences.  Currently, we are evaluating the role of PNA probes in invading the 

GQ structures of c-myc and c-kit2 gene in vitro, using luciferase assay.  Results will be 

further extended to study the down regulation of genes in vivo by dual luciferase assay. 

 

3B.2.2 Fluorescence detection of the depurination activity of RIP toxin 

DNA abasic sites are common lesions and several methods are available to study their 

formation and repair.
15

 However, the formation of RNA abasic sites are rare. RNA abasic 

sites are formed by the depurination activity of a certain class of protein toxins called 

ribosome inactivating proteins (RIPs).
4
  RIPs toxin is known to bind to sarcin-ricin loop of 

28S rRNA and specifically depurinate adenosine residue from the GAG base set, which 

results in the formation of abasic site.
4
  This reduces the affinity of ribosome to elongation 

factors that are critical for protein synthesis, and further lead to cell death.  While 

immunoassays have been usually used in the detection of RIPs toxin.
16

  Radiolabeling, 

electrochemiluminescence, fluorescence and mass spectrometry techniques have also been 

utilized to detect their activity.
17,18

  In particular, fluorescent probes placed opposite or 

adjacent to an abasic site have enabled the detection of abasic sites in nucleic acids.
18,19a-19d

  

However, some of these methods are laborious involving rigorous chemical manipulations, 

assay set-ups and also there are no effective antidotes for the treatment of RIPs (e.g., ricin) 

exposure.  Alternatively, the PNA as well as LNA FIT probes developed by Seitz et al. could 

also be useful for developing a hybridization assay for the detection of abasic sites in target 

nucleic acids.
19e

  Hence, the development of methods that can quantitatively report the 

depurination activity of these protein toxins and are amenable to screening formats could 

facilitate the discovery of RIP inhibitors. 
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Figure 7. Sequence of synthetic RIPs RNA substrate 10 and depurinated product mimic 11 containing 

a chemically stable abasic site substitute X. Adenosine residue A15 corresponding to A4324 of 28S 

rRNA is specifically depurinated by RIP toxins to produce RNA 12. Control unmodified 13 and 

fluorescently modified 14 PNA oligomers complementary to loop of RIPs RNA. 

 

RIP toxins such as ricin and saporin specifically depurinate an adenosine residue 

(A4324) present in the highly conserved sarcin-ricin loop of eukaryotic 28S rRNA (Figure 7).
20

  

The C7C triplet PNA base set is complementary to the triplet residue GA4324G of the rRNA 

motif, which is the target of RIP toxins (Figure 7).  The ability of emissive PNA base 7 to 

selectively signal the presence of a complementary base (dA) in duplex with appreciable 

enhancement in fluorescence intensity motivated us to evaluate its behavior opposite an 

abasic site (site devoid of a nucleobase).  Hence, if the fluorescence of the PNA base 

analogue placed opposite to a complementary base and abasic site in a RIP RNA substrate 

and its depurinated product respectively, is distinguishable, then it would be possible to 

develop a fluorescence hybridization assay to detect the activity of RIP toxins, irrespective of 

the protein’s identity.   
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Figure 8. (A) RP-HPLC chromatogram of PNA probe 14 at 260 nm. Mobile phase A: 5% acetonitrile 

in H2O containing 0.1% TFA, mobile phase B: 50% acetonitrile in H2O containing 0.1% TFA. Flow 

rate: 2 mL/min. Gradient: 050% B in 25 min and 50100% B in 20 min. (B) MALDI-TOF mass 

spectrum of PNA probe 14. Calculated for [M]
+
  = 4960.93 and observed =  4962.67. 

 

Table 3. Molar absorption coefficient and MALDI-TOF mass data of PNA oligomers 

a
PNA sequences are written from N to C terminus. 

 

Initially, control unmodified 13 and fluorescently modified PNA oligomers 14 

complementary to RNA ONs 10 and 11 containing the conserved region of the sarcin-ricin 

stem-loop domain of rRNA were synthesized using SPPS (Figure 8, Table 3).  While 10 is a 

commonly used RIPs RNA substrate for in vitro applications, 11 represents a depurinated 

RNA product mimic with a chemically stable abasic site surrogate, tetrahydrofuran.
18

  First, 

the effectiveness of PNA base analogue 7 to report the presence of an abasic site in RNA was 

evaluated by performing fluorescence studies of single strand PNA 14 and its duplex with 

RNA ONs 10 and 11.  Hybridization of PNA 14 with RNA ONs 10 and 11 will place 7 

opposite to its complementary base (A15 = A4324) and an abasic site, respectively.  

Rewardingly, the PNA analogue signaled the presence of an abasic site in the model product 

duplex 14•11 with a significant reduction (~3.5-fold) in fluorescence intensity as compared to 

the substrate duplex 14•10 (Figure 9).  Interestingly, the melting temperature of duplex 14•11 

containing fluorescent analogue opposite to an abasic site was discernibly higher than that of 

control unmodified duplex 13•11 containing the native uracil base opposite to an abasic site 

(Figure 10, Table 4).  This observation points out that the benzothiophene ring is possibly 

intrahelical and stacked between the guanine residues of the RNA strand as the conformation 

of 7 placed opposite to an abasic site is not restricted by base pair interaction.  PNA base 

PNA
 

Sequence
a
 ε260 (M

-1
cm

-1
) Calculated mass [M]

+
 Observed mass 

13 GGTTCCTCTCGTACTGAKK 15.88 x 10
4
 4842.78 4842.60 

14 GGTTCCTC7CGTACTGAKK 16.04 x 10
4
 4960.93 4962.67 
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analogue in such a conformation would provide additional stabilization to duplex (14•11) and 

show significant quenching in fluorescence intensity.
21

 

 

Figure 9. Emission spectra (1.0 µM) of PNA-RNA substrate (14•10) and model depurinated product 

duplexes (14•11). Samples were excited at 330 nm and excitation and emission slit widths were kept 

at 5 nm and 7 nm, respectively.
13

 

 

 

Figure 10. (A) UV-thermal melting profile (1.0 µM) of control unmodified (13•11) and fluorescently 

modified (14•11) model depurinated product duplex in 10 mM phosphate buffer (pH 7.1, 100 mM 

NaCl, 0.1 mM EDTA). For Tm values see Table 4. (B) CD spectra (5.0 µM) of control unmodified 

(13•10 and 13•11) and fluorescently modified (14•10 and 14•11) PNA-RNA duplexes in 10 mM 

phosphate buffer (pH 7.1, 100 mM NaCl, 0.1 mM EDTA). 

 

Table 4. Tm values of duplexes assembled by hybridizing control PNA 13/ fluorescent PNA 

probe 14 with RIPs RNA substrate 10 and abasic site-containing RNA product mimic 11. 

Control duplex Tm (°C) Duplex made of 7 Tm (°C) 

13•10 89.7 ± 1.0 14•10 87.2 ± 1.4 

13•11 75.2 ± 1.0 14•11 80.3 ± 0.4 
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Further, to study the suitability of 7 in detecting and estimating the depurination activity 

of RIP toxins, we selected saporin as a representative toxin.  Saporin is commercially 

available and has been shown to specifically depurinate the adenosine residue corresponding 

to A4324 of synthetic RNA substrates containing the conserved region of the sarcin-ricin stem-

loop domain of rRNA.
17,18

  Thermally folded RNA substrate 10 was incubated in the 

presence of different concentrations of saporin in Tris-HCl buffer (30 mM, 25 mM NaCl, 2 

mM MgCl2, pH 6.0) at 37 °C.  Aliquots of reaction solution at different time intervals were 

immediately quenched by adding fluorescent PNA 14 followed by rapid thermal denaturation 

by heating the samples at 90 °C and rehybridization by flash cooling on an ice bath.  

Fluorescence spectra of aliquots revealed a time-dependent quenching in emission intensity 

as a result of generation of an abasic site by saporin and subsequent formation of product 

duplex 14•12 (Figure 11).  Further, the fluorescence data was fitted using an exponential rate 

equation to determine the apparent rate constant (kap) of the depurination reaction (Figure 12). 

A positive correlation between rate and toxin concentration was obtained, and the rates were 

comparable with literature reports, which used similar synthetic RIP substrate (Table 5).
17a,18

  

These results clearly demonstrate that the emissive PNA base analogue 7, when placed 

opposite to a developing abasic site in RNA, can be used to detect and estimate the 

depurination activity of RIP toxins.  It should be mentioned that a benzofuran-modified DNA 

ON that reported an abasic site in a custom synthesized model RNA
22

 failed to report the 

depurination activity of the RIP toxin (data not shown). 

 

Figure 11. (A) Representative plot showing the saporin-mediated (6 µM) depurination of RIP RNA 

substrate 10. Reaction aliquots at regular time intervals were hybridized with PNA oligomer 14 and 

change in fluorescence intensity was measured. Samples were excited at 330 nm with an excitation 

and emission slit width of 5 nm and 7 nm, respectively. (B) A plot of fractional depurination versus 

reaction time at different concentrations of saporin.
13
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Figure 12. Curve fit for the depurination of RIPs RNA substrate 10 in the presence of saporin (A) 2 

μM, (B) 4 μM and (C) 6 μM. Apparent rate constants were determined from the plot of fractional 

depurination vs time. R
2
 values were very close to unity.

13
 

 

Table 5. Apparent rate constant (kap) of depurination of RIPs RNA substrate 10 in the 

presence of different concentration of saporin.
13

 

 

 

 

 

 

3B.3 Conclusion 

We have demonstrated the practical utility of benzothiophene-conjugated PNA analogue 7 in 

developing a fluorescence turn-on hybridization assay for the detection of GQ-forming 

sequences in proto-oncogenes (e.g. c-myc and c-kit2).  The ability of the PNA probe, 

containing emissive PNA base 7, to invade GQ structure formed by c-kit2 ON under near 

physiological conditions suggests that such turn-on fluorescence probes could potentially 

enable the detection and targeting of GQ sequences in cellular environment.  Furthermore, the 

sensitivity of emissive PNA base 7 to the RNA abasic site allowed the monitoring and 

estimation of the depurination activity of a RIP toxin.  The straight forward synthesis and 

useful fluorescence properties highlight the potential of the BT-modified PNA base as 

efficient fluorescent probes for nucleic acid analysis.  Currently, we are evaluating the 

structure-function relationship of c-myc and c-kit2 genes using our PNA probes in cells by 

luciferase assay. 

 

 

 

[saporin] ( μM) kap (min
-1

) 

2.0 0.022 (±0.003) 

4.0 0.054 (±0.007) 

6.0 0.097 (±0.018) 
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3B.4 Experimental Section 

3B.4.1 Materials 

Saporin was purchased from Sigma-Aldrich. DNA ONs were purchased from Integrated 

DNA Technologies. Custom synthesized RNA ONs were purchased from Dharmacon RNAi 

Technologies were deprotected according to the supplier’s procedure.  All oligonucleotides 

were purified by polyacrylamide gel electrophoresis (PAGE) under denaturing conditions and 

desalted on Sep-Pak Classic C18 cartridges (Waters Corporation). Autoclaved water was 

used in all biochemical reactions and fluorescence measurements. 

 

3B.4.2 Instrumentation  

All mass measurements were recorded on an Applied Biosystems 4800 Plus MALDI-

TOF/TOF analyzer instrument and Water Synapt G2 High Definition mass spectrometers. 

PNA oligomers were purified by using Agilent Technologies 1260 Infinity HPLC. 

Absorption spectra were recorded on a Shimadzu UV-2600 spectrophotometer. UV-thermal 

melting analysis of duplexes was performed on a Cary 300Bio UV-Vis spectrophotometer. 

Steady-state fluorescence experiments were carried out in a micro fluorescence cuvette 

(Hellma, path length 1.0 cm) on Fluorolog-3 spectrophotometers (Horibha Scientific). Time-

resolved fluorescence experiments were carried out on a TCSPC instrument (Horiba 

JobinYvon, Fluorolog 3). All CD spectra were recorded on JASCO J-815 CD spectrometer. 

 

3B.4.3 Thermal melting and CD analysis of GQ of c-myc and c-kit2 ONs 

GQ structures (10.0 µM) of c-myc and c-kit2 ONs were obtained by heating in 10 mM 

phosphate buffer (pH 7.1, 100 mM KCl, 0.1 mM EDTA) at 90 ºC for 3 min. Samples were 

slowly cooled to RT and kept in an ice bath for ~1 h. Samples were further diluted using 

phosphate buffer to give a final quadruplex concentration of 1.0 µM for Tm and 5.0 µM for 

CD analysis, respectively. UV-thermal melting analysis of G-quadruplex structures were 

performed in duplicate at 295 nm using quartz cuvette on a Cary 300Bio UV-Vis 

spectrophotometer. CD spectra of ONs were recorded with an average of three scans from 

350 to 200 nm using quartz cuvette (Starna Scientific, path length 2 mm) on a JASCO J-815 

CD spectrometer at 20 ºC and scan speed of 100 nm/min. 
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3B.4.4 Thermal melting and CD analysis of PNA duplexes 

The PNA-DNA and PNA-RNA duplexes were assembled by heating a 1:1 mixture of PNA 

and DNA oligomers (10.0 µM) in 10 mM phosphate buffer (pH 7.1, 100 mM NaCl, 0.1 mM 

EDTA) at 90 ºC for 3 min. Samples were slowly cooled to RT and kept in an ice bath for ~1 

h. Samples were further diluted using phosphate buffer to give a final duplex concentration of 

1.0 µM for Tm and 5.0 µM for CD analysis, respectively. UV-thermal melting analysis of 

PNA duplexes were performed in duplicate using quartz cuvette on a Cary 300Bio UV-Vis 

spectrophotometer. The temperature was increased from 20 ºC to 90 ºC at 1 ºC/min and the 

absorbance was measured every 1 ºC interval at 260 nm. CD spectra of PNA duplexes were 

recorded with an average of three scans from 350 to 200 nm using quartz cuvette (Starna 

Scientific, path length 2 mm) on a JASCO J-815 CD spectrometer at 20 ºC and scan speed of 

100 nm/min. 

 

3B.4.5 Fluorescence study of benzothiophene-modified PNA oligomers and their DNA 

duplexes 

PNA-DNA duplexes were obtained by heating a 1:1 mixture of PNA and DNA (5.0 µM) in 

10 mM phosphate buffer (pH 7.1, 100 mM NaCl, 0.1 mM EDTA) at 90 ºC for 3 min. 

Samples were slowly cooled to RT and kept in an ice bath for ~1 h. Samples were further 

diluted using phosphate buffer to give a final duplex concentration of 0.5 µM. Samples were 

excited at 330 nm, and excitation and emission slit widths were maintained at 5 nm and 7 nm, 

respectively. Fluorescence experiments were performed in duplicate in a micro fluorescence 

cell (Hellma, path length 1.0 cm). 

 

3B.4.6 Fluorescence study of benzothiophene-modified PNA-RNA duplexes 

PNA-RNA duplexes were formed by heating a 1:1 mixture of PNA 14 and RNA ON (10/11) 

(5.0 µM) in the combination of 10 mM phosphate (pH 7.1, 100 mM NaCl, 0.1 mM EDTA) 

and 15 mM Tris-HCl (pH 6.0, 10 mM MgCl2) buffer at 90 ºC for 3 min. Samples were slowly 

cooled to RT and kept in an ice bath for ~1 h. Samples were further diluted using phosphate 

and Tris-HCl 1x buffer to give a final duplex concentration of 1.0 µM. Samples were excited 

at 330 nm, and excitation and emission slit widths were maintained at 5 nm and 7 nm, 

respectively. Fluorescence experiments were performed in duplicate in a micro fluorescence 

cell (Hellma, path length 1.0 cm) using Horiba JobinYvon, Fluorolog-3 instrument. 
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3B.4.7 Fluorescence detection of depurination of RNA 

A solution of RIPs RNA substrate 10 (2.2 μM) in 30 mM Tris buffer (25 mM NaCl, 2 mM 

MgCl2, pH 6.0) was hybridized to form a stem-loop structure by heating the sample to 75 °C 

for 3 min and slowly cooling the solution to RT. The sample was placed in crushed ice for 1 h 

and later incubated at 37 °C for 10 min. The depurination reaction was initiated by adding 

different concentrations of saporin (2.0, 4.0, and 6.0 μM). At regular time intervals aliquots 

of reaction mixture (80 μL) were mixed with the complementary fluorescent PNA oligomer 

14 (2.0 μM, 80 μL in 20 mM phosphate buffer, 175 mM NaCl, 0.2 mM EDTA, pH 7.1 ) and 

was immediately hybridized by heating at 90 °C for 3 min and flash cooled on crushed ice 

over 15 min. The final concentration of 14 was 1.0 μM. Hybridized samples were brought to 

RT over 10 min, centrifuged and the fluorescence spectrum was recorded. Samples were 

excited at 330 nm with an excitation and emission slit width of 5 nm and 7 nm, respectively. 

The depurination activity was monitored by measuring the changes in fluorescence intensity 

at λem = 465 nm. All reactions were performed in triplicate. 

Rate of depurination reaction. Fluorescence intensity at each time point of the depurination 

reaction of RIPs RNA substrate 10 by saporin corresponds to the sum of fluorescence 

intensity of the substrate duplex (10•14) and product duplex (12•14) (equation 1). The rate of 

depurination reaction is directly proportional to the formation of product duplex (12•14).The 

fluorescence intensity contribution of the product duplex (12•14) at a given time, which is 

associated to the fraction of substrate depurinated, can be determined by using equation 1 and 

2. The apparent rate constant (kap) was obtained by fitting the fluorescence data (fractional 

depurination IP vs time) using an exponential rise equation 3 in Kaleidagraph software 

(Figure 12 and Table 5).
18b,18d

 

 

It = fluorescence intensity at time = t 

IS = fluorescence intensity of substrate duplex (10•14) at time t 

IP = fluorescence intensity of product duplex (12•14) at time t 

IS0 = fluorescence intensity of substrate duplex (10•14) at time t = 0 min 

ISat = fluorescence intensity at saturation point 

 

y is fractional depurination (IP), kap is apparent rate constant, t is time, a and b are 

coefficients, respectively. 
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Chapter 4 

 

Lucifer chromophore-based fluorescent PNA probe for 

imaging poly(A) tail of mRNA 
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4.1 Introduction 

Fluorescent PNA oligomers that can report a binding event with a change in fluorescence 

properties have been highly useful in setting up assays to detect specific nucleic acids 

sequences in cell-free and cellular environments.  Over the years, few base-modified emissive 

PNA oligomer probes have been developed and effectively used for the detection of nucleic 

acids by a hybridization process.
1
  In a similar approach, we have also introduced two 

emissive PNA analogues, based on 5-benzofuran and 5-benzothiophene modified uracil 

cores.
2
  The 5-benzofuran uracil PNA analogue was effectively utilized for the detection of 

human telomeric DNA repeats, and 5-benzothiophene uracil PNA analogue was employed in 

devising a turn-on sensor for the detection of G-quadruplex (GQ) forming human promoter 

oncogenes (c-myc and c-kit).
2
  Additionally, 5-benzothiophene uracil PNA analogue was 

utilized to study the depurination activity of ribosome inactivating protein (RIP) toxins.
2
  

Although these analogues were highly environment-sensitive and retained reasonable 

quantum yields upon hybridization to nucleic acid targets, they exhibit excitation maximum 

in UV region, which limit their practical application such as hybridization probes for 

detection or imaging therapeutically relevant nucleic acid targets in cellular conditions.  

Recently, Seitz and co-workers have reported PNA FIT (forced intercalation) probes, where 

one of the nucleobase is completely replaced by thiazole orange fluorophore.
3
  FIT PNA 

probe exhibited low fluorescence at the single-stranded level whereas fluorescence intensity 

was significantly increased upon hybridization to target nucleic acids. Further, these FIT-

probes have been utilized to simultaneously image two different viral mRNA molecules 

expressed during the replication cycle of the H1N1 influenza A virus in cellular milieu.
3
 

Alternatively, the fluorescent nucleobase analogues, which preserve the base recognition 

property through hydrogen bonding as that of native nucleobase and have the ability to detect 

target nucleic acid with significant enhancement in fluorescence intensity, would be highly 

useful as a turn-on sensor for nucleic acid diagnostics. Therefore, developing such 

environment-sensitive fluorescent PNA analogues would be advantageous for imaging 

specific nucleic acid sequences in cellular conditions.  

As a part of the development of emissive nucleosides, recently our group has 

introduced highly emissive 5-naphthalimide uridine analogue based on Lucifer 

chromophore.
4
  This nucleoside analogue was found to be highly sensitive to its 

microenvironment with excitation and emission maximum (λex = 400 nm and λem = 540 nm) 

in the visible region and exhibited reasonable quantum yield (Φwater = 0.15).  When 
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incorporated into ONs, fluorescence outcome of nucleoside analogue was highly sensitive to 

neighbouring bases.  Comparatively, pyrene attached to a nucleobase or sugar has been 

widely explored for the detection of nucleic acids.
5
  It exhibits useful fluorescence properties 

via exciplex and excimer formation in different conformations caused by stacking 

interactions.
5
   Further, the properties of pyrene have been adequately evaluated for 

developing DNA-multichromophoric systems called oligodeoxyfluorosides (ODFs) as 

alternative fluorescent probes for biological assays by Kool and co-workers.
6
   

 

Figure 1. (A) Chemical structures of Lucifer dye, amino naphthalimide core, and 5-TEG 

naphthalimide uridine analogue are shown. Design of fluorescent naphthalimide aeg-PNA analogues 

from Lucifer dye is given. (B) Excimer formation of pyrene nucleic acid and structure of pyrene 

pyrrolidine PNA analogue are shown. Design of fluorescent pyrene aeg-PNA analogue through 

ethyne spacer is given. 

 

Inspired by these attractive properties of naphthalimide and pyrene fluorophores, we 

have explored both the fluorophores in context to PNA oligomers.  In the present study, we 

report the synthesis and photophysical analysis of 5-naphthalimide-TEG-, 5-

aminonaphthalimide-, and 5-pyrene-modified uracil PNA analogues (Figure 1).  Further, 

incorporation and detailed photophysical analysis of 5-naphthalimide-TEG uracil PNA 

analogue into PNA oligomers were carried out to evaluate the probe-like behaviour of the 

PNA base analogue.  The fluorescence of 5-naphthalimide-TEG modified PNA oligomers 

was highly sensitive to its neighbouring bases.  Results obtained from model PNA oligomers 

helped us to develop a PNA oligomer probe containing 5-naphthalimide-TEG uracil analogue 

for the imaging of poly(A) tail of mRNA in a human colon cancer cells (DLD1).  Our results 
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demonstrate that this highly emissive naphthalimide-modified PNA probe could potentially 

serve as a robust hybridization probe for visualizing specific nucleic acid targets in cells. 

 

4.2 Results and Discussion 

4.2.1 Synthesis and photophysical properties of emissive naphthalimide and pyrene 

PNA analogues 8a–8c 

Fluorescent naphthalimide PNA analogues 8a and 8b were designed based on Lucifer dye, 

which is made of the naphthalimide core.
7
  The dye displayed excitation and emission 

maximum at 430 and 540 nm, respectively with the quantum yield of 0.25 in water (Figure 

1A).  The photophysical properties of the naphthalimide core are mainly influenced by 

substituent present at the 4-position of the ring.
7b

  In general, electron donating groups at the 

4-position impart very high fluorescence efficiency due to charge transfer excited state.  

Several derivatives of Lucifer dye have been introduced and successfully evaluated as 

biological markers, sensors, and electroluminescent materials.
7b

  5-TEG naphthalimide 

uridine introduced by our group also exhibited an excellent solvatochromism (Figure 1A).
4
  

Encouraged by these results, we designed two naphthalimide alkynes, one with the intact 

amino group as that of Lucifer dye (alkyne 4b) and 5-TEG naphthalimide (alkyne 4a).  

Further, both alkynes were attached at the 5-position of uracil base of aeg-PNA monomer 

(Figure 1A). 

Tirayut and co-workers utilized excimer properties of pyrene attached to pyrrolidine 

PNA oligomer, as hybridization probes, for the detection of complementary nucleic acids.
8a

  

Additionally, pyrene was also incorporated into pyrrolidine PNA oligomers by attaching it at 

5-position of uracil base and employed for nucleic acid analysis (Figure 1B).
8b

  However, 

attachment of pyrene directly to uracil base could potentially destabilize the PNA-DNA/RNA 

heteroduplexes due to its bulky nature, and might not serve as good conformational sensitive 

analogue.  Therefore, we envisioned to attach pyrene at 5-position of uracil base in aeg-PNA 

oligomer through an ethyne spacer, which could enhance the stability of PNA-DNA/RNA 

duplexes by increasing the distance between pyrene and uracil base (Figure 1B).  This can 

impart conformational flexibility in pyrene analogue for better fluorescence properties. 

Naphthalimide alkynes 4a and 4b were synthesized from 8-bromo naphthalic 

anhydride 1 by employing steps illustrated in Scheme 1.  8-bromo naphthalic anhydride 1 

was refluxed with monomethyl TEG amine 2 in ethanol to afford bromo napthalimide 3.  

Further, compound 3 was reacted with TMS acetylene under Sonogashira cross-coupling 
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reaction condition followed by TMS deprotection using TBAF afforded naphthalimide TEG 

alkyne 4a in good yield.
4
  Similarly, alkyne 4b was obtained in three steps, first by refluxing 

8-bromo naphthalic anhydride 1 with propargylamine in ethanol to afford 8-bromopropargyl 

naphthalimide 5.  Then bromine from compound 5 was replaced by nucleophilic substitution 

reaction with sodium azide, which was further reduced to amine using sodium ascorbate to 

afford alkyne 4b.  Fluorescent aeg-PNA esters 7a–7c were synthesized by palladium 

catalyzed Sonogashira reaction between 5-iodouracil PNA ester 6 and respective alkynes 4a–

4c at RT.  Further, fluorescent PNA esters 7a–7c were hydrolysed to give Boc-protected PNA 

monomers 8a–8c in quantitative yields, which were used in the solid-phase synthesis of PNA 

oligomers.   

 

Scheme 1. Synthesis of napthalimide alkynes 4a and 4b for Sonogashira coupling reaction. The 

structure of commercially available pyrene alkyne 4c is shown. Synthesis of 5-naphthalimide-

conjugated uracil PNA monomers 8a and 8b and 5-pyrene-conjugated uracil PNA monomer 8c 

required for the solid phase synthesis by Boc-strategy.
9
 

 

Prior to solid phase PNA synthesis, preliminary photophysical analysis of Boc-

protected emissive PNA monomers 8a–8c were carried out in solvents of different polarity 

such as water, methanol, and dioxane.  The ground-state electronic spectrum of 8a–8c was 

marginally affected by changes in solvent polarity (Figure 2, Table 1).  However, the excited-

state spectrum of 8a–8c was reasonably affected as solvent polarity was changed from water 
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to dioxane.  An aqueous solution of the PNA monomer 8a and 8b, when excited at its lowest 

energy maximum, gave an emission band centered at 518 and 541 nm with a quantum yield 

of 0.09 and 0.08, respectively (Figure 2A and 2B, Table 1).  As the solvent polarity was 

changed from water to dioxane, a significant increase in fluorescence intensity and quantum 

yield along with a blue-shifted emission band was observed.  However, the fluorescence of 

pyrene monomer 8c in water was completely quenched.  When 8c was excited at 391 nm in 

methanol, it showed an emission band centered at 423 nm with a quantum yield of 0.22.  

Interestingly, the quantum yield increased in dioxane by 2-fold (46%) with no apparent 

change in emission maximum (Figure 2C, Table 1).  From these results, it is clear that 

fluorescence properties of PNA monomers 8a–8c are sensitive to solvent polarity changes.  

However, naphtahlimide PNA monomers 8a and 8b were slightly better than 8c, because of 

naphthalimide fluorophores, when conjugated to uracil nucleobase, exhibited better quantum 

yield in water and very good solvatochromism.  Therefore, fluorescence behaviour of 

naphthalimide PNA analogues 8a and 8b in the different neighbouring base environment was 

further evaluated by incorporating them into model 15mer PNA oligomers, where the 

modification was placed in-between T residues. 

 

Figure 2. Absorption (25.0 µM) and emission (5.0 µM) spectra of PNA monomers 8a (A), 8b (B) and 

8c (C) in solvents of different polarity. Samples were excited at their respective lowest energy 

maximum. Excitation and emission slit widths were kept at 1 and 2 nm, respectively. All solutions for 

absorption and emission studies contained 2.5% and 0.5% DMSO, respectively. (D) Synthesis of free 

emissive TEG naphthalimide PNA analogue 9 by deprotection of 8a is shown.
9
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Table 1. Photophysical properties of PNA monomer 8a‒8c in various solvents. 
 

Monomer Solvent
 

λmax
a 

(nm) 

λem
 

(nm) 

Irel
b 

d
 

8a water 385 518 1.0 0.09 

methanol 392 518 3.7 0.27 

dioxane 400 457 10.5 0.79 

8b water 434 541 1.0 0.08 

methanol 430 527 3.7 0.24 

dioxane 420 504 8.2 0.55 

8c water 394 nd nd nd 

methanol 391 423 1.0 0.22 

dioxane 395 424 3.6
c 

0.46 

a
Lowest energy maximum is given. 

b
Intensity with respect to water. 

c
Intensity with respective 

methanol. nd means fluorescence of 8c was completely quenched in water. 
d
Standard deviations for 

quantum yield () ≤ 0.02. 

 

 

Figure 3. Absorption (25.0 µM) and emission (5.0 µM) spectra of PNA monomer 9 in various 

solvents such as water, methanol, and dioxane (A) and water, dioxane and its mixtures (B). Samples 

were excited at their respective lowest energy maximum. Excitation and emission slit widths were 

kept at 1 and 3 nm, respectively. All solutions for absorption and emission studies contained 2.5% and 

0.5% DMSO, respectively.
9
 

 

We decided to evaluate the photophysical properties of completely deprotected PNA 

monomers to investigate the role of Boc-protecting group.  Hence, as a representative 

example, Boc-group of emissive PNA monomer 8a was deprotected using TFA to afford the 

free emissive 5-TEG naphthalimide PNA analogue 9 (Figure 2D).  Photophysical analysis of 

monomer 9 in solvents of different polarity such as water, methanol, and dioxane indicated 

that the ground-state electronic spectrum was slightly affected as solvent polarity changed 

from water to dioxane (Figure 3A Table 2).  When excited at 388 nm, monomer 9 displayed 

an emission band centered at 528 nm with the quantum yield of 0.13 in water.  As solvent 

polarity was reduced from water to methanol to dioxane, there was a significant increase in 
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fluorescence intensity (~6-fold) with a blue shift in emission maximum from 535 nm to 463 

nm.  Similarly, quantum yield and lifetime of analogue 9 also increased linearly with 

decrease in solvent polarity from water to methanol to dioxane (Table 2) 

 

Table 2. Photophysical properties of PNA monomer 9 in various solvents. 

solvent
 

λmax
a 

(nm) 

λem
 

(nm) 

Irel
b 

c
 

 

av
c 

(ns) 

water 388 528 1.0 0.13 1.16 

25% dioxane 395 522 3.2 0.34 2.51 

50% dioxane 398 520 4.4 0.47 3.07 

75% dioxane 399 509 6.2 0.65 3.46 

methanol 388 521 3.0 0.37 2.34 

dioxane 401 463 5.8 0.62 2.46 

a
Lowest energy maximum is given. 

b
Intensity with respect to water. 

c
Standard deviations for quantum 

yield () and average lifetime (av) are ≤ 0.01 and ≤ 0.05 ns, respectively.
9
 

 

Additionally, photophysical properties of 9 were also evaluated in water, dioxane and 

water-dioxane mixtures; as such solvent systems have been used to study the impact of 

polarity on fluorescence properties of several fluorophores.  The UV-visible spectrum 

showed slight hyperchromicity for the mixture of water-dioxane as compared to pure water or 

dioxane (Figure 3B, Table 2).  On the other hand, excited-state properties such as emission 

maximum, quantum yield and lifetime were significantly affected by solvent polarity changes 

(Figure 3B, Table 2).  When PNA monomer 9 was excited in water at its lowest energy 

maximum (388 nm), the emission profile depicted an emission maximum at 528 nm with a 

quantum yield of 0.13 and lifetime of 1.16 ns (Figure 3B, Figure 4A, Table 2).  Since, there 

was a reduction in solvent polarity upon changing water-dioxane ratio, PNA analogue 9 

showed a blue shift in emission maximum from 528 to 463 nm in combination with an 

enhancement in fluorescence intensity (~6-fold). Also, there was a significant increase in 

quantum yield and lifetime upon changing the polarity of medium (Table 2, Figure 4A).  The 

microenvironment sensitivity of fluorescent analogue 9 was further confirmed by a  positive 

correlation obtained by plotting the Stokes shift in solvents of different polarity against 

Reichardt’s microscopic solvent polarity parameter, ET(30) (Figure 4B).  The photophysical 

properties of PNA analogue 8a containing Boc-group and completely deprotected emissive 

PNA monomer 9 in water, methanol, and dioxane were slightly different (for comparison see 

Table 1 and Table 2), which could be due to the better solubility of the free monomer 9 

compared to Boc-protected 8a, in respective solvents.  Overall, the trend in the fluorescence 
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properties was similar for 8a and 9 in various solvents.  Analogue 9 showed absorption and 

emission in the visible region, and their fluorescence properties were highly sensitive to its 

microenvironment change.  Therefore, this probe like property of analogue 9 would be 

further explored for designing PNA probes for the detection of important nucleic acid targets. 

 

Figure 4. (A) Excited-state decay profile (5.0 M) of free PNA analogue 9 in solvents of different 

polarity. Samples were excited using a 371 nm LED sources. The laser profile is shown in black 

(prompt). Curve fits are depicted as solid lines. (B) The plot of Stokes shift versus ET(30) 

(microscopic solvent polarity parameter)
10

 for PNA monomer 9. 

 

4.2.2 Synthesis of model fluorescent PNA oligomers containing TEG naphthalimide and 

amino naphthalimide PNA analogues 

In order to understand the photophysical behaviour of Lucifer chromophore-containing PNA 

base analogues in the different neighboring base environment, model 15mer PNA oligomers 

10 (containing TEG naphthalimide PNA analogue 9) and 10X (containing amino 

naphthalimide PNA analogue X) were synthesized by using solid-phase PNA synthesis 

protocol (For detailed procedure see Chapter 2, section 2.4.9).  L-lysine preloaded MBHA 

resin and Boc-protected aeg-PNA monomers were used for the synthesis of PNA oligomers 

(Figure 5).  Additionally, emissive PNA oligomers 11–13 containing modification 9 flanked 

in between A, G, and C respectively, were also synthesized by above procedure.  In order to 

enhance the solubility in aqueous medium, all PNA oligomers were synthesized with two C-

terminal lysine residues.
9
  The PNA oligomers were purified by RP-HPLC and well 

characterized by MALDI-TOF mass analysis (see 4.6 Appendix-II for HPLC profile and 

mass spectra and Table 3). 
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Figure 5. (A) Structures of TEG naphthalimide (9) and amino naphthalimide (X) PNA analogues in 

with internal modification in PNA oligomer are shown. (B) Sequence of fluorescently modified PNA 

10–13 (containing 9) and 10X (containing X) oligomers obtained by solid-phase synthesis. Sequence 

of synthetic DNA ONs (“d” preceding the parentheses) used in this study is shown. PNA sequences 

(highlighted in bold) are written from N-to C-terminus containing two lysine (K) residues at the C-

terminus.
9
 

 

Table 3. ε260 and MALDI-TOF mass analysis of PNA oligomers 

a
PNA sequences are written from N to C terminus. 

 

 

 

PNA
 

Sequence
a
 ε260 (M

-1
cm

-1
) Calculated mass Observed mass 

10 CGATCAT9TACTAGCKK 14.87 x 10
4
 4644.56 [M]

+
 4645.09 

10X CGATCATXTACTAGCKK 14.57 x 10
4
 4527.41 [M]

+
 4532.78 

11 CGATCAA9AACTAGCKK 15.89 x 10
4
 4662.67 [M]

+
 4663.84 

12 CGATCAG9GACTAGCKK 15.49 x 10
4
 4694.67 [M]

+
 4697.30 

13 CGATCAC9CACTAGCKK 14.47 x 10
4
 4614.54 [M]

+
 4616.70 
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4.2.3 Fluorescence behaviour of naphthalimide-modified PNA oligomers in different 

neighboring base environment 

Several biophysical investigations have suggested that the fluorescence properties of emissive 

analogues incorporated into oligomers are affected by interactions with neighboring bases.  

Collisional, stacking and H-bonding interactions with adjacent bases and electron transfer 

process between an emissive base and neighbouring bases are known to significantly 

influence the fluorescence efficiency, emission maximum and excited state lifetime.  Also, 

environment-sensitive fluorescent nucleobase analogues are known to change its fluorescence 

properties by structural rigidification-derigidification and by solvation-desolvation depending 

on its neighbouring bases.
11‒14

 

In order to investigate the effect of neighbouring bases on fluorescence properties of 

5-TEG naphthalimide 9 and amino naphthalimide X PNA analogues, single-stranded (ss) 

PNA oligomers 10 and 10X, and their duplexes with DNA ONs 10A, 10T, 10G, 10C were 

subjected to steady-state fluorescence analysis.  The PNA-DNA heteroduplexes were formed 

by annealing fluorescent PNA oligomers (10 and 10X) with DNA ONs in such a way that 

emissive PNA analogue 9/X was placed opposite to the perfect complementary and 

mismatched bases.  For example, when PNA10/10X was hybridized to 10A, modification 

9/X is placed opposite to complementary base dA.  Hybridization with ONs 10T, 10G, and 

10C would place the modification 9/X opposite to mismatched base dT, dG, and dC 

respectively. 

5-TEG naphthalimide PNA base analogue 9, flanked in-between T-residues in PNA 

oligomer 10, displayed a weak fluorescence band at 535 nm.  Upon hybridization, there was 

~5-fold enhancement in fluorescence intensity when the modification was opposite to 

pyrimidine bases (dT and dC) and ~2-fold enhancement when opposite to dG (Figure 6A).  

More interestingly, when PNA10 was hybridized to ON 10A, where 9 was located opposite 

to a perfect complementary base dA, a significant enhancement in fluorescence intensity 

(~14-fold) as compared to PNA 10 was observed (Figure 6A).  This is possibly because, TEG 

naphthalimide-modification in 10•10A duplex is extrahelical and oriented into major groove 

due to the H-bonding with complementary base dA.  While in mismatched PNA-DNA 

duplexes, TEG naphthalimide-modification could be intrahelical and experiences the π‒π 

stacking with neighboring bases (opposite strand) due to the absence of H-bonding, which 

results into quenching in fluorescence intensity as compared to matched 10•10A duplex.  

Alternatively, upon excitation of amino naphthalimide PNA analogue X flanked in-between 
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T-residues in PNA oligomer 10X at 455 nm, it showed an emission band at 530 nm, and a 

slight increment was observed upon hybridization with ONs 10A, 10T, 10G and 10C (Figure 

6B).  These results clearly depict the importance of emissive analogue 9 over X when 

incorporated into PNA 10 and 10X for the detection of complementary ON (10A) with 

significant enhancement in fluorescence intensity.  This observation could be because of the 

naphthalimide core in 9, which is in conjugation with uracil ring via triple bond, while in X, 

aminonaphthalimide core is attached to the uracil ring via a propargyl linker, which results in 

effective conformational sensitivity for 9 over X upon incorporation into PNA oligomers and 

subsequent hybridization with complementary DNA ONs.  Therefore, we explored the 

emissive 5-TEG naphthalimide PNA analogue 9 to study the impact of the flanking bases.  

For this, PNA oligomers 11 (9 flanked in-between A), 12 (9 flanked in-between G) and 13 (9 

flanked in-between C) were synthesized and performed steady-state fluorescence analysis 

(Figure 5 and Figure 7). 

 

Figure 6. (A) Emission spectra (0.5 µM) of PNA oligomer 10 and duplexes made up of 10. Excitation 

and emission slit widths were kept at 6 and 8 nm, respectively. All Samples were excited at 400 nm. 

(B) Emission spectra (0.5 µM) of PNA oligomer 10X and duplexes made up of 10X. Excitation and 

emission slit widths were kept at 3 and 5 nm, respectively. All Samples were excited at 455 nm. 

 

Upon excitation at 400 nm, PNA11 showed emission band around 548 nm (Figure 

7A).  Interestingly, PNA-DNA duplexes with modification 9 placed opposite to pyrimidine 

bases dT and dC displayed ~10-fold (11•11T and 11•11C), and to purine bases dA and dG 

exhibited ~3–7-fold (11•11G and 11•11A) increment in fluorescence intensity as compared to 

ssPNA11 with small shift in emission maximum (Figure 7A).  However, the 30% 

enhancement in fluorescence intensity for mismatched PNA-DNA (11•11T and 11•11C) 

duplexes as compared to matched 11•11A duplex is possibly due to the following reason.  

The TEG naphthalimide-modification in mismatched duplexes might have experienced the 



 

 

 116  

 

rigidification and hydrophobic environment effect due to the complementary pyrimidine 

residues (dT or dC) as well as neighboring dT residues from opposite strand.  Therefore, 

combination of above two effects could be responsible for the 30% enhancement in 

fluorescence intensity for emissive analogue 9 in mismatched duplexes as compared to 

matched duplex.  Alternatively, PNA12 (9 flanked in-between G) and its duplexes (12•12A, 

12•12T, 12•12G and 12•12C) gave similar fluorescence intensity, and overall fluorescence 

was very low (data not shown).  Moreover, PNA13 (9 flanked in-between C) exhibited an 

emission band at 540 nm, and fluorescence intensity was decreased to ~1.8-fold and ~4.5-

fold for modification 9 placed opposite to complementary base dA (13A) and mismatched 

bases (13T, 13G, 13C) respectively, in PNA-DNA duplexes (Figure 7B).  These observations 

point out that the 5-TEG naphthalimide-modified PNA analogue 9, when flanked in-between 

T-residues, selectively reports the presence of AAA triplet base set in ON with significant 

enhancement (~14-fold) in fluorescence intensity.  Analogue 9, when incorporated into PNA 

oligomers and hybridized to DNA ONs experience change in solvent polarity as well as 

rigidification-derigidification.  Therefore, discrete fluorescence profile exhibited by emissive 

analogue 9 in the different base environment is perhaps due to combined effect of 

rigidification-derigidification of the emissive PNA base, electron transfer process between 

the neighboring bases and emissive PNA base as well as solvation-desolvation effect.
11‒15

 

 

Figure 7. (A) Emission spectra (0.5 µM) of PNA oligomer 11 and duplexes made up of 11. (B) 

Emission spectra (0.5 µM) of PNA oligomer 13 and duplexes made up of 13. Excitation and emission 

slit widths were kept at 6 and 8 nm, respectively. All Samples were excited at 400 nm.  

 

Most of the fluorescent nucleoside analogues reported in the literature structurally 

deviate from the natural nucleobases and destabilize the native duplex structures.  Therefore, 

the impact of naphthalimide modification on the structure and stability of PNA-DNA 

heteroduplexes was evaluated by performing thermal melting and CD analysis.  The thermal 
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melting analysis showed significantly lower Tm values (Δ Tm ≤ 12 °C) for modified PNA-

DNA duplexes as compared to control unmodified PNA-DNA duplexes discussed in Table 5 

of Chapter 2 ( Figure 8A, Table 4).  Furthermore, CD spectra of modified duplex were in 

good agreement with control duplex
 
shown in Figure 12 of Chapter 2 (Figure 8B).  Above 

results confirmed that the PNA oligomers containing 5-TEG naphthalimide-modified PNA 

analogue 9 formed stable duplexes at RT and the observed fluorescence properties are a 

reflection of the intact PNA-DNA duplexes. 

 

Figure 8. (A) UV-thermal melting profile (1.0 µM) of fluorescently modified (10•10A, 11•11A, 

12•12A and 13•13A) model PNA-DNA duplex in 10 mM phosphate buffer (pH 7.1, 100 mM NaCl, 

0.1 mM EDTA). For Tm values see Table 4. (B) CD spectra (5.0 µM) of fluorescently modified PNA-

DNA (10•10A, 10X•10A, 11•11A, 12•12A and 13•13A) duplexes in 10 mM phosphate buffer (pH 

7.1, 100 mM NaCl, 0.1 mM EDTA). 

 

Table 4. Tm values of fluorescent PNA-DNA duplexes made up with 9. 

Duplex made of 9 Tm (°C) 

10•10A 61.5 ± 0.8 

11•11A 61.8 ± 1.2 

12•12A 63.2 ± 0.9 

13•13A 64.2 ± 1.3 

 

4.2.4 Fluorescence detection and imaging of poly(A) tail of mRNA 

Poly(A) tail is present in most of the mRNAs of eukaryotic organisms, which provides 

stability to particular mRNA in the cytoplasm and also promotes the translations process.
16

  

Poly(A) tail length shortening is related to mRNA splicing and degradation process.
16

  

Techniques such as microarray, sequencing, and fluorescence in situ hybridization are widely 

explored for the detection and quantification of poly(A) tail in mRNA.
17

  Among them, 
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fluorescence in situ hybridization (FISH) is one of the most powerful techniques to study the 

dynamics of poly(A) tail of mRNA in the real time.
18

  Fluorescent oligo-dT nucleic acid 

probes are being routinely used to visualize poly(A) tail of mRNA in fixed as well as in live 

cell.
18

  However, natural sugar phosphate backbone of the oligo-dT probe makes it less stable 

in nuclease environment, and they also exhibit no change in fluorescence property upon 

binding to target poly(A) mRNA, which additionally shows background fluorescence 

problem.  Therefore, development of a synthetic nucleic acid hybridization probe, which is 

nuclease stable, base pairs strongly and sequence specifically, and reports poly(A) repeats 

with significant enhancement in fluorescence intensity would be advantageous for cell-based 

analysis. 

Our initial study suggested that the emissive PNA oligomer 10 (9 flanked in-between 

T-residues) were able to detect the AAA triplet base sets upon hybridization to a DNA ON 

with significant enhancement (~14-fold) in fluorescence intensity (Figure 6A).  Therefore, we 

envisioned that this valuable turn-on fluorescence property of the emissive PNA analogue 9 

could be utilized in setting up a hybridization assay to image poly(A) tail of mRNA.  In this 

regards, fluorescently modified 14 (TTTTT9TTTTTTKK) and control unmodified 15 

(TTTTTTTTTTTTKK) PNA oligomers complementary to poly(A) DNA and RNA ONs were 

synthesized by SPPS on Rink amide resin (Figure 9A).  Fmoc-chemistry was preferred over 

Boc-chemistry, because of its mild cleavage condition for the synthesis of PNA oligomers 

(for detailed protocol see experimental section).
9
 

Fmoc-protected fluorescent PNA acid 20 required for SPPS was synthesized as 

illustrated in Scheme 2.  First, 5-iodouracil 16 was reacted with ethyl bromoacetate in K2CO3 

to obtain compound 17.  Iodo compound 17 was converted into emissive ester 18 by 

palladium-catalysed Sonogashira cross-coupling reaction.  The ester 18 was then hydrolyzed 

using aqueous LiOH in THF to fluorescent acid 19.  Further, acid 19 was coupled with Fmoc 

PNA backbone 20 using coupling reagent EDC and DIPEA as a base in dry DMF to afford 

emissive PNA ester 21.  Finally, tBu-ester of compound 21 was hydrolysed using 50% TFA 

in dichloromethane to obtain the emissive Fmoc-protected PNA acid 22, which was 

subsequently used for the SPPS using Fmoc-strategy.  PNA oligomer probe 14 was then 

synthesized by Fmoc-chemistry with L-lysine preloaded rink amide resin and Fmoc aeg-

thymine PNA monomer (Figure 9A).  PNA probe 14 was purified with RP-HPLC and 

characterized by mass analysis (Figure 9B and Figure 9C). 
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Scheme 2. Synthesis of Fmoc-protected 5-TEG naphthalimide-conjugated uracil PNA monomer 22 

for SPPS by Fmoc-chemistry. The structure of Fmoc aeg-thymine PNA monomer is also given.
9
 

 

Figure 9. (A) Sequence of fluorescently modified 14 and control unmodified 15 PNA oligomers. 

Sequences of poly(A) DNA 23 (“d” preceding the parentheses) and RNA 24 ONs are also given. (B) 

RP-HPLC chromatogram of fluorescent PNA probe 14 at 260 nm. Conditions: 0-50% B in 25 min and 

50-100% B in 15 min (Mobile phase A: 5% acetonitrile in H2O containing 0.1% TFA. Mobile phase 

B: 50% acetonitrile in H2O containing 0.1% TFA). Flow rate was 2 mL/min. (C) MALDI-TOF mass 

spectrum of fluorescently modified PNA probe 14. Calculated for [M+Na]
+
 = 3842.81 and observed = 

3842.42.
9
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Next, PNA probe 14 and its duplexes with poly(A) DNA 23 and RNA 24 were 

subjected to steady-state fluorescence analysis (Figure 10).  Upon excitation, PNA probe 14 

gave an emission profile centered around 527 nm with a quantum yield of 0.22 (Figure 10, 

Table 5).  PNA-DNA duplex 14•23 exhibited quenching in fluorescence intensity and reduces 

quantum yield to 0.17 as compared to PNA14 (Figure 10, Table 5).  Interestingly, PNA-RNA 

duplex 14•24 displayed noticeable enhancement in fluorescence intensity with a quantum 

yield of 0.29 (Figure 10, Table 5). 

 

Figure 10. Emission spectra (0.5 µM) PNA probe 14, PNA-DNA (14•23) and PNA-RNA duplex 

(14•24) made up of 15. Excitation and emission slit widths were kept at 2 and 3 nm, respectively. All 

Samples were excited at 400 nm. 

 

Table 5. Fluorescence properties of PNA oligomer 14 and its duplexes with poly(A) DNA 

and RNA. 

sample
 

λem
 

(nm) 

Irel
a 

b
 

 

14 527 1.00 0.22 

14•23 516 0.65 0.17 

14•24 524 1.33 0.29 

a
Intensity with respect to water. 

b
Standard deviations for quantum yield () is ≤ 0.01. 

b
Quantum 

yields were calculated with respect to TEG-naphthalimide PNA monomer 9 as standard.
9 

 

Although the extent of enhancement for the poly(A) RNA was not that great as we 

excepted from model 15mer PNA 10 (~14-fold for 10•10A), still PNA 14 was able to 

preferentially detect poly(A) RNA 24 with enhancement in fluorescence as compared to 
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poly(A) DNA ON 23.  This observation is possibly due to less polar environment 

experienced by modification 9 in PNA-RNA duplex (14•24) as compared to PNA-DNA 

duplex (14•24), which is in correlation with the fluorescence intensity of 9, higher in dioxane 

than water (Figure 3 and Table 2).  Moreover, the overall fluorescence of PNA 14 (9 flanked 

in-between T) was significantly higher than model 15mer PNA 10 (9 flanked in-between T) 

under the same conditions (data not shown).  This observation is possibly due to more 

hydrophobic environment experienced by modification 9 in poly(T) PNA probe 14.  This 

observation clearly explained that the fluorescence outcome of emissive analogue not only 

depends on neighboring bases, but also depends on other nucleobases in the sequence. 

Further, the ability to retain fluorescence upon binding to poly(A) RNA (24) prompted us to 

study the usefulness of emissive PNA analogue 9 in imaging poly(A) tails of mRNA in 

cellular conditions. 

Typically, mRNA is polyadenalyted in the nucleus and transported into the cytoplasm 

for protein synthesis.
19

  To track the poly(A) mRNA in the nucleus as well as cytoplasm, 

FISH technique would be highly useful.  Therefore, we evaluated the suitability of 

fluorescent PNA 14 for the imaging of poly(A) mRNA in DLD1 (human colon cancer) cells.  

The cells cultured in 12-well plates were sequentially fixed, permeabilized, hybridized with 

poly(A) probe (DNA/PNA), and imaged by fluorescence microscopy.  Initially, we 

performed a control experiment with 30-mer Cy5-d(T)30, which has previously been very 

well explored for the imaging of poly(A) mRNA in cells.
18

  Conventional poly(A) FISH 

protocol with Cy-5d(T)30 (0.5 µM) displayed a characteristic poly(A) mRNA distribution 

pattern (red colour in Cy-5 channel) with punctated nuclear staining, which was consistent 

with literature reports (Figure 11).  Next, the appropriate concentration 1.0 µM of PNA 14 for 

poly(A) imaging was determined by performing a preliminary experiment (data not shown).  

When PNA 14 (1.0 µM) was used for poly(A) FISH experiment, we observed staining 

pattern (green colour in naphthalimide channel) with punctated nuclear staining, similar to 

that of Cy-5d(T)30 (Figure 11).  In a parallel experiment, staining of poly(A) mRNA by Cy-

5d(T)30 and PNA 14, after RNase A (single-stranded RNA cleaving enzyme) treatment 

resulted in complete abolishment in the signal from both Cy-5 and naphthalimide channels 

(Figure 11).  Emissive TEG naphthalimide PNA probe 14 was excited with 405 nm laser and 

emission were collected in a range of 510‒580 nm (green-naphthalimide channel).  

Collectively, these results demonstrate that PNA probe 14 can be used to image poly(A) 

mRNA in cells similar to Cy-5d(T)30.  Cell culture was done by a colleague from lab. 
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Figure 11. (A) Imaging cellular poly(A) mRNA using Cy-5d(T)30 and PNA probe 14. Cultured DLD1 

cells were fixed, permeabilized and hybridized with Cy-5d(T)30 (0.5 µM) and PNA probe 14 (1.0 µM) 

for 2.5 h at 37 °C. (B) Cells were treated with RNase A (single-stranded RNA cleaving enzyme) 

and hybridized with Cy-5d(T)30 (1.0 µM) and PNA probe 14 (1.0 µM) under similar conditions. For 

detailed protocol, please see the experimental section.
9
 

 

  Next, we examined the selective binding of PNA over conventional DNA probe (Cy-

5d(T)30) by designing a competition assay.  Upon mixing Cy-5d(T)30 probe (0.5 µM) with 

various concentrations of PNA 14, 1.0 µM, 0.5 µM and 0.25 µM in hybridization buffer, we 

observed punctate green coloured staining pattern for poly(A) mRNA with nuclear staining 

suggesting preferential binding of 14 to poly(A) mRNA over Cy-5d(T)30 (Figure 12).  We 

observed highly specific staining pattern by 14 over Cy-5d(T)30 probe, but the overall 

fluorescence intensity was slightly reduced as the concentration of 14 was gradually 

decreased from 1.0 to 0.25 µM.  This observation points out the selective and preferential 

binding affinity of PNA probe over the DNA probe. 
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Figure 12. Competition assay, (A) Imaging cellular poly(A) mRNA using mixture of Cy-5d(T)30 (0.5 

µM) and PNA probe 14 (1.0, 0.5 and 0.25 µM). (B) Imaging cellular poly(A) mRNA using mixtures 

of Cy-5d(T)30 (0.5 µM) and PNA oligomer 15/25 (1.0 µM). For detailed protocol please see the 

experimental section.
9
 

 

In parallel, when we carried out competition assay with unmodified control PNA 15 

(1.0 µM) and Cy-5d(T)30 (0.5 µM), there was no staining from both Cy-5 (red) and 

naphthalimide (green) channels.  This is because of the preferential binding of unmodified 

PNA 15 to poly(A) mRNA in the presence of Cy-5d(T)30.  Moreover, the specificity of 

poly(A) PNA oligomers 14 and 15 was confirmed by control experiment with 1.0 µM of 

random unmodified PNA oligomer 25 (CGATCAGTGACTAGCKK) and 0.5 µM of Cy-

5d(T)30 probe (Figure 12).  The similar staining pattern was observed as that of Cy-5d(T)30 

probe (compare Figure 11 and 12).  Thus, above competition assays confirmed the strong and 

selective binding affinity of PNA probe over the oligo-dT probe for imaging of poly(A) 

mRNA in cellular conditions.  This observation was further supported by thermal melting 

analysis, where the modified PNA-RNA duplex 14•24 exhibited a significantly higher Tm = 
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78 ± 1.6 °C as compared to control unmodified DNA-RNA duplex 26•24 (Tm = 29 ± 0.5 °C, 

26 = 5’ d(TTTTTTTTTTTT) 3’).  In addition, CD analysis was also carried for the above 

modified PNA-RNA (14•24) and control DNA-RNA (26•24) duplexes at 5.0 µM 

concentration (data not shown).  Although, the CD spectra of PNA-RNA (14•24) duplex was 

similar to that of DNA-RNA (26•24) duplex, the possibility of triplex formation cannot be 

ruled out (for poly-pyrimidine PNA).
20

  However, in PNA-RNA duplex naphthalimide-

modification is pointed towards major groove, which could destabilize the (PNA)2-RNA 

triplex and subsequently eliminate the possibility of triplex formation.  Even if the polyT 

PNA probe forms triplex with poly(A) RNA, application of imaging poly(A) mRNA in 

cellular conditions should not be affected.  Currently, we are utilizing PNA probe 14 for 

imaging of poly(A) mRNA in different cell lines. 

 

4.3 Conclusion 

A small set of emissive PNA base analogues based on Lucifer and pyrene fluorophores was 

developed, which has excitation and emission maximum in the visible region.  In particular, 

the fluorescence of naphthalimide PNA analogue 9 was found to be highly sensitive to 

changes in surrounding microenvironment (e.g., polarity).  Upon incorporation into PNA 

oligomers and hybridization with complementary and mismatched ONs, the emission 

properties of 9 were found to be responsive to neighbouring base environment.  Interestingly, 

a PNA-DNA duplex in which the emissive PNA base was flanked by T residues and base 

paired with dA preferentially reported the presence of an A-repeat with significant 

enhancement in fluorescence intensity.  These observations prompted the design of a poly(T)  

PNA oligomer probe against poly(dA) and poly(A) sequences.  The poly(T) PNA probe 

containing the emissive naphthalimide analogue, when hybridized to poly(dA) and poly(A) 

DNA and RNA ONs, respectively, detected the poly(A) RNA ON with enhancement in 

fluorescence intensity, which was more than the single stranded PNA probe and PNA-

poly(dA) duplex.  The fluorescence properties (excitation and emission profile), which are 

compatible to confocal microscopy, and ability of the PNA probe to detect poly(A) RNA 

repeat enabled the development of a robust assay to image endogenous poly(A) mRNA 

sequences in fixed cells.  Importantly, competition experiment and RNase treatment revealed 

that our fluorescent PNA probe is highly selective and binds to poly(A) mRNA with 

significantly higher affinity over a commercially available poly(A) mRNA probe, Cy5-oligo-

dT30.  Collectively, the ability of PNA to displace/invade nucleic acid structures and the 
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results presented in this chapter underscore the potential of Lucifer-based PNA oligomers as 

efficient probes for detecting and imaging specific nucleic acid sequences in cells.     

 

4.4 Experimental Section 

4.4.1 Materials 

Chloroacetyl chloride, di-t-butyl dicarbonate, ethane-1,2-diamine, ethyl bromoacetate, TFA, 

piperidine, EDC and silica gel (100-200 mesh) were purchased from Spectrochem India. Dry 

DMF and dry dichloromethane were purchased from Rankem India. Acetic anhydride was 

purchased from Thomas Baker India. 5-Iodouracil, sodium ascorbate, propargylamine 

tetrakis(triphenylphosphine) palladium (0), pyridine, N-hydroxybenzotriazole (HOBt), 3-

[bis(dimethylamino)methyliumyl]-3H-benzotriazol-1-oxide hexafluorophosphate (HBTU), 

N,N-diisopropylethylamine (DIPEA), 1,2-ethanedithiol, thioanisole, anisole, Fmoc-Lys(Boc)-

OH and trifluoromethanesulfonic acid (TFMSA), Vanadyl ribonucleoside complex (VRC) 

solution, paraformaldehyde, dextran sulphate, formamide, salmon sperm DNA, RNase A and 

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

obtained from Sigma-Aldrich. Monomethyl TEG amine 2 was prepared by using a method 

described in the literature.  5-iodo uracil PNA ester 6 was synthesized by using our reported 

procedure.
 

Boc-and Fmoc-protected aeg-PNA monomers were purchased from ASM 

Research Chemicals.  The exocyclic amino group of adenine, guanine, and cytosine of Boc-

PNA monomers the with cbz (Z) group. While, Fmoc-PNA monomers was protected with 

Bhoc-group. 4-Methylbenzhydrylamine•HCl (MBHA) resin LL (100-200 mesh) and Boc-

Lys(2-Cl-Z)-OH were obtained from Novabiochem. Rink amide AM resin (100-200 mesh) 

was purchased from GL Biochem (Shanghai) Ltd.  DNA ONs were purchased from 

Integrated DNA Technologies. Custom synthesized RNA ON purchased from Dharmacon 

RNAi Technologies was deprotected according to the supplier’s procedure. Reagents for cell 

culture experiments such as RPMI1640 medium (gibco®), fetal bovine serum (gibco®) and 

penicillin streptomycin (gibco®) and anti-fade mounting media were obtained from Life 

Technology, India. Fluorescent Cy-5 oligo-dT probe (5’Cy5-(T)30 3’) was purchased from 

Sigma-Aldrich. All ONs were purified by polyacrylamide gel electrophoresis (PAGE) under 

denaturing conditions and desalted on Sep-Pak Classic C18 cartridges (Waters Corporation).  

Autoclaved water was used in all biochemical reactions and fluorescence measurements. All 

PNA oligomers were prewarmed at 60 °C for 2 min to avoid self-aggregation before the 

experiments. 
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4.4.2 Instrumentation 

NMR spectra were recorded on a 400 MHz Jeol ECS-400 spectrometer (
1
H 400 MHz and 

13
C 

100 MHz) and processed in Mnova NMR software from Mestrelab Research. All mass 

measurements were recorded on an Applied Biosystems 4800 Plus MALDI-TOF/TOF 

analyzer instrument and Water Synapt G2 High Definition mass spectrometers. Reverse-

phase (RP) flash chromatography (C18 RediSepRf column) purifications were carried out 

using Teledyne ISCO, Combi Flash Rf. Microwave reactions were performed using CEM 

discover microwave synthesizer. PNA oligomers were purified by using Agilent 

Technologies 1260 Infinity HPLC. Absorption spectra were recorded on a Shimadzu UV-

2600 spectrophotometer. UV-thermal melting analysis of duplexes was performed on a Cary 

300Bio UV-Vis spectrophotometer. Steady-state fluorescence experiments were carried out 

in a microfluorescence cuvette (Hellma, path length 1.0 cm) on a Fluoromax-4 and 

Fluorolog-3 spectrophotometer (Horibha Scientific). Time-resolved fluorescence experiments 

were carried out on a TCSPC instrument (Horiba JobinYvon, Fluorolog 3). All CD spectra 

were recorded on JASCO J-815 CD spectrometer. Confocal imaging was carried out on a 

Zeiss LSM710 Confocal Laser Scanning Microscope with oil immersion using 40X lens. The 

channel used for acquiring an image is DAPI filter (λex = 405 nm and λem = 420‒476 nm). 

Emissive TEG naphthalimide PNA probe 14 was also excited with 405 nm laser and emission 

were collected in a range of 510‒580 nm (green-naphthalimide channel). Images for oligo-dT 

probe were acquired in the red Cy-5 filter (λex = 633 nm and λem = 640‒760 nm). The Zen 

2012 software has been used for image acquisition.  Java Image J software was used to 

process the images acquired from the instrument. 

 

4.4.3 Synthesis of fluorescent PNA monomers 

6-Bromo-2-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione 3 

A mixture of 4-bromo-1,8-napthalic anhydride 1 (2.50 g, 9.02 mmol, 1.0 equiv.) and 2-(2-(2-

methoxyethoxy)ethoxy)ethanamine 2 (1.62 g, 9.92 mmol, 1.1 equiv.) in ethanol (25 mL) was 

refluxed for 12 h under nitrogen atmosphere. The solvent was evaporated completely; residue 

was then dissolved in dichloromethane (120 mL) and washed with water (2 x 50 mL). 

Organic layer was then evaporated and residue was purified by silica gel column 

chromatography to afford the product 3 as pale yellow solid (3.03 g, 79%). TLC Rf = 0.39 

(CHCl3); 
1
H-NMR (400 MHz, CDCl3): δ = 8.64 (dd, J = 7.4 & 1.0 Hz, 1H), 8.55 (dd, J = 8.6 
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& 1.0 Hz, 1H), 8.39 (d, J = 7.6 Hz, 1H), 8.03 (d, J = 7.6 Hz, 1H), 7.83 (dd, J = 8.6 & 7.4 Hz, 

1H), 4.42 (t, J = 6.0 Hz, 2H), 3.82 (t, J = 6.2 Hz, 2H), 3.71–3.67 (m, 2H), 3.62–3.60 (m, 2H), 

3.58–3.56 (m, 2H), 3.45–3.42 (m, 2H), 3.31 (s, 3H) ppm; 
13

C-NMR (100 MHz, CDCl3): δ = 

163.8, 163.7, 133.4, 132.2, 131.4, 131.2, 130.7, 130.4, 129.2, 128.2, 123.2, 122.3, 72.0, 70.7, 

70.6, 70.3, 68.0, 59.1, 39.4 ppm; HRMS: Calcd. for C19H20BrNO5Na: 444.0423 [M+Na]
+
; 

found: 444.0421. 

 

6-Ethynyl-2-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione 4a 

A mixture of 4-bromo napthalimide derivative 3 (3.03 g, 7.2 mmol, 1.0 equiv.), 

tetrakis(triphenylphosphine) palladium(0) (0.414 g, 0.36 mmol, 0.05 equiv.) and CuI (0.14 g, 

0.72 mmol, 0.1 equiv.) were dissolved in degassed anhydrous THF (60 mL). 

Trimethylsilylacetylene (4.1 mL, 28.7 mmol, 4 equiv.) and N,N-diisopropylethylamine (4.4 

mL, 25.1 mmol, 3.5 equiv.) were added slowly to the above solution and reaction mixture 

was stirred at RT for 12 h in nitrogen atmosphere. Solvent was evaporated completely and the 

residue was purified by silica gel column chromatography to afford the brown viscous oil 

(1.90 g, 60%), TLC Rf = 0.77 (CH2Cl2).  

Above coupled product (1.9 g, 4.3 mmol, 1.0 equiv.) and 1 M tetrabutylammonium fluoride 

solution in THF (17.3 mL, 17.3 mmol, 4.0 equiv.) was heated at 60 °C for 1 h in anhydrous 

methanol (38 mL). Solvent was evaporated and residue was re-dissolved in ethyl acetate (100 

mL). Ethyl acetate layer was washed with water (50 mL) and brine (50 mL). Organic layer 

was separated and dried over sodium sulphate. Organic layer was then completely evaporated 

using rotary evaporator and residue was purified by silica gel column chromatography to 

afford as lemon yellow solid 4a (1.31 g, 87%). TLC Rf = 0.56 (EtOAc); 
1
H-NMR (400 MHz, 

CDCl3): δ = 8.66–8.61 (m, 2H), 8.51 (d, J = 7.6 Hz, 1H), 7.92 (d, J = 7.6 Hz, 1H), 7.61 (t, J = 

8.0 Hz, 1H), 4.43 (t, J = 6.0 Hz, 2H), 3.82 (t, J = 6.0 Hz, 2H), 3.74 (s, 1H), 3.71–3.69 (m, 

2H), 3.63–3.60 (m, 2H), 3.58–3.56 (m, 2H), 3.45–3.42 (m, 2H), 3.31 (s, 3H) ppm; 
13

C-NMR 

(100 MHz, CDCl3): δ = 164.1, 163.8, 132.4, 132.0, 131.8, 131.7, 130.3, 128.1, 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 ppm; HRMS: Calcd. for 

C21H21NO5Na: 390.1317 [M+Na]
+
; found: 390.1317. 
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6-Bromo-2-(prop-2-yn-1-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 5 

A mixture of 4-bromo-1,8-napthalic anhydride 1 (2.12 g, 7.65 mmol, 1.0 equiv.) and 

propargyl amine (0.98 mL, 15.3 mmol, 2.0 equiv.) in ethanol (21.2 mL) was refluxed for 12 h 

under nitrogen atmosphere. The solvent was evaporated completely; residue was then 

dissolved in dichloromethane (100 mL) and washed with water (2 x 50 mL). Organic layer 

was then evaporated and residue was purified by silica gel column chromatography to afford 

the product as faint white solid 5 (2.10 g, 89%). TLC Rf = 0.54 (CH2Cl2); 
1
H-NMR (400 

MHz, CDCl3): δ = 8.71 (dd, J = 7.6 & 1.2 Hz, 1H), 8.61 (dd, J = 8.6 & 1.0 Hz, 1H), 8.46 (d, J 

= 8.0 Hz, 1H), 8.06 (d, J = 7.6 Hz, 1H), 7.87 (dd, J = 8.6 & 7.4 Hz, 1H), 4.96 (d, J = 2.8 Hz, 

2H), 2.20 (t, J = 2.4 Hz, 1H) ppm; 
13

C-NMR (100 MHz, CDCl3): δ = 163.0, 133.9, 132.6, 

131.8, 131.4, 131.0, 130.9, 129.2, 128.3, 122.9, 122.0, 78.5, 70.9, 29.7 ppm; HRMS: Calcd. 

For C15H9BrNO2: 313.9817 [M+H]
+
; found: 313.9810. 

 

6-Amino-2-(prop-2-yn-1-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 4b 

A mixture of 4-bromo napthalimide derivative 5 (1.10 g, 3.51 mmol, 1.0 equiv.) and NaN3 

(1.14 g, 17.55 mmol, 5.0 equiv.) in N-methyl pyrrolidone (15 mL) was stirred at RT for 16 h. 

Then 50 mL de-ionized water was added to above reaction mixture and the crude product was 

extracted using dichloromethane (2 x 100 mL). The Organic layer was evaporated using a 

rotary evaporator to afford the crude product as faint brown solid (0.87 g, 97%) TLC Rf = 

0.53 (CH2Cl2). 

Above product (0.544 g, 1.97 mmol, 1.0 equiv.) and sodium ascorbate (3.92 g, 19.78 mmol, 

10.0 equiv.) in 10 mL of DMF-H2O mixture (4:1) was stirred for 14 h at RT. Solvent was 

evaporated using high vacuum pump and residue was dissolved into CH2Cl2 (100 mL). 

Dichloromethane layer was further washed with water (2 x 30 mL) and dried over sodium 

sulphate. Organic layer was then completely evaporated using rotary evaporator and residue 

was purified by silica gel column chromatography to afford as yellow solid 4b (0.35 g, 70%). 

TLC Rf = 0.24 (Ethyl acetate: Hexane = 5:5); 
1
H-NMR (400 MHz, d6-DMSO): δ = 8.63 (d, J 

= 8.4, 1H), 8.45–8.43 (m, 1H), 8.20 (d, J = 8.4 Hz, 1H), 7.66 (appt, J = 7.6 & 6.8 Hz, 1H), 

7.53 (br, 2H), 4.73 (s, 2H), 3.06 (appt, J = 2.4 & 2.0 Hz, 1H) ppm; 
13

C-NMR (100 MHz, d6-

DMSO): δ = 163.1, 162.0, 153.1, 134.3, 131.3, 129.8, 129.7, 124.1, 121.4, 119.4, 106.3, 

107.0, 80.0, 72.4, 26.6 ppm; HRMS: Calcd. for C15H11N2O2: 251.0821 [M+H]
+
; found: 

251.0819.  
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General procedure for the synthesis of fluorescent PNA esters 7(a-c) 

A mixture of 5-iodouracil PNA ester 6
2
 (1.0 equiv.), CuI (0.2 equiv.), 

tetrakis(triphenylphosphine) palladium(0) (0.1 equiv.) and alkyne (4a–4c) (1.1 equiv.) were 

dissolved in degassed anhydrous THF (25 mL per g of 6) under nitrogen atmosphere. DIPEA 

(3.5 equiv.) was then slowly added, and the reaction mixture was stirred in the dark at RT for 

12h. Solvent was evaporated using rotary evaporator. The residue was dissolved in ethyl 

acetate and further washed with water. The organic layer was separated and dried over 

sodium sulphate. The residue obtained after evaporation was purified using silica gel Combi-

flash column chromatography (methanol-dichloromethane solvent systems) to afford desired 

products 7(a-c).  

 

Ethyl N-(2-((tert-butoxycarbonyl)amino)ethyl)-N-(2-(5-((2-(2-(2-(2-

methoxyethoxy)ethoxy)ethyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-

yl)ethynyl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetyl)glycinate 7a: Yellow solid, 

(0.63 g of product 7a from 1.1 g of 6) 40% yield. TLC Rf  = 0.48 (CHCl3:MeOH = 9:1); 
1
H-

NMR (400 MHz, CDCl3): δ = 8.73 (d, J = 8.4 Hz, 1H), 8.54 (appt, J = 6.8 & 5.6 Hz, 1H), 8.42 

(appt, J = 7.6 & 5.2 Hz, 1H), 7.80–7.76 (m, 2H), 7.70 (br, 1H), 5.64 (ma.) and 5.07 (mi.) (appt, 

J = 5.2 Hz, 1H), 4.76 (ma.) and 4.60 (mi.) (s, 2H), 4.40 (t, J = 6 Hz, 2H), 4.24 (m, 4H), 3.81 

(t, J = 6 Hz, 2H), 3.71–3.69 (m, 2H), 3.62–3.60 (m, 2H), 3.58–3.56 (m, 4H), 3.45–3.42 (m, 

2H), 3.37–3.34 (m, 2H), 3.30 (s, 3H), 1.46 (ma.) and 1.42 (mi.) (s, 9H), 1.34 (mi.) and 1.27 

(ma.) (t, J = 7.2 Hz, 3H) ppm; 
13

C-NMR (100 MHz, CDCl3): δ = 169.7 (ma.) and 169.4 (mi.), 

167.3 (mi.) and 166.9 (ma.), 164.1 (mi.) and 163.8 (ma.), 161.6, 156.2, 149.9, 148.5 (mi.) and 

148.4 (ma.), 133.0, 132.3, 132.2, 131.8, 131.5, 130.3 (ma.) and 130.2 (mi.), 128.7, 128.6, 

128.0 (mi.) and 127.8 (ma.), 127.1, 122.7 (ma.) and 122.2 (mi.), 99.7, 91.4, 90.2, 80.3, 72.0, 

70.7, 70.6, 70.3, 68.0, 62.6, 62.0, 59.1, 49.4, 49.0, 48.6, 46.2, 39.3 (ma.) and 38.9 (mi.), 28.6 

(ma.) and 28.5 (mi.), 14.2 ppm; HRMS: Calcd. for C38H45N5O12Na: 786.2962 [M+Na]
+
; 

found: 786.2956. (Note: trace amount of impurity was present). 

 

Ethyl N-(2-(5-(3-(6-amino-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)prop-1-yn-1-yl)-

2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetyl)-N-(2-((tert-

butoxycarbonyl)amino)ethyl)glycinate 7b: Yellow solid, (0.19 g of product 7b from 0.39 g 

of 6) 40% yield. TLC Rf  = 0.38 (CHCl3:MeOH = 9:1); 
1
H-NMR (400 MHz, d6-DMSO): δ = 

11.63 (ma.) and 11.62 (mi.) (br, 1H), 8.64 (d, J = 8.4 Hz, 1H), 8.46 (d, J = 7.2 Hz, 1H), 8.22 
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(d, J = 8.4 Hz, 1H), 7.79 (s, 1H), 7.67 (appt, J = 8.0 & 7.6 Hz, 1H), 7.54 (br, 2H), 4.94 (s, 2H), 

4.67 (ma.) and 4.51 (mi.) (s, 2H), 4.23–4.00 (m, 4H), 3.35–3.27 (m, 2H), 3.14–3.11 (ma.) and 

3.01–2.97 (mi.) (m, 2H), 1.32 (mi.) and 1.31 (ma.) (s, 9H), 1.21 (mi.) and 1.15 (ma.) (appt, J = 

7.2 & 6.8 Hz, 3H)   ppm; 
13

C-NMR (100 MHz, d6-DMSO): δ = 169.2, 168.9, 167.3, 166.9, 

163.1, 162.1 (ma.) and 162.0 (mi.), 155.7, 153.1, 149.9, 134.3, 131.4, 129.6, 124.1, 121.5, 

119.4, 108.3, 107.1, 96.9, 88.5 (ma.) and 88.4 (mi.), 78.0 (ma.) and 77.7 (mi.), 73.3, 61.2, 

60.3, 47.9, 47.6, 46.9, 37.9, 29.4, 28.2 (mi.) and 28.1 (ma.), 14.0 ppm; HRMS: Calcd. for 

C32H34N6O9Na: 669.2284 [M+Na]
+
; found: 669.2291. 

 

Ethyl N-(2-((tert-butoxycarbonyl)amino)ethyl)-N-(2-(2,4-dioxo-5-(pyren-4-ylethynyl)-

3,4-dihydropyrimidin-1(2H)-yl)acetyl)glycinate 7c: Faint yellow solid, (0.22 g of product 

7c from 0.21 g of 6) 56% yield; TLC Rf  = 0.43 (EtOAc); 
1
H-NMR (400 MHz, d6-DMSO): δ 

= 11.89 (ma.) and 11.73 (mi.) (br, 1H), 8.65–8.61 (m, 1H), 8.39–8.11 (m, 7H), 7.64–7.52 (m, 

2H), 7.01–6.73 (m, 1H), 4.85–4.54 (m, 2H), 4.35–4.04 (m, 4H), 3.47–3.37 (m, 2H), 3.24–

3.03 (m, 2H), 1.40 (ma.) and 1.37 (mi.) (s, 9H), 1.27 (mi.) and 1.20 (ma.) (t, J = 7.2 Hz, 3H) 

ppm; 
13

C-NMR (100 MHz, d6-DMSO): δ = 169.7 (mi.) and 169.4 (ma.), 167.8 (mi.) and 

167.5 (ma.), 162.6 (ma.) and 161.6 (mi.), 156.3, 151.1 (mi.) and 150.5 (ma.), 132.5, 132.0, 

131.9, 131.4, 131.3, 131.0, 129.4, 129.3, 129.2, 128.8, 127.7, 127.3, 126.5 (mi.) and 126.4 

(ma.), 125.4 (ma.) and 125.3 (mi.), 124.1, 123.9, 117.3, 98.1, 91.7, 88.4, 78.6 (ma.) and 78.3 

(mi.), 61.7 (mi.) and 61.1 (ma.), 48.7, 48.4, 47.5, 38.5, 28.6, 14.5 ppm; HRMS: Calcd. for 

C35H35N4O7: 623.2506 [M+H]
+
; found: 623.2497. 

 

General procedure for the synthesis of fluorescent PNA acids 8(a-c) 

To a solution of fluorescent PNA esters (7a/7b/7c, 1.0 equiv.) in methanol (20 mL per g of 

7(a-c)) was added lithium hydroxide (3% solution in H2O, 10 mL per g of 7(a-c) and the 

reaction mixture was stirred for 3 h at RT. The solvent was evaporated to dryness, and the 

residue was dissolved in water and washed with diethyl ether. To the aqueous extract was 

added saturated KHSO4 solution to adjust the pH to ~4. The product was then extracted with 

EtOAc and solvent was evaporated. The residue was purified by reversed phase column 

chromatography (C18 RediSepRf column, MeOH: H2O) to afford the desired products 7 (a-

c). 
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N-(2-((tert-Butoxycarbonyl)amino)ethyl)-N-(2-(5-((2-(2-(2-(2-

ethoxyethoxy)ethoxy)ethyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-

yl)ethynyl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetyl)glycine 8a: Yellow solid, (0.3 

g of product 8a from 0.45 g of 7a) 69% yield. TLC Rf  = 0.12 (CH2Cl2:MeOH = 9:1); 
1
H-

NMR (400 MHz, d6-DMSO): δ = 11.93 (br, 1H), 8.75 (d, J = 8.4 Hz, 1H), 8.54–8.26 (m, 3H), 

8.00–7.88 (m, 2H), 7.64–7.55 (m, 2H), 7.00 (ma.) and 6.85 (mi.) (br, 1H), 4.82 (ma.) and 

4.65 (mi.) (s, 2H), 4.24–3.99 (m, 4H), 3.67–3.41 (m, 13H), 3.14 (s, 3H), 1.39 (ma.) and 1.36 

(mi.) (s, 9H) ppm; 
13

C-NMR (100 MHz, d6-DMSO): δ = 167.2 (mi.) and 166.6 (ma.), 163.2, 

162.9, 161.9, 155.8 (ma.) and 155.6 (mi.), 151.2 (mi.) and 150.9 (ma.), 149.9, 132.1 (ma.) 

and 131.9 (mi.), 131.5, 131.3, 130.7 (ma.) and 130.6 (mi.), 130.2 (ma.) and 130.0 (mi.), 128.8 

(ma.) and 128.7 (mi.), 128.1 (ma.) and 128.0 (mi.), 127.4 (ma.) and 127.3 (mi.), 126.5 (mi.) 

and 126.4 (ma.), 122.6 (ma.) and 122.5 (mi.), 121.5 (ma.) and 121.4 (mi.), 96.6, 92.3, 89.5, 

78.1, 77.7, 71.2, 69.7, 69.6, 66.9, 58.0, 48.4, 47.9, 46.9, 38.0, 28.2 ppm; HRMS: Calcd. for 

C36H41N5O12Na: 758.2649 [M+Na]
+
; found: 758.2657. 

N-(2-(5-(3-(6-Amino-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)prop-1-yn-1-yl)-2,4-

dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetyl)-N-(2-((tert-

butoxycarbonyl)amino)ethyl)glycine 8b: Yellow solid, (20 mg of product 8b from 50 mg 

of 7b) 42% yield; TLC Rf  = 0.09 (CH2Cl2:MeOH = 9:1); 
1
H-NMR (400 MHz, d6-DMSO): δ 

= 11.65 (br, 1H), 8.65 (d, J = 8.4 Hz, 1H), 8.46 (d, J = 7.2 Hz, 1H), 8.22 (d, J = 8.4 Hz, 1H), 

7.80 (ma.) and 7.78 (mi.) (s, 1H), 7.67 (appt, J = 8.0 and 7.6 Hz, 1H), 7.55 (br, 2H), 6.94–6.73 

(m, 2H), 4.94 (s, 2H), 4.66 (ma.) and 4.49 (mi.) (s, 2H), 4.07 (mi.) and 3.93 (ma.) (s, 2H), 

3.33–3.26 (m, 2H), 3.13–2.98 (m, 2H), 1.31 (s, 9H) ppm; 
13

C-NMR (100 MHz, d6-DMSO): δ 

= 170.4, 166.7, 163.1, 162.1, 155.7, 153.2, 150.0, 134.3, 131.4, 129.8, 124.1, 121.5, 119.4, 

108.3, 107.1, 96.9, 88.4, 78.0, 73.3, 47.9, 47.6, 46.7, 37.8, 29.4, 28.1 ppm; HRMS: Calcd. for 

C30H30N6O9Na: 641.1972 [M+Na]
+
; found: 641.1964. (Note: trace amount of DMSO 

impurity was present). 

N-(2-((tert-Butoxycarbonyl)amino)ethyl)-N-(2-(2,4-dioxo-5-(pyren-1-ylethynyl)-3,4-

dihydropyrimidin-1(2H)-yl)acetyl)glycine 8c: Faint yellow solid, (0.1 g of product 8c from 

0.21 g of 7c) 50% yield; TLC Rf  = 0.13 (CH2Cl2:MeOH = 9:1); 
1
H-NMR (400 MHz, d6-

DMSO): δ = 12.81 (br, 1H), 11.88 (ma.) and 11.72 (mi.) (br, 1H), 8.64 (mi.) and 8.63 (ma.) 

(d, J = 9.2 Hz, 1H), 8.39–8.11 (m, 9H), 6.99 (ma.) and 6.77 (mi.) (appt, J = 6.0 and 5.6 Hz, 

1H), 4.83 (ma.) and 4.66 (mi.) (s, 2H), 4.24 (mi.) and 4.02 (ma.) (s, 2H), 3.45–3.35 (m, 2H), 

3.24–3.19 (ma.) and 3.09–3.05 (mi.) (m, 2H), 1.40 (ma.) and 1.37 (mi.) (s, 9H) ppm; 
13

C-
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NMR (100 MHz, d6-DMSO): δ = 170.9, 167.7 (ma.) and 167.3 (mi.), 162.6, 156.3, 150.5, 

132.0, 131.9, 131.3, 131.0, 129.4, 129.3, 129.2, 128.8, 127.7, 127.3, 126.5 (mi.) and 126.4 

(ma.), 125.4 (ma.) and 125.3 (mi.), 124.1, 123.9, 117.4 (mi.) and 117.3 (ma.), 98.1 (ma.) and 

98.0 (mi), 91.7 (ma.) and 91.6 (mi.), 88.4, 78.6 (ma.) and 78.3 (mi.), 48.7, 48.1, 47.3, 38.5, 

28.6 ppm; HRMS: Calcd. for C33H31N4O7: 595.2193 [M+H]
+
; found: 595.2184. 

 

N-(2-Aminoethyl)-N-(2-(5-((2-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-1,3-dioxo-2,3-

dihydro-1H-benzo[de]isoquinolin-6-yl)ethynyl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)acetyl)glycine 9 

Solution of compound 8a (0.300 g, 0.41 mmol, 1.0 equiv.) in 50% TFA in dichloromethane 

(15 mL) was stirred for 3 h at RT. Reaction mixture was evaporated to dryness using NaOH 

trap, and residue was co-evaporated with dichloromethane (3 x 20 mL). Residue was further 

purified using RP-HPLC with semipreparative column [conditions: 050% B in 10 min and 

50100% B in 10 min (Mobile phase A: 5% acetonitrile in H2O containing 0.1% TFA. 

Mobile phase B: 100% acetonitrile in H2O containing 0.1% TFA) and flow rate: 1 mL/min] 

to afford yellow solid 9 (0.133 g, 51%). 
1
H-NMR (400 MHz, d6-DMSO): δ = 11.99 (mi.) and 

11.95 (ma.) (s, 1H), 8.81–8.69 (m, 1H), 8.59–8.54 (m, 1H), 8.46–8.30 (m, 2H), 7.99–7.77 (m, 

5H), 5.12–4.69 (m, 2H), 4.36–4.06 (m, 4H), 3.69–3.64 (m, 3H), 3.57–3.53 (m, 3H), 3.48–

3.45 (m, 2H), 3.43–3.40 (m, 2H), 3.29–3.27 (m, 2H), 3.14 (s, 3H), 3.11–2.96 (m, 2H) ppm; 

13
C-NMR (100 MHz, d6-DMSO): δ = 170.9 (mi.) and 170.8 (ma.), 168.2, 167.0, 163.2 (mi.) 

and 162.9 (ma.), 161.9, 151.1, 150.0, 131.9, 131.3, 130.7, 130.2, 130.0, 128.2, 127.4, 126.4, 

122.6, 121.6, 96.7 (mi.) and 96.6 (ma.), 92.4 (ma.) and 92.3 (mi.), 89.6 (mi.) and 89.5 (ma.), 

71.2, 69.7, 69.6, 66.9, 58.0, 48.8 (mi.) and 48.5 (ma.), 47.8, 45.0, 36.9 ppm; HRMS: Calcd. 

for C31H34N5O10: 636.2306 [M+H]
+
; found: 636.2318. λmax (H2O) = 388 nm; ε260 = 9680 M

-

1
cm

-1
, ε388 =  17700 M

-1
cm

-1
. 

 

Ethyl 2-(5-iodo-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetate 17 

To a suspension of iodouracil 16 (3.97 g, 16.69 mmol, 1.0 equiv.) and K2CO3 (2.31 g, 16.69 

mmol, 1.0 equiv.) in DMF (99 mL) was added ethyl bromoacetate (1.86 mL, 16.69 mmol, 1.0 

equiv.) drop wise. The reaction mixture was vigorously stirred for 12 h at RT. The DMF was 

evaporated using rotary evaporator with high vacuum pump and then water (100 mL) was 

added and the product was extracted using EtOAc (2 × 100 mL). The organic layer was 

evaporated and residue was purified by silica gel column chromatography to afford the 



 

 

 133  

 

product 17 as a white solid (3.23 g, 59%). TLC Rf = 0.43 (Hexane:EtOAc = 5:5); 
1
H-NMR 

(400 MHz, d6-DMSO): δ = 11.81 (br, 1H), 8.21 (s,1H), 4.50 (s, 2H), 4.15 (q, J = 7.2 Hz , 

2H), 1.21 (t, J = 7.2 Hz, 3H) ppm; 
13

C-NMR (100 MHz, d6-DMSO): δ = 167.9, 161.0, 150.6, 

150.0, 68.2, 61.2, 48.5, 14.0 ppm; HRMS: (m/z): Calc. for C8H10IN2O4: 324.9685 [M+H]
+
; 

found: 324.9685. (Note: trace amount of acetone impurity was present) 

 

Ethyl 2-(5-((2-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-1,3-dioxo-2,3-dihydro-1H-

benzo[de]isoquinolin-6-yl)ethynyl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetate 18 

To a suspension of compound 17 (0.610 g, 1.88 mmol, 1.0 equiv.), 4 (0.680 g, 1.88 mmol, 

1.0 equiv.), Pd(Ph3)4 (0.214 g, 0.19 mmol, 0.1 equiv.) and CuI (0.071 g, 0.38 mmol, 0.2 

equiv.) in degassed dry THF (6 mL) was added N,N-diisopropylethylamine (1.13 mL, 6.58 

mmol, 3.5 equiv.). The reaction mixture was stirred for 12 h at RT and filtered through celite 

pad, washed with THF (2 x 10 mL). The filterate was then evaporated and the residue was 

washed with petroleum ether (2 x 20 mL). The crude product was further re-crystalized using 

EtOAc (30 mL) to afford the product 18 as a yellow solid (0.545 g, 52%). TLC Rf = 0.41 

(EtOAc); 
1
H-NMR (400 MHz, d6-DMSO): δ = 12.03 (br, 1H), 8.74 (d, J = 8.4 Hz, 1H), 8.53 

(d, J = 7.2 Hz, 1H), 8.49 (s, 1H), 8.43 (d, J = 7.6 Hz, 1H), 7.98–7.92 (m, 2H), 4.65 (mi.) and 

4.63 (ma.) (s, 2H), 4.25–4.17 (m, 4H), 3.66 (t, J = 6.4 Hz, 2H), 3.56–3.53 (m, 2H), 3.47–3.41 

(m, 4H), 3.30–3.27 (m, 2H), 3.15 (s, 3H), 1.24 (appt, J = 7.2 and 6.8 Hz, 3H) ppm; 
13

C-NMR 

(100 MHz, d6-DMSO): δ = 167.6, 163.1, 162.8, 161.7, 150.3, 149.8, 131.8, 131.2, 130.6, 

130.1, 130.0, 128.0, 127.3, 126.2, 122.5, 121.6, 96.9, 92.0, 89.5, 71.1, 69.6, 69.5, 66.8, 61.4, 

57.9, 49.0, 14.0 ppm; HRMS: (m/z): Calc. for C29H29N3O9Na: 586.1801 [M+Na]
+
; found: 

586.1797. 

 

2-(5-((2-(2-(2-(2-Methoxyethoxy)ethoxy)ethyl)-1,3-dioxo-2,3-dihydro-1H 

benzo[de]isoquinolin-6-yl)ethynyl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetic acid 

19 

To a solution of compound 18 (0.545 g, 0.97 mmol, 1.0 equiv.) in THF (11 mL), lithium 

hydroxide (7% solution in H2O, 5.0 mL ) was added dropwise and the reaction mixture was 

stirred for 2 h at RT. Reaction mixture was evaporated to dryness, and residue was dissolved 

in water (20 mL) and washed with diethyl ether (15 ml). To the aqueous extract was added 

saturated KHSO4 solution (~5 mL) to adjust the pH to ~5 and product was precipitated out as 

yellow solid. Which was further collected upon filteration as a yellow solid 19 (0.47 g, 91%). 
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TLC Rf = 0.18 (CH2Cl2:MeOH = 8:2); 
1
H-NMR (400 MHz, d6-DMSO): δ = 11.98 (br, 1H), 

8.72 (d, J = 8.4 Hz, 1H), 8.53–8.49 (m, 1H), 8.48 (s, 1H), 8.41 (d, J = 7.6 Hz, 1H), 7.97–7.87 

(m, 2H), 4.53 (s, 2H), 4.22 (t, J = 6.4 Hz, 2H), 3.65 (t, J = 6.4 Hz, 2H), 3.55–3.53 (m, 2H), 

3.47–3.41 (m, 4H), 3.30–3.27 (m, 2H), 3.14 (s, 3H) ppm; 
13

C-NMR (100 MHz, d6-DMSO): δ 

= 169.1, 165.7, 163.1, 162.8, 161.7, 150.6, 149.9, 131.8, 131.2, 130.6, 130.1, 129.9, 128.0, 

127.3, 126.3, 122.5, 121.5, 96.7, 92.2, 89.4, 71.1, 69.6, 69.5, 66.9, 57.9, 49.1 ppm; HRMS: 

Calcd. for C27H25N3O9Na: 558.1488 [M+Na]
+
; found: 558.1492.  

 

tert-Butyl N-(2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)ethyl)-N-(2-(5-((2-(2-(2-(2-

methoxyethoxy)ethoxy)ethyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-

yl)ethynyl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetyl)glycinate 21 

Solution of compound 19 (0.430 g, 0.80 mmol, 1.2 equiv.), Fmoc PNA backbone 20 (0.290 

g, 0.67 mmol, 1.0 equiv.), EDC (0.153 g, 0.80 mmol, 1.2 equiv.), HOBt (0.108 g, 0.80 mmol, 

1.2 equiv.) and DIPEA (0.23 mL, 1.34 mmol, 2.0 equiv.) in dry DMF (8.6 mL) were stirred  

for 4 h at RT under nitrogen atmosphere. Solvent was evaporated and residue was purified 

using silica gel chromatography with dichloromethane and methanol solvent system to afford 

yellow solid 21 (0.28 g, 38%). TLC Rf = 0.53 (EtOAc); 
1
H-NMR (400 MHz, d6-DMSO): δ = 

11.94 (br, 1H), 8.73 (d, J = 8.4 Hz, 1 H), 8.55–8.48 (m, 1H), 8.40 (t, J = 7.0 Hz, 1H), 8.33 

(ma.) and 8.30 (mi.) (s, 1H), 7.95–7.82 (m, 4H), 7.69–7.64 (m, 2H), 7.46–7.26 (m, 5H), 4.83 

(ma.) and 4.65 (mi.) (s, 2H), 4.35–4.22 (m, 6H), 3.97 (s, 1H), 3.66 (t, J = 6.4 Hz, 2H), 3.56–

3.53 (m, 2H), 3.47–3.40 (m, 6H), 3.29–3.27 (m, 4H), 3.14 (s, 3H), 1.48 (mi.) and 1.40 (ma.) 

(s, 9H) ppm; 
13

C-NMR (100 MHz, d6-DMSO): δ = 167.9, 166.7, 163.1, 162.8, 161.8, 157.4, 

150.9, 149.9, 142.5, 139.4, 137.4, 131.9, 131.2, 130.6, 130.1, 129.9, 128.9, 128.0, 127.4, 

127.2, 126.4, 122.5, 121.5, 121.3, 120.0, 109.7, 96.6, 92.4, 92.3, 89.4, 82.0, 81.0, 71.1, 69.6, 

69.5, 66.9, 57.9, 54.9, 48.7, 48.4, 47.2, 38.8, 27.7 (ma.) and 27.6 (mi.) ppm; HRMS: (m/z): 

Calc. for C50H51N5O12Na: 936.3432 [M+Na]
+
; found: 936.3406. (Note: trace amount of 

dichloromethane impurity was present).   

 

N-(2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)ethyl)-N-(2-(5-((2-(2-(2-(2-

methoxyethoxy)ethoxy)ethyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-

yl)ethynyl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetyl)glycine 22 

Solution of compound 21 (0.13 g, 0.14 mmol, 1.0 equiv.) in 50% TFA in dichloromethane 

(15 mL) was stirred for 2 h at RT. Solvent was evaporated to dryness using NaOH trap, and 
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residue was co-evaporated using dichloromethane (3 x 20 mL). Crude product was purified 

using silica gel column chromatography with dichloromethane and methanol solvent system 

to afford yellow product 22 (95 mg, 78%). TLC Rf = 0.33 (CH2Cl2:MeOH = 8.5:1.5); 
1
H-

NMR (400 MHz, d6-DMSO): δ = 11.95 (mi.) and 11.90 (ma.) (br, 1H), 8.69–8.61 (m, 1 H), 

8.48–8.24  (m, 3H), 7.84–7.47 (m, 7H), 7.39–7.26 (m, 4H), 4.83 (mi.) and 4.68 (ma.) (s, 2H), 

4.33–4.13 (m, 5H), 3.99 (br, 2H), 3.66–3.63 (m, 2H), 3.55–3.53 (m, 2H), 3.47–3.45 (m, 3H), 

3.43–3.41 (m, 4H), 3.31–3.27 (m, 3H), 3.15 (ma.) and 3.14 (mi.) (s, 3H) ppm; 
13

C-NMR (100 

MHz, d6-DMSO): δ = 167.4, 166.5, 163.1, 162.8, 161.9, 156.4, 156.1, 151.1 (mi.) and 151.0 

(ma.), 150.0, 143.8, 140.7, 140.6, 131.9, 131.2, 131.7, 130.6 (mi.) and 130.5 (ma.), 130.1, 

130.0, 129.9, 129.8, 129.7, 128.0, 127.9, 127.8, 127.6 (mi.) and 127.5 (ma.), 127.3, 127.1, 

126.4, 125.2, 120.1 (mi.) and 120.0 (ma.), 96.6, 92.5 and 92.4, 89.5, 71.2, 69.7, 69.6, 66.9, 

65.6, 58.0, 51.2, 48.6, 46.8 (mi.) and 46.7 (ma.), 37.9 ppm; HRMS: Calcd. for 

C46H43N5O12Na: 880.2806 [M+Na]
+
; found: 880.2799. 

 

4.4.4 Photophysical characterization of PNA base analogues 8a‒8c and 9 

UV-Vis absorption: Samples of 8a‒8c and 9 (25.0 µM) were prepared in solvents of 

different polarity such as water, methanol and dioxane. Sample of analogue 9 (25.0 µM) were 

also prepared in water, dioxane and their mixtures (25% dioxane, 50% dioxane, 75% dioxane 

in water). All solutions contained 2.5% DMSO. 

Steady-state fluorescence: Emission spectra of 8a‒8c and 9 (5.0 µM) in water, methanol, 

and dioxane were obtained by exciting the samples at respective longest absorption maximum 

(see Table 1 and 2) by maintaining the excitation and emission slit widths at 1 and 2 nm, 

respectively, for 8a‒8c and 1 and 3 nm, respectively, for 9. Emission spectra of analogue 9 

(5.0 µM) in water, dioxane and their mixtures (25% dioxane, 50% dioxane, 75% dioxane in 

water) were also recorded by exciting the samples at respective longest absorption maximum 

(Table 2). All solutions contained 0.5% DMSO.  

Time-resolved fluorescence: Excited-state lifetime of Lucifer PNA analogue 9 (5.0 μM) in 

various solvents were determined using TCSPC instrument (Horiba Jobin Yvon, Fluorolog-

3). Analogue 9 were excited using a 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 profiles were found to be biexponential with 
2
 

(goodness of fit) values very close to unity. 
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4.4.5 Quantum yield determination for emissive PNA base analogues 8a‒8c and 9 

The quantum yield of emissive PNA analogues 8a‒8c and 9 in different solvents relative to 

cumarin 153 standard were determined using the following equation.
21

 

ΦF(x) = (As/Ax) (Fx/Fs) (nx/ns)
2
ΦF(s) 

Where s is the standard, x is PNA analogue (8a‒8c and 9), A is the absorbance at excitation 

wavelength, F is the area under the emission curve, n is the refractive index of the solvent, 

and ΦF is the quantum yield. Quantum yield of cumarin 153 in acetonitrile is 0.56.
22

 

 

4.4.6 Solid phase synthesis of TEG naphthalimide-modified PNA probe 14 by Fmoc-

chemistry 

Model 15mer fluorescent PNA oligomers were synthesized on MBHA resin by SPPS using 

Boc-chemistry according to protocol mentioned in Chapter 2.  PNA probe 14 was synthesized 

by applying SPPS protocol on rink amide resin using Fmoc-protected aeg-thymine and 

fluorescent 5-TEG naphthalimide PNA acid 22.
23

 To enhance aqueous solubility of PNA 

oligomer, two lysine residues were attached at the C-terminus. 

General procedure: In a glass sintered flask, Rink-amide resin (250 mg, 0.65 mmol/g) was 

swelled in CH2Cl2 (8 mL) for 12 h. The solvent was then removed, and the resin was treated 

with 20% piperidine in DMF (6 mL) for 10 min to remove Fmoc-group from resin. This step 

was repeated two more times. The resin was then washed sequentially with DMF (3 x 3 mL), 

CH2Cl2 (3 x 3 mL), and DMF (3 x 3 mL). The resin was dried under nitrogen flow for few 

minutes. The coupling reaction was performed in dry DMF (1.8 mL) with Fmoc-Lys(Boc)-

OH (36 mg, 1.0 equiv. to obtain a loading of 0.35 mmol/g) in the presence of HOBt (1.0 

equiv.), HBTU (1.0 equiv.) and DIPEA (1.0 equiv.) for 7–9 h at RT. The resin was further 

washed with DMF (3 x 3 mL), CH2Cl2 (3 x 3 mL), and DMF (3 x 3 mL). Next, remaining 

amino groups on the resin was capped with acetic anhydride (1.0 mL) in pyridine (1.0 mL) 

for 1 h at RT. This step was repeated two more times, and the resin was then washed with 

DMF (3 x 3 mL), CH2Cl2 (3 x 3 mL), and DMF (3 x 3 mL) and dried under nitrogen flow for 

few minutes. The resin was treated with 20% piperidine in DMF (5 mL) for 10 min to remove 

Fmoc-group. This step was repeated two more times, and the resin was washed with DMF (3 

x 3 mL), CH2Cl2 (3 x 3 mL), and DMF (3 x 3 mL). Then coupling reaction was performed in 

dry DMF (1.8 mL) with Fmoc-Lys(Boc)-OH (3.0 equiv.) in the presence of HOBt (3.0 

equiv.), HBTU (3.0 equiv.) and DIPEA (3.0 equiv.) for 7–9 h at RT. The resin was then 
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washed with DMF (3 x 3 mL), CH2Cl2 (3 x 3 mL), and DMF (3 x 3 mL). The resin was dried 

under nitrogen flow for few minutes. 

Above lysine loaded Rink-amide resin (25 mg, 0.35 mmol/g) was swelled in CH2Cl2 

(2 mL) for 2 h in glass sintered flask.  The solvent was removed and the resin was treated 

with 20% piperidine in DMF (1.0 mL) for 10 min to remove Fmoc-group as mentioned 

above. The resin was then washed with DMF (3 x 3 mL), CH2Cl2 (3 x 3 mL), and DMF (3 x 

3 mL). The coupling reaction was performed in dry DMF (0.6 mL) with appropriate Fmoc-

protected PNA monomers (3.0 equiv.) in the presence of HOBt (3.0 equiv.), HBTU (3.0 

equiv.) and DIPEA (3.0 equiv.) for 6 min at 65 °C using microwave peptide synthesizer 

(Note: Coupling reaction for fluorescent PNA monomer 22 was carried out at RT for 7–9 h). 

The resin was washed again, and the coupling, Fmoc deprotection, and washing steps were 

repeated in the cycle as mentioned above to synthesize the desired PNA sequence. Also, the 

re-coupling reaction was performed for only fluorescently modified PNA monomer 22 in the 

presence of HOBt (3.0 equiv.), HBTU (3.0 equiv.) and DIPEA (3.0 equiv.) for 7–9 h at RT. 

Cleavage procedure: The dried resin (20 mg) was transferred to a glass vial and treated with 

H2O (10 L) and anisole (10 L) in an ice bath for 10 min. TFA (380 L) was then added to 

the above mixture and was stirred for 1.5 h at room temperature. The resin was filtered, and 

the filtrate was concentrated and precipitated as a white solid by adding cold diethyl ether (1 

mL). The solvent was decanted, and the crude product was dissolved in autoclaved water and 

purified by RP-HPLC. 

 

4.4.7 HPLC analysis of PNA oligomers 

All control and fluorescently modified PNA oligomers were purified using a Luna C18 semi-

preparative RP column (5 micron, 250 × 10 mm, Phenomenex) on an Agilent Technologies 

1260 Infinity HPLC system. Conditions: 050% B in 25 min and 50100% B in 15 min 

(Mobile phase A: 5% acetonitrile in H2O containing 0.1% TFA. Mobile phase B: 50% 

acetonitrile in H2O containing 0.1% TFA). Flow rate was 2 mL/min. The chromatogram of 

control PNA oligomers was recorded at 260 nm, and fluorescently modified PNA oligomers 

were recorded at 260 nm, and 330 nm. Concentration of the PNA oligomers were determined 

by using the molar extinction coefficients of nucleobases at 260 nm (εA = 13700, εT = 8600, 

εG = 11700, εC = 6600, ε9 = 9680 M
-1

cm
-1

).
23
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4.4.8 MALDI-TOF mass measurement of PNA oligomers  

1 μL of a ~150 μM stock solution of PNA oligomer was combined with 2,5-

dihydroxybenzoic acid (DHB) or α-cyano-4-hydroxycinnamic acid (CHCA) matrix. The 

samples were spotted on a plate and air dried before mass analysis.  

 

4.4.9 Thermal melting and CD analysis of PNA duplexes 

The PNA-DNA and PNA-RNA duplexes were assembled by heating a 1:1 mixture of PNA 

and DNA/RNA oligomers (10.0 µM) in 10 mM phosphate buffer (pH 7.1, 100 mM NaCl, 0.1 

mM EDTA) at 90 ºC for 3 min. Samples were slowly cooled to RT and kept in an ice bath for 

~1 h. Samples were further diluted using phosphate buffer to give a final duplex 

concentration of 1.0 µM for Tm and 5.0 µM for CD analysis, respectively. UV-thermal 

melting analysis of PNA duplexes were performed in duplicate using quartz cuvette on a 

Cary 300Bio UV-Vis spectrophotometer. The temperature was increased from 20 ºC to 90 ºC 

at 1 ºC/min, and the absorbance was measured every 1 ºC interval at 260 nm. CD spectra of 

PNA duplexes were recorded with an average of three scans from 350 to 200 nm using quartz 

cuvette (Starna Scientific, path length 2 mm) on a JASCO J-815 CD spectrometer at 20 ºC 

and scan speed of 100 nm/min. 

 

4.4.10 Fluorescence of naphthalimide-modified PNA oligomers and their duplexes 

PNA-DNA and PNA-RNA duplexes were obtained by heating a 1:1 mixture of PNA and 

DNA/RNA (5.0 µM) in 10 mM phosphate buffer (pH 7.1, 100 mM NaCl, 0.1 mM EDTA) at 

90 ºC for 3 min. Samples were slowly cooled to RT and kept in an ice bath for ~1 h. Samples 

were further diluted using phosphate buffer to give a final duplex concentration of 0.5 µM. 

All Samples were excited at 400 nm, and excitation and emission slit widths were maintained 

at 6 nm and 8 nm, respectively for 9. However, all Samples were excited at 455 nm, and 

excitation and emission slit widths were kept at 3 and 5 nm, respectively for X.  Samples 

made for PNA probe 14 and its duplexes with poly(A) DNA 23 and RNA 24 were excited at 

400 nm, and excitation and emission slit widths were kept at 2 and 3 nm, respectively. 

 

4.4.11 Quantum yield determination for PNA 14 and its duplex with DNA 23 and RNA 

24: Quantum yield of fluorescently-modified PNA 14 and its duplexes (14•23 and 14•23) 

were determined relative to the quantum yield of the PNA analogue 9 in 10 mM phosphate 

buffer (pH 7.1, 100 mM NaCl, 0.1 mM EDTA) using the equation given in section 4.4.5. 
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4.4.12 Cell culture experiments 

Cell culture 

DLD-1 (Human colon cancer cells ATCC® CCL-221™) cells were cultured in RPMI1640 

medium (gibco® by life technologies™, 61870-036) supplemented with 10% fetal bovine 

serum (gibco® by life technologies™, 10437028) and penicillin-streptomycin (gibco® by 

life technologies™, 15070-063) under humidified atmosphere at 37
 
ºC with 5% CO2. Cells 

were seeded with 0.1–0.3 million in 12 well plates on glass coverslips and allowed to grow 

for nearly 48 hours before the experiment. 

 

Fluorescence in situ hybridization 

Cells grown on coverslips were washed with 500 µL of 1X PBS (10 mM Na2HPO4, 1.8 mM 

KH2PO4, 2.7 mM KCl, 137 mM NaCl, 500 µM VRC, pH 7.4) and fixed in 500 µL of 4% 

paraformaldehyde (500 µM VRC) for 15 min.  Subsequently, cells were permeabilized with 

95% chilled methanol for 5 min. Cells were then washed with 500 µL of 2X SSC buffer (0.3 

M sodium citrate, 0.03 M sodium chloride, 500 µM VRC, pH 7.4) and prehybridized in 50 

μL of hybridization buffer (10% (w/v) dextran sulphate, 40% (v/v) formamide, 5 ng/µL 

salmon sperm DNA and 500 µM VRC prepared in 2X SSC) for 30 min at 37
 
ºC in an 

incubator. After prehybridization, cells were washed with 500 µL of 2X SSC buffer and 

incubated in 0.5 µM of Cy-5d(T)30 or 1.0 µM of PNA 14 in hybridization buffer for 2.5 h at 

37
 
ºC in an incubator. Next, cells were washed with 500 µL of 2X SSC followed by 500 µL 

of 0.1X SSC.  Cells were counterstained with 500 µL of DAPI (50 nM in 2X SSC) for 5 min 

and washed with 500 µL of 0.1X SSC. Coverslips were then placed on a microscope slide 

with 7 µL anti-fade mounting media and sealed with nail polish.  Finally, cells were imaged 

using Confocal Laser Scanning Microscope with an oil immersion using 40X lens. 

RNase A treatment 

Cells were incubated in 500 µL of RNase A (0.5µg/mL in 1X PBS) solution for 1 h at 37
 
ºC 

in an incubator. Cells were then washed with 500 µL of 2X SSC and subjected for 

prehybridization in hybridization buffer.  Finally, cells were incubated with 0.5 µM of Cy-

5d(T)30 or 1.0 µM of PNA 14 in hybridization buffer for 2.5 h at 37
 
ºC in an incubator and 

imaged using a confocal microscope as mentioned above.  
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Competition assay 

Cells were hybridized with mixture of Cy-5d(T)30 (0.5 µM) and PNA 14 (1.0, 0.5, 0.25 µM) 

in hybridization buffer for 2.5 h at 37
 
ºC in an incubator.  Cells were also incubated with the 

mixture of Cy-5d(T)30 (0.5 µM) and PNA 15/25 (1.0 µM) in hybridization buffer for 2.5 h at 

37
 
ºC in an incubator. Finally, cells were counterstain with 500 µL DAPI (50 nM) and 

imaged using a confocal microscope as mentioned above. 
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4.6 Appendix-II: Characterization data of synthesized compounds 
 

1
H-NMR of compound 3 in CDCl3 

 

13
C-NMR of compound 3 in CDCl3 
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1
H-NMR of compound 4a in CDCl3 

 

13
C-NMR of compound 4a in CDCl3 

 

 



 

 

 144  

 

1
H-NMR of compound 5 in CDCl3 

 

13
C-NMR of compound 5 in CDCl3 
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1
H-NMR of compound 4b in d6-DMSO 

 

13
C-NMR of compound 4b in d6-DMSO 
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1
H-NMR of compound 7a in CDCl3 

 

13
C-NMR of compound 7a in CDCl3 
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1
H-NMR of compound 7b in d6-DMSO 

 

13
C-NMR of compound 7b in d6-DMSO 
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1
H-NMR of compound 7c in d6-DMSO 

 

13
C-NMR of compound 7c in d6-DMSO 
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1
H-NMR of compound 8a in d6-DMSO 

 

13
C-NMR of compound 8a in d6-DMSO 
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1
H-NMR of compound 8b in d6-DMSO 

 

13
C-NMR of compound 8b in d6-DMSO 
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1
H-NMR of compound 8c in d6-DMSO 

 

13
C-NMR of compound 8c in d6-DMSO 
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1
H-NMR of compound 9 in d6-DMSO 

 

13
C-NMR of compound 9 in d6-DMSO 

 

 



 

 

 153  

 

1
H-NMR of compound 17 in d6-DMSO 

 

13
C-NMR of compound 17 in d6-DMSO 
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1
H-NMR of compound 18 in d6-DMSO 

 

13
C-NMR of compound 18 in d6-DMSO 
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1
H-NMR of compound 19 in d6-DMSO 

 

13
C-NMR of compound 19 in d6-DMSO 
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1
H-NMR of compound 21 in d6-DMSO 

 

13
C-NMR of compound 21 in d6-DMSO 
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1
H-NMR of compound 22 in d6-DMSO 

 

13
C-NMR of compound 22 in d6-DMSO 
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RP-HPLC chromatogram of fluorescent PNA oligomers 1013 (contained 9) and 10X 

(contained 8b) at 260 nm. Conditions: 050% B in 25 min and 50100% B in 15 min 

(Mobile phase A: 5% acetonitrile in H2O containing 0.1% TFA. Mobile phase B: 50% 

acetonitrile in H2O containing 0.1% TFA). Flow rate was 2 mL/min. 
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MALDI-TOF mass spectra of fluorescently modified PNA oligomers 1013 and 10X. See 

Table 3 for mass data of all PNA oligomers. 

 

 



 

 

 

 

 

 

 

 

 

Chapter 5 

 

Postsynthetic chemical labeling of PNA oligomers by using 

bioorthogonal chemical reactions 
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5.1 Introduction 

Peptide nucleic acids (PNAs) have frequently been utilized in various applications including 

detection, quantification, and visualization of biologically important nucleic acid targets in 

vitro as well as in vivo.
1
  Recently, various biophysical techniques have been developed to 

study the application of PNA oligomers in cell-free and cellular conditions.  Therefore, there 

is a continuous demand to develop chemical functionalization methods for the labeling of 

PNA oligomers with a variety of biophysical reporters.  Postsynthetic chemical 

functionalization has been widely explored as a valuable tool for the labeling of biomolecules 

such as proteins, lipids, glycans and nucleic acids to elucidate their structure and functions.
2
  

Typically, postsynthetic labeling is achieved in two sequential step wherein,  a small reactive 

functional group is incorporated into an oligomer by using solid-phase synthesis or enzymatic 

method and in the subsequent step chemoselective reaction is carried out with an appropriate 

reactive counterpart containing a variety of biophysical reporters to afford the desired labeled 

oligomer (Figure 1A).  Traditionally, chemoselective reactions such as acid-amine coupling 

and thiol-maleimide reaction have been developed for the labeling of biomolecules.
3 

 

Unfortunately, these chemoselective reactions exhibit certain shortcomings such as acid-

amine coupling are pH sensitive, and thiols tend to undergo oxidation.
4
  Moreover, poor 

stability of the activated esters and less chemoselectivity due to intrinsic amine and alcohol 

groups in biomolecules have restricted their utility.  To use postsynthetic strategy for labeling 

biomolecules, the following criteria have to be considered a) reaction should be highly 

chemoselective and b) reaction should proceed significantly faster at physiological 

conditions.  Recently, several bioorthogonal chemical reactions including copper(I)-catalyzed 

azide-alkyne cycloaddition (CuAAC), strain-promoted azide-alkyne cycloaddition (SPAAC), 

azide-phosphine Staudinger ligation and, inverse electron demand Diels-Alder reactions 

(IEDDA), and palladium-catalyzed reactions have been described for labeling proteins, 

glycans and nucleic acids in cell-free as well as in cellular conditions (Figure 1B).
5
  Among 

these reactions, azide-alkyne cycloaddition reaction has been extensively performed for 

bioorthogonal labeling, because of its fast reaction kinetics.
6
 

Azide-alkyne cycloaddition reactions have been utilized for the synthesis of labeled 

PNA oligomers with different cargo molecules (fluorophores, peptide) on a solid support and 

in solution.
7
  Bulky reporters such as fluorophore and affinity tags attached to PNAs are 

majorly used for cellular applications.
8
  Due to these bulky groups, PNA oligomer could 

exhibit poor hybridization efficiency for complementary nucleic acids in cellular conditions.  
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The labeling of single-stranded PNA oligomers has been performed in solution,
6
 however 

labeling of PNA-ON duplex (post-hybridization) using CuAAC and SPAAC reactions is less 

explored.  Therefore, we envisioned to develop a postsynthetic chemical strategy for labeling 

of PNA-DNA duplex using CuAAC or SPAAC reactions in cell-free as well as in cellular 

conditions.  Among azide and alkyne modification in PNA oligomer, azide is the most 

versatile modification because it can be further functionalized using CuAAC, SPAAC and 

Staudinger ligation reactions.  Moreover, to avoid the toxicity of copper in the cell, SPAAC 

reaction could be highly useful for labeling and imaging of hybridized PNA oligomers in a 

live cell. 

 

Figure 1. (A) Design for postsynthetic chemical functionalization of PNA oligomers with different 

biophysical probes. (B) Various bioorthogonal chemical reactions explored for labeling of 

biomolecules in cell-free as well as cellular conditions.
2,5

 

 

In this chapter, we report synthesis, incorporation and postsynthetic chemical 

functionalization of alkyne- and azide-modified PNA analogues (7 and 16).  In addition, we 

have also demonstrated the end labeling of PNA oligomer using azido acetic acid as azide 

surrogate at the N-terminus.  Subsequently, azide and alkyne PNA oligomers were 

functionalized with different reporters by CuAAC reaction.  Further, azide PNA oligomers 

were functionalized by SPAAC and Staudinger ligation reactions with different biophysical 

probes. 
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In parallel, we have also worked on developing palladium-catalyzed bioorthogonal 

chemical reactions to synthesize labeled PNA oligomers.  Palladium-catalyzed bioorthogonal 

reactions have been employed for labeling of proteins and to a certain extent nucleic acids.
9
  

Labeling single-stranded PNA oligomers in cell free-conditions has not been carried out 

using palladium-catalyzed reactions.  However, reactions such as Suzuki-Miyaura, 

Sonogashira, Heck and Stille couplings have been very well explored for the synthesis of 

base-modified PNA analogues by various research groups including us (as mentioned in 

Chapter 2 and Chapter 4).  Furthermore, labeling of 7mer-iodo PNA on solid support (on 

resin) was demonstrated with propargyl alcohol using Sonogashira cross-coupling reactions 

by Hudson and co-workers.
10

  The main advantage of palladium-catalyzed reactions are; i) 

their cognate reactive partners are either commercially available or easy to synthesize, ii) it is 

possible to synthesize conformation-sensitive emissive PNA probes (as discussed in Chapter 

2 and Chapter 4).  To perform palladium catalyzed reactions, we incorporated 5-iodouracil 

PNA analogue (22) into PNA oligomers by SPPS and subsequently functionalized by Suzuki-

Miyaura and Cu-free Sonogashira reactions to generate labeled PNA oligomers. 

We have also incorporated alkyne-, azide- and iodo-modified PNA analogues into 

PNA oligomers complementary to telomeric DNA repeats and subjected for post-

hybridization labeling of a PNA-telomere DNA duplex with different biophysical probes (e.g. 

fluorophores and affinity tag).  This post-hybridization labeling methodology is being 

currently evaluated for imaging telomeric DNA repeats in cellular conditions. 

 

5.2 Results and Discussion  

5.2.1 Postsynthetic chemical labeling of alkyne and azide-modified PNA oligomers 

5.2.1.1 Synthesis of 5-ODU-and 5-tetraethylene glycol azide-conjugated uracil PNA base 

analogues 7 and 16 

Base-modified alkyne- (7) and azide- (16) PNA monomers were synthesized according to 

steps illustrated in Scheme 1 and 2.  5-Iodouracil 1 was converted into 5-iodouracil ethyl 

ester 2 using K2CO3 in DMF at RT.  Iodo compound 2 was further converted into 5-ODU 

uracil ethyl ester 3 by palladium catalyzed Sonogashira coupling reaction with octa-1,7-diyne 

in dry THF at RT.  ODU uracil ester 3 was hydrolysed into ODU uracil acid 4 in quantitative 

yield using an aqueous solution of LiOH.  Further, acid 4 was coupled with commercially 

available Fmoc PNA backbone 5 to afford 5-ODU uracil PNA ester 6 using EDC and DIPEA 

in dry DMF at RT.  Finally, base-modified alkyne PNA acid analogue 7 required for SPPS by 
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Fmoc-chemistry was obtained by hydrolysis of tBu-ester using TFA in DCM at RT in a 

quantitative amount. 

 

Scheme 1. Synthesis of 5-ODU conjugated uracil PNA monomer 7 for SPPS.
11

 

 

Scheme 2. Synthesis of 5-tetraethylene glycol azide-conjugated uracil PNA monomer 16 for SPPS. 

The structure of azidoacetic acid 17 is also shown.
11

 

 

Initially, alkyne-tetraethylene glycol-OTs 10 was synthesized in two steps first by 

reacting triethylene glycol 8 with propargyl bromide in the presence of NaH, followed by 

tosylation of compound 9 using tosyl chloride in dichloromethane (Scheme 2).  Further, 

synthesis of 5- tetraethylene glycol azide uracil PNA acid 16 was started from compound 2 
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with Boc-protection to afford compound 11 (Scheme 2).  Palladium-catalyzed Sonogashira 

reaction was performed between Boc-protected iodo compound 11 and compound 10 in dry 

THF at RT to afford compound 12.  Tosyl group of 12 was replaced by azide using NaN3 in 

dry DMF at 60 °C to get 13.  Next, 13 was hydrolyzed using aqueous LiOH to acid 14 in 

quantitative yield at RT.  Acid 14 was then coupled with Fmoc-PNA backbone 5 in the 

presence of EDC and DIPEA to obtained ester 15.  Finally, base-modified tetraethylene 

glycol azide uracil PNA acid 16 was prepared by hydrolysis of ester 15 using TFA in DCM. 

In order to establish postsynthetic chemical functionalization of PNA using click 

reactions, base-modified alkyne- (18) and azide-(19) PNA oligomers were prepared by using 

PNA monomers 7 and 16, respectively.  We also used azidoacetic acid 17 to synthesize an 

end-labeled azide PNA oligomer 20.  All the PNA oligomers were prepared by using an L-

lysine preloaded rink amide resin and Fmoc-protected aeg-PNA monomers (Table 1).  PNA 

oligomers were synthesized with two C-terminal lysine residues to enhance the aqueous 

solubility.  The PNA oligomers were further purified by RP-HPLC and characterized by mass 

analysis (see 5.6 Appendix-III for HPLC profile and mass spectra, Table 1). 

 

Table 1. ε260 and MALDI-TOF mass analysis of PNA oligomers 

a
Sequence of alkyne-and azide-modified PNA oligomers (18–20) obtained by the SPPS. PNA 

sequences are written from N-to C-terminus containing two lysine (K) residues at the C-terminus. 

 

5.2.1.2 Postsynthetic chemical functionalization of alkyne- and azide-modified PNA 

oligomers 

To evaluate the utility of alkyne- (18) and azide- (19 and 20) modified PNA oligomers 

towards postsynthetic chemical modifications, CuAAC, SPAAC and Staudinger ligation 

reactions were performed with respective alkyne, azide and phosphine substrates attached 

with fluorescent, affinity, sugar and amino acid tags (a‒j, Figure 2).
5f,5g

  In this regards, TEG-

naphthalimide alkyne (e) was synthesized by a procedure mentioned in Chapter 4, while 

azide (a‒d), alkyne (f‒h) and biotinylated triaryl phosphine (j) substrates were prepared 

using reported literature procedure by colleagues from my lab.
5f,5g

  Click reaction was 

performed by incubating alkyne PNA 18, and azide PNA oligomers 19 and 20 with azide 

PNA
 

Sequence
a
 ε260 (M

-1
cm

-1
) Calcd mass Obsvd mass 

18 7TACTAGCKK 7.33 x 10
4
 2506.58 [M]

+
 2506.48 

19 16TACTAGCKK 7.29 x 10
4
 2657.71 [M]

+
 2658.25 

20 17TACTAGCKK 6.95 x 10
4
 2233.25 [M]

+
 2233.70 
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substrates a‒d and alkyne substrates e‒h, respectively, under CuAAC reaction conditions 

(Figure 3, Scheme 3 and 4).  Reactions were carried out in the presence of water-soluble 

Cu(I) stabilizing ligand, tris-(3-hydroxypropyltriazolylmethyl)amine (THPTA), CuSO4  and a 

reducing agent, sodium ascorbate, at 37 °C for 2 h.  CuAAC reaction was performed using 

the following condition; final concentration of alkyne/azide PNA, cognate biophysical probe, 

CuSO4, THPTA and sodium ascorbate was 0.3 mM, 1.5 mM, 3.75 mM, 7.5 mM and 7.5 

mM, respectively. 

 

Figure 2. Building blocks for postsynthetic chemical modification by CuAAC, SPAAC and 

Staudinger ligation reactions.
5f,5g

 

 

As a first attempt, naphthalimide-azide (a) and naphthalimide-alkyne (e) were 

allowed to react with alkyne PNA (18) and azide PNAs (19 and 20), respectively, under 

CuAAC reaction conditions (Figure 2, Scheme 3 and 4).  This resulted in the formation of 

respective fluorescent clicked products (18a, 19e and 20e) within 2 h at 37 °C, which was 

further confirmed by mass analysis of HPLC purified fractions (Table 2, entry 1, 5 and 9, 

Figure 3).  The scope of CuAAC reaction for conjugating diverse biophysical probes was 

explored by reacting azide-(b‒d) and alkyne-(f‒h) substrates with respective alkyne-(18) and 

azide-(19 and 20) PNA oligomers (Figure 2 and 3, Scheme 3 and 4, Table 2).  In addition, 

mass analyses revealed the formation of an undesired adduct of alkyne PNA 18 with ascorbic 

acid, when CuAAC reactions were performed between alkyne PNA 18 and different azide 

substrates (a‒d) (See Figure 3A for a representative example, the peak corresponding to ~20 

min).  Moreover, CuAAC reaction of biotin-azide (d) and biotin-alkyne (g) with respective 

alkyne/azide PNA oligomers gave an additional peak corresponding to the biotin-oxidized 
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product, which was characterized by mass analysis.  Unexpectedly, clicked products isolated 

after CuAAC reaction of azide- (19 and 20) PNA oligomers with nitrobenzoxadiazole (NBD) 

alkyne (f) displayed a mass, which is less than the expected (Cal. 2875.88 and Obs. 2846.36 

for 19f; Cal. 2451.42 and Obs. 2423.07 for 20f, Table 2).  This observation is possibly due to 

removal of NO-functional group (molecular weight = 30) during mass analysis.   

 

Scheme 3. Postsynthetic chemical functionalization of alkyne-modified PNA oligomer 18 by CuAAC 

reaction using azide substrates a‒d.
11

 

 

Scheme 4. Postsynthetic chemical functionalization of azide-modified PNA oligomers 19 and 20 by 

CuAAC reaction using alkyne substrate e‒h.
11
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Table 2. Yield and mass data of CuAAC reaction on PNA oligomers 1820 

Entry  PNA Substrate  Product Yield  

(nmol)  

Isolated  

Yield (%)
a
 

MALDI-TOF mass analysis 

of products (m/z) 

Calcd mass Obsvd mass  

1 18 a 18a 7.8  52  2845.94 2845.74  

2 18 b 18b 6.8  45  2755.81  2755.13 

3 18 c 18c 6.1  41  2792.92 2792.20 

4 18 d 18d 5.8  39  2833.99  2833.27 

5 19 e 19e 1.5 50 3025.11  3026.61 

6 19 f 19f 1.1 37 2875.88 2846.36 

7 19 g 19g 0.5 17 2939.08 2938.56 

8 19 h 19h 1.4 46 2899.00 2898.65 

9 20 e 20e 7.7 51  2600.65 2600.32 

10 20 f 20f 8.8  59  2451.42  2423.07 

11 20 g 20g 7.9  53  2514.63  2514.09  

12 20 h 20h 5.3 35 2474.55 2474.38 

a
All reactions were performed on 15 nmol scale (except for PNA 19, it was 3 nmol) of alkyne-and 

azide-modified PNA oligomers. Yields reported are with respect to the PNA products isolated after 

HPLC purification. The yields were calculated by using ε260 values of reactant PNA oligomers given 

in Table 1.
11

 

 

Figure 3. (A) Representative RP-HPLC chromatogram of starting alkyne PNA 18 and its CuAAC 

reaction product (18a) with naphthalimide azide (a) at 260 nm. (B) Representative RP-HPLC 

chromatogram of starting azide PNA 20 and its CuAAC (20e), SPAAC (20i) and Staudinger ligation 

(20j) reaction products with naphthalimide alkyne (e), biotin-DBCO (i) and biotinylated triaryl 

phosphine (j), respectively at 260 nm. Conditions: 050% B in 25 min and 50100% B in 15 min 

(Mobile phase A: 5% acetonitrile in H2O containing 0.1% TFA. Mobile phase B: 50% acetonitrile in 

H2O containing 0.1% TFA). Flow rate was 2 mL/min.
11
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Furthermore, the integrity of fluorescent clicked products (18a, 19e, 20e, 19f and 20f) 

was confirmed by steady-state fluorescence analysis (Figure 4).  PNA product 18a displayed 

a significant enhancement in fluorescence as compared to naphthalimide-alkyne (a) substrate 

(Figure 4A).  Surprisingly, there was significant reduction in fluorescence intensity for 

clicked PNA products 19e and 20e as compared to naphthalimide-alkyne (e) with red shifted 

emission maximum (419 nm to 462 nm, Figure 4B).  NBD-alkyne (f) and their clicked PNA 

products 19f and 20f gave a similar fluorescence profile (Figure 4C).  In summary, we 

isolated a good to moderate yields for clicked products after HPLC purifications. 

 

Figure 4. (A) Emission spectra (0.5 µM) of naphathlimide-azide (a) and clicked PNA product 18a. 

Excitation and emission slit widths were kept at 2 and 5 nm, respectively. Samples were excited at 

455 nm. (B) Emission spectra (0.5 µM) of naphathlimide-alkyne (e) and clicked PNA products 19e 

and 20e. Excitation and emission slit widths were kept at 2 and 4 nm, respectively. Samples were 

excited at 362 nm. (C) Emission spectra (0.5 µM) of NBD-alkyne (f) and clicked PNA products 19f 

and 20f. Excitation and emission slit widths were kept at 4 and 5 nm, respectively. Samples were 

excited at 473 nm.
11

 

 

Since, azide is an common functionality in many chemoselective reactions, azide 

PNA 19 and 20 were further subjected to copper-free SPAAC and Staudinger ligation 

reactions with commercially available cyclooctyne building blocks of biotin (i) and 

biotinylated triaryl phosphine substrate (j) synthesized by a colleague from my group (Figure 

2 and 3B, Scheme 5 and 6).  SPAAC and Staudinger ligation reactions were performed for 1 

h and 12 h, respectively at 37 °C, we observed moderate to good yields in all these reactions 

(Figure 2 and 3B, and Table 3).  In particular, we observed good yields for PNA oligomer 20, 

where azide functionality was placed at the end of backbone as compared to PNA oligomer 

19, where azide functionality was incorporated on the 5-position of uracil base. This is 

possibly due to the better accessibility of azide functionality in 20 as compared to 19.  These 

postsynthetic chemical labeling strategies are simple, robust and efficient to generate labeled 

PNA oligomers with a variety of biophysical probes in sufficient amounts.  These labeled 

PNA probes could be further utilized for the detection of nucleic acid targets by different 

biophysical techniques. 
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Scheme 5. Postsynthetic chemical functionalization of azide-modified PNA oligomers 19 and 20 by 

SPAAC reaction using alkyne substrate i.
11

 

 

 

Scheme 6. Postsynthetic chemical modification of azide-modified PNA oligomers 19 and 20 by 

Staudinger ligation reaction with biotinylated triaryl phosphine substrate j.
11

 

 

Table 3. Yield and mass data of postsynthetically functionalized PNA oligomers 19 and 20 

Entry  PNA Substrate  Product Yield  

(nmol)  

Isolated  

Yield 

(%)
a
 

MALDI-TOF mass 

analysis of products (m/z) 

Calcd mass Obsvd mass  

1 19 i 19i 2.2 73 3407.63 3407.50 

2 19 j 19j 0.04 1.3 3380.54 3380.45 

3 20 i 20i 2.4 40 2983.18 2983.47 

4 20 j 20j 4.3 72 2956.08 2956.12 

a
Reactions were performed on 3 nmol and 6 nmol scales for azide-modified PNA 19 and 20, 

respectively. Yields reported are on the PNA products isolated after HPLC purification. The yields 

were calculated by using ε260 values of reactant PNA oligomers given in Table 1.
11

 

 

 

5.2.2 Palladium-catalyzed reactions on an iodo-modified PNA oligomer 

5.2.2.1 Synthesis of 5-iodouracil PNA monomer 22 

The synthesis was initiated (Figure 5A) with 5-iodouracil PNA ester 21, which was prepared 

according to the procedure discussed in Chapter 2 (Section 2.2.2.1).  The ethyl ester of 5-

compound 21 was hydrolyzed in quantitative yield using 10% LiOH to afford 5-iodouracil 

PNA acid 22 (Figure 5A).  Further, Iodo PNA oligomer 23 (containing two lysine residues at 
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C-terminus for the aqueous solubility) was prepared using, Boc-protected 5-iodouracil (22) 

and aeg-thymine PNA monomers on MBHA resin (Figure 5B, Table 4).  

 

Figure 5. (A) Synthesis of 5-iodouracil PNA acid 22 for SPPS using Boc-chemistry. (B) The 

sequence of 5-iodouracil-modified PNA oligomer 23 obtained by the solid-phase synthesis (Boc-

chemistry). PNA sequence is written from N-to C-terminus containing two lysine (K) residues at the 

C-terminus. Boronic acid and alkyne building blocks for palladium-catalyzed Suzuki-Miyaura and 

Cu-free Sonogashira reactions.
 11

 

 

Table 4. ε260 and MALDI-TOF mass analysis of iodo PNA oligomer 23 

a
Sequence of alkyne-and azide-modified PNA oligomers 23 obtained by the SPPS. PNA sequence is 

written from N-to C-terminus containing two lysine (K) residues at the C-terminus. 

 

5.2.2.2 Palladium-catalyzed Suzuki-Miyaura and Cu-free Sonogashira reactions on an 

iodo-modified PNA oligomer 

Davis and co-workers have introduced a series of pyrimidine and guanidine based ligands for 

aqueous phase palladium-catalyzed Suzuki-Miyaura reaction on iodo-modified peptides as 

well as proteins.
12

  The ligands form a complex with Pd(OAc)2, that is easily soluble in water.  

Among them, complex of dimethylguanidine (DMG) with Pd(OAc)2 [Pd(OAc)2•(DMG)2 

catalyst] exhibited high yields for Suzuki-Miyaura reaction on peptides.  In parallel, Cu-free 

Sonogashira reaction for labeling of iodo-modified proteins with variety of probes was 

explored using a complex of 2-dimethylamino-4,6-dihydroxypyrimidine with Pd(OAc)2 

[Pd(OAc)2•(DMADHP)2 catalyst] by Lin’s group.
9b

  Therefore, by considering the 

importance of palladium-catalyzed reactions in bioconjugation, we sought to utilize these 

PNA
 

Sequence
a
 ε260 (M

-1
cm

-1
) Calcd mass Obsvd mass  

23 22TTTTTKK 4.61 x 10
4
 1982.80 [M]

+
 1982.59 
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reactions for labeling PNA oligomers with biophysical tags, espacially for the preparation of 

microenvironment-sensitive emissive PNA probes. 

In this regards, iodo-modified PNA 23 was subjected to palladium-catalyzed Suzuki-

Miyaura and Cu-free Sonogashira coupling reactions using Pd(OAc)2•(DMG)2 and 

Pd(OAc)2•(DMADHP)2 catalyst, respectively (Figure 5 and Scheme 7).  We performed 

preliminary experiments to optimize the concentration of iodo-PNA 23 and the equivalence 

of boronic acid substrates (k and l) and palladium catalyst required for coupling reactions.   

Based on the initial observations (data not shown), following conditions were finalized for 

Suzuki-Miyaura; concentration of iodo PNA, boronic acid, and palladium catalyst was set to 

100 µM, 1 mM and 1 mM, respectively, whereas for Cu-free Sonogashira; concentration of 

iodo PNA, alkyne, a palladium catalyst, and sodium ascorbate was set to 100 µM, 5 mM, 0.5 

mM, and 1 mM, respectively. 

 

Scheme 7. Palladium-catalyzed Suzuki-Miyaura and Cu-free Sonogashira reactions on iodo-PNA 23 

with boronic acids (k and l) and alkyne (e and m) substrates. Structure of ligands L1 and L2 used for 

palladium-catalyzed reactions are also given. 

 

Having identified the appropriate conditions, iodo-PNA 23 was incubated with 

commercially available benzothiophene (k) and 4-trifluoromethyl benzene (l) boronic acids 

in the presence of Pd(OAc)2•(DMG)2 in 50 mM phosphate buffer (pH 8.0) under Suzuki-

Miyaura coupling conditions (Figure 5 and Scheme 7).  In parallel, iodo-PNA 23 was also 

subjected to Cu-free Sonogashira reaction with naphthalimide (e) and glucose (m, prepared 

by a colleague from my group) alkyne substrates in the presence of Pd(OAc)2•(DMADHP)2 
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in 50 mM Tris-HCl buffer (pH 8.5, Figure 5 and Scheme 7).  Each of the reactions were 

incubated at 40 °C for 4 h, and subsequently monitored by RP-HPLC.  Respective coupled 

products (23k, 23l, 23e and 23m) were characterized by mass spectrometry (see 5.6 

Appendix-I for HPLC profile, Table 5).  Additionally, fluorescent benzothiophene-(23k) and 

naphthalimide-(23e) modified PNA products exhibited enhancement in fluorescence intensity 

as compared to their respective benzothiophene-(
BT

U) and naphthalimide-(
Nap

U) modified 

PNA monomers as discussed in Chapter 2 and Chapter 4 (Figure 6).  HPLC chromatogram 

showed significant amount of impurities, along with desired products (see 5.6 Appendix-I for 

HPLC profile, Table 5).  Typically, a reaction scale of 5 nmole, after HPLC purification, 

yielded ~0.6‒1.3 nmoles of the labeled PNA products (23k, 23l, 23e and 23m, Table 5).  

Further, optimizations to improve yields for palladium-catalyzed reactions are under 

progress. 

Table 5. Yield and mass data of palladium-catalyzed reactions on PNA oligomer 23 

Entry PNA Substrate Product Yield 

(nmol) 

Isolated 

Yield 

(%)
a
 

MALDI-TOF mass 

analysis of products (m/z) 

Calcd mass Obsvd mass  

1 23 k 23k 1.3 26 1989.08 1989.34 

2 23 l 23l 1.1 22 2000.99 2001.58 

3 23 e 23e 1.1 22 2222.28 2222.37 

4 23 m 23m 0.6 12 2073.09 2073.48 

a
Reactions were performed on 5 nmol scale for iodo-modified PNA oligomers. Yields reported are 

with respect to the PNA products isolated after HPLC purification. The yields were calculated by 

using ε260 values of reactant PNA oligomer 23 given in Table 4. 

 

Figure 6. (A) Emission spectra (0.5 µM) of benzothiophene-conjugated uracil PNA analogue (
BT

U) 

and coupled PNA product 23k. Excitation and emission slit widths were kept at 7 and 9 nm, 

respectively. Samples were excited at 330 nm. (B) Emission spectra (0.5 µM) of naphthalimide-

conjugated uracil PNA analogue (
Nap

U) and coupled PNA product 23e. Excitation and emission slit 

widths were kept at 3 and 4 nm, respectively. Samples were excited at 400 nm.
11
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5.2.3 Synthesis of telomere-targeting PNA probes  

Telomeric DNA repeats present at the end of chromosomes protect the chromosomes from 

degradation and also play a crucial role in the maintenance of chromosomes.
13,14

  A typical 

telomeric DNA sequence contains thousands of hexameric nucleotide repeats (TTAGGG)n.  

These telomeric DNA repeats have the ability to form G-quadruplex (GQ) structures in vitro 

and in vivo, and have been implicated in cancer and ageing-related diseases (Figure 7).
15‒17

  

Hence, the detection and estimation of telomeric DNA repeats is paramount to understand its 

structure and functions.  Methods such as terminal restriction fragments (TRF) analysis, 

quantitative PCR, fluorescence in situ hybridization (FISH) etc. have been widely used for 

detection and quantification of telomeres.
18‒20

  Unlike the TRF and PCR-based assays, the 

FISH provides the spatio-temporal distribution of telomeres in cells.
21

  For this purposes, 

PNA oligomers conjugated to bulky fluorophores (e.g., fluorescein, Cy-5, Rhodamine, etc.) 

are commercially available for imaging human telomeric DNA repeats in-side cells by FISH 

assay.  Although, these commercial fluorescent PNA probes are highly useful for visualizing 

telomere dynamics in fixed as well as live cells, they exhibit background fluorescence 

problem. In addition to this, customized PNA probes with different fluorophores and affinity 

tags have to be prepared every time separately depending upon the applications such as 

imaging or pulldown, which makes this approach cumbersome and expensive 

 

Figure 7. (A) Chromosomes (shown in blue) and human telomeric repeats present at its ends (shown 

in green). (B) A guanine-rich sequence of human telomeric DNA known to form G-quadruplex 

structure is also given.
22

 Figure adapted from reference 22.  

 

Therefore, we envisioned to develop a modular postsynthetic approach for attaching 

such reporters (fluorescent or affinity tags) to PNA oligomer after hybridization with 

telomeres under physiological conditions.  In this regard, base-modified internal-labeled 

alkyne-(24), azide-(25), and iodo-(27) and end-labeled azide-(26) PNA oligomers 

complementary to human telomeric DNA repeats were synthesized using the protocol 

described in the earlier Chapters (PNA oligomers 24‒26 by Fmoc-chemistry, and 27 and 28 
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by Boc-chemistry, Figure 8, Table 6).  Initially, postsynthetic chemical modifications by 

CuAAC, SPAAC, Staudinger ligation, and palladium-catalyzed Suzuki-Miyaura and Cu-free 

Sonogashira reactions were carried on the respective single-stranded PNA oligomers 

(Scheme 8 and 9, Table 7). 

 

Figure 8. Sequences of PNA oligomer probes complementary to human telomeric DNA repeats 

synthesized by SPPS using Fmoc (24‒26) and Boc (27 and 28) strategy. The sequence of custom 

telomeric DNA ON 29 is also given. Fluorescent alkyne, activated cyclooctyne and azide substrates 

(n‒p) for CuAAC and SPAAC reactions on PNA-DNA duplex are also shown.
11

 

 

Table 6. ε260 and MALDI-TOF mass analysis of PNA oligomers 

a
Sequence of alkyne-, azide- and iodo-modified PNA oligomers (24–27) and control unmodified PNA 

oligomer 28 obtained by SPPS. PNA sequences are written from N-to C-terminus containing two 

lysine (K) residues at the C-terminus.
11

 

 

Labeling of single-stranded telomere targeting PNA using click and Staudinger ligation 

reactions: Single-stranded internal-labeled alkyne-(24) and azide-(25), and end-labeled 

azide-(26) PNA oligomers were functionalized with respective naphthalimide-azide (a) and 

naphthalimide-alkyne (e) substrates, using CuAAC reaction described in section 5.2.1.2 

PNA
 

Sequence
a
 ε260 (M

-1
cm

-1
) Cal. Mass Obs. mass 

24 CCC7AACCCTAACCCTAAKK 16.26 x 10
4
 5075.12 [M]

+
 5075.09 

25 CCC16AACCCTAACCCTAAKK 16.22 x 10
4
 5249.24 [M+Na]

+
 5253.01 

26 17KKCCCTAACCCTAACCCTAAKK 16.70 x 10
4
 5324.40 [M]

+
 5323.63 

27 CCC22AACCCTAACCCTAAKK 16.19 x 10
4
 5096.87 [M]

+
 5097.74 

28 CCCTAACCCTAACCCTAAKK 16.70 x 10
4
 5007.90 [M+Na]

+
 5007.15 
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(Scheme 8 and Table 7).  Corresponding fluorescent clicked products (24a, 25e and 26e) 

were isolated and characterized by RP-HPLC and mass analysis (Table 7).  A typical 7.5 

nmole scale reactions of 24 and 26 resulted in ~1.5 nmoles of the clicked products 24a and 

26e (Table 7).  However, CuAAC reaction on 25 with naphthalimide alkyne (e) gave a 

fluorescent clicked product 25e in poor yield (3%), indicating that the base-modified 5- 

tetraethylene glycol azide (16) at internal position in azide PNA 25 might not be easily 

accessible for click reaction.  Hence, terminal labeled azide PNA 26 (azido acetic acid 17 at 

N-terminus) was further labeled with biotin cyclooctyne (i) and   biotin phosphine (j), using 

SPAAC and Staudinger ligation reactions, respectively (Scheme 8 and Table 7).  The desired 

ligated products (26i and 26j) were isolated using RP-HPLC and their integrity was 

confirmed by mass analysis (Table 7).  In addition, we compared the fluorescence of emissive 

clicked PNA products 24a and 26e along with respective naphthalimide azide-(a) and 

naphthalimide alkyne-(e) substrates (Figure 9).  The clicked PNA product 24a gave intense 

fluorescence band to that of naphthalimide-azide (a) substrate (Figure 9A).  Despite the 

considerable red shift in emission maximum form 419 nm to 461 nm, clicked product 26e 

showed significant quenching in fluorescence efficiency (Figure 9B).   

 

Scheme 8. Postsynthetic chemical functionalization on telomere targeting internal-labeled alkyne-(24) 

and azide-(25), and end-labeled azide-(26) PNA oligomers by CuAAC, SPAAC and Staudinger 

ligation reactions using respective substrates (a, e, i, and j).
11

 



176 

 

 

Figure 9. (A) Emission spectra (0.5 µM) of naphathlimide-azide (a) and clicked PNA product 24a. 

Excitation and emission slit widths were kept at 2 and 5 nm, respectively. Samples were excited at 

455 nm. (B) Emission spectra (0.5 µM) of naphathlimide-alkyne (e) and clicked PNA product 26e. 

Excitation and emission slit widths were kept at 2 and 4 nm, respectively. Samples were excited at 

362 nm.
11

 

 

Palladium-mediated cross-coupling reactions to label single-stranded telomere targeting 

PNA: Palladium-catalyzed Suzuki-Miyaura and Cu-free Sonogashira reactions on iodo-PNA 

27 were performed in presence of benzothiophene boronic acid (k) and naphthalimide alkyne 

(e), respectively, using conditions mentioned in section 5.2.2.2 (Scheme 9).  After HPLC 

purification, a peak corresponding to coupled products (27k and 27e) was isolated, which 

was further confirmed by MALDI-TOF mass analysis (Scheme 9 and Table 7).  We observed 

that yields of palladium-catalyzed reactions were very poor (from HPLC profile), hence 

quantification was difficult.  Therefore, further optimizations to get desired coupled product 

in good yields for biophysical studies are currently under progress. 

 

Scheme 9. Palladium-catalyzed Suzuki-Miyaura and Cu-free Sonogashira reactions on telomere 

targeting internal-labeled iodo PNA 27 with benzothiophene boronic acid (k) and naphthalimide 

alkyne (e). Structure of ligands L1 and L2 used for palladium-catalyzed reactions are also given.
11 
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Table 7. Yield and mass data of postsynthetically functionalized telomere PNAs 

Entry PNA Substrate Product Yield 

(nmol) 

Isolated 

Yield 

(%)
a
 

MALDI-TOF mass 

analysis of products (m/z) 

Calcd mass Obsvd mass  

1 24 a 24a 1.4 19 5414.5 5416.1 

2 25 e 25e 0.17 3
b
 5593.6 5613.66 

3 26 e 26e 1.5 20 5691.8 5691.8 

4 26 i 26i 1.5 20 6074.3 6074.5 

5 26 j 26j 1.0 17 6047.2 6048.0 

6
c
 27 k 27k nd nd 5103.2 5104.0 

7
c
 27 e 27e nd nd 5336.4 5337.3 

a
Reactions were performed on 7.5 nmol scale (except, for entry 2 and 4, it was 6 nmol and for entry 6 

and 7, it was 5 nmol) for PNA oligomers. Yields reported are with respect to the PNA products 

isolated after HPLC purification. The yields were calculated by using ε260 values of reactant PNA 

oligomer given in Table 6. 
b
Major amount of starting azide PNA 25 was isolated after HPLC 

purification.  
c
Yields of palladium-catalyzed reactions were poor and therefore desired products were 

not quantified. 

Altogether, these experiments clearly demonstrate that the efficiency of CuAAC, 

SPAAC and Staudinger ligation reactions in labeling single-stranded PNA oligomers are 

superior as compared to palladium-catalyzed reactions.  This prompted us to examine the 

utility of click labeling strategy in functionalizing PNA oligomer hybridized to 

complementary ON targets (post-hybridization labeling) with a variety of reporters.  Further, 

this approach could be extended for multiplex imaging, and pulldown of specific nucleic acid 

sequences. 

Labeling of telomere-PNA heteroduplex using click and Staudinger ligation reactions: 

Traditionally, PNA containing bulky reporter molecules such as fluorophore and affinity tags 

are used for the detection of nucleic acid targets (e.g., telomere) by in situ hybridization 

techniques.
21

  Although, this strategy is highly advantageous, its hybridization efficiency is 

compromised due to bulky reporter molecules.  Moreover, every time one has to prepare 

customized PNA probes labeled with appropriate reporter molecules for applications such as 

imaging and pulldown of nucleic acids in cell-free and cellular conditions.  To overcome this 

problem, we decided to perform post-hybridization chemical labeling of a PNA-telomere 

duplex with a variety of biophysical probes including fluorescent and affinity tags (Figure 2, 

8 and 10A).  Initially, PNA oligomers 24 and 26 containing azide and alkyne functionalities 

were hybridized with telomeric DNA ON 29 and subsequent post hybridization labeling was 
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achieved by reacting with respective alkyne and azide-containing fluorophores (n‒p) and a 

biotin tag (j) to obtain labeled PNA-telomere duplexes (Figure 2 and 8).  All reactions were 

performed at 0.15 mM (2.1 nmole) concentration of PNA-telomere duplex in 10 mM 

phosphate buffer (pH 7.1) and labeled PNA-telomere product duplexes were resolved by 15% 

native PAGE under non-denaturing conditions, followed by UV-shadowing (Figure 10B). 

Azide PNA-telomere duplex (26•29) displayed nearly complete conversion of starting 

26•29 duplex into labeled duplexes when subjected to CuAAC, SPAAC and Staudinger 

ligation reactions with substrates n, o, and p, respectively (Figure 2 and 8, Figure 10B, lane 2, 

3 and 4).  CuAAC reaction on 26•29 duplex with Alexa-594 alkyne n gave labeled duplex, 

which was moving faster compared to control 26•29 duplex in the gel electrophoresis 

(compare lane 1and 2, Figure 10B).  Further, SPAAC and Staudinger ligation reaction on 

26•29 duplex with Cy-5 DBCO (o) and biotinylated triaryl phosphine (j) gave a labeled 

product duplexes with either similar or retarded mobility (compare lane 1 and 3, 4, Figure 

10B).  The observed mobility of labeled product duplexes on PAGE could be possibly due to 

a combined effect of additional charge on substrates and increased molecular weight of the 

labeled product duplexes as compared to control 26•29 duplex.  Interestingly, no degradation 

of the substrate or product was observed under the reaction conditions employed for labeling 

PNA-DNA duplex. 

Next, CuAAC reaction on alkyne PNA-telomere duplex (24•29) with Alexa-594 azide 

(p) was performed and it gave a band corresponding to labeled duplex with higher mobility 

probably due to a charge on fluorophore (p) as compared to control 24•29 duplex (compare 

lane 5 and 6, Figure 10B).  However, some amount of unreacted alkyne-modified PNA-

telomere duplex 24•29 was also noticed as the reaction did not proceed to completion (lane 6, 

Figure 10B).  The specificity of postsynthetic click reaction was confirmed by performing a 

CuAAC reaction on control unmodified PNA-telomere duplex 28•29 with Alexa-594 azide p.  

The reaction mixture gave a band, which did not contain the Alexa probe, and was found to 

be similar to the control duplex 28•29 band  (compare lane 7 and 8, Figure 10B).  These 

observations ascertained the chemoselectivelty of the reactions.  Notably, we observed good 

yields for azide PNA oligomer 26, in which azide functionality was at the N-terminus 

through lysine residues, as compared to alkyne PNA oligomer 24, where alkyne functionality 

at 5-position of uracil base was incorporated in the internal position of the PNA oligomer.  

The differences in labeling efficiency could be due to better accessibility of end-labeled (N-

terminus) azide over internally labeled alkyne group in PNA oligomers.  These experiments 

clearly demonstrated that azide or alkyne modified PNA oligomers hybridized to the target 
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telomeric DNA ON can be effectively labeled with biophysical probes using chemoselective 

reactions.  Therefore, these postsynthetic chemical strategies could be further explored for the 

imaging of therapeutically relevant nucleic acid targets (telomere) by post-hybridization 

based labeling of PNA oligomers, hybridized to the telomere in cellular conditions.  

 

Figure 10. (A) Schematic illustration of postsynthetic chemical modification on PNA-telomere 

heteroduplex using postsynthetic chemical reactions. (B) UV-shadow (260 nm) of PAGE-resolved 

control unmodified (lane 1, 5 and 7) and modified (lane 2, 3, 4, 6 and 8) PNA-telomere duplexes with 

CuAAC, SPAAC and Staudinger ligation reactions. The fluorescent clicked products (lane 2, 3, and 

6) were clearly visualized by UV-transilluminator (365 nm). Some amount of unreacted alkyne-

modified PNA-telomere duplex (24•29) was noticed (lane 6) as the reaction did not proceed to 

completion.
11 

 

5.3 Conclusion 

In summary, we have developed clickable alkyne- and azide-modified uracil PNA analogues 

and incorporated them into PNA oligomers by using Fmoc-chemistry.  The alkyne- and 

azide-modified PNA oligomers were conveniently labeled by using postsynthetic chemical 

reactions with variety of biophysical reporters that include fluorescent probes, affinity tag, 

amino acid and sugar residues.  Further, this postsynthetic approach was effectively explored 

for labeling PNA-telomeric DNA heteroduplexes with different reporters.  Taken together, 

this post-hybridization labeling of PNA-DNA heteroduplex could be potentially useful to 

overcome certain limitations such as background fluorescence problem and facilitate labeling 

of PNA oligomer in a modular fashion.  Therefore, currently we are evaluating the utility of 

this post-hybridization labeling methodology for imaging and pulldown of specific nucleic 

acid sequences from human genome (e.g., telomeric DNA repeats) and transcriptome 
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[poly(A) mRNA].  This post-hybridization labeling could be further extended for multicolor 

fluorescence imaging of therapeutically relevant nucleic acid sequences in the cells by using 

a combination of chemoselective reactions. 

 

5.4 Experimental Section 

5.4.1 Materials 

Chloroacetyl chloride, di-t-butyl dicarbonate, ethane-1,2-diamine, ethyl bromoacetate, TFA, 

EDC and silica gel (100-200 mesh) were purchased from Spectrochem India. Dry DMF and 

dry dichloromethane were purchased from Rankem India. Acetic anhydride was purchased 

from Thomas Baker India. 5-Iodouracil, tetrakis(triphenylphosphine) palladium (0), pyridine, 

N-hydroxybenzotriazole (HOBt), 3-[bis(dimethylamino)methyliumyl]-3H-benzotriazol-1-

oxide hexafluorophosphate (HBTU), N,N-diisopropylethylamine (DIPEA), 1,2-ethanedithiol, 

thioanisole and trifluoromethanesulfonic acid (TFMSA) were purchased from Sigma-Aldrich. 

Chemicals for preparing buffer solutions were obtained from Sigma-Aldrich. 5-iodouracil 

PNA ester
 
21 was synthesized by using method reported in chapter 2. Boc-and Fmoc-

protected aeg-PNA monomers were purchased from ASM Research Chemicals.  The 

exocyclic amino group of adenine, guanine, and cytosine of Boc-PNA monomers the with 

cbz (Z) group. While, Fmoc-PNA monomers was protected with Bhoc group. 4-

Methylbenzhydrylamine•HCl (MBHA) resin LL (100-200 mesh) and Boc-Lys(2-Cl-Z)-OH 

were obtained from Novabiochem. Rink amide AM resin (100-200 mesh) was purchased 

from GL Biochem (Shanghai) Ltd. Autoclaved water was used in all biochemical reactions. 

 

5.4.2 Instrumentation 

NMR spectra were recorded on a 400 MHz Jeol ECS-400 spectrometer (
1
H 400 MHz and 

13
C 

100 MHz) and processed in Mnova NMR software from Mestrelab Research. All mass 

measurements were recorded on an Applied Biosystems 4800 Plus MALDI-TOF/TOF 

analyzer instrument and Water Synapt G2 High Definition mass spectrometers. Reversed-

phase (RP) flash chromatography (C18 RediSepRf column) purifications were carried out 

using Teledyne ISCO, Combi Flash Rf. Microwave reactions were performed using CEM 

discover microwave synthesizer. PNA oligomers were purified by using Agilent 

Technologies 1260 Infinity HPLC. Absorption spectra were recorded on a Shimadzu UV-

2600 spectrophotometer. 
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5.4.3 Synthesis of azide and alkyne modified PNA monomers. 

Ethyl 2-(5-iodo-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetate 2 

To a suspension of iodouracil 1 (3.97 g, 16.69 mmol, 1.0 equiv.) and K2CO3 (2.31 g, 16.69 

mmol, 1.0 equiv.) in DMF (99 mL) was added ethyl bromo acetate (1.86 mL, 16.69 mmol, 

1.0 equiv.) drop wise. The reaction mixture was vigorously stirred for 12 h at room 

temperature (RT). The DMF was evaporated using rotary evaporator with high vacuum pump 

and then water (100 mL) was added and the product was extracted using EtOAc (2 × 100 

mL). The organic layer was evaporated and residue was purified by silica gel column 

chromatography to afford the product 2 as a white solid (3.23 g, 59%). Rf = 0.43 

(Hexane:EtOAc = 5:5); 
1
H-NMR (400 MHz, d6-DMSO): δ = 11.81 (br, 1H), 8.21 (s,1H), 

4.50 (s, 2H), 4.15 (q, J = 7.2 Hz , 2H), 1.21 (t, J = 7.2 Hz, 3H) ppm; 
13

C-NMR (100 MHz, d6-

DMSO): δ = 167.9, 161.0, 150.6, 150.0, 68.2, 61.2, 48.5, 14.0 ppm; HRMS: (m/z): Calcd. for 

C8H10IN2O4: 324.9685 [M+H]
+
; found: 324.9685. (Note: trace amount of acetone impurity 

was present). 

 

Ethyl 2-(5-(octa-1,7-diyn-1-yl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetate 3 

A mixture of 5-iodouracil ester 2 (0.71 g, 2.19 mmol, 1.0 equiv.), CuI (0.083 g, 0.438 mmol, 

0.2 equiv.), tetrakis(triphenylphosphine) palladium(0) (0.25 g, 0.22 mmol, 0.1 equiv.) were 

kept in the vacuum for 30 min. Degassed anhydrous THF (10.6 mL) was then added to above 

mixture under nitrogen atmosphere. Finally, octa-1,7-diyne (1.45 mL, 11.0 mmol, 5.0 equiv.) 

and DIPEA (1.10 mL, 7.67 mmol, 3.5 equiv.) were added drop wise to above solution. The 

reaction mixture was then stirred for 12 h at RT and filtered through Celite pad. Celite pad 

was washed with THF (2 x 10 mL). THF was evaporated and the residue was purified by 

silica gel column chromatography to afford the product 3 as a faint brown solid (0.31 g, 

47%). Rf  = 0.43 (Hexane:EtOAc = 5:5); 
1
H-NMR (400 MHz, CDCl3): δ = 8.82 (br, 1H), 7.31 

(s, 1H), 4.45 (s, 2H), 4.26 (q, J = 7.2 Hz, 2H), 2.43 (t, J = 6.6 Hz, 2H), 2.23 (td, J = 6.8 Hz 

and 2.8 Hz, 2H), 1.95 (t, J = 2.8 Hz, 1H), 1.70–1.63 (m, 4H), 1.30 (t, J = 7.2 Hz, 3H) ppm; 

13
C-NMR (100 MHz, CDCl3): δ = 167.1, 161.9, 149.8, 146.1, 101.4, 95.3, 84.2, 71.1, 68.7, 

62.5, 49.1, 27.7, 27.5, 19.3, 18.1, 14.2 ppm; HRMS: Calcd. for C16H18N2O4Na: 325.1164 

[M+Na]
+
; found: 325.1157. 

 

2-(5-(Octa-1,7-diyn-1-yl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetic acid 4 

To a solution of compound 3 (0.14 g, 0.46 mmol, 1.0 equiv.) in THF (5.6 mL) at 0 °C, 

lithium hydroxide (10% solution in H2O, 2.8 mL ) was added dropwise and the reaction 
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mixture was further stirred for 3 h at RT. Solvent was evaporated to dryness, and residue was 

dissolved in water (20 mL) and washed with diethyl ether (15 ml). To the aqueous extract 

was added saturated KHSO4 solution (~5 mL) to adjust the pH ~5 and product was 

precipitated out as faint yellow solid 4 (0.11 g, 86%). Rf = 0.27 (MeOH: EtOAc = 3:7); 
1
H-

NMR (400 MHz, d6-DMSO): δ = 11.63 (s, 1H), 7.97 (s, 1H), 4.40 (s, 2H), 2.76 (br, 1H), 

2.41–2.38 (m, 2H), 2.21–2.16 (m, 2H), 1.57 (br, 4H) ppm; 
13

C-NMR (100 MHz, d6-DMSO): 

δ = 169.3, 162.3, 150.0, 148.4, 98.0, 92.9, 84.3, 72.6, 71.4, 48.7, 27.2, 27.1, 18.2, 17.3 ppm;  

HRMS: (m/z): Calcd. for C14H14N2O4K: 313.0591 [M+K]
+
; found: 313.0506. 

 

tert-Butyl N-(2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)ethyl)-N-(2-(5-(octa-1,7-

diyn-1-yl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetyl)glycinate 6 

A mixture of compound 4 (0.167 g, 0.61 mmol, 1.2 equiv.), Fmoc PNA backbone 5 (0.220 g, 

0.51 mmol, 1.0 equiv.), EDC (0.117 g, 0.61 mmol, 1.2 equiv.) and HOBt (0.082 g, 0.61 

mmol, 1.2 equiv.) were kept in the vacuum for 30 min. Degassed dry DMF (3.34 mL) was 

then added to above mixture under nitrogen atmosphere. Finally, DIPEA (0.21 mL, 1.22 

mmol, 2.0 equiv.) was then added to above reaction mixture drop wise. Then reaction was 

stirred for 12 h at RT under nitrogen atmosphere. Solvent was then evaporated and residue 

was purified using silica gel chromatography with hexane and ethyl acetate solvent system to 

afford off white solid 6 (0.181 g, 72%). Rf = 0.56 (EtOAc); 
1
H-NMR (400 MHz, CDCl3): δ = 

7.75 (d, J = 7.6 Hz, 2H), 7.60 (t, J = 6.8 Hz, 2H), 7.41–7.36 (m, 2H), 7.30 (appt, J = 8.0 and 

6.8 Hz, 2H), 7.26 (s, 1H), 5.95 (ma.) and 5.41 (mi.) (br, 1H), 4.49–4.36 (m, 4H), 4.23–4.19 

(m, 1H), 4.06 (mi.) and 3.94 (ma.) (s, 2H), 3.57–3.49 (m, 2H), 3.39–3.35 (m, 2H), 2.38–2.37 

(m, 2H),  2.21–2.19 (m, 2H), 1.94 (m, 1H), 1.65–1.64 (br, 4H), 1.50 (ma.) and 1.46 (mi.) (s, 

9H) ppm; 
13

C-NMR (100 MHz, CDCl3): δ = 168.8, 168.5, 162.0, 147.3, 147.0, 144.1, 143.9, 

141.5, 127.9, 127.8, 127.2, 125.3, 125.1, 120.1, 100.9, 100.7, 94.9, 84.2, 84.0, 82.9, 77.4, 

71.4, 68.7, 66.9, 50.0, 49.1, 48.1, 47.4, 28.2, 27.7, 27.6, 19.3, 18.1 ppm;  HRMS: (m/z): 

Calcd. for C37H40N4O7Na: 675.2794 [M+Na]
+
; found: 675.2796. 

 

N-(2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)ethyl)-N-(2-(5-(octa-1,7-diyn-1-yl)-

2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetyl)glycine 7 

A solution of compound 6 (0.285 g, 0.44 mmol, 1.0 equiv.) in dry CH2Cl2 (5.7 mL) was 

added TFA (4.2 mL) under stirring at 0 °C. Reaction mixture was stirred at RT for 2 h. 

Solvent was evaporated to dryness using NaOH trap, and residue was co-evaporated using 

CH2Cl2 (3 x 20 mL) to afford product 7 as white solid (178 mg, 69%). Rf  = 0.22 (CH2Cl2: 
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MeOH = 9:1); 
1
H-NMR (400 MHz, d6-DMSO): δ = 11.56 (br, 1H), 7.88 (d, J = 7.6 Hz, 2H), 

7.74–7.60 (m, 4H), 7.41 (d, J = 7.2 Hz, 2H), 7.33 (d, J = 7.2 Hz, 2H), 6.28 (mi.) and 5.75 

(ma.) (s,1H), 4.66 (mi.) and 4.53 (ma.) (s, 2H), 4.30 (mi.) and 4.22 (ma.) (s, 2H), 3.77–3.75 

(br, 2H), 3.26–3.13 (m, 4H), 2.75 (s, 1H), 2.30 (br, 2H), 2.15 (br, 2H), 1.51 (br, 4H) ppm; 

13
C-NMR (100 MHz, d6-DMSO): δ = 168.0, 162.3, 150.0, 148.8, 142.5, 139.4, 137.4, 128.9, 

127.2, 121.3, 120.0, 109.6, 97.8, 92.7, 84.2, 79.3, 78.9, 78.6, 72.8, 71.3, 54.8, 53.2, 48.2, 

46.7, 36.8, 27.2, 27.1, 18.2, 17.2 ppm;  HRMS: (m/z): Calcd. for C33H32N4O7Na: 619.2168 

[M+Na]
+
; found: 619.2170. 

 

3,6,9,12-Tetraoxapentadec-14-yn-1-ol 9 

To a solution of tetraethylene glycol 8 (12.0 g, 61.78 mmol, 1.0 equiv.) in degassed dry THF 

(100 mL) at 0 °C
 
 under nitrogen atmosphere was added 60% sodium hydride (1.61 g, 40.16 

mmol, 0.65 equiv.). The mixture was stirred at 0 °C
 
 for 30 min under nitrogen. Finally, 80% 

propargyl bromide solution in toluene (3.44 mL, 30.89 mmol, 0.5 equiv.) was added slowly 

to the reaction flask. The mixture was stirred at 0 °C
 
 for 2 h and at RT for 12 h. Reaction 

mixture was poured into water (100 mL), extracted with CH2Cl2 (2 x 100 mL) and dried over 

sodium sulphate. The crude product was purified by silica gel chromatography eluting with 

CH2Cl2 and MeOH solvent system to afford 9 as a yellow oil (5.80 g, 40%). Rf = 0.53 

(CH2Cl2: MeOH = 8:2);  
1
H-NMR (400 MHz, CDCl3): δ = 4.19 (d, J = 2 Hz, 2H), 3.12–3.67 

(m, 6H), 3.65 (s,8H), 3.59 (appt, J = 4.8 and 4.0 Hz, 2H), 2.42 (br, 1H) ppm; 
13

C-NMR (100 

MHz, CDCl3): δ = 79.7, 74.7, 72.7, 70.7, 70.5, 70.4, 69.2, 61.9, 58.7 ppm; HRMS: (m/z): 

Calcd. for C11H20O5Na: 255.1208 [M+Na]
+
; found: 255.1207. 

 

3,6,9,12-Tetraoxapentadec-14-yn-1-yl 4-methylbenzenesulfonate 10 

A mixture of compound 9 (3.15 g, 13.56 mmol, 1.0 equiv.) in CH2Cl2 was cooled to 0 °C, 

and tosyl chloride (5.17 g, 27.12 mmol, 2.0 equiv.) was then added to it slowly under a 

nitrogen atmosphere. Finally, triethyl amine (4.72 mL, 33.90 mmol, 2.5 equiv.) was added 

drop wise under stirring in a nitrogen atmosphere. The reaction mixture was stirred at RT for 

12 h. Organic layer was washed with water (2 x 20 mL). The organic layer was separated, 

dried over anhydrous sodium sulphate and evaporated using rotary evaporator. The crude 

product was purified using silica gel chromatography with hexane and ethyl acetate solvent 

system to afford the product 10 as a pale yellow oil (3.43 g, 65%). Rf = 0.36 (Hexane: EtOAc 

= 5:5); 
1
H-NMR (400 MHz, CDCl3): δ = 7.79 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.8 Hz, 2H), 

4.20–4.18 (m, 2H), 4.16–4.14 (m, 2H), 3.69–3.62 (m, 11H), 3.58 (s,3H), 2.44 (s, 3H), 2.43–
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2.41 (m, 1H) ppm; 
13

C-NMR (100 MHz, CDCl3): δ = 144.9, 133.2, 129.9, 128.1, 79.8, 74.6, 

70.9, 70.7, 70.5, 69.4, 69.3, 68.8, 58.5, 21.7 ppm; HRMS: (m/z): Calcd. for C18H26O7SNa: 

409.1296 [M+Na]
+
; found: 409.1299. 

 

tert-Butyl 3-(2-ethoxy-2-oxoethyl)-5-iodo-2,6-dioxo-3,6-dihydropyrimidine-1(2H)-

carboxylate 11 

To a mixture of compound 2 (0.339 g, 1.04 mmol, 1.0 equiv.) and DMAP (0.254 g, 2.08 

mmol, 2.0 equiv.) was added dry THF (3.39 mL) at 0 °C under nitrogen atmosphere. The 

(Boc)2O (0.45 mL, 2.08 mmol, 2.0 equiv.) was further added to above mixture slowly and 

allowed to react at RT for 18 h. Reaction mixture was concentarted and residue was dissolved 

in CH2Cl2 (100 mL) and washed with water (2 x 50 mL). The organic layer was separated, 

dried over anhydrous sodium sulphate and evaporated using rotary evaporator. The crude 

product was further purified using silica gel chromatography with hexane and ethyl acetate 

solvent system to afford product 11 as a light-yellow foam (0.194 g, 44%). Rf = 0.69 (Hexane: 

EtOAc = 5:5), 
1
H-NMR (400 MHz, CDCl3): δ = 7.56 (s, 1H), 4.47 (s, 2H), 4.27 (q, J = 7.2 

Hz, 2H), 1.60 (s, 9H), 1.31 (t, J = 7.2 Hz, 3H) ppm; 
13

C-NMR (100 MHz, CDCl3): δ = 166.9, 

157.9, 148.7, 148.0, 146.8, 87.7, 67.9, 62.7, 49.1, 27.5, 14.2 ppm; HRMS: (m/z): Calcd. for 

C13H18IN2O6: 425.0210 [M+H]
+
; found: 425.0208. 

 

tert-Butyl 3-(2-ethoxy-2-oxoethyl)-2,6-dioxo-5-(14-(tosyloxy)-3,6,9,12-tetraoxatetradec-

1-yn-1-yl)-3,6-dihydropyrimidine-1(2H)-carboxylate 12 

A mixture of compound 11 (0.594 g, 1.40 mmol, 1.0 equiv.), tosyl- tetraethylene glycol 

alkyne 10 (0.814 g, 2.10 mmol, 1.5 equiv.), CuI (0.053 g, 0.28 mmol, 0.2 equiv.), 

tetrakis(triphenylphosphine) palladium(0) (0.162 g, 0.14 mmol, 0.1 equiv.) were kept in the 

vacuum for 30 min. The degassed anhydrous THF (8.9 mL) was then added to above mixture 

under nitrogen atmosphere. Finally, DIPEA (0.68 mL, 4.9 mmol, 3.5 equiv.) were added drop 

wise to above solution and stirred at RT for 18 h. The reaction mixture was then filtered 

through Celite pad and Cellite pad was washed with THF (2 x 10 mL). THF was evaporated 

and the residue was dissolved into EtOAc and extracted with water (2 x 50 mL). The organic 

layer was separated, dried over anhydrous sodium sulphate and evaporated using rotary 

evaporator. The crude product was further purified by silica gel column chromatography in 

hexane and ethyl acetate system to afford the product 12 as off white solid (0.65 g, 68%). Rf = 

0.33 (Hexane: EtOAc = 2:8), 
1
H-NMR (400 MHz, CDCl3): δ = 7.78 (d, J = 8.4 Hz, 2H), 7.44 

(s, 1H), 7.34 (d, J = 8.0 Hz, 2H), 4.47 (s, 2H), 4.36 (s, 2H), 4.24 (q, J = 7.2 Hz, 2H), 4.16–
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4.13 (m, 2H), 3.71–3.61 (m, 10H), 3.57 (s,4H), 2.43 (s, 3H), 1.58 (s, 9H), 1.28 (t, J = 7.2 Hz, 

3H) ppm; 
13

C-NMR (100 MHz, CDCl3): δ = 166.8, 159.3, 148.1, 146.9, 146.7, 145.0, 133.1, 

130.0, 128.1, 99.8, 90.7, 87.5, 76.5, 70.8, 70.7, 70.5, 69.4, 69.3, 68.8, 62.6, 59.1, 49.3, 27.5, 

21.7, 14.2 ppm; HRMS: Calcd. for C31H42N2O13SNa: 705.2305 [M+Na]
+
; found: 705.2295.  

 

Ethyl 2-(5-(1-azido-3,6,9,12-tetraoxapentadec-14-yn-15-yl)-2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)acetate 13 

A mixture of compound 12 (0.44 g, 0.64 mmol, 1.0 equiv.) and NaN3 (0.125 g, 1.92 mmol, 

3.0 equiv.) in dry DMF (4.4 mL) was heated at 60 °C for 12 h under nitrogen atmosphere. 

The DMF was evaporated to dryness using high vacuum pump and residue was dissolved in 

EtOAc. EtOAc layer was further washed with water to remove unreacted NaN3. Finally, 

organic layer was separated, dried over anhydrous sodium sulphate and evaporated using 

rotary evaporator. Crude product was then purified using silica gel chromatography with a 

gradient from 50% to 95% EtOAc in hexane to afford the product 13 as pale yellow thick oil 

(0.127 g, 44%). Rf = 0.23 (Hexane: EtOAc = 2:8); 
1
H-NMR (400 MHz, CDCl3): δ = 8.70 (br, 

1H), 7.43 (s, 1 H), 4.46 (s, 2H), 4.39 (s, 2H), 4.26 (q, J = 7.2 Hz, 2H), 3.73–3.71 (m, 2H), 

3.69–3.66 (m, 12H), 3.39 (tapp, J = 5.2 and 4.8 Hz, 2H), 1.31 (t, J = 7.2 Hz, 3H) ppm; 
13

C-

NMR (100 MHz, CDCl3): δ = 167.0, 161.4, 149.6, 147.5, 100.1, 90.5, 70.8, 70.7, 70.5, 70.1, 

69.4, 62.6, 59.2, 50.8, 49.2, 14.2 ppm; HRMS: (m/z): Calc. for C19H27N5O8Na: 476.1757 

[M+Na]
+
; found: 476.1760. (Note: during the course of reaction we observed deprotection of 

Boc-group, this was possibly due to the generation of p-toulene sulphonic acid as by 

product). 

 

2-(5-(1-Azido-3,6,9,12-tetraoxapentadec-14-yn-15-yl)-2,4-dioxo-3,4-dihydropyrimidin-

1(2H)-yl)acetic acid 14 

Lithium hydroxide (10% solution in H2O, 1.2 mL) was added to a solution of compound 13 

(0.12 g, 0.26 mmol, 1.0 equiv.) in THF (4.8 mL) and the reaction mixture was stirred for 3 h 

at RT. The reaction mixture was evaporated to dryness, the residue was redissolved in water 

(15 mL) and washed with diethyl ether (10 ml). To the aqueous phase saturated KHSO4 

solution (~3 mL) was added to adjust the pH to ~4. The product was then extracted in EtOAc 

(2 × 40 mL) and solvent was evaporated to afford the product 14 as off white solid (0.098 g, 

87%). Rf  = 0.06 (CH2Cl2:MeOH = 9:1); 
1
H-NMR (400 MHz, d6-DMSO): δ = 11.74 (br, 1H), 

8.11 (s, 1H), 4.42 (s, 2H), 4.34 (s, 2H), 3.61–3.58 (m, 4H), 3.56–3.52 (m, 10H), 3.39 (t, J = 

4.8 Hz, 2H) ppm; 
13

C-NMR (100 MHz, d6-DMSO): δ = 169.1, 162.0, 149.9, 149.6, 96.9, 



186 

 

88.8, 78.1, 69.8, 69.7, 69.5, 69.2, 68.5, 58.1, 50.0, 48.8 ppm; HRMS: Calcd. for 

C17H23N5O8Na: 448.1444 [M+Na]
+
; found: 448.1455. 

 

tert-Butyl N-(2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)ethyl)-N-(2-(5-(1-azido-

3,6,9,12-tetraoxapentadec-14-yn-15-yl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)acetyl)glycinate 15 

A mixture of compound 14 (0.170 g, 0.40 mmol, 1.2 equiv.), Fmoc PNA backbone 5 (0.143 

g, 0.33 mmol, 1.0 equiv.) and EDC (0.077 g, 0.40 mmol, 1.2 equiv.) were kept in the vacuum 

for 30 min. The degassed anhydrous DMF (3.4 mL) was then added to above mixture under 

nitrogen atmosphere. Finally, DIPEA (0.12 mL, 0.66 mmol, 2.0 equiv.) was added drop wise 

to above reaction mixture. Then reaction mixture was stirred for 12 h at RT under nitrogen 

atmosphere. Solvent was then evaporated and residue was redissolved in EtOAc. EtOAc layer 

was further washed with water. The organic layer was separated, dried over anhydrous 

sodium sulphate and evaporated using rotary evaporator. The crude product was then purified 

by silica gel column chromatography with a gradient from 40% to 95% EtOAc in hexane to 

afford the product 15 as a white solid (0.095 g, 30%). Rf = 0.34 (EtOAc); 
1
H-NMR (400 

MHz, CDCl3): δ = 8.63 (br, 1H), 7.75 (d, J = 7.6 Hz, 2H), 7.59 (tapp, J = 7.2 and 6.8 Hz, 2H), 

7.46–7.28 (m, 5H), 5.91 (ma.) and 5.38 (mi.) (tapp, J = 5.6 and 4.8 Hz, 1H), 4.49–4.35 (m, 

5H), 4.23–4.20 (m, 1H), 4.05 (mi.) and 3.94 (ma.) (s, 1H), 3.72–3.65 (m, 14H), 3.56–3.47 (m, 

2H), 3.38 (t, J = 4.8 Hz, 4H), 1.74 (br, 2H), 1.50 (ma.) and 1.47 (mi.) (s, 9H) ppm; 
13

C-NMR 

(100 MHz, CDCl3): δ = 168.7, 168.4, 161.6, 156.8, 149.8, 148.7, 144.1, 143.9, 141.4, 127.9, 

125.3, 125.1, 120.2, 120.1, 99.5, 90.2, 84.0, 83.0, 77.4, 70.8, 70.7, 70.5, 70.1, 69.3, 59.2, 

50.8, 50.0, 49.1, 48.2, 47.4, 31.1, 28.2 ppm; HRMS: Calcd. for C40H49N7O11Na: 826.3387 

[M+Na]
+
; found: 826.3386. 

 

N-(2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)ethyl)-N-(2-(5-(1-azido-3,6,9,12-

tetraoxapentadec-14-yn-15-yl)-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetyl)glycine 

16 

A solution of compound 15 (0.09 g, 0.11 mmol, 1.0 equiv.) in dry CH2Cl2 (4.0 mL) was 

added TFA (2 mL) under stirring at 0 °C. Reaction mixture was stirred at RT for 3h and 

solvent was evaporated to dryness using NaOH trap. The residue was co-evaporated using 

CH2Cl2 (3 x 20 mL) and redissolved in water. Aqueous layer was washed with diethyl ether 

and acidified using saturated KHSO4 solution (~3 mL) to adjust the pH to ~4. The product 

was extracted in EtOAc and solvent was evaporated to afford 16 as white solid (65 mg, 77%). 
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Rf = 0.11 (CH2Cl2: MeOH = 9:1); 
1
H-NMR (400 MHz, d6-DMSO): δ = 11.68 (br, 1H), 7.94–

7.88 (m, 3 H), 7.68 (d, J = 7.2 Hz, 2H), 7.43–7.26 (m, 6H), 4.72 (ma.) and 4.55 (mi.) (s, 2H), 

4.34–4.28 (m, 4H), 4.23 (t, J = 6.4 Hz, 1H), 4.18 (mi.) and 3.99 (ma.) (s, 2H), 3.60–3.51 (m, 

12H), 3.39–3.38 (m, 4H), 3.14–3.11 (m, 2H), 1.23 (br, 2H) ppm; 
13

C-NMR (125 MHz, d6-

DMSO): δ = 170.3, 167.3, 166.9, 162.1, 156.3, 156.1, 150.1, 150.0, 143.9, 140.7, 127.6, 

127.1, 125.1, 120.1, 96.7, 88.8, 78.2, 69.8, 69.7, 69.5, 69.2, 68.5, 65.5, 58.1, 54.9, 50.0, 48.1, 

47.7, 46.7, 30.7 ppm; HRMS: Calcd. for C36H41N7O11Na: 770.2761 [M+Na]
+
; found: 

770.2754. 

 

N-(2-((tert-Butoxycarbonyl)amino)ethyl)-N-(2-(5-iodo-2,4-dioxo-3,4-dihydropyrimidin-

1(2H)-yl)acetyl)glycine 22 

Lithium hydroxide (10% solution in H2O, 6.2 mL) was added to a solution of compound 21 

(0.62 g, 1.18 mmol, 1.0 equiv.) in THF (12.4 mL) under stirring at 0 °C and further reaction 

mixture was stirred for 3 h at RT. The reaction mixture was evaporated to dryness, the 

residue was redissolved in water (15 mL) and washed with diethyl ether (10 ml). To the 

aqueous phase saturated KHSO4 solution (~3 mL) was added to adjust the pH to ~5. The 

product was then extracted in EtOAc (2 × 40 mL) and solvent was evaporated to afford the 

product 22 as off white solid (0.532 g, 91%). Rf = 0.23 (CH2Cl2: MeOH = 8:2); 
1
H-NMR 

(400 MHz, d6-DMSO): δ = 12.70 (br, 1H),  11.71 (ma.) and 11.69 (mi.) (s, 1H), 8.01 (ma.) 

and 7.97 (mi.) (s, 1H), 6.93 (ma.) and 6.73 (mi.) (appt, J = 5.6 and 5.2 Hz, 1H), 4.71 (ma.) and 

4.53 (mi.) (s, 2H), 4.18 (mi.) and 3.98 (ma.) (s, 2H), 3.40–3.30 (m, 2H), 3.19–3.01 (m, 2H), 

1.39 (ma.) and 1.38 (mi.) (s, 9H) ppm; 
13

C-NMR (100 MHz, d6-DMSO): δ = 170.7 (mi.) and 

170.4 (ma.), 167.3 (mi.) and 166.9 (ma.), 161.1, 155.7, 150.7 (ma.) and 150.4 (mi.), 78.1, 

67.8, 54.9, 47.8, 47.6, 46.8, 37.9, 28.2 ppm; HRMS: Calcd. for C15H22IN4O7: 497.0533 

[M+H]
+
; found: 497.0535. 

 

5.4.4 Solid phase synthesis of alkyne- and azide- modified PNA oligomers by Fmoc 

chemistry 

All alkyne- and azide-modified PNA oligomers were synthesized by applying standard solid 

phase PNA synthesis protocol on rink amide resin using Fmoc-protected aeg-PNA 

monomers, alkyne, and azide PNA base analogues and azido acetic acid. In order to enhance 

aqueous solubility of PNA oligomers, two lysine residue were attached at the C-terminus.  

General procedure: In a glass sintered flask, Rink-amide resin (250 mg, 0.65 mmol/g) was 

swelled in CH2Cl2 (8 mL) for 12 h.  Then the solvent was removed, and the resin was treated 
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with 20% piperidine in DMF (6 mL) for 10 min to remove Fmoc-group from resin. This step 

was repeated two more times. The resin was then washed sequentially with DMF (3 x 3 mL), 

CH2Cl2 (3 x 3 mL), and DMF (3 x 3 mL). The resin was dried under nitrogen flow for few 

minutes. The coupling reaction was performed in dry DMF (1.8 mL) with Fmoc-Lys(Boc)-

OH (36 mg, 1.0 equiv. to obtain a loading of 0.35 mmol/g) in the presence of HOBt (1.0 

equiv.), HBTU (1.0 equiv.) and DIPEA (1.0 equiv.) for 7–9 h at RT. The resin was further 

washed with DMF (3 x 3 mL), CH2Cl2 (3 x 3 mL) and DMF (3 x 3 mL). Next, remaining 

amino groups on the resin was capped with acetic anhydride (1.0 mL) in pyridine (1.0 mL) 

for 1 h at RT. This step was repeated two more times, and the resin was then washed with 

DMF (3 x 3 mL), CH2Cl2 (3 x 3 mL) and DMF (3 x 3 mL) and dried under nitrogen flow for 

few minutes. The resin was treated with 20% piperidine in DMF (5 mL) for 10 min to remove 

Fmoc-group. This step was repeated two more times, and the resin was then washed with 

DMF (3 x 3 mL), CH2Cl2 (3 x 3 mL), and DMF (3 x 3 mL). Then coupling reaction was 

performed in dry DMF (1.8 mL) with Fmoc-Lys(Boc)-OH (3.0 equiv.) in the presence of 

HOBt (3.0 equiv.), HBTU (3.0 equiv.) and DIPEA (3.0 equiv.) for 7–9 h at RT. The resin 

was then washed with DMF (3 x 3 mL), CH2Cl2 (3 x 3 mL) and DMF (3 x 3 mL). The resin 

was dried under nitrogen flow for few minutes. 

Above lysine loaded Rink-amide resin (25 mg, 0.35 mmol/g) was swelled in CH2Cl2 

(2 mL) for 2 h in glass sintered flask. The solvent was removed and the resin was treated with 

20% piperidine in DMF (1.0 mL) for 10 min to remove Fmoc-group as mentioned above. The 

resin was then washed with DMF (3 x 3 mL), CH2Cl2 (3 x 3 mL) and DMF (3 x 3 mL). The 

coupling reaction was performed in dry NMP (0.6 mL) with appropriate Fmco-protected 

PNA monomers (3.0 equiv.) in the presence of HOBt (3.0 equiv.), HBTU (3.0 equiv.) and 

DIPEA (3.0 equiv.) for 7–9 h RT. The resin was washed again, and the coupling, Fmoc 

deprotection, and washing steps were repeated in the cycle as mentioned above to synthesize 

the desired PNA sequence. 

Cleavage procedure: The dried resin (20 mg) was transferred to a glass vial and treated with 

H2O (10 L) and anisole (10 L) in an ice bath for 10 min. TFA (380 L) was then added to 

the above mixture and was stirred for 1.5 h at room temperature. The resin was filtered, and 

the filtrate was concentrated and precipitated as a white solid by adding cold diethyl ether (1 

mL). The solvent was decanted, and the crude product was dissolved in autoclaved water and 

purified by RP-HPLC. 
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5.4.5 HPLC analysis of PNA oligomers 

All azide and alkyne modified PNA oligomers were purified using a Luna C18 semi-

preparative RP column (5 micron, 250 × 10 mm, Phenomenex) on an Agilent Technologies 

1260 Infinity HPLC system. Conditions: 050% B in 25 min and 50100% B in 15 min 

(Mobile phase A: 5% acetonitrile in H2O containing 0.1% TFA. Mobile phase B: 50% 

acetonitrile in H2O containing 0.1% TFA). The flow rate was 2 mL/min. The chromatogram 

of control PNA oligomers was recorded at 260 nm, and fluorescently modified PNA 

oligomers was recorded at 260 nm and 330 nm. Concentration of the PNA oligomers were 

determined by using the molar extinction coefficients of nucleobases at 260 nm (εA = 13700, 

εT = 8600, εG = 11700, εC = 6600 M
-1

cm
-1

). 

 

5.4.6 MALDI-TOF mass measurement of PNA oligomers 

1 μL of a ~150 μM stock solution of PNA oligomer was combined with 2,5-

dihydroxybenzoic acid (DHB) or α-cyano-4-hydroxycinnamic acid (CHCA) matrix. The 

samples were spotted on a plate and air dried before mass analysis. 

 

5.4.7 Bioorthogonal chemical reactions 

5.4.7.1 Postsynthetic modification of azide-and alkyne-modified PNA oligomers by 

CuAAC reaction 

The Cu-mix was prepared by mixing a solution of THPTA (4.2 μL, 90 mM), CuSO4 (4.2 μL, 

45 mM) and sodium ascorbate (4.2 μL, 90 mM) in water. Above mixture was added to an 

aqueous solution of alkyne- or azide-modified PNA oligomers 18/19/20 in water (25 μL, 0.6 

mM). Stock solutions (7.5 mM) of azide (ad) or alkyne (eh) substrates were prepared in 

DMSO. Azide or alkyne substrates (10 μL, 7.5 mM) were added to respective alkyne or 

azide-containing 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 

(7.50 mM), CuSO4 (3.75 mM), sodium ascorbate (7.50 mM), PNA oligomer (0.30 mM, 15 

nmol), azide or alkyne substrate (1.5 mM) and DMSO (20%). The reaction mixtures were 

allowed to react at 37 °C for 2 h on thermomixer (500 rpm). The clicked product was purified 

by RP-HPLC using conditions mentioned above. The corresponding peak for clicked product 

was isolated and characterized by MALDI-TOF mass analysis. For the structure of clicked 

products see Scheme 3 and Scheme 4 and for yields and mass data see Table 2.  
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5.4.7.2 Postsynthetic modification of azide-modified PNA oligomers by copper-free 

SPAAC reaction with cyclooctyne building blocks of biotin i 

A solution of azide-modified PNA oligomers 19/20 in water (12.5 μL, 0.6 mM) was mixed 

with cyclooctyne substrate i (2.25 μL, 10 mM) dissolved in DMSO. The 2.27 μL of DMSO 

was added to above reaction mixture, and total volume was adjusted to 25 μL by adding 

water. Final, concentration of PNA oligomers was 0.3 mM (7.5 nmol), cyclooctyne substrate 

i was 0.9 mM, and DMSO was 20 %. The individual reaction mixture was incubated at 37 °C 

for 1 h, and the clicked product was purified by RP-HPLC using conditions mentioned above. 

The corresponding peak for clicked product was isolated and characterized by MALDI-TOF 

mass. For the structure of clicked products see Scheme 5 and for yields and mass data see 

Table 3. 

 

5.4.7.3 Postsynthetic modification of azide-modified PNA oligomers by Staudinger 

ligation reaction with biotinylated triaryl phosphine substrate j 

A solution of azide-modified PNA oligomers 19/20 (6.0 μL, 1.0 mM) in water was mixed 

with 50 mM PBS buffer (10 μL, pH 8.0). The biotinylated phosphine substrate j (1.2 μL, 50 

mM) in DMSO was then added to the above solution and mixed well. Then 8.8 μL of DMSO 

was added to above reaction mixture. Finally, reaction volume was adjusted to 50 μL by 

adding water. The final concentration of reaction components was the following: PNA (0.12 

mM, 6 nmol), j (1.2 mM) and DMSO (20%). The reaction mixture was incubated at 37 °C for 

12 h, and the ligated product was purified by RP-HPLC using conditions mentioned above. 

The corresponding peak for ligated product was isolated and characterized by MALDI-TOF 

mass. For the structure of ligated products see Scheme 6 and for yields and mass data see 

Table 3. 

 

5.4.7.4 Postsynthetic chemical functionalization of iodo-modified PNA oligomer 23 by 

palladium catalyzed Suzuki-Miyaura and Cu-free Sonogashira reactions 

Suzuki-Miyaura: A solution of iodo-modified PNA oligomers 23 in water (8.33 μL, 0.6 

mM) and boronic acids k/l (0.5 μL, 100 mM) in DMSO was mixed with 50 mM PBS buffer 

(10 μL, pH 8.0). The 9.5 μL of DMSO was added to above reaction mixture and total volume 

was adjusted to 45 μL by adding water. Finally, palladium catalyst Pd(OAc)2•(DMG)2 (5.0 

μL, 10 mM) was added to above reaction mixture. The final concentration of PNA oligomers 

was 0.1 mM (5.0 nmol), boronic acids k/l was 1.0 mM, DMSO was 20 % and reaction 

volume was 50 μL. The reaction was allowed to react at 40 °C for 4 h on thermomixer (500 
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rpm) and finally, allowed to react with 3-mercaptopropionic acid (5 mM, 5-equiv. to Pd) for 

30 min at 40 °C. 

Cu-free Sonogashira: A solution of iodo-modified PNA oligomers 23 in water (8.33 μL, 0.6 

mM) and alkyne substrates e/m (2.5 μL, 100 mM) in DMSO was mixed with 50 mM Tris-

HCl buffer (10 μL, pH 8.5). The 7.5 μL of DMSO was added to above reaction mixture, and 

total volume was adjusted to 42.5 μL by adding water. Finally, palladium catalyst 

Pd(OAc)2•(DMADHP)2 (2.5 μL, 10 mM) and sodium ascorbate (5.0 μL, 10 mM)  was added 

to above reaction mixture. The final concentration of PNA oligomers was 0.1 mM (5.0 nmol), 

alkyne substrates e/m was 1.0 mM, DMSO was 20 % and reaction volume was 50 μL. The 

reaction was allowed to react at 40 °C for 4 h on thermomixer (500 rpm). 

Coupled products were purified by RP-HPLC (analytical column) using conditions 

mentioned above. The corresponding product peaks were isolated and characterized by 

MALDI-TOF mass. For the structure of coupled products see Scheme 7 and for yields and 

mass data see Table 5. 

 

5.4.7.5 Postsynthetic labeling of azide- and alkyne-modified PNA-telomere duplexes by 

CuAAC, SPAAC and Staudinger ligation reactions with cognate biophysical probes 

The PNA-telomere duplexes were assembled by heating a 1:1 mixture of PNA oligomers (24 

and 26) and telomere DNA 29 (0.30 mM) in 10 mM phosphate buffer (pH 7.1, 100 mM 

NaCl, 0.1 mM EDTA) at 90 ºC for 3 min. Samples were slowly cooled to RT and kept in an 

ice bath for ~1 h. 

CuAAC: Cu-mix was prepared by mixing a solution of THPTA (0.58 μL, 90 mM), CuSO4 

(0.58 μL, 45 mM) and sodium ascorbate (0.58 μL, 90 mM) in water. Above mixture was 

added to alkyne- or azide-modified PNA-telomere duplexes 24•29 and 26•29 (7.0 μL, 0.30 

mM), in 10 mM phosphate buffer (pH 7.1, 100 mM NaCl, 0.1 mM EDTA). Finally, azide (p) 

or alkyne (n) substrates (1.4 μL, 7.5 mM) were added to above respective alkyne or azide-

modified PNA-telomere duplexes (24•29 and 26•29) containing individual reaction mix, and 

the reaction volume was adjusted to 14 μL. The final concentration of reaction components 

was the following: THPTA (3.75 mM), CuSO4 (1.87 mM), sodium ascorbate (3.75 mM), 

PNA-telomere duplex (0.15 mM, 2.1 nmol), azide or alkyne substrate (0.75 mM), DMSO 

(20%) and 10 mM phosphate buffer (pH 7.1, 100 mM NaCl, 0.1 mM EDTA). The reaction 

mixtures were allowed to react at 37 °C for 2 h on thermomixer (500 rpm). The labeled PNA-

telomere duplexes were analyzed by 15% native PAGE. Respective labeled products were 

visualized by UV-shadowing and UV-transilluminator. For gel picture, please see Figure 7B. 
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SPAAC: Azide-modified PNA-telomere duplex 26•29 (7.0 μL, 0.30 mM) in 10 mM 

phosphate buffer (pH 7.1, 100 mM NaCl, 0.1 mM EDTA) was mixed with cyclooctyne 

substrate (0.63 μL, 10 mM) dissolved in DMSO. The 2.17 μL of DMSO was added to above 

reaction mixture, and total volume was adjusted to 14 μL by adding water. Final, 

concentration of PNA-telomere duplex was 0.15 mM (2.1 nmol), cyclooctyne substrate o was 

0.45 mM, DMSO was 20 % and 10 mM phosphate buffer (pH 7.1, 100 mM NaCl, 0.1 mM 

EDTA). The individual reaction mixture was incubated at 37 °C for 1 h. The labeled PNA-

telomere duplex was analyzed by 15% native PAGE. Respective labeled product was 

visualized by UV-shadowing and UV-transilluminator. For gel picture please see Figure 7B. 

Staudinger ligation: Azide-modified PNA-telomere duplex 26•29 (7.0 μL, 0.30 mM) in 10 

mM phosphate buffer (pH 7.1, 100 mM NaCl, 0.1 mM EDTA) was mixed with biotinylated 

phosphine substrate j (0.42 μL, 50 mM) dissolved in DMSO. The 2.38 μL of DMSO was 

added to above reaction mixture and total volume was adjusted to 14 μL by adding water. 

The final concentration of reaction components was the following: azide-modified PNA-

telomere duplex (0.15 mM, 2.1 nmol), j (1.5 mM), DMSO (20%) and 10 mM phosphate 

buffer (pH 7.1, 100 mM NaCl, 0.1 mM EDTA). The reaction mixture was incubated at 37 °C 

for 12 h and the ligated product was analyzed by 15% native PAGE. Respective labeled 

product was visualized by UV-shadowing. For gel picture, please see Figure 7B. 

 

5.4.8 Fluorescence spectra of labeled PNA oligomer products 

Fluorescence experiments were performed in a micro fluorescence cuvette (Hellma, path 

length 1.0 cm) on Fluoromax-4 spectrophotometer (Horibha Scientific). Emission profile (0.5 

μM) of the clicked PNA products (18a and 24a) and naphthalimide-azide substrate (a) were 

obtained by exciting the samples at 455 nm with an excitation and emission slit width of 2 

nm and 5 nm, respectively (see Figure 4 and 9). Emission profile (0.5 μM) of the clicked 

PNA products (19e, 20e and 26e) and naphthalimide-alkyne substrate (e) were obtained by 

exciting the samples at 362 nm with an excitation and emission slit width of 2 nm and 4 nm, 

respectively (see Figure 4 and 9). Emission profile (0.5 μM) of the clicked PNA products 

(19f, 20f and 26f) and NBD-alkyne substrate (f) were obtained by exciting the samples at 473 

nm with an excitation and emission slit width of 4 nm and 5 nm, respectively (see Figure 4 

and 9). 

 Emission profile (0.5 μM) of the coupled PNA product 23k, and benzothiophene-

conjugated uracil PNA analogue (
BT

U) were obtained by exciting the samples at 330 nm with 

an excitation and emission slit width of 7 nm and 9 nm, respectively. While, emission profile 
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(0.5 μM) of the coupled PNA product 23k, and naphthalimide-conjugated uracil PNA 

analogue (
Nap

U) were obtained by exciting the samples at 400 nm with an excitation and 

emission slit width of 3 nm and 4 nm, respectively (see Figure 6). 
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5.6 Appendix-III: Characterization data of synthesized compounds 

1
H-NMR of compound 3 in CDCl3 

 

13
C-NMR of compound 3 in CDCl3 
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1
H-NMR of compound 4 in d6-DMSO 

 

13
C-NMR of compound 4 in d6-DMSO 
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1
H-NMR of compound 6 in d6-DMSO 

 

13
C-NMR of compound 6 in d6-DMSO 
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1
H-NMR of compound 7 in d6-DMSO 

 

13
C-NMR of compound 7 in d6-DMSO 
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1
H-NMR of compound 9 in CDCl3 

 

13
C-NMR of compound 9 in CDCl3 

 
 

 

 



200 

 

1
H-NMR of compound 10 in CDCl3 

 

13
C-NMR of compound 10 in CDCl3 
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1
H-NMR of compound 11 in CDCl3 

 

13
C-NMR of compound 11 in CDCl3 
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1
H-NMR of compound 12 in CDCl3 

 

13
C-NMR of compound 12 in CDCl3 
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1
H-NMR of compound 13 in CDCl3 

 

13
C-NMR of compound 13 in CDCl3 
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1
H-NMR of compound 14 in d6-DMSO 

 

13
C-NMR of compound 14 in d6-DMSO 
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1
H-NMR of compound 15 in d6-DMSO 

 

13
C-NMR of compound 15 in d6-DMSO 
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1
H-NMR of compound 16 in d6-DMSO 

 

13
C-NMR of compound 16 in d6-DMSO 
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RP-HPLC chromatogram of azide-and alkyne-modified PNA oligomers 18 (A), 19 (B) and 

20 (C) at 260 nm. Conditions: 050% B in 25 min and 50100% B in 15 min (Mobile phase 

A: 5% acetonitrile in H2O containing 0.1% TFA. Mobile phase B: 50% acetonitrile in H2O 

containing 0.1% TFA). Flow rate was 2 mL/min.  MALDI-TOF mass spectra of azide-and 

alkyne-modified PNA oligomers 18 (D), 19 (E) and 20 (F). See Table 1 for mass data of all 

PNA oligomers.  

 

  

(A) Representative RP-HPLC chromatogram of iodo PNA 23 and its Suzuki-Miyaura 

reaction product (23k) with benzothiophene boronic acid (k) at 260 nm. (B) Representative 

RP-HPLC chromatogram of iodo PNA 23 and its Cu-free Sonogashira reaction product (23k) 

with naphthalimide alkyne (e) at 260 nm. Conditions: 050% B in 25 min and 50100% B in 

15 min (Mobile phase A: 5% acetonitrile in H2O containing 0.1% TFA. Mobile phase B: 50% 

acetonitrile in H2O containing 0.1% TFA). Flow rate was 1 mL/min.   
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Representative absorption spectra of clicked PNA oligomers at 6.5 µM for 18a and 20e, and 

at 3.5 µM for 23k and 23e, respectively, in water.  

 


