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Abstract of Thesis 

The thesis entitled “γ-C-Substituted Multifunctional Peptide Nucleic Acids: 

Design, Synthesis and Bioevaluation” is comprised of studies towards the design, 

synthesis, biophysical and biological evaluation of modified peptide nucleic acid 

(PNA) analogs. The modifications consist of incorporation of chiral, cationic 

(amine/guanidine) and charge-neutral azide functionality at γ-position in the PNA 

backbone. The PNA oligomers obtained by solid phase peptide synthesis were 

investigated for their binding to target DNA by various biophysical techniques. The 

work also describes the cell permeation properties of synthesized PNA oligomers.  

The thesis is presented as four chapters: 

Chapter 1:  Introduction to Peptide Nucleic Acids 

Chapter 2:  Design, Syntheses and Characterization of γ-C-Substituted Peptide 

Nucleic Acid Monomers and Their Oligomerization 

              A:  Syntheses and Characterization of γ-(S-ethyleneamino), γ-(S-

ethylene guanidino), γ-(S-azidomethylene) and γ-(S-azidobutylene) 

aeg PNA Monomers 

              B:  Solid Phase Synthesis, Purification and Characterization of PNA 

Oligomers 

Chapter 3:  Biophysical Evaluation of Modified PNA Oligomers 

Chapter 4:  Cell Permeation Studies of PNA Oligomers 

Chapter 1: Introduction to peptide nucleic acids 

 This chapter gives an overview on the background literature for the undertaking 

research work emphasizing recent advancements in the field of peptide nucleic acids 

and their applications. 

Oligonucleotides (ONs) capable of sequence-specific recognition of nucleic 

acids (DNA/RNA) are becoming more important for research, diagnosis and therapy. 

This is vital to make antisense or antigene based inhibition as practical approach to 

therapeutics. Sequence-specific binding of oligodeoxynucleotides (ODNs) to single 
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stranded RNA or duplex DNA through triple-helix formation provides a way to 

modulate gene expression. The specific inhibition is based on the Watson-Crick base-

pairing between the heterocyclic bases of the antisense ONs and the target nucleic acid. 

In order to meet all the requirements of a successful medicinal agent, it is necessary for 

natural ONs to be chemically modified in a suitable manner. The chemical 

modifications of ONs have resulted in the synthesis and analysis of a large variety of 

oligonucleotide derivatives with modifications to the phosphate, the ribose or the 

nucleobase. This chapter presents a survey of the literature relevant to the area of 

nucleic acid therapeutics. 

Peptide Nucleic Acids (PNA) (Figure 1), first introduced by Nielsen et al, have 

emerged as a novel development in the field of oligonucleotide analogs. A brief 

introduction to the world of PNA is presented in this chapter followed by discussion on 

the recent trends in this area of research. 

 

FIGURE 1 (i) Structure of DNA/RNA and PNA (ii) Watson-Crick hydrogen-bonding of 

nucleobases 

The replacement of sugar-phosphate backbone of DNA by N-2-aminoethyl-

glycyl backbone carrying nucleobases through methylene-carbonyl linker leads to 

PNA. The charge-neutral and achiral peptide nucleic acids were originally designed as 

oligonucleotide analogs that could be used for sequence-specific targeting of double-

stranded DNA. PNAs bind with higher affinity to complementary DNA/RNA than their 

natural counterparts obeying Watson-Crick base pairing rule. PNAs and their analogs 
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are resistant to hydrolytic enzymes like proteases and nucleases. Due to these 

exceptional properties PNAs have major applications as a tool in molecular biology, as 

lead compounds for the development of gene targeted drugs via antigene/antisense 

technology, for diagnostics and biosensors. Peptide nucleic acids suffer from few 

drawbacks like poor water solubility, lack of efficient cell permeability and ambiguity 

in binding (parallel vs antiparallel) orientation. These limitations are being 

systematically addressed by various rationally designed PNA analogs that have 

improved PNA properties to different extents. The effect of the different structural 

modifications on biophysical and biochemical properties of PNA is overviewed to draw 

directions for the present work, aiming towards exploring new pathways of PNA-

design and applications. 

Chapter 2: Design, syntheses and characterization of γ-C-substituted 

peptide nucleic acid monomers and their oligomerization 

The present work aims to address some of the limitations like poor water 

solubility and lack of efficient cell permeability with rationally designed γ-C-

substituted PNA analogs. This chapter deals with the introduction of side chain 

carrying cationic (amine and guanidine) or neutral (azide) functional goups at γ-

position of the PNA backbone. The presence of cationic side chains may enhance the 

cellular uptake as well as the PNA:DNA duplex stability. The incorporation of chiral, 

cationic D/L-Lysine unit (spacer is 4 x CH2 group) in place of glycine has shown 

promising properties in terms of improved solubility and higher binding of single 

strand DNA (Figure 2 A). It has been reported that cationic guanidinium groups grafted 

on PNAs (GPNA) enhance the cellular uptake of the substrates (Figure 2 B). Recently 

it has also been shown that PNAs grafted with (α/γ, R/S)-aminomethylene pendants 

(spacer is 1 x CH2 group) show regio and stereospecific effects on DNA binding and 

improve the cell permeation (Figure 2 C & D). 
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FIGURE 2 (A) D/L-Lysine substituted PNA analogs (B) GPNA (C) PNAs grafted with (-R/S)-

aminomethylene pendants (D) PNAs grafted with (γ-S)-aminomethylene pendants  

In view of this, the present work demonstrates the incorporation of cationic 

amine or guanidine functionality through a shorter side chain (2 x CH2) at γ-position in 

the form of γ-(S-ethyleneamino) aminoethylglycyl PNA [γ-(S-eam) aeg PNA] (I) and 

γ-(S-ethyleneguanidino) aminoethylglycyl PNA [γ-(S-egd) aeg PNA] (II) in order to 

investigate its potential as an effective conjugation point (Figure 3). The presence of 

cationic functionality in the side chain of PNA backbone may improve the aqueous 

solubility and hence may aid in cellular penetration. The presence of cationic functional 

groups may also increase PNA–DNA duplex stability due to electrostatic interactions 

of cationic functionality with negatively charged DNA phosphate. Also the detailed 

studies of these modified PNAs would provide insight into the structure activity 

relationship (SAR) of PNA modifications at γ-position. 

FIGURE 3 Target PNA monomers 

The incorporation of azide in the backbone will give a chiral PNA with a neutral 

functional group which can be directly correlated with an unmodified aeg PNA that is 

also neutral. Also, the azide functional group can be utilized to attach fluorophore via 

click reaction with fluorescent alkyne derivative. In order to make fluorescently labeled 

PNAs, we have designed -C-substituted PNA analogs incorporating azide in the side 

chain at various distances (spacer 4 x CH2 and 1 x CH2) from the backbone in the form 



                                                                                                   Abstract of thesis 

xi 
 

of -(S-azidobutylene) aminoethylglycyl PNA [-(S-azm) aeg PNA] (III) and -(S-

azidobutylene) aminoethylglycyl PNA [-(S-azb) aeg PNA] (IV) (Figure 3).   

Section 2A: Syntheses and characterization of γ-(S-eam), γ-(S-egd), -

(S-azm) and -(S-azb) aeg PNA monomers 

In an attempt towards the synthesis of target γ-(S-eam) aeg PNA monomer, the 

commercially available L-Glutamine 1 was treated with di-tert-butyl dicarbonate 

[(Boc)2O] to obtain Boc-protected L-Glutamine 2 and further converted to final 

monomer with ethyleneamino (eam) side chain at -position following the reaction 

sequence mentioned in the Scheme 1. 

SCHEME 1 Schematic representation of synthesis of γ-(S-eam) aeg PNA monomer 

 

To synthesize γ-(S-egd) aeg PNA monomer, the Cbz-group from compound 11 

was deprotected under hydrogenation conditions to give free amine which was 

guanidinylated using N,N’-bis-di-Cbz-S-Me-isothiourea to give compound 13 as -(S-

egd) aeg PNA ester and further converted to final monomer with ethyleneguanidino 

(egd) side chain at -position (Scheme 2). 
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SCHEME 2 Schematic representation of synthesis of γ-(S-egd) aeg PNA monomer 

 

The synthesis of -(S-azm) aeg PNA (Scheme 3) was started from 

commercially available L-Asparagine which was treated with di-tert-butyl dicarbonate, 

[(Boc)2O] to obtain Boc-protected L-Asparagine 16.  

SCHEME 3 Schematic representation of synthesis of γ-(S-azm) aeg PNA monomer 

 



                                                                                                   Abstract of thesis 

xiii 
 

The side chain amide of compound 16 was converted to primary amine under 

Hoffman rearrangement conditions. This was followed by the conversion of amine to 

azide using triflyl azide to get azidomethylene (azm) side chain and further converted to 

final monomer following the sequence mentioned in scheme 3. 

To synthesize -(S-azb) aeg PNA monomer, side chain amine of L-Lysine was 

converted to azide using triflyl azide and further converted to final monomer following 

the sequence mentioned in the scheme 4. 

SCHEME 4 Schematic representation of synthesis of γ-(S-azb) aeg PNA monomer 

 

Section 2B: Solid phase synthesis, purification and characterization of 

PNA oligomers 

The PNA oligomers were synthesized by solid phase peptide synthesis protocol 

using Boc strategy. The modified PNA monomers were incorporated at desired 
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positions in the unmodified aeg PNA sequence using MBHA (4-methyl–Benzhydryl 

amine) resin as solid support. In order to study the potential of duplex formation and 

mismatch discrimination of the γ-C-substituted multifunctional PNA oligomers, the 

mixed purine pyrimidine sequences were synthesized.  

The PNA sequences bearing modified (T) and unmodified (A/T/G/C) 

monomeric units were synthesized to improve the duplex stability and their cell 

permeation abilities (Table 1). The unmodified aeg PNA sequence was also synthesized 

as control for comparisons. 

TABLE 1 PNA oligomers with modified/unmodified monomers at various positions 

Entry Sequence Code PNA sequences Monomers used 

1 aeg PNA 1 
H-T T A C C T C A G T-LysNH2 

     1 2  3 4  5  6 7  8 9 10 

A/G/C/T = aeg PNA  

 

2 eam-t2 PNA 2 H-T t A C C T C A G T-LysNH2 

 
 t = -(S-eam) aeg 

3 eam-t6 PNA 3 H-T T A C C t C A G T-LysNH2 

4 eam-t10 PNA 4 H-T T A C C T C A G t-LysNH2 

5 eam-t2,6 PNA 5 H-T t A C C t C A G T-LysNH2 

6 egd-t

2
 
PNA 6 H-T t

 
A C C T C A G T-LysNH2 

 

7 egd-t

6
 
PNA 7 H-T T A C C t

 
C A G T-LysNH2 

8 egd-t

10

 
PNA 8 H-T T A C C T C A G t

 
-LysNH2 

9 

 
egd-t


2,6

 
PNA 9 H-T t

 
A C C t


 C A G T-LysNH2 

10 egd-t

2,6,10

 
PNA 10 H-T t

 
A C C t

 
C A G t


-LysNH2 

t
 
= -(S-egd) aeg 

11 azm-T

2
 
PNA 11 H-T T

 
A C C T C A G T-LysNH2 

 
T


=-(S-azm) aeg 

12 azm-T

6
 
PNA 12 H-T T A C C T

 
C A G T-LysNH2 

13 azm-T

10

 
PNA 13 H-T T A C C T C A G T


-LysNH2 

14 azm-T

2,6 PNA 14 H-T T

 
A C C T


 C A G T-LysNH2 
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15 azb-T2
 
PNA 15 H-T T A C C T C A G T-LysNH2 

 
T

 
= -(S-azb) aeg 

16 azb-T6
 
PNA 16 H-T T A C C T C A G T-LysNH2 

17 azb-T10
 
PNA 17 H-T T A C C T C A G T-LysNH2 

18 azb-T2,6
 
PNA 18 H-T T A C C T C A G T-LysNH2 

eam = ethyleneamino, egd = ethyleneguanidino, azm = azidomethylene and azb = azidobutylene 

 The fluorescently labeled PNA oligomers were synthesized by on-resin 

click reaction between the polymer supported azido component (azide containing PNA 

oligomers) and the alkyne derivative of 5(6)-carboxyfluorescein (Figure 4, Table 2) 

 FIGURE 4 Synthesis of fluorescent PNA oligomers on solid support 

TABLE 2 Fluorescent PNA oligomers synthesized by click reaction 

Entry Sequence Code Fluorescent PNA Sequences 

19 azb-T
f
6 PNA 16  H-T T A C C T

f
 C A G T-LysNH2 

20 azb-T
f
10 PNA 17 H-T T A  C C T A G T

f
-LysNH2 

21 azb-T
f
2,6 PNA 18 H-T T

f
 A C C T

f
 C A G T-LysNH2 

22 azm-t
f
2 PNA 11 H-T t

f 
A C C T C A G T-LysNH2 

23 azm-t
f
6 PNA 12 H-T T A C C t

f 
C A G T-LysNH2 

24 azm-t
f
10 PNA 13 H-T T A C C T C A G t

f
-LysNH2 

25 azm-t
f
2,6 PNA 14 H-T t

f 
A C C t

f 
C A G T-LysNH2 

 

All the modified PNA oligomers were purified by RP-HPLC and characterized 

by MALDI-TOF mass spectroscopy. These purified PNA oligomers were used for 

biophysical studies discussed in the next chapter. 
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Chapter 3: Biophysical Evaluation of Modified PNA Oligomers 

This chapter deals with the temperature dependent UV-spectroscopic studies to 

determine the thermal stability of all modified PNA oligomers with complementary 

DNA 1. The results of thermal stabilities for all PNA oligomers are tabulated in Table 

3. The specificity of these PNA oligomers was also investigated by challenging them to 

bind to DNA 2 carrying single base mismatch in the middle of the sequence. The 

incorporation of cationic amine or guanidine in the aeg PNA system remarkably 

increased the PNA:DNA duplex stability. The guanidino and amino modified PNA 

stabilizes the duplex by ~ 5 °C and ~ 3 °C per modification respectively. Incorporation 

of neutral azide functionality in the aeg PNA backbone at γ-position gives better 

stabilizing effect when connected with a longer chain (4 x CH2) to the backbone as 

compared to azide at shorter distance (1 x CH2). 

 

Table 3 UV-Tm and ∆ Tm (°C) values of duplexes of modified PNA oligomers with complementary 

DNA 1  

Sequence Code PNA Sequence 
DNA 1 

5’ ACTGAGGTAA 3’ 
Modification 

Incorporated 
UV-Tm (∆ Tm1) 

aeg PNA 1 H-TTACCTCAGT-LysNH2 43.4 A/T/G/C = aeg PNA 

eam-t2 PNA 2 H-TtACCTCAGT-LysNH2 47.3 (+ 3.9) 

 

eam-t6 PNA 3 H-TTACCtAGT-LysNH2 47.1 (+ 3.7) 

eam-t10 PNA 4 H-TTACCTCAGt-LysNH2 49.2 (+ 5.8) 

eam-t2,6 PNA 5 H-TtACCtCAGT-LysNH2 49.7 (+ 6.3) 

egd-t

2
 
PNA 6 H-Tt


ACCTCAGT-LysNH2 45.9 (+ 2.5) 

 

egd-t

6
 
PNA 7 H-TTACCt


CAGT-LysNH2 48.8 (+ 5.4) 

egd-t

10

 
PNA 8 H-TTACCTCAGt


-LysNH2 52.0 (+ 8.6) 

egd-t

2,6

 
PNA 9 H-Tt


ACCt


CAGT-LysNH2 51.9 (+ 8.5) 

egd-t

2,6,10

 
PNA 10 H-Tt


ACCt


CAGt


-LysNH2 57.4 (+ 14.0) 

azm-T

2
 
PNA 11 H-TT


ACCTCAGT-LysNH2 43.9 (+ 0.5) 

 

azm-T

6
 
PNA 12 H-TTACCT


CAGT-LysNH2 49.7 (+ 6.3) 

azm-T

10

 
PNA 13 H-TTACCTCAGT


-LysNH2 45.8 (+ 2.4) 

azm-T

2,6

 
PNA 14 H-TT


ACCT


CAGT-LysNH2 43.6 (+ 0.2) 
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azb-T2
 
PNA 15 H-TTACCTCAGT-LysNH2 44.9 (+ 1.5) 

 

azb-T6
 
PNA 16 H-TTACCTCAGT-LysNH2 49.2 (+ 5.8) 

azb-T10
 
PNA 17 H-TTACCTCAGT-LysNH2 50.9 (+ 7.5) 

azb-T2,6
 
PNA 18 H-TTACCTCAGT-LysNH2 50.6 (+ 7.2) 

azb-T
f
6 PNA 16 H-TTACCT

f
CAGT-LysNH2 46.4 (+ 3.0) 

 

 

azb-T
f
10 PNA 17 

 

H-TTACCTAGT
f
-LysNH2 

 

47.8 (+ 4.4) 

azb-T
f
2,6 PNA 18 H-TT

f
ACCT

f
CAGT-LysNH2 40.0 (- 3.4) 

azm-t
f
2 PNA 11 H-Tt

f
ACCTCAGT-LysNH2 43.8 (+ 0.4) 

 

azm-t
f
6 PNA 12 H-TTACCt

f
CAGT-LysNH2 42.0 (- 1.4) 

azm-t
f
10 PNA 13 H-TTACCTCAGt

f
-LysNH2 42.0 (- 1.4) 

azm-t
f
2,6 PNA 14 H-Tt

f
ACCt

f
CAGT-LysNH2 40.0 (- 3.4) 

∆ Tm1 = indicates the difference in Tm with control aeg PNA, nb = not binding, ∆ Tm values are accurate to 

±0.5 °C  

The effect of modifications incorporated at γ-position on the conformation of 

PNA:DNA duplexes was investigated by Circular Dichroism (CD) studies. The CD 

analysis showed that all these modifications incorporated γ-position does not alter the 

overall conformation of PNA:DNA duplex which gives a right handed helix like B-

DNA form. These modified PNA oligomers were also tested to displace intercalated 

ethidium bromide (EtBr) from the duplex DNA. The comparative EtBr displacement 

studies showed that charge-neutral azido modified PNAs are better at displacing EtBr 

from duplex DNA than that of cationic amino/guanidino modified PNAs (Figure 5). 

 

FIGURE 5 Comparative ethidium bromide displacement studies from dsDNA 
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Chapter 4: Cell permeation studies of PNA oligomers 

The novel γ-C-substituted peptide nucleic acids have shown improved thermal 

stabilities with complementary DNA as compared to control aeg PNA. In order to gain 

insight on their cellular uptake properties, PNA oligomers were tagged with 5(6)-

carboxyfluorescein at the N-terminus for visualization in the cells (Figure 6, Table 4). 

The cell permeation ability of these modified PNA oligomers was investigated by live 

cell imaging in NIH 3T3 and MCF-7 cell lines using confocal microscopy.  

 

FIGURE 6 Synthesis of 5(6)-carboxyfluorescein tagged PNA oligomers 

TABLE 4 5(6)-carboxyfluorescein tagged PNA oligomers 

Entry Sequence code 5(6)-CF tagged PNA oligomers 

  1 aeg PNA 1-CF CF-T T A C C T C A G T-LysNH2 

2   eam-t2 PNA 2-CF CF-T t A C C TC A G T-LysNH2 

 3 eam-t2,6 PNA 5-CF CF-T t A C C t C A G T-LysNH2 

4 egd-t

2
 
PNA 6-CF CF-T t

 
A C C T C A G T-LysNH2 

5 egd-t

2,6

 
PNA  9-CF CF-T t

 
A C C t

 
C A G T-LysNH2 

6 egd-t

2,6,10

 
PNA 10-CF CF-T t

 
A C C t

 
C A G t


-LysNH2 

7 azb-T10
 
PNA 17-CF CF-T T A C C T C A G T-LysNH2 

  8 azm-T

10

 
PNA 13-CF CF-T T A C C T C A G T


-LysNH2 

aeg = aminoethylglycine, eam = ethyleneamino, egd = ethyleneguanidino, azb = azidobutylene, azm = 

azidomethylene and CF = 5(6)-carboxyfluorescein 

The qualitative data obtained from confocal microscopy showed that modified 

PNA as well as unmodified aeg PNA can penetrate into both cell lines used for the 

study and the PNA oligomers were observed to be localized in the vicinity of nucleus in 

the cytoplasm. The representative confocal microscopy image for cell permeation of 

three guanidino modified PNA in NIH 3T3 cells is shown in Figure 7. The 
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quantification of differential cellular uptake was carried out using Fluorescence 

Activated Cell Sorter (FACS) analysis. FACS gives the quantitative recording of 

fluorescent signals from each individual cell as well as it provides important 

information about the positive and negative cells in terms of their fluorescent signal. 

Thus, FACS data would provide quantitative estimation of cell permeability of all PNA 

oligomers which can be differentiated from their percent positive cells and mean 

fluorescence intensity. FACS studies showed that cationic functional groups 

(amine/guanidine) incorporated in the side chain at γ-position remarkably increase the 

efficiency of cell penetration in both cell lines used for the study. 

 

     

     

FIGURE 7 Confocal microscopy images for 3-guanidino modified egd-t
γ
2,6,10 PNA 10-CF a) Bright 

field image of NIH 3T3 cells b) Hoechst 33342 stained image c) Green fluorescent image and d) 

Superimposed image of images a), b) and c) 

The mean fluorescence intensities were found to be minimally changed for 

control aeg PNA and modified PNA oligomers in both cell lines. The FACS analysis 

data for NIH 3T3 cells is shown in Figure 8. Whereas, % positive cells (which gives the 

number of cells that have taken up the PNA inside) for modified PNA oligomers was 

remarkably increased than that of unmodified aeg PNA (Figure 9). The guanidino 

modified PNA was found to be better among all modifications to increase the 

efficiency of cell penetration. The charge-neutral azido modified PNA oligomers were 

equally efficient in cell penetration like control aeg PNA. 
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FIGURE 8 Quantification of PNA cell penetration in NIH 3T3 cells 

 

FIGURE 9 FACS analysis showing the % positive cells for quantification of cell permeation in NIH 

3T3 cells  
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Summary of thesis 

 Rationally designed PNA monomers by incorporating amino, guanidino and 

azido functionalities at γ-position have been synthesized using easily available 

natural amino acid precursors. 

 Modified PNA monomers were incorporated into aeg PNA sequence at desired 

positions by solid phase peptide synthesis protocol using Boc strategy. The 

synthesized PNA oligomers were purified by RP-HPLC and characterized by 

MALDI-TOF spectrometry. 

 Azido modified PNA oligomers were utilized to synthesize fluorescently 

labeled PNAs by on-resin click reaction between the solid supported azide and 

the alkyne derivative of 5(6)-carboxyfluorescein.  

 The thermal stability of chiral, cationic (amine/guanidine) and charge-neutral 

azide modified PNA oligomers with complementary DNA was investigated by 

temperature dependent UV-visible spectroscopy. The specificity of these PNA 

oligomers was also investigated by challenging them to bind to DNA carrying 

single base mismatch in the middle of the sequence. 

 The effect of substitution at γ-position in the PNA backbone on the 

conformation of PNA:DNA duplexes was studied by CD spectroscopy. 

 The differential binding ability of various modified PNA oligomers towards the 

complementary DNA was examined by the displacement of ethidium bromide 

intercalated into the duplex DNA. 

 The cell permeation ability of 5(6)-carboxyfluorescein tagged PNA oligomers 

was investigated by live cell imaging using confocal microscopy. 

 The quantification of cell penetration of modified PNA oligomers was carried 

out by fluorescence activated cell sorter (FACS) analysis. 

 



 

Chapter 1 

 

 

Introduction to Peptide  

Nucleic Acids 

 

 

 

A brief introduction to nucleic acids especially peptide nucleic acids followed 

by the recent literature trends are presented in this chapter. Important PNA 

properties and its structural features are discussed to understand the various 

functions of PNA. The different structural modifications to overcome the 

drawbacks of PNA has been overviewed to draw directions for the present 

work, targeted towards exploring new pathways of PNA design and applications. 
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1.1 Introduction to nucleic acids 

The nucleic acids are biological macromolecules essential for all known forms 

of life. Together with proteins, 2’-deoxyribonucleic acids (DNA) and ribonucleic acids 

(RNA) are the most important biological macromolecules of all living things. Their 

important functions are encoding, transmitting and expressing the genetic information 

within a biological system which is explained by the central dogma of molecular 

biology (Figure 1.1). 

 

FIGURE 1.1 Central dogma of molecular biology displaying the flow of genetic information 

 The nucleic acids are constructed from the repeating units of nucleotides which 

are made up of a nitrogenous base (purines or pyrimidines), a pentose sugar and a 

phosphate group. The substructure nucleoside is a combination of a nitrogenous base 

and pentose sugar.
1
 Adenine (A) and guanine (G) are the two purine nucleobases 

whereas thymine (T), cytosine (C) and uracil (U) are the pyrimidine nucleobases. The 

nucleic acid structures differ in the sugar part of nucleotides where DNA contains 2’-

deoxyribose while RNA contains ribose sugar. The two nucleic acids are differentiated 

on the basis of nucleobase composition. The heterocyclic bases adenine, guanine and 

cytosine are common in both DNA and RNA while thymine is present in DNA and 

uracil occurs in RNA. In 1953, Watson and Crick proposed that the molecular 

architecture of DNA consists of two helical chains each coiled round the same axis with 

a right handed twist.
2
 The phosphodiester group is joined to the β-D-deoxyribofuranose 

residues through 3’-5’ linkages forming a helical chain where they are pointed to 

outside of the helix (Figure 1.2). The two DNA strands are held together by specific 

hydrogen bonds between Watson-Crick base pairs (A:T & G:C) to form antiparallel 

double helical structure. 

 



Chapter 1                                                                                     Hydrogen Bonding 

2 
 

 

FIGURE 1.2 Chemical structures of A) DNA and RNA B) Nucleobases 

1.2 Hydrogen bonding 

Self recognition of nucleic acids through hydrogen bonding is one of the 

important principles of molecular recognition in complex systems. The hydrogen bonds 

are formed between the major amino-keto tautomers of the bases to establish the 

fidelity of DNA transcription and translation. The N-H groups of the bases are potent 

hydrogen bond donors while the sp
2
 hybridized electron pairs on the oxygens of the 

carbonyl (C=O) groups and on the ring nitrogens are very good hydrogen bond 

acceptors. Watson-Crick hydrogen bonding consists of two hydrogen bonds in A:T 

base pair and three hydrogen bonds in G:C base pair (Figure 1.3). 

 
FIGURE 1.3 Watson-Crick hydrogen bonding for A:T and G:C base pairs 

 Other important hydrogen bonding pairs are the Hoogsteen
3
 (HG) and Wobble

4
 

base pairs. Hoogsteen base pairing is not isomorphous with Watson-Crick base pairing 
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because they have an 80° angle between the glycosidic bonds and 8.6 Å separation of 

the anomeric carbons (Figure 1.4 a, b). Hoogsteen hydrogen bonding has importance in 

triple helix formation and in protein-DNA complexes. Wobble base pairing is non-

Watson-Crick base pairing between two nucleotides in RNA molecules. Wobble base 

pairs are fundamental in RNA secondary structure and are important for the proper 

translation of genetic code (Figure 1.4 c, d). 

 

FIGURE 1.4 (a & b) Hoogsteen base pairing (c & d) Wobble base pairing 

1.3 Secondary structures of nucleic acids 

DNA exists in various possible conformations like A-DNA, B-DNA and Z-

DNA, although, the most common is the B-DNA which is a right-handed double helix.
5
 

It has a wide and deep major-groove with a narrow and shallow minor-groove wherein 

the bases lie perpendicular to the helical axis. A-DNA also forms a right handed helix 

where major groove is deep and narrow while the minor groove is broad and shallow. 

In both A and B forms of DNA, the Watson-Crick base pairing is maintained along 

with anti-glycosidic conformation. Z-DNA is a left-handed double helix and mostly 

favoured in alternating G-C sequences. The left handed helix for Z-DNA is a result of a 

switch in the glycosidic bond with a syn conformation (Figure 1.5). The sugar 
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conformation is however different in both forms, with the B-DNA form showing C2’-

endo puckering and the A-DNA form exhibiting C3’-endo sugar-pucker (Figure 1.6). 

 

FIGURE 1.5 Molecular models of A, B and Z-DNA forms of DNA
5
 

RNA has a greater structural versatility than DNA in the variety of its species, 

in its diversity of conformations and in its chemical reactivity. The presence of the 2’-

hydroxyl group in RNA hinders the formation of a B-form helix and it acquires the A-

type helix showing C3’-endo sugar puckering. More commonly, RNA is single 

stranded, can form complex and unusual shapes such as stem and bubble structures, 

which occur due to the intrachain base pairing. An example is t-RNA, the key molecule 

involved in the translation of genetic information to proteins. 

 

FIGURE 1.6 Structures of C2’-endo and C3’-endo sugar puckering 
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1.4 Applications of nucleic acids 

Sequence specific binding of oligonucleotides to single stranded RNA or duplex 

DNA through triple helix formation provides a way to modulate the gene expression. 

The central feature of biology is the recognition of DNA and RNA sequences by 

complementary oligonucleotides and it is important for hybridization based biological 

applications. The study of such complementary recognition is possible with widely 

used experimental techniques and diagnostic protocols. The conjugation or attachment 

of reactive functional groups to oligonucleotides has been investigated to cleave nucleic 

acids in a sequence specific way which is described as artificial nucleases.
6
 The 

combination of specificity and simplicity makes oligonucleotides highly attractive as 

diagnostic and research tools. 

Oligonucleotide analogs as therapeutic agents 

The classical approach of designing drug molecules against protein target 

requires a deep understanding of 3D structure of the protein, binding site and the 

binding forces. Since very little is known about the process of protein folding and the 

lack of generality, this approach of drug discovery has various drawbacks. On the other 

hand, the nucleotide sequence in RNA and DNA is universal and the understanding of 

their structures is much better to design drugs for nucleic acid targets. In principle, one 

can design drugs that are like nucleic acids, are repetitive in its primary structure and 

bind sequence specifically to the nucleic acid drug targets. In order for the sequence 

specific recognition to happen, the drug should contain nucleobases which are 

fundamental units of nucleic acid recognition. In short, a small piece of oligonucleotide 

containing 15-25 nucleotides can act as a drug which would bind to target nucleic acid 

and stop further processing of protein production. Two innovative strategies are being 

tested for inhibiting the production of disease related proteins using such sequence 

specific DNA fragments as gene expression inhibitors. 

The first strategy known as antisense strategy
7
 aims to selectively impede 

translation by inhibiting the protein synthesis. Antisense oligonucleotides recognize a 

complementary sequence on target mRNA through Watson-Crick base pairing and 

form a duplex which either leads to cleavage of the RNA by RNase H or is not 

recognized for further processing by protein synthesis machinery. Thus, it will retard 
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the expression of corresponding disease related proteins (Figure 1.7 b). In the second 

strategy which is known as antigene strategy, the production of unwanted proteins can 

be stopped by selectively inhibiting the transcription process. In this strategy, 

oligonucleotides target the major groove of DNA where it winds around the double 

helical DNA to form triplex involving Hoogsteen hydrogen bonds
8
 (Figure 1.7 a). 

 

FIGURE 1.7 Principle of antisense and antigene oligonucleotides 

Gene silencing by RNA interference 

The impact in the field of antisense research got triggered after the discovery of 

RNA interference (RNAi). This naturally occurring phenomenon as a potent sequence-

specific mechanism for post-transcriptional gene silencing was first described for the 

nematode worm Caenorhabditis elegans.
8c

 RNA interference is initiated by long 

double-stranded RNA molecules, which are processed into 21-23 nucleotides long 

RNAs by the Dicer enzyme (Figure 1.8). This RNase III protein is thought to act as a 

dimer that cleaves both strands of dsRNAs and leaves two-nucleotide, 3ˊ overhanging 

ends. These small interfering RNAs (siRNAs) are then incorporated into the RNA-

induced silencing complex (RISC), a protein RNA complex, and guide a nuclease, 

which degrades the target RNA. 

1.5 Antisense oligonucleotides 

The principle of antisense drugs is based on the direct utility of sequence 

information and sequence-specific recognition of nucleic acids and hence such drugs  
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Figure 1.8 Gene silencing by RNA interference 

have the potential for treatment of several viral and bacterial infections, cancerous 

outgrowths and inflammatory or genetic disorders. Various cellular processes can be 

inhibited depending on the site at which the antisense oligonucleotide hybridizes to the 

target nucleic acid. Zamecnik and Stephenson discovered that viral replication in cell 

culture was inhibited by oligonucleotides (ONs) and these ONs have the potential to act 

as antisense agents for therapeutics.
9
 There are several pre-requisites for 

oligonucleotides to serve the purpose of inhibiting translation and thereby act as 

antisense therapeutic agents.
10

 These include:  

i) Ease of synthesis in bulk quantities 

ii) In-vivo stability to cellular degrading enzymes 

iii) Ability to penetrate the cell membrane 

iv) Retention by the target cells 

v) Ability to interact with their cellular targets (DNA/RNA) 

vi) No non-specific interaction with other macromolecules 
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Although the requirements for specificity and binding affinity are satisfactorily 

met by the unmodified oligonucleotides, their susceptibility to hydrolytic enzymes 

(nucleases) and poor cell permeability are the major obstacles for their use as nucleic 

acid therapeutic agents. In order to meet all the above mentioned requirements, it is 

necessary for ONs to be chemically modified in a suitable manner. 

1.5.1 Chemical modifications of DNA 

To improve the rate, affinity and specificity of oligonucleotide recognition, 

while enhancing the cell membrane permeability and resistance to nuclease 

degradation, several chemical modifications of DNA have been attempted
11

 (Figure 

1.9) in literature. 

 

FIGURE 1.9 Examples of chemical modifications of oligonucleotides
11

 

In general, three types of chemical modifications of DNA can be distinguished as 

i) Modified phosphate linkages 
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ii) Modified sugars and 

iii) Altered sugar-phosphate backbone 

1.5.1a Alternative phosphate containing linkages 

The modifications of phosphate moiety resulted in the development of 

phosphorothioates
12

 1, methyl phosphonates
13

 2, phosphoroamidates
14

 3, 

phosphotriesters
15

 4 and boranophosphonates
16

 5 (Figure 1.10). 

Phosphorothioate (PS)-containing oligonucleotides differ from natural nucleic 

acids in that one of the nonbridging phosphate oxygen atoms is replaced with a sulfur 

atom. Phosphorothioate oligonucleotides are one of the earliest and most widely used 

backbone modifications for antisense drugs. The substitution of sulfur for oxygen in 

PS-oligos greatly increases stability to nucleolytic degradation. PS-oligos are able to 

efficiently elicit the RNase H cleavage of target mRNA, which is critical in the 

mechanism of action of antisense oligonucleotides.
17

 Their binding to plasma proteins 

protects them from rapid renal excretion and is responsible for increased serum half-

life. Moreover, Vitravene (Fomiversen) is one of the two FDA approved drugs, which 

is based on PS-oligos. Most of the antisense drugs which are under various stages of 

clinical trials incorporate PS-modifications. The binding of PS-oligos to certain 

proteins, particularly those which interact with polyanions such as hairpin-binding 

proteins, prove to be their major drawback.
18,19,20 

  

FIGURE 1.10 Structure of alternative phosphate linkages 

Other backbone modifications (methylphosphonates, phosphoroamidates etc.) of 

oligonucleotides have been less successful at improving the oligonucleotide properties. 
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In methylphosphonates, one of the nonbridging oxygen atoms is replaced with a methyl 

group and is neutral in charge.
21

 Although it provides high nuclease resistance, it does 

not induce RNase H activity. Additionally, increasing the number of 

methylphosphonate units in an oligomer leads to loss of affinity towards the target 

mRNA and to poor water solubility. 

1.5.1b Sugar modifications 

 This class of ONs is represented by nucleotides with alkyl substitutions at the 

2’-position of ribose sugar (Figure 1.11). Organization of the sugar into RNA-like C3’-

endo pucker increases the binding affinity of these ONs towards the complementary 

RNA.
22

 Furthermore, the 2’-substituent in an oligonucleotide increases the steric bulk 

near the 3’-phosphate and makes it difficult for degrading enzymes to cleave the 

phosphodiester bond. The increase in binding affinity of 2’-modified ONs is 

energetically driven by the electronegative substituent at the 2’-position. Among all 2’-

modified ONs, 2’-fluoro modification (Figure 1.11 a) imparts the highest binding 

affinity towards the target RNA. 2’-O-methyl (Figure 1.11 b) group enhances the 

binding affinity to a lesser extent than do the 2’-fluoro modification but impart a 

substantial degree of nuclease resistance to the corresponding oligonucleotide. 2’-O-

methoxyethyl
23

 (MOE) (Figure 1.11 c) is currently the most advanced 2’-modification 

of the 2’-modified series and many antisense drugs having this modification have 

entered clinical trials. Unfortunately, the lack of RNase H activity restricts the use of 

2’-modified oligonucleotides for antisense purpose. To overcome this drawback, the 

gapmer strategy has been used where regions of 2’-modified residues flank a central 

DNA region of the oligonucleotide.
21

 

  

      FIGURE 1.11 2’-modified oligonucleotides 
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1.5.1c Sugar-phosphate backbone modifications 

In addition to phosphodiester and sugar modifications, replacement of the sugar 

phosphate backbone with isosteric structures has been devised. The concept of 

conformational restriction has been used widely to enhance binding affinity and 

biostability. Some of the DNA and RNA analogs developed with modified sugar-

phosphate backbones are described below. 

Locked nucleic acid (LNA) 

These oligonucleotides developed by Jesper Wengel et al. in 1998 are one of the 

most promising class of chemically modified ONs. These analogs are bicyclic systems 

that contain a methylene bridge that connects the 2’-O- of the ribose with the 4’-C, 

locking the ribose in C3’-endo conformation (Figure 1.12).
24

 Introduction of LNA into 

a DNA sequence induces a conformational change of the DNA:RNA duplex towards 

the A-type helix
25

 but prevents the RNase H cleavage of the target RNA.  

 

FIGURE 1.12 Locked nucleic acid (LNA) 

LNAs and LNA:DNA chimeras have been shown to efficiently inhibit gene 

expression when targeted to a variety of regions within the luciferase mRNA.
26

 LNA 

shows remarkably increased hybridization properties relative to a DNA:RNA duplex 

and improves nuclease resistance. Few analogs of LNA have been reported, which have 

improved activity and/or toxicity profiles in animals.
27,28

 Thus, LNA offers attractive 

properties, such as nuclease stability, high target affinity, potent biological activity and 

lack of acute toxicity. 
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Morpholino oligonucleotides (MF) 

Phosphorodiamidate morpholino oligonucleotide has morpholine ring replacing 

the furanose ring in DNA/RNA. It has the phosphorodiamidate linkage which connects 

the morpholine nitrogen atom with the hydroxyl group of the 3’-side residue (Figure 

1.13).
21

  

 

FIGURE 1.13 Morpholino oligonucleotide (MF) 

Morpholino ONs are non-ionic, and therefore unlikely to have unwanted 

electrostatic interactions with nucleic acid binding proteins. These ONs are stable to 

nucleases and have similar affinity as in DNA:DNA duplexes. However, morpholino 

ONs do not activate the RNase H and are primarily used in translation arrest or in other 

steric blocking mechanisms, such as alteration of splicing.
29,30

 

Cyclohexene nucleic acids (CeNA) 

 Cyclohexene nucleic acids (CeNA) contain a six membered cyclohexene ring as 

a replacement for five membered furanose ring which increases the conformational 

rigidity of the oligomers (Figure 1.14). They form stable duplexes with complementary 

DNA/RNA and are resistant to nucleases.
31

 In addition, CeNA:RNA hybrids have been 

reported to activate RNase H.
32

 

 

FIGURE 1.14 Cyclohexene nucleic acid (CeNA) 
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N3’-P5’ phosphoroamidates (NPs) 

N3’-P5’ phosphoroamidate (NPs) is a modified phosphate backbone, in which 

the 3’-oxygen of the deoxyribose ring is substituted with a amino group (Figure 1.15). 

NPs are resistant to nucleases and have high affinity towards a complementary RNA 

strand but do not activate the RNase H.
33

 The sequence specificity of 

phosphoroamidate-mediated antisense effects by steric blocking of translation initiation 

has been demonstrated in cell culture and in vivo.
34

 

 

FIGURE 1.15 N3’-P5’ phosphoroamidates (NPs) 

1.6 Peptide nucleic acids (PNA) 

Peptide nucleic acids (PNAs) are a radically different class of oligonucleotide 

modifications that contain a peptide link instead of phosphate link. PNA was first 

introduced by Peter Nielsen and coworkers in 1991.
35

 PNAs are highly resistant to 

degrading enzymes like proteases and nucleases, exhibit high binding affinity towards 

target DNA/RNA, but do not activate RNase H and, as such, have been used primarily 

in translation inhibition and splicing modulation antisense mechanisms. PNAs seem to 

be non-toxic, as they are uncharged molecules with low affinity for proteins that 

normally bind nucleic acids. 

PNAs are DNA analogs where the sugar phosphate backbone is replaced with a 

pseudopeptide backbone in the form of 2-aminoethyl-glycine linkage. Nucleobases are 

attached through a methylene carbonyl linker to this backbone at the amino nitrogen. 

The PNA backbone is constituted by six atoms for each repeating unit and a two atom 

spacer between the backbone and the nucleobase, similar to the natural DNA (Figure 

1.16).
36

 PNA was originally designed and developed as a mimic of a DNA recognizing, 

major groove binding, triplex-forming oligonucleotide.
36,37

 However, the polyamide 
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backbone of PNA has proven to be a surprisingly good structural mimic of the sugar 

phosphate backbone of nucleic acids. 

 

FIGURE 1.16 Chemical structures of DNA/RNA and PNA 

The advantages of PNA over the conventional antisense oligonucleotides are 

numerous, partially due to the high flexibility and the absence of charge in the 

backbone. PNAs being neither peptide nor nucleic acids are resistant to both proteases 

and nucleases and consequently have a longer life span in the cellular environment. 

PNA hybridizes with complementary DNA/RNA with thermal stability superior to 

DNA:DNA or DNA:RNA duplex. This results from a decrease in electrostatic 

repulsion between the two negatively charged strands in DNA/RNA duplexes. They 

have higher mismatch discrimination and form selective duplexes upon binding to 

complementary DNA or RNA sequences. Therefore, PNA has attracted wide attention 

in medicinal chemistry for development of gene therapeutics, especially antisense or 

antigene drugs. 

1.6.1 PNA structure 

PNA binds to a complementary DNA/RNA through a classical Watson-crick 

base pairing mechanism. The PNA bases form a helical π-stack similar to DNA but the 

smaller twist of the PNA double helix and the larger π-overlap between the neighboring 

bases makes it different from the DNA. NMR methods and X-ray crystallography have 

been used to derive the three-dimensional structures of the major families of PNA 

complexes including PNA:RNA,
38

 PNA:PNA,
39

 PNA:DNA duplexes
40

 and PNA2:DNA 
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triplex
41

 (Figure 1.17). Although PNA oligomer, to some extent is able to structurally 

adapt to the oligonucleotide complement, it also has a preferred structure of its own, 

termed the ‘P-form’ helix. 

 

 

      PNA:RNA                PNA:DNA                PNA2:DNA                   PNA:PNA 

FIGURE 1.17 Structures of various PNA complexes shown in a) side view and b) top view
42

 

 

The P-form helix constitutes a very wide PNA duplex (28 Å diameter) with an 

accordingly large base pair helical displacement and a very large pitch (18 bp). A 

canonical B-form helix which is typical for DNA duplexes has a diameter of 20 Å and a 

pitch of 10 bp per turn. A canonical A-form helix, typical of RNA duplexes, also has a 

diameter of 20 Å but a pitch of 11 bp per turn, and the base pairs are tilted 20° relative 

to the helix axis. Also, the base pairs are displaced away from the helix leaving a 

central 'tunnel' in the helix, analogous to that seen in the P-form. These structures 

suggest that PNA can adapt well to its nucleic acid partner, as the RNA strand in the 

PNA:RNA duplex is essentially in A-form conformation, whereas PNA:DNA duplex 

adopts a B-form conformation. 

1.6.2 Chemical and physical properties of PNA 

 PNA has proved itself a promising antisense or antigene agent on the basis of its 

superior properties, such as highly sequence specific binding to the complementary 

a. 

b. 
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DNA/RNA targets, high biological and chemical stability, high mismatch 

discrimination etc. 

1.6.2a Duplex formation with complementary oligonucleotides 

PNA was originally designed for sequence specific targeting of double stranded 

DNA via major groove recognition. PNA hybridizes to complementary 

oligonucleotides obeying Watson-Crick base pairing rule. Though in DNA:DNA 

duplexes, the two strands are always in antiparallel orientation (with the 5’-end of one 

strand opposed to the 3’-end of the other), PNA:DNA adducts can be formed in two 

different orientations, arbitrarily termed parallel and antiparallel (Figure 1.18). Both 

adducts are formed at room temperature, with the antiparallel orientation showing 

higher stability.
43

 This creates the possibility for PNAs to bind two DNA tracts of 

opposite sequence. 

 

FIGURE 1.18 Antiparallel and parallel modes of PNA:DNA duplex formation 

1.6.2b Triple helix formation of PNA 

Polypyrimidine PNAs are able to form stable adducts with complementary 

polypurine DNA, through the formation of PNA2:DNA triplexes.
44

 The base pairing in 

these complexes occurs via Watson-Crick and Hoogsteen hydrogen bonds. When only 

one PNA strand is used to form a PNA2:DNA triplex, both strands are necessarily 

either antiparallel or parallel to DNA strand. Whereas, when two different 

homopyrimidine PNA sequences are used, Watson-Crick PNA strand is oriented in 

antiparallel and the Hoogsteen strand is in parallel orientation to form a stable triplex 

with homopurine strand of DNA. The sequence specificity of triple helix formation is 

based on the selectivity of formation of the intermediate PNA:DNA duplex, whereas 

binding of the third strand contributes only slightly to selectivity. The stability of these 
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structures enables PNA to perform strand invasion
44,45

, a property which is uniquely 

shown by PNAs. 

1.6.2c Strand invasion by PNA 

The unique property of PNAs to displace one strand of DNA double helix to 

form strand invasion complexes,
46

 is a favorable attribute for their application as 

antigene agents. Four modes of binding for sequence specific targeting of double 

stranded DNA by PNA have been identified (Figure 1.19), three of which involve 

invasion of the DNA duplex by PNA strands. 

 

           Triplex         Triplex Invasion      Duplex Invasion       Double Duplex Invasion 

FIGURE 1.19 Various modes for binding of PNA to sequence specific targets in dsDNA
47

 

It is possible for PNA (homopurine) single strand to either invade (duplex 

invasion) via Watson-Crick base pairing, or alternatively, invasion may be 

accomplished by two pseudo-complementary PNA strands, each of which binds to one 

of the DNA strands of the target (double duplex invasion). These pseudo-

complementary PNAs contain modified adenine and thymine nucleobases
47

 (Figure 

1.20) that do not allow stable hybridization between the two complementary sequence 

PNAs, but does permit good binding to the DNA. 

The ‘triplex invasion’ requires a homopurine DNA target and complementary 

homopyrimidine PNAs that bind the purine DNA strand through combined Watson-

Crick- Hoogsteen base paring via formation of a very stable PNA2:DNA triplex. For 

most applications, the two PNA strands are connected in a bis-PNA designed such that 

the one strand is antiparallel (W-C strand) and the other strand is parallel (H-strand) to 

the DNA target. 
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FIGURE 1.20 Double duplex invasion of peudocomplementary PNAs
47

 

1.6.2d Quadruplex formation by PNA 

The novel supramolecular architecture of G-quartets has led to the development 

of interesting and functional non-covalent assemblies such as G-wires,
48

 ion-channels
49

 

and self-assembled ionophores.
50

 PNAs have been developed to mimic Watson-Crick 

and Hoogsteen base-pairing, and they are expected to participate in G-tetrad formation 

as well. In an attempt to use this mode of molecular recognition, homologous G-rich 

PNA and DNA oligomers hybridize to form a PNA2:DNA2 quadruplex. The hybrid 

quadruplex exhibits high thermodynamic stability and expands the range of molecular 

recognition motifs for PNA beyond duplex and triplex formation. Krishnan-Ghosh et 

al.
50

 have also shown the quadruplex formation composed entirely of PNA (Q-PNA). 

1.6.2e Higher specificity towards target nucleic acid 

PNA shows greater specificity in binding to complementary DNA. A 

PNA/DNA mismatch is more destabilizing than a mismatch in a DNA/DNA duplex. A 

single mismatch in mixed PNA:DNA (15-mer) sequence, destabilizes the duplex by 8-

Double duplex 

invasion 
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20 °C (15 °C on average). Whereas, in the corresponding DNA:DNA duplex, a single 

mismatch destabilizes the duplex by 4-16 °C (11 °C on average).
51

 

1.6.2f Stronger binding independent of salt concentration 

Another important consequence of the neutral backbone is that the Tm values of 

PNA:DNA duplexes are practically independent of salt concentration. In contrast, the 

Tm values of DNA:DNA duplexes are highly dependent on ionic strength.
52

 

1.6.2g Solubility of PNA 

PNAs are charge-neutral compounds and hence have poor water solubility 

compared with DNA. Neutral PNA molecules have a tendency to aggregate to a degree 

that is dependent on the sequence of the oligomer. PNA solubility is also related to the 

length of the oligomer and to the purine/pyrimidine ratio.
52,53

 Some of the recent 

modifications, including the incorporation of positively charged lysine or arginine 

residues (carboxy-terminal during solid phase synthesis or backbone modification in 

place of glycine), have shown improvements in solubility of PNA. 

1.6.2h Cellular uptake of PNA 

Although, PNA binds to complementary DNA/RNA with high affinity, 

specificity and stability in biological fluids, the progress in the exploration of PNA as 

antisense/antigene agents and gene expression regulation has been hampered by their 

poor cellular uptake. Thus efficient cellular delivery systems for PNAs are required if 

these are to be developed into antisense and antigene agents. However, a number of 

transfection protocols for PNA have been established like microinjection, 

electroporation, co-transfection with DNA, conjugation to lipophilic moieties, 

conjugation to cell penetrating peptides etc.
54

 To address the issues like poor cell 

penetration, solubility and ambiguity in binding orientation, various chemical 

modifications of PNA have been employed. 

1.6.3 Chemical modifications of PNA 

Since their discovery, many modifications of the basic aeg PNA structure have 

been proposed, in order to improve their performance in terms of affinity and 
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specificity towards complementary oligonucleotides, solubility and cell permeation 

abilities etc.  

1.6.3a Extension of PNA backbone 

The first approach to modify aeg PNA, was extension of the PNA backbone by 

one methylene group at ethylenediamine side, glycine side or attachment of nucleobase 

though ethylenecarbonyl instead of methylenecarbony linker (Figure 1.21).
55,56

 The 

extension of PNA backbone by one methylene group drastically decreased the stability 

of derived PNA:DNA duplexes compared to unmodified PNA:DNA duplex. These 

studies revealed that the observed detrimental effect on the duplex stability resulted 

from the disturbance of inter-nuclobase distance which is an important criterion to have 

a stable PNA:DNA duplex.  

 

FIGURE 1.21 Extension of PNA backbone at a) ethylenediamine side b) glycine side and c) 

nucleobase attachment side 

A structural feature of PNA that interferes with hybridization is the presence of 

cis and trans rotamers around the tertiary amide linkage in each PNA monomer. 

Attempts to control the rotameric populations have resulted in the construction of 

olefinic polyamide nucleic acids, OPAs, through the introduction of a defined (E)- or 

(Z)-C-C double bond (Figure 1.22) instead of the tertiary amide linker.
57
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FIGURE 1.22 (A) cis and trans PNA rotamers (B) E- and Z- olefinic PNA 

As a strategy to improve binding affinity and solubility of PNA, rigid and 

uncharged tertiary amide group was replaced with tertiary amine which is positively 

charged at physiological pH
58

 (Figure 1.23). This cationic PNA was highly soluble in 

water but it reduced the binding affinity towards target nucleic acids due to unrestricted 

conformational freedom.  

 

FIGURE 1.23 Replacement of tertiary amide with tertiary amine 

1.6.3b Preorganization of PNA  

 To have a good DNA binding, a ‘constrained flexibility’ is necessary since too 

flexible or too rigid structures could not give efficient PNA:DNA binding. A highly 

flexible backbone would require a larger loss of entropy for efficient binding whereas a 

very rigid backbone would prevent DNA binding due to a difficult fit to adopt to target 

structure.
59

 Preorganization of PNA structure, i.e. the ability to adopt a conformation 

which is most suitable for DNA binding, is required to minimize the entropy loss of the 

binding process. The main strategies which have been used for achieving this goal are 

summarized in Figure 1.24. 
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FIGURE 1.24 Strategies for inducing preorganization in the PNA structure 

Preorganization can be achieved either by cyclization of the PNA backbone (in 

the aminoethyl side or in the glycine side), by adding substituents in the C2 or C5 

carbon of the monomer or by inserting the aminoethyl group into cyclic structures. The 

addition of substituents at C2 or C5 carbon of the monomers can also in principle 

preorganize the PNA strand. But it has the effect of shifting the PNA preference 

towards a right-handed or left-handed helical conformation, according to the 

configuration of the new stereogenic centers. This in turn affects the stability of the 

PNA-DNA duplex through interference in the helix handedness. The two classes of 

PNA with conformationally constrained backbones which have shown improved 

properties are acyclic PNAs with functional backbones and cyclic PNAs, in which 

preorganization is achieved through conformational constraint or through rigidification 

of the backbone. 

A) Preorganization through cyclic PNAs 

Systematic efforts have been carried out in rational design and synthesis of 

conformationally constrained PNA analogues towards evolving PNAs for selective and 
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directional recognition of DNA or RNA. Conformational preorganization has been 

addressed which are based on introduction of methylene or ethylene groups to bridge 

the aminoethyl glycyl backbone and methylene carbonyl side chain to generate diverse 

five or the six membered nitrogen heterocyclic analogues (Figure 1.25).
59

 The cyclic 

analogs where the nucleobases are directly attached to the ring have defined nucleobase 

orientation, overcoming the rotamer problem. It also concomitantly introduces chiral 

centers, which may impart directional selective binding of PNA with chiral DNA/RNA. 

 

FIGURE 1.25 Cyclic and conformationally constrained PNA analogs
59

 

Conformationally restricted proline-based PNA in which a pyrrolidine ring 

replaces the tertiary amide linker to the nucleobase and thus balance flexibility and 

rigidity in the PNA backbone was derived in the form of aminoethylprolyl (aep) PNA. 

The α''-carbon atom of the glycine unit and the β'-carbon atom of the nucleobase linker 
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were joined through a methylene bridge.
60

 The flexibility in the aminoethyl segment of 

aeg PNA was retained. The nucleobase attachment to the pyrrolidine ring was fixed by 

virtue of the chirality of C-4, thus removing the possibility of any rotameric 

populations. The tertiary amine function in the backbone was found to be at least 

partially protonated at physiological pH (pKa ~ 6.8). Thus, in aep PNA, all elements of 

the structural freedom of aeg PNA were conserved in addition to the restriction of the 

rotamers. The oligomers comprising (4S, 2 R/S) aep PNA (T) units showed very 

favorable binding properties towards the target sequences without compromising the 

specificity. 

Introduction of a methylene bridge between the β-carbon atom of the 

aminoethyl segment and the α''-carbon of the glycine segment of aeg- PNA resulted in 

4-aminoprolyl (ap) PNA having two chiral centers.
61

 None of the homochiral 

aminoprolyl thyminyl PNAs corresponding to any of the diastereomers bound to target 

DNA sequences,
62

 probably due to high rigidity in the backbone resulting in structural 

incompatibility. However, incorporation of single chiral D-trans or L-trans prolyl PNA 

monomer into aeg-PNA at the N-terminus or within the PNA sequence resulted in 

higher binding of the target DNA with definite preference for a parallel or an 

antiparallel mode unlike the unmodified PNA.
63

 

One of the earliest efforts to introduce conformational constraint in the aeg 

PNA structure resulted in the chiral cyclohexyl-derived backbone (ch-PNA).
64

 The 

conformational freedom in the ethylene chain was thus locked in the six-membered 

cyclic structure. The oligomers with (S,S)-cyclohexyl residues were able to hybridize 

with DNA or RNA, with little effect on the thermal stability depending on their number 

and the sequence. A decrease in entropy was observed from thermodynamic 

measurements indicating the conformationally constrained structures for these cyclic 

PNAs. From the thermal stabilities and molecular modeling based on the solution 

structure of a PNA-DNA duplex determined by NMR techniques, it was concluded that 

the right handed hybrid duplex accommodated the (S,S) isomer more easily than the 

(R,R) isomer. 

A relatively flexible system with a cyclopentyl ring in which the characteristic 

endo-exo puckering that dictates the pseudoaxial/pseudoequatorial dispositions of 

substituents allows better torsional adjustments to attain the necessary hybridization-

competent conformations. In an attempt to tune the dihedral angle β in this manner the 



Chapter 1                                                                               Peptide Nucleic Acids 

25 
 

cyclohexyl unit was replaced with cis-(1S,2R/ 1R,2S)-cyclopentyl PNA-T (cp-PNA) 

monomer.
65

 The crystal structure data of the monomer indicated that the dihedral angle 

β was around 24° on the low side of the desired value of 60°. The RS-cp-PNA 

enantiomer formed higher affinity complexes with DNA as compared to SR-cp-PNA 

isomer. 

The designs of ch-PNA and cp-PNA are the outcome of optimized dihedral 

angles (Figure 1.26)
59

 that constrain the PNA backbone for differential DNA/RNA 

binding and discrimination via preorganization. The inherently rigid cis-substituted six-

membered ring of ch-PNAs forbids structural readjustments to bind to DNA (PNA: 

DNA, β=140°) and prefers binding to RNA (PNA:RNA). The flexible (SR/RS)-cp-PNA 

with a relative ease of conformational adjustments in the cis-substituted cyclopentyl 

system allows reorganization of the ring puckering and binding to DNA/RNA with 

high affinity and no selectivity. 

 

FIGURE 1.26 Dihedral angles between aeg PNA, cpPNA and chPNA
59

 

B) Preorganization through acyclic PNAs 

Standard PNA oligomers seem to be a convenient compromise, being both 

flexible (since they are acyclic and with a very flexible aminoethyl moiety) and rigid 

(two amide bonds per monomeric residue). It was shown that the insertion of a 

methylene group in any position of the PNA backbone or in the linker between the 

backbone and the nucleobase resulted in a net loss of DNA binding properties.  

Using the linear N-(2-aminoethyl) glycine as a starting point, several PNA 

derivatives were obtained by insertion of side chains either at the C2 (α) or C5 (γ) 

carbon atoms (Figure 1.27). These modifications have the effect of shifting PNA 

“natural” constrained flexibility towards more constraints and less flexibility. 
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FIGURE 1.27 Achiral and chiral acyclic PNAs 

L/D-amino acid synthons have been used to synthesize C2-substituted and C5-

substituted chiral PNAs with desired stereochemistry (Figure 1.28). Chiral, C2-

substituted PNAs derived from alanine,
66

 arginine and lysine
67

 side chains showed 

enhanced PNA:DNA stability due to the small steric hindrance and the electrostatic 

interaction with negatively charged phosphates in DNA. 

Apolar amino acids, such as, valine, glutamine, asparagine, tryptophan and 

phenylalanine showed decreased binding affinity towards target nucleic acid; while 

negatively charged amino acids such as, glutamic acid and aspartic acid drastically 

reduced the derived PNA:DNA duplex stability due to the charge repulsion.
68a

 

PNA:DNA duplex stability is dependent on stereochemistry. When the binding affinity 

of chiral PNAs including L and D stereochemistry of alanine, lysine, serine, aspartic 

acid, leucine was considered, PNAs carrying the D-amino acid derived monomers 

bound complementary antiparallel DNA strands with higher affinity than the 

corresponding L-monomers.
67

 Gourishankar et al.
68b

 have recently reported the 

synthesis of sterically constrained new analogs of PNA having gem-dimethyl 

substitution at glycine. They show superior binding to DNA than isosequential RNA. 

The insertion of stereogenic centers in the PNA strand results in a predominant 

helix handedness. As revealed from CD spectroscopy, PNAs containing D-amino acid 

derived monomers with the stereogenic center at C2-position (R stereochemistry) 

induced a preference for a right-handed conformation in PNA-PNA duplexes, whereas 

PNAs containing L-amino acid derived monomers with the stereogenic center in the 

same position (S stereochemistry) induced an opposite preference for a left-handed 

double helix. However, at C5-position, L-amino acid derived PNAs (S stereochemistry) 

prefer a right-handed helical conformation and D-amino acid derived PNAs (R 
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stereochemistry) induce a left-handed conformation in the duplex. PNAs preferring a 

right-handed helical conformation have higher DNA binding affinity than their mirror 

images.
69,70

 

 

FIGURE 1.28 Various modified acyclic PNAs 

To address the issue of poor cell permeability of aeg PNA, Zhou et al.
71

 have 

introduced guanidinium group at C2-position of PNA backbone (α-GPNA) (Figure 

1.29 a). Thermal stability studies showed that although the guanidinium group of α-

GPNA is positively charged at physiological pH, incorporation of one modified unit 
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into a decamer PNA sequence destabilized the duplex by 2-4 °C; however, 

incorporation of multiple α-D-GPNA units at alternate positions in the sequence 

enhanced the stability of PNA:DNA duplex in antiparallel orientation.
72

 Cellular uptake 

of fully modified α-L-GPNA was evaluated in human HCT116 (colon) and Sao2 

(osteosarcoma) cell lines and it was found that these cationic PNAs permeated the cell 

membrane and appeared to localize specifically in the nucleus.
71

 Cell penetration of α-

GPNA especially in ES cells was very important because these cells are extremely 

difficult to transducer, even with best transfecting agents.
73

 

Sahu et al.
74

 have synthesized the second generation guanidino modified PNA 

analogs (γ-L-GPNA) based on the homo-arginine side chain at γ-position of PNA 

backbone (Figure 1.29 b). The PNA:DNA duplex stability was found to be superior for 

γ-L-GPNA compared to α-GPNA. Cell permeation studies showed that γ-L-GPNAs are 

easily taken up by HeLa cells and the uptake efficiency was comparable to that of the 

TAT transduction domain.  

 

FIGURE 1.29 guanidino modified α- and γ-GPNA analogs 

Manicardi et al.
75

 have recently reported the inhibition of micro-RNA by 

GPNAs based on arginine side chain (Figure 1.29 c). Anti-miR-210 activity of various 

18-mer PNAs (aeg PNA, α-GPNA and γ-GPNAs) in leukemic K562 cells was 

examined. The placement of GPNA was either alternate in the sequence or consecutive 

at N-terminus. All modified PNAs were efficiently internalized and the fluorescence 

signals were found in the cytoplasm. The best anti-miR-210 activity was exhibited by 

γ-GPNAs with consecutive placement. 

Mitra et al.
76,77

 have reported the synthesis of chiral and cationic PNAs with 

aminomethyl substitution (am-PNAs) at α- or γ-position (Figure 1.30). Aminomethyl 

PNAs formed more stable PNA:DNA duplexes compared to unmodified aeg PNA and 
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the order of stabilization was γ-(S)-am PNA > α-(R)-am PNA > α-(S)-am PNA. The 

aminomethyl PNAs were easily taken up by HeLa cells and they were found to be 

localized in the nucleus. The degree of cellular uptake efficiency for am-PNAs was 

found to be same as PNA:DNA duplex stabilization order. 

 

FIGURE 1.30 Structures of aminomethyl PNAs 

1.6.3c Nucleobase modifications 

Employing non-natural nucleobase ligands in place of natural nucleobases 

would help understand the recognition process in terms of various factors contributing 

to the event such as hydrogen bonding and internucleobase stacking. Various modified 

nucleobase structures are summarized in Figure 1.31. 2,6-diaminopurine
78

 offers 

increased affinity and selectivity for thymine while pseudoisocytosine
79

 is a very 

efficient mimic of protonated cytosine for triplex formation.  

FIGURE 1.31 Non-standard nucleobases used in PNA 
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2-aminopurine
80

 hydrogen bonds with U and T in reverse Watson-Crick mode 

and has the advantage of being inherently fluorescent to enable the study of kinetic 

events associated in hybridization. The E-base
81

 was rationally designed for recognition 

of A:T base pair in the major groove and form a stable triad with T in the central 

position. A wide variety of 5-substituted uracils were synthesized and their ability for 

triplex formation has been studied.
82

 Cyanuryl PNA
83

 containing cyanuric acid as a 

base has been synthesized and incorporated into a PNA sequence as a mimic of T. The 

biophysical studies on their triplex/duplex complexes with complementary DNA 

oligomers indicated unusual stabilization of PNA:DNA hybrids when the cyanuryl unit 

was located in the middle of the PNA sequence. 

1.6.4 Applications of PNA 

 This section describes diverse PNA applications in gene therapeutics, molecular 

biology, functional genomics etc. 

1.6.4a PNA as antisense and antigene agents 

PNAs can be used to design gene therapeutic agents due to their unique strand 

invasion property and their chemical as well as biological stability. There are basically 

two strategies involved in using PNAs as therapeutic drugs, namely antigene and 

antisense methods. Moreover, no sign of any general toxicity of PNA has so far been 

observed. 

A) Inhibition of transcription 

PNAs are capable of arresting transcriptional processes by virtue of their ability to 

form a stable triplex structure or a strand invasion or strand displacement complex with 

DNA. Such complexes can create a structural hindrance to block the stable functioning 

of RNA polymerase and thus are capable of working as antigene agents (Figure 1.32).
84

 

PNA targeted against the promoter region can form a stable PNA/DNA complex that 

restricts the DNA access of the corresponding polymerase. Nielsen et al. have 

demonstrated that even an 8-mer PNA (T8) is capable of blocking phage T3 polymerase 

activity.
85
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FIGURE 1.32 Antigene and antisense inhibition strategy
84

 

B) Inhibition of translation 

In the case of antisense strategy the nucleic acid analogues can be designed to 

recognize and hybridize to complementary sequences in mRNA and thereby inhibit its 

translation (Figure 1.32). Normally, the PNA antisense effect is based on the steric 

blocking of either RNA processing, transport into cytoplasm, or translation. It has been 

concluded from the results of in vitro translation experiments involving rabbit 

reticulocyte lysates that both duplex-forming (mixed sequence) and triplex-forming 

(pyrimidine rich) PNAs are capable of inhibiting translation at targets overlapping the 

AUG start codon.
86a

 Recently PNAs and PNA-peptide conjugates have been used for 

redirecting RNA splicing in therapeutic applications such as Duchenne Muscular 

Dystrophy in cells as well as animal models.
86b 

In another example, PNA has also 

shown to inhibit microRNA, miR-155 which is expressed in haematopoietic systems in 

cultured B cells and in mice.
86c

 

C) Inhibition of replication 

PNA can also inhibit the elongation of DNA primers by DNA polymerase. Further, 

the inhibition of DNA replication should be possible if the DNA duplex is subjected to 

strand invasion by PNA under physiological conditions or if the DNA is single stranded 

during the replication process. Efficient inhibition of extra-chromosomal mitochondrial 

DNA, which is largely single-stranded during replication, has been demonstrated by 

Taylor et al.
87

 

1.6.4b Interaction of PNA with enzymes 

A) RNase H enzyme 

Depending upon the chemical structure of RNase H stimulating 

oligonucleotides, the intracellular enzyme RNase H can be activated by 

oligonucleotides to cleave RNA bound to deoxyribonucleic acid oligomers. The 
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antisense oligonucleotide with an RNase H activity (e.g., phosphorothioate oligomers) 

is considered a better antisense molecule or inhibitor than one without the activity 

(methylphosphonates and hexitol nucleic acids).
88

 Despite their remarkable nucleic acid 

binding properties, PNAs are not capable of stimulating RNase H activity on duplex 

formation with RNA except some DNA/PNA chimeras which are capable of 

stimulating RNase H activity. On formation of a chimeric RNA double strand, 

PNA/DNA can activate the RNA cleavage activity of RNase H (Figure 1.33). Cleavage 

occurs at the ribonucleotide parts base paired to the DNA part of the chimera. This 

cleavage is sequence specific in such a way that certain sequences of DNA/PNA 

chimeras are preferred over others. 

B) Polymerase and reverse transcriptase 

In general, there is no direct interaction of PNA with either DNA polymerase or 

reverse transcriptase. However, different groups have shown indirect involvement of 

PNA in inhibiting these enzyme activities under in vitro conditions.  

 

FIGURE 1.33 Schematic representation of RNase H-mediated cleavage activity after the binding of 

a PNA:DNA chimera to an RNA target 

Primer extension by MMLV reverse transcriptase has been shown to be 

inhibited by introducing a PNA oligomer.
89

 In another experiment, it was demonstrated 
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that the primer extension catalyzed by Taq-polymerase can be terminated by 

incorporating a PNA (PNA-H (t)10) in to the system.
90

 The reverse transcription of gag 

gene of HIV-I is also inhibited in vitro by PNAs. The inhibition has been achieved by 

using a bis-PNA construct, which is more efficient than the corresponding mono PNA 

construct.
91

 

1.6.4c Tool for molecular biology and functional genomics 

A) Enhanced PCR amplification 

Molecular genetics applications such as amplification of VNTR (variable 

number tandem repeat) loci for genetic typing make large use of PCR (polymerase 

chain reaction), but preferential amplification of small allelic products relative to large 

allelic products presents a problem. This may result in incorrect typing in a 

heterozygous sample. By using PNA, enhanced amplification of a specific VNTR 

product is possible, and this has been done in the case of VNTR locus D1S80.
92

 For 

PCR amplification, the template is blocked using a small PNA and becomes 

unavailable for intra- and inter-strand interactions during the re-association step. 

Although re-association is blocked by PNA, primer extension can occur. During 

extension the polymerase displaces the PNA molecules from the template, and the 

primer is extended towards completion of the reaction. This approach shows the 

potential of PNA application for PCR amplification where fragments of different sizes 

are required to be more accurately and evenly amplified. Since the probability of 

differential amplification is less, the risk of misclassification is greatly reduced. 

B) Artificial restriction enzyme  

S1 nuclease enzyme cleaves single-stranded nucleic acids releasing 5’-

phosphoryl mono- or oligonucleotides. It removes the single-stranded overhangs of 

DNA fragments and can be used in RNA transcript mapping and construction of 

unidirectional deletions. PNAs in combination with nuclease S1 have been reported as 

the artificial restriction enzyme. Homopyrimidine PNA oligomers hybridize to the 

complementary targets on dsDNA via a strand invasion mechanism, leading to the 

formation of looped-out non-complementary DNA strands. The enzyme nuclease S1 

can degrade this single-stranded DNA part into well defined fragments. If two PNAs 
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are used for this purpose and allowed to bind to two adjacent targets on either the same 

or opposite DNA strands, it will essentially open up the entire region, making the 

substrate accessible for the nuclease digestion and thereby increasing the cleavage 

efficiency.
93

 

1.6.4d Single base pair mutation analysis using PNA-directed PCR 

clamping 

Single-base-pair mutation or single-nucleotide polymorphism (SNP) analysis is 

possible using the PCR technique if PNA is synthesized targeting the primer binding 

site (Figure 1.34).
94

 Basically, in the PNA directed PCR clamping technique, at the 

annealing step the PNA is targeted against one of the PCR primer sites. The 

temperature set for this step is higher than that for normal PCR primer annealing where 

the PNA is selectively bound to the DNA molecule. The PNA, which binds to the 

primer binding site instead of the primer, effectively blocks the formation of a PCR 

product. PNA is able to discriminate between fully complementary and single-

mismatch targets (mutations) in a mixed target PCR. Hence the binding of primer will 

be favored to out-compete PNA annealing. Consequently, mutated sequences will be 

preferentially amplified. This PNA clamping is able to discriminate three different 

point mutations at a single position. 

 

FIGURE 1.34 Schematic representation of the PCR cycle profile used in PNA-directed clamping 

1.6.4e PNA as molecular beacons 

Molecular beacons are oligonucleotide hybridization probes that can report the 

presence of particular nucleic acids in homogeneous solution. Molecular beacons are 
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hairpin shaped molecules with a fluorophore at one end and a quencher at the other

(Figure 1.35).
95

 If molecular beacon (PNA) is in single stranded form, because of stem-

loop structure of beacon, the fluorescence is quenched. However, upon hybridization 

with complementary nucleic acid, the fluorophore and quencher are separated resulting 

in the fluorescence signal. 

FIGURE 1.35 Schematic representation of molecular beacon 

1.7 Scope of present work 

 The preceding section has given an overview on the concept of nucleic acids 

especially on peptide nucleic acid (PNA) which is a promising DNA mimic. PNA has 

properties of natural oligonucleotides and are important for the development of 

therapeutics in the form of antisense/antigene oligonucleotides. The major drawbacks 

of PNA like poor water solubility, inefficient cellular uptake, self aggregation and 

ambiguity in directional selectivity of binding restrict its applications in terms of 

designing PNA-based gene targeted drugs. Hence, various modifications of PNA to 

overcome these limitations have been employed by different research groups as 

described in previous section. 

Chapter 2: Design, syntheses and characterization of γ-C-substituted peptide 

nucleic acid monomers and their oligomerization 

 This chapter aims to address some of the limitations like poor cellular uptake 

faced by standard aeg PNA with rationally designed PNA analogs having side chains 

carrying cationic (amine/guanidine) or charge-neutral azide substitutions at γ-position. 

The chapter is divided into two sections. The first section (Section 2A) deals with the 

design, synthesis and characterization of novel γ-C-substituted multifunctional PNA 

monomers (Figure 1.36). 



Chapter 1                                                                              Scope of present work 

36 
 

 

FIGURE 1.36 Chemical structures of modified γ-C-substituted PNA monomers 

 The presence of cationic functional groups may increase PNA–DNA duplex 

stability due to electrostatic interactions of cationic functionality with negatively 

charged DNA phosphate. The presence of cationic functionality in the side chain may 

improve the solubility and hence may help to enhance the cell penetration of these 

PNAs. The azide functional group can be utilized to attach fluorphore via click reaction 

with fluorescent alkyne derivative. 

 The incorporation of modified PNA units at various positions in the mixed 

purine-pyrimidine sequence using solid phase peptide synthesis is described in Section 

2B. The cleavage of peptide from the solid support, purification by RP-HPLC and 

characterization by MALDI-TOF spectrometry is also described in this section. 

Chapter 3 Biophysical evaluation of modified PNA oligomers 

This chapter gives the biophysical evaluation of various modified PNA 

oligomers. Temperature dependent UV absorbance studies give the determination of 

thermal stabilities of PNA:DNA duplexes with complementary DNA. Mismatch base-

pair specificity is also determined from these studies. The effect of various substitutions 

at γ-position on the conformation of PNA:DNA duplexes is investigated by Circular 

Dichroism (CD) studies. The ability of modified PNAs to displace ethidium bromide 

from duplex DNA is also described.  

Chapter 4 Cell permeation studies of PNA oligomers 

This chapter deals with cell permeation studies of the fluorescently labeled 

modified PNA analogs into NIH 3T3 (normal fibroblast) and breast cancer causing 

MCF-7 cell lines. The differential cell permeation ability of various PNA oligomers is 

quantitatively studied by fluorescence activated cell sorter (FACS) analysis. 
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Chapter 2 

 

Design, Syntheses and 

Characterization of  

γ-C-Substituted PNA 

Monomers and their 

Oligomerization 
 

 

 

PNA modifications by introducing various functionalities at γ-position in the 

backbone have been described in this chapter. Introduction of chirality and 

cationic moiety into the achiral PNA backbone should influence the orientation 

selectivity in complementary DNA binding. Modifications have been designed to 

improve hybridization efficiency, poor aqueous solubility and low cellular uptake 

of the achiral aeg PNA through various γ-C-substituted PNA analogs. 
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2.1 Introduction 

Elucidation of the double helical structure of DNA, a genetic material and its 

remarkable properties has fascinated chemists. Tremendous efforts have been devoted 

to understanding its structure and function in biology as well as from a chemical and 

physicochemical standpoint.
1
 Investigations of oligonucleotides as potential 

therapeutics that target nucleic acids has led the search for nucleic acid mimetics with 

improved properties. However, some problems remain to be solved towards the 

medicinal applications of such functional nucleic acids and their derivatives. These 

include degradation by cellular nucleases, impermeability through cell membrane, low 

hybridization efficiency etc. 

 

FIGURE 2.1 Structural comparison of DNA and PNA (B = nucleobase) 

For two decades, peptide nucleic acids (PNA)
2
 have emerged as one of the most 

promising oligonucleotides for the recognition of nucleic acids (DNA/RNA). The 

sugar-phosphate backbone from DNA was completely replaced by repeating units of 

(2-aminoethyl)glycine units and the nucleobases are attached through a methylene 

carbonyl linker to the backbone (Figure 2.1). The optimal number of bonds between the 

nucleobases was found to be six which corresponds to that found in DNA thereby 

providing the correct inter-nucleobase spacing.
3
 Also the unmodified PNAs are 

uncharged at neutral pH. 
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The original idea behind designing PNA was to recognize and bind to double 

stranded DNA in the major groove via Hoogsteen hydrogen bonding to form triple 

helix.
2
 Later it was shown that PNA oligomers can bind to single stranded nucleic acids 

via Watson-Crick hydrogen bonding to form duplexes with higher affinity.
4
 The 

stability of the PNA interaction with DNA is such that strand invasion of DNA by PNA 

is thermodynamically favored, and can take place via duplex, triplex or double duplex 

formation. Besides their unique binding properties, PNAs are both chemically and 

biologically stable.
5
 Peptide nucleic acids are resistant to cellular enzymes like 

nucleases and proteases thereby having impressive in vivo stability.  

Though PNA is a promising molecule in terms of recognition, binding 

specificity, affinity and resistance to cellular enzymes the PNA oligomers have poor 

water solubility and extremely low cellular uptake.
6
 These are the major obstacles for 

PNA applications in biomedicine. Also ambiguity in the orientation selectivity between 

parallel and antiparallel binding to complementary oligonucleotide hampers their 

applications. To overcome these limitations various modifications were attempted 

which have improved PNA properties to different extents. 

Functionalization of the PNA backbone may dramatically change the 

physicochemical properties of PNA and these changes would also significantly 

influence the bio-distribution and affect pharmacokinetic profile. A lot of efforts have 

been made to synthesize conformationally constrained cyclic PNA analogs
 
using the 

concept of structural preorganization
7 

to address interesting attributes of 

PNA:DNA/RNA hybridization. Further, modifications in the backbone to make chiral, 

acyclic PNA analogs having the stereocentre at α or γ carbon
8
 have led to 

improvements in PNA properties (Figure 2.2). Recently, Sugiyama et al., have 

introduced the methyl substitution at the least studied β carbon position.
9
 The 

functionalization at these positions of the monomer may also preorganize the PNA 

strand but importantly it has the effect of shifting the PNA preference towards a right 

handed or left handed conformation, depending on the configuration of the new 

stereogenic centres. This, in turn, affects the stability of the PNA:DNA duplex through 

the control of helix handedness.
10 
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FIGURE 2.2 Structures of achiral PNA and chiral α, β- and γ-modified PNA (R = amino acid side 

chain or other modifications, B = nucleobase) 

 In order to be a good DNA binding molecule, a modified backbone should 

neither too flexible nor too rigid. A highly flexible backbone would require a very high 

loss of entropy for efficient binding whereas a very rigid backbone would prevent DNA 

binding due to a difficult fit to adopt to target structure.
11

 The ability of unmodified 

aminoethyl glycyl (aeg) PNA to strongly bind DNA has been interpreted as a result of 

the ‘constrained flexibility’ in its structure.
12

 The earliest and simplest modification 

involved extension of PNA backbone with a methylene group individually in each of 

the structural subunits (aminoethyl
13

 and glycine
14

) of the PNA monomer. However, 

such modifications resulted in a significant decrease in melting temperatures of the 

derived PNA:DNA duplexes. These studies suggested that the inter-residue distance 

between nucleobases should not be disturbed for efficient binding with complementary 

oligonucleotides. 

 Several PNA derivatives were obtained by insertion of side chains either at α or 

γ-carbon atoms. These included hydroxymethyl (serine), aminobutyl (lysine), 

guanidinium (arginine) and many functional groups from amino acid side chains. With 

these acyclic molecules, there was no real preorganization, but constrained flexibility 

due to the presence of a chiral centre. PNA oligomers incorporating chiral monomers 

retained the hybridization properties though less efficiently, with tolerance for small 

and medium sized substituents at the glycine α-position. The side chains of the amino 

acids are valuable for controlling the binding affinity, specificity, hydrophobicity and 

attachment of ligands to PNA. The next section deals with the incorporation of cationic 

(amine/guanidine) and neutral (azide) substitutions at γ-position of PNA monomers. 
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2A.1 Rationale behind the work 

The chemical modifications of the aeg PNA affords considerable advantages in 

the development of a pharmacologically efficacious antigene agent.
15 

Many strategies 

have focused on the covalent integration of chiral cyclic ring systems in designs that 

gives constrained flexibility to the PNA and maintains the base separation from and 

along the backbone by the same number of bonds as in DNA.
16

 

Although there are so many possible modifications in the PNA backbone, one 

challenging area of research has been the strategic placement of side chains on the aeg 

PNA scaffold. Chiral amino acids have been used extensively to improve the PNA 

properties. It has been shown that incorporation of D-Lysine carrying positively 

charged functional group at α-position has a stabilizing effect on the PNA:DNA duplex. 

Also it has significantly improved the solubility of PNA oligomer in water
17

 (Figure 2.3 

A). The presence of such positively charged side chains can help in improving the 

cellular uptake. However, incorporation of amino acids with negatively charged side 

chains have shown deleterious effect on binding perhaps due to electrostatic repulsion.  

 
FIGURE 2.3 (A) α-D-Lysine PNA monomer (B) Decamer PNA incorporating three adjacent chiral 

monomers (chiral box) (C) & (D) γ-L-Serine & γ-L-Lysine PNA monomer 

A recent crystallographic study of anti-parallel mixed-sequence PNA-DNA 

decamer heteroduplex, comprising a three-residue unit D-lysine ‘‘chiral box’’ (Figure 

2.3 B), provides evidence that increased rigidity of polyamide backbone conformation 
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can be obtained through the introduction of chiral centres.
18

 Reports have also indicated 

that L-lysine
19,20,21

 and L-serine
22

 derived γ-substituted PNA units within unmodified 

PNA oligomers act as helical director due to conformational preorganization (Figure 

2.3 C and D). It has also been reported that cationic guanidium groups grafted on PNAs 

(GPNA)
23,24,25

 and phosphate backbone of oligonucleotides
26

 enhance the cell uptake of 

the substrates (Figure 2.4 A). Recently it has been shown that PNAs grafted with (α/γ, 

R/S)-aminomethylene pendants show regio and stereospecific effects on DNA binding 

and improve the cell permeation
27,28

 (Figure 2.4 B, C and D).  

 
FIGURE 2.4 (A) GPNA (B) PNAs grafted with (γ-S)-aminomethylene pendants (C) and (D) PNAs 

grafted with (-R/S)-aminomethylene pendants 

 Based on this survey, it was aimed to synthesize PNA monomers having shorter 

aliphatic side chains compared to lysine based PNA. These modifications may be less 

prone for nonspecific secondary interactions with nucleotide phosphate groups in other 

DNA molecules. Our objective is to incorporate various functional groups like amine, 

guanidine and azide at γ-position to give various modified chiral PNAs having cationic 

and neutral side chains (Figure 2.5). These modified PNA monomers have been 

incorporated in PNA oligomers to improve its hybridization properties as well as to 

improve cell permeation abilities of PNA. The rationale behind the design of each 

monomer is discussed further. 

2A.1.1 γ-(S-ethyleneamino) aminoethylglycyl PNA [γ-(S-eam) aeg 

PNA] and γ-(S-ethyleneguanidino) aminoethylglycyl PNA [γ-(S-egd) 

aeg PNA] 

As far as the configuration of the chiral monomer is concerned, PNAs having 

monomers derived from L-amino acids (S-stereochemistry) bind to the complementary 

DNA with greater stability than those derived from the corresponding D-amino acids 
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(R-stereochemistry) at γ-position. The γ- GPNA oligomers have been shown to be 

preorganized into a right handed helix and bind to complementary DNA/RNA with 

high affinity.
29,28

  

 

 FIGURE 2.5 Target PNA monomers modified at γ-position 

These results inspired the design and synthesis of a γ-C-substituted PNA 

incorporating ethyleneamino and ethyleneguanidino (spacer is 2xCH2 groups) groups in 

the aeg PNA backbone in the form of γ-(S-ethyleneamino) aminoethylglycyl PNA [γ-

(S-eam) aeg PNA] (Figure 2.5, No. I) and γ-(S-ethyleneguanidino) aminoethylglycyl 

PNA [γ-(S-egd) aeg PNA] (Figure 2.5, No. II) in order to investigate its potential as an 

effective conjugation point (Figure 2.6). Thus, the incorporation of cationic groups like 

amine and guanidine at γ-position will improve the hybridization properties as well as 

cellular uptake of PNA oligomers. Also the detailed studies of these modified PNAs 

would provide insight into the structure activity relationship (SAR) of PNA 

modifications at γ-position. 

 

FIGURE 2.6 Rationale behind incorporation of cationic (amine/guanidine) functional groups in 

PNA 
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2A.1.2 -(S-azidobutylene) aminoethylglycyl PNA [-(S-azb) aeg PNA] 

and -(S-azidomethylene) aminoethylglycyl PNA [-(S-azm) aeg PNA] 

The azide functional group has been incorporated in the PNA either at 5C(U) 

nucleobase
30

 to attach various functional groups or the amide bond has been replaced 

by triazole moiety via azide and alkyne incorporation in the backbone.
31

 Recently the 

azide functional group has been incorporated in place of nucleobase to attach various 

fluorophores via solid phase CuAAC strategy.
32

 The incorporation of azide in the 

backbone will give a chiral PNA with a neutral functional group which can be directly 

correlated with an unmodified aeg PNA that is also neutral. None of the reports discuss 

the incorporation of azide functional group in the side chain at α/γ-position. Here, the 

objective is to incorporate fluorophore via click reaction between azide modified PNA 

and fluorescent alkyne in the side chain at γ-position. 

The above aims inspired the design and synthesis of a -C-substituted PNA 

incorporating flurophore (via copper mediated azide-alkyne cycloaddition) in the side 

chain at various distances (spacer 4XCH2 and 1XCH2) from the backbone in the aeg 

PNA in the form of -(S-azidobutylene) aminoethylglycyl PNA [-(S-azb) aeg PNA] 

and -(S-azidomethylene) aminoethylglycyl PNA [-(S-azm) aeg PNA] (Figure 2.5, No. 

III & IV).   

The utility of designed PNA monomers has been given below in Figure 2.7. 

 

FIGURE 2.7 Utility of modified PNA monomer
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2A.2 Aim of the present work 

The specific objectives of this section are 

 Synthesis of functionally modified, -C-substituted PNA T-monomers  

 Synthesis of alkyne derivative of 5(6)-carboxyfluorescein for click reaction with 

azide modified PNAs 

 Characterization of rationally synthesized PNA monomers and their 

intermediates by various spectroscopic techniques 

2A.3 Synthesis of modified PNA monomers 

This section describes the synthesis of rationally designed -C-substituted 

cationic (amine/guanidine) and charge neutral azide modified PNA monomers. 

2A.3.1 Synthesis of γ-(S-eam) aeg PNA monomer 

In an attempt towards the synthesis of target monomer, the commercially 

available L-Glutamine 1 was treated with di-tert-butyl dicarbonate [(Boc)2O] in aq. 

NaOH-dioxane to obtain Boc-protected L-Glutamine 2. This was followed by the 

reaction of N--Boc-L-Glutamine 2 in EtOAc:ACN:H2O with iodobenzene diacetate 

(PIDA)
33 

under cooling which led to the formation of 4-amino-2-(N-Boc-

amino)butanoic acid 3 as the product in 4 h. Compound 3 was treated with 

benzylchloroformate in toluene in the presence of NaHCO3 to obtain orthogonally 

protected 4-(Cbz-amino)-2-(Boc-amino) butanoic acid 4 in quantitative yield. 

Compound 4 was converted to methyl ester derivative 5 using dimethyl sulfate and 

activated K2CO3 and the conversion was confirmed by the appearance of 
1
H NMR peak 

at δ 3.73 ppm for –CH3 group of methyl ester in the product. The methyl ester was 

reduced to give alcohol derivative 6 using sodium borohydride in absolute ethanol. 

Mesylation of the primary hydroxyl group by controlled addition of mesyl chloride in 

DCM using triethyl amine gave the mesylate derivative 7 which was immediately 

treated with sodium azide in dry DMF to obtain the azido compound 8. The presence of 

azide group was confirmed by IR spectrum showing peak for azide at 2098 cm
-1

. The 

reduction of azide derivative using Raney Ni under hydrogenation conditions yielded 

the free amine which was then alkylated with ethyl bromoacetate in acetonitrile using 

triethyl amine to obtain the alkylated compound 9. This was then acylated with 
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chloroacetyl chloride using triethyl amine to yield the chloro compound 10. The 

condensation of the compound 10 with nucleobase thymine afforded the -(S-

ethyleneamino) aminoethylglycyl ethyl ester 11 in quantitative amount. The appearance 

of peaks at δ 7.05 ppm and 1.87 ppm in 1H NMR shows the presence of thymine in the 

desired product 11. The -(S-eam) aeg PNA ester was hydrolysed using aq. lithium 

hydroxide solution to get -(S-eam) aeg PNA acid 12 (Scheme 2.1) which was then 

used for incorporation by solid phase peptide synthesis to obtain the desired PNA 

sequences. 

All intermediates were purified by column chromatography and characterized 

by 
1
H, 

13
C NMR and mass spectral analysis (Appendix I). 

SCHEME 2.1 Schematic representation of synthesis of γ-(S-eam) aeg PNA monomer 

 

2A.3.2 Synthesis of γ-(S-egd) aeg PNA monomer 

As shown in scheme 2.2, Cbz-group in compound 11 was deprotected under 

hydrogenation conditions using Pd/C and glacial acetic acid to give free amine which 

was guanidinylated using N,N’-bis-di-Cbz-S-Me-isothiourea in dry DMF and catalytic 

amount of DMAP to give compound 13 as -(S-egd) aeg PNA ester. The 
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guanidinylation was confirmed by the appearance of peaks at δ 7.39-7.28 ppm and 

5.22-5.09 ppm in 
1
H NMR. This was then hydrolysed using aq. NaOH (2 N) in THF 

(1:1) to get -(S-egd) aeg PNA acid 14 which was used for incorporation by solid phase 

peptide synthesis to obtain the desired PNA sequences. 

SCHEME 2.2 Schematic representation of synthesis of γ-(S-egd) aeg PNA monomer 

 

2A.3.3 Synthesis of γ-(S-azm) aeg PNA monomer 

As shown in scheme 2.3, commercially available L-Asparagine 15 was treated 

with di-tert-butyl dicarbonate, [(Boc)2O] in aq. NaOH-dioxane to obtain Boc-protected 

L-Asparagine 16. This was followed by the reaction of N--Boc-L-Asparagine 16 in 

ethyl EtOAc:ACN:H2O with iodobenzene diacetate (PIDA)
34

 under cooling which led 

to the formation of 3-amino-2-(Boc-amino)propanoic acid 17 as the product in 4 h. 

This was followed by the diazo transfer reaction for the conversion of primary amine to 

azide derivative. As reported in literature,
34

 triflic anhydride was reacted with sodium 

azide in cooling conditions to obtain triflyl azide which was used for the diazo transfer 

reaction. The primary amine was treated with triflyl azide using CuSO4.5H2O and 

triethyl amine to give azido compound 18. The presence of azide group was confirmed 

by IR spectrum showing peak for azide at 2109 cm
-1

. This compound was treated with 

dimethyl sulfate in acetone using activated K2CO3 to give ester derivative 19 which 

was confirmed by the appearance of peak at δ 3.79 ppm in 
1
H NMR for –CH3 group of 

methyl ester. The methyl ester was reduced using sodium borohydride in absolute 

ethanol to give alcohol derivative 20. The mesylation of primary hydroxyl group by 
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controlled addition of mesyl chloride in DCM using triethyl amine gave the mesylate 

derivative 21. This mesyl derivative was immediately reacted with potassium 

phthalimide in dry DMF to yield phthalimido protected compound 22. Deprotection of 

phthalimide with hydrazine hydrate in absolute ethanol gave free amine which was then 

alkylated with ethyl bromoacetate in acetonitrile using triethyl amine to yield alkylated 

product 23. 

SCHEME 2.3 Schematic representation of synthesis of γ-(S-azm) aeg PNA monomer 

 

The compound 23 was acylated using chloroacetyl chloride in presence of 

triethyl amine to get chloro derivative 24. The chloro compound was reacted with 

nucleobase thymine in presence of activated K2CO3 to give -(S-azidomethylene) 

aminoethylglycyl ethyl ester 25 in quantitative amount. The presence of thymine was 

confirmed by the appearance of peaks at δ 7.30 ppm and 1.88 ppm in 
1
H NMR. The -

(S-azm) aeg PNA ester was hydrolysed using aq. lithium hydroxide to get -(S-azm) 
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aeg PNA acid 26. This was then used for incorporation by solid phase peptide synthesis 

to obtain the desired PNA sequences. All the intermediates were purified by column 

chromatography and characterized by 
1
H, 

13
C NMR and mass spectral analysis 

(Appendix I). 

2A.3.4 Synthesis of γ-(S-azb) aeg PNA monomer 

 A similar strategy was used for the synthesis of aminoethyl γ-(S-azidobutylene) 

glycine PNA monomer 36 using α-Boc protected L-Lysine as starting material. As 

explained above, the primary amine was converted to azide derivative using diazo 

transfer reaction (Scheme 2.4).  

SCHEME 2.4 Schematic representation of synthesis of γ-(S-azb) aeg PNA monomer 

 

The primary amine of compound 27 was treated with triflyl azide using 

CuSO4.5H2O and triethyl amine to give azido compound 28. The appearance of peak at 

2106 cm
-1

 in IR spectrum confirms the formation of azide in the product. This 
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compound was treated with dimethyl sulfate in acetone using activated K2CO3 to give 

the methyl ester 29 which was confirmed by the appearance of peak at δ 3.72 ppm for –

CH3 group of methyl ester in 
1
H NMR. The methyl ester was reduced using sodium 

borohydride in absolute ethanol to give primary alcohol 30. The mesylation of primary 

hydroxyl group using mesyl chloride and triethyl amine in DCM gave the mesylate 

derivative 31. This mesyl derivative was immediately reacted with potassium 

phthalimide in dry DMF to yield phthalimido protected compound 32. Deprotection of 

phthalimide with hydrazine hydrate in absolute ethanol gave free amine which was then 

alkylated with ethyl bromoacetate in acetonitrile using triethyl amine to yield the 

alkylated product 33. This compound was acylated using chloroacetyl chloride in 

presence of triethyl amine to get chloro derivative 34. This was reacted with nucleobase 

thymine in presence of activated K2CO3 to give -(S-azidobutylene) aminoethylglycyl 

ethyl ester 35 in good yield. The appearance of peaks at δ 7.09 ppm and 1.91 ppm in 
1
H 

NMR show the presence of thymine in desired product 35. The -(S-azb) aeg PNA ester 

was hydrolysed using aq. lithium hydroxide to get -(S-azb) aeg PNA acid 36 which 

was then used for incorporation by solid phase peptide synthesis to obtain the desired 

PNA sequences. All intermediates were purified by column chromatography and 

characterized by 
1
H, 

13
C NMR and mass spectral analysis (Appendix I). 

2A.3.5 Synthesis of alkyne derivative of 5(6)-carboxyfluorescein 

 As shown in scheme 2.5, commercially available N-hydroxysuccinimide ester 

of 5(6)-carboxyfluorescein 37 was reacted with propargyl amine to give fluorescent 

alkyne derivative of 5(6)-carboxyfluorescein 38 which was used for click reaction. The 

presence of terminal alkyne group in 38 was confirmed by IR spectrum showing peaks 

at 2123 cm
-1 

and 3289 cm
-1

. The fluorescence spectrum recorded for alkyne derivative 

of 5(6)-carboxyfluorescein is shown in Figure 2.8. 
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SCHEME 2.5 Synthesis of alkyne derivative of 5(6)-carboxyfluorescein 

 

 

 

FIGURE 2.8 Fluorescence spectrum for alkyne derivative of 5(6)-carboxyfluorescein 

2A.4 Summary 

To summarize, this section describes the synthesis and characterization of 

rationally designed PNA monomers by incorporating amino, guanidino and azido 

functionalities at γ-position. All the intermediates have been characterized by 
1
H & 

13
C 

NMR spectroscopy, mass spectral analysis and other appropriate analytical data 

(Section 2.2). The fluorescent alkyne derivative of 5(6)-carboxyfluorescein was also 

synthesized and characterized to prepare fluorescent PNAs by click reaction. The next 

section deals with the incorporation of these modified monomer units into oligomers at 

various desired positions using solid phase peptide synthesis. 
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2B.1 Solid phase PNA synthesis 

Peptides can be synthesized either by solution phase or by solid phase synthesis 

techniques.
35

 The solution phase method of peptide synthesis can be used efficiently 

only for short chain peptides moreover, it requires a tedious separation and purification 

step after each coupling reaction. On the other hand, solid phase peptide synthesis can 

efficiently be used in the synthesis of several short and long chain peptides as well as in 

the synthesis of PNA oligomers. 

 

FIGURE 2.9 Representative structures of resin used in SPPS 

 The solid phase peptide synthesis first devised by Merrifield,
36

 involves the 

combination of reagents with functional groups that are located on the surface and on 

the inside of beaded polymers.
37

 Small solid beads are porous and insoluble in organic 

solvents. These beads are treated with functional units or linkers on which peptide 

chains can be built. The beads are immersed in solvent containing the reagents which 

approach the solvated sites by diffusion. In contrast to solution phase, the solid phase 

method offers several advantages. In solid phase synthesis, the C-terminal amino acid 
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is linked to an insoluble support that also acts as a permanent protection for the 

carboxylic acid (Figure 2.9). Then the next N

-protected amino acid is coupled to the 

resin bound amino acid either by using an active pentafluorophenyl (pfp) or 3-hydroxy-

2,3-dihydro-4-oxo-benzotriazole (DHBt) ester, or by in situ activation with 

carbodiimide reagents. The excess amino acid is washed out and the deprotection and 

coupling reactions are repeated until the desired peptide sequence is achieved. The 

tedious purification step of intermediates after each coupling reaction is omitted. 

Finally, the resin bound peptide and the side chain protecting groups are cleaved in 

global deprotection step. 

 There are two routinely followed strategies of solid phase peptide synthesis-

Fmoc strategy and Boc strategy which use base labile and acid labile protecting groups 

respectively (Figure 2.10). Unlike ribosome protein synthesis, solid-phase peptide 

synthesis proceeds in a C-terminal to N-terminal fashion. The N-termini of amino acid 

monomers is protected by these two groups and added onto a deprotected amino acid 

chain. First protocol uses the t-butoxycarbony (t-Boc) group as N

-protection that is 

removed by mild acidic conditions such as 50% TFA in DCM. The reactive side chains 

are protected with groups that are stable to t-Boc deprotection conditions and can be 

removed under strongly acidic conditions using HF in dimethylsufide or TFMSA in 

TFA. While in second protocol fluorenylmethyloxycarbonyl (Fmoc) group is used as 

N

-protection which is extremely stable to acidic conditions but can be cleaved 

efficiently with a base such as piperidine. The final peptide and side chain protecting 

groups can be cleaved with acid (50% TFA). 

 

 

 

 

 

http://en.wikipedia.org/wiki/C-terminal
http://en.wikipedia.org/wiki/N-terminal
http://en.wikipedia.org/wiki/Protecting_group
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FIGURE 2.10 General protocols for SPPS via (A) Boc-chemistry (B) Fmoc-chemistry 

2B.2 Aim of the present work 

The specific objectives of this section are 

 Incorporation of aeg PNA monomers (A/T/G/C) and γ-C-substituted PNA (T) 

monomers at various positions by solid phase synthesis 

 Synthesis of fluorescent PNA oligomers by click chemistry 

 Cleavage of oligomers from the solid support, their purification by RP-HPLC 

and characterization by MALDI-TOF spectrometry 
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2B.3 Results and discussion 

The synthesis, purification and characterization of PNA oligomers incorporating 

modified (amino/guanidino/azido) as well as unmodified aeg PNA monomers in the 

PNA sequence has been discussed in this section. 

2B.3.1 Synthesis of PNA oligomers 

 The PNA oligomers were synthesized by solid phase peptide synthesis protocol 

using Boc strategy. The modified PNA monomers were incorporated at desired 

positions in the unmodified aeg PNA sequence. PNA oligomerization was performed 

from C-terminus to the N-terminus end using monomeric units with protected amino 

and carboxylic acid functions maintaining the orthogonality. The Fmoc strategy was 

avoided because the terminal free amine generated has tendency to attack on the 

tertiary amide leading to acyl migration.
38

  

 MBHA resin (4-methyl–benzhydryl amine resin) was chosen as the solid 

support on which the oligomers were built and the monomers were coupled by in situ 

activation with HBTU / HOBt. In the synthesis of all oligomers, orthogonally protected 

(Boc/Cl-Cbz) L-lysine was selected as the C-terminal spacer-amino acid and it is linked 

to the resin through amide bond. The amine content on the resin was suitably lowered 

from 2 mmol/g to 0.35 mmol/g by partial acylation of amine content using calculated 

amount of acetic anhydride.
38

 The free amine groups on the resin available for coupling 

was confirmed before starting synthesis by Kaiser’s test. 

The deprotection of the N-t-Boc protecting group and the completion of 

coupling reaction were monitored by Kaiser’s test.
39

 The t-Boc deprotection leads to a 

positive Kaiser’s test, where the resin beads show blue color (Rheumann’s purple). On 

the other hand, after completion of coupling reaction the resin beads were colorless 

which means a negative Kaiser’s test. It is the most widely used qualitative test for the 

presence or absence of free amino group (deprotection/coupling).  

Using the standard solid phase synthesis protocol (Figure 2.11), the PNA 

oligomers of desired length incorporating modified as well as unmodified PNA 

monomers at desired positions were synthesized.  



Chapter 2                                                                              Results and Discussion 

60 
 

 

FIGURE 2.11 Solid phase PNA synthesis protocol by Boc strategy 

2B.3.2 Synthesis of mixed purine-pyrimidine PNA oligomers 

Mixed purine pyrimidine base sequences form duplexes of antiparallel or 

parallel orientations depending on their complementarity. By convention, in antiparallel 

orientation of PNA:DNA duplexes the N-terminal of the PNA faces the 3’-end of the 

DNA and C-terminal faces the 5’-end of DNA. While in parallel orientation, the C-

terminal of PNA faces the 3’-end of the DNA and the N-terminal faces the 5’-end of the 

DNA (Figure 2.12).  
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Figure 2.12 Antiparallel and parallel binding of PNA 

In order to study the potential of duplex formation and the discrimination in 

DNA/RNA binding stability of the γ-C-substituted multifunctional PNA oligomers, the 

mixed purine pyrimidine sequences were synthesized. The PNA sequences bearing 

modified (T) and unmodified (A/T/G/C) monomeric units were synthesized to improve 

the duplex stability and their cell permeation abilities.  

Choice of sequence 

The transcription of the information in DNA into mRNA molecule is a two step 

process. First, the two strands of DNA structure unwind to allow the transcription 

machinery to come in and create a RNA strand which contains both the exons (coding 

region) and the introns (non-coding regions) called pre-mRNA. Secondly, the introns 

which does not code for any gene are cut and removed while the exons are brought 

together to produce mature mRNA as a transcript in a process known as splicing. 

However, genetic mutations that alter pre-mRNA splicing frequently cause an 

important segment of the RNA to be skipped out of the mature mRNA. In fact, various 

single nucleotide mutations that cause human disease affect splicing. Antisense ONs 

has been reported as corrective antisense in the cases of certain diseases caused by 

genetic mutations. In this approach, the antisense ONs act at pre-mRNA levels for 

splice corrections and yield mRNA that is translated into viable proteins. The antisense 

(18-mer) ON 705 corrects the aberrant splicing of mutated intron which interrupts the 

coding sequence of a luciferase gene (Figure 2.13). They target the aberrant splice sites 

and restore the correct splicing pattern by causing the splicing machinery to use only 

the correct splice sites.  

PNA

DNA

PNA

DNA
5' 3'5' 3'
N CNC

parallel modeantiparallel mode
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FIGURE 2.13 Correction of splicing of IVS2-705 β-globin pre-mRNA by ON-705 

A middle portion of this antisense ON-705 was taken for consideration to carry out 

the hybridization and other biophysical studies (Figure 2.14). PNA sequence 1 contains 

all unmodified aeg PNA (A/T/G/C) units and was used as a control sequence for 

comparative studies. Similarly, the mixed sequences were synthesized incorporating 

various modified PNA monomer units as -(S-eam) aeg PNA 2-5, -(S-egd) aeg PNA 

6-10, -(S-azm) aeg PNA 11-14 and -(S-azb) aeg PNA 15-18 (Table 2.1). 

 

FIGURE 2.14 ON-705 sequence and corresponding 10-mer PNA sequence chosen for study 

2B.3.3 Synthesis of fluorescent PNA oligomers by click chemistry 

The fluorescent PNA oligomers were synthesized by solid phase click reaction
40

 

between the polymer supported azido component (azide containing PNA oligomers) 

and the acetylenic fluorescent component synthesized in solution. The fluorophore was 

incorporated in the side chain of PNA backbone at γ-position with various distances in 

order to investigate its potential as an effective conjugation point. The effect of bulky 
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fluorophore on the binding affinity and stability of PNA oligomer with its 

complementary DNA was also investigated using various biophysical techniques.  

The solid supported azide containing PNA oligomers were treated with alkyne 

component in presence of CuI, ascorbic acid and DIPEA to obtain click product as 

fluorescent PNA oligomers (Figure 2.15). The fluorescent PNA sequences synthesized 

by copper mediated azide-alkyne cycloaddition reaction are summarized in Table 2.2 

 

 FIGURE 2.15 Synthesis of fluorescent PNA oligomers on solid support 

TABLE 2.1 PNA oligomers with modified/unmodified monomers at various positions 

Entry Sequence Code PNA sequences Monomers used 

1 aeg PNA 1 
H-T T A C C T C A G T-LysNH2 

     1 2  3 4  5  6 7  8 9 10 

A/G/C/T = aeg PNA  

 

2 eam-t2 PNA 2 H-T t A C C T C A G T-LysNH2 

 
 t = -(S-eam) aeg 

3 eam-t6 PNA 3 H-T T A C C t C A G T-LysNH2 

4 eam-t10 PNA 4 H-T T A C C T C A G t-LysNH2 

5 eam-t2,6 PNA 5 H-T t A C C t C A G T-LysNH2 

6 egd-t

2

 
PNA 6 H-T t

 
A C C T C A G T-LysNH2 

 t
 
= -(S-egd) aeg 

7 egd-t

6

 
PNA 7 H-T T A C C t

 
C A G T-LysNH2 

8 egd-t

10

 
PNA 8 H-T T A C C T C A G t

 
-LysNH2 

9 

 
egd-t


2,6

 
PNA 9 H-T t

 
A C C t


 C A G T-LysNH2 

10 egd-t

2,6,10

 
PNA 10 H-T t

 
A C C t

 
C A G t


-LysNH2 
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11 azm-T

2

 
PNA 11 H-T T

 
A C C T C A G T-LysNH2 

 
T


=-(S-azm) aeg 

12 azm-T

6

 
PNA 12 H-T T A C C T

 
C A G T-LysNH2 

13 azm-T

10

 
PNA 13 H-T T A C C T C A G T


-LysNH2 

14 azm-T

2,6 PNA 14 H-T T

 
A C C T


 C A G T-LysNH2 

15 azb-T2
 
PNA 15 H-T T A C C T C A G T-LysNH2 

 
T

 
= -(S-azb) aeg 

16 azb-T6
 
PNA 16 H-T T A C C T C A G T-LysNH2 

17 azb-T10
 
PNA 17 H-T T A C C T C A G T-LysNH2 

18 azb-T2,6
 
PNA 18 H-T T A C C T C A G T-LysNH2 

eam = ethyleneamino, egd = ethyleneguanidino, azm = azidomethylene and azb = azidobutylene 

2B.3.4 Cleavage of the PNA oligomers from the solid support 

The oligomers were cleaved from the solid support (L-lysine derivatized 

MBHA resin), using trifluoromethane sulphonic acid (TFMSA) in the presence of 

trifluoroacetic acid (TFA), which yielded PNA oligomers having L-lysine amide at 

their C-termini.
41

 Side chain protecting groups of lysine as well as other nucleobase 

protections were also removed during this process. After cleavage reaction was over, 

the PNA oligomers obtained in solution were precipitated by addition of cold diethyl 

ether and the PNA oligomers were dissolved in de-ionized water.  

TABLE 2.2 Fluorescent PNA oligomers synthesized by click reaction 

Entry Sequence Code Fluorescent PNA Sequences 

19 azb-T
f
6 PNA 16  H-T T A C C T

f
 C A G T-LysNH2 

20 azb-T
f
10 PNA 17 H-T T A  C C T A G T

f
-LysNH2 

21 azb-T
f
2,6 PNA 18 H-T T

f
 A C C T

f
 C A G T-LysNH2 

22 azm-t
f
2 PNA 11 H-T t

f 
A C C T C A G T-LysNH2 

23 azm-t
f
6 PNA 12 H-T T A C C t

f 
C A G T-LysNH2 

24 azm-t
f
10 PNA 13 H-T T A C C T C A G t

f
-LysNH2 

25 azm-t
f
2,6 PNA 14 H-T t

f 
A C C t

f 
C A G T-LysNH2 
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2B.3.5 Purification and characterization of the PNA oligomers 

After cleavage from the solid support, PNA oligomers were purified by reverse 

phase high performance liquid chromatography (RP-HPLC). The purification of PNA 

oligomers was carried out on a semi-preparative C18 column using a gradient system of 

acetonitrile and water. The purity of PNA oligomers was checked by reinjecting the 

sample on the same C18 semi-preparative column. All HPLC chromatograms are 

shown in Appendix I. 

The integrity of these synthesized PNA oligomers was confirmed by MALDI-

TOF mass spectrometry. In literature, various matrices like Sinapic acid (3,5-

dimethoxy-4-hydroxycinnamic acid), picolinic acid (PA), 2,5-dihydroxybenzoic acid 

(DHB), α-cyano-4-hydroxycinnamic acid (CHCA) etc. have been reported to record 

MALDI-TOF spectrum. Of these, DHB was used as matrix to record MALDI-TOF 

spectra for all synthesized PNAs. The calculated and observed molecular weights for 

all PNAs with their molecular formulas and HPLC retention time in minutes are 

mentioned in Table 2.3. The MALDI-TOF data for confirmation of mixed purine-

pyrimidine PNA oligomers are shown in Appendix I. 

TABLE 2.3 MALDI-TOF spectral analysis of the synthesized PNA oligomers 

Sr. 

No. 

PNA sequence 

code 

Molecular 

Formula 

Calculated 

Mass 

Observed 

Mass 

Retention 

Time 

(min) 

1 aeg PNA 1 C113H150N55O33 2805.1750 [M + H]
+
 2805.0652 8.92 

2 eam-t2 PNA 2 C115H155N56O33 2848.2172 [M + H]
+
 2848.3081 10.02 

3 eam-t6 PNA 3 C115H155N56O33 2848.2172 [M + H]
+
 2848.2515 9.71 

4 eam-t10 PNA 4 C115H155N56O33 2848.2172 [M + H]
+
 2848.5977 10.08 

5 eam-t2,6 PNA 5 C117H159N57NaO33 2913.2414 [M + Na]
+
 2913.3682 9.80 

6 egd-t

2

 
PNA 6 C116H158N58NaO33 2913.8384 [M + Na]

+
 2917.2097 10.40 

7 egd-t

6

 
PNA 7 C116H158N58NaO33 2913.8384 [M + Na]

+
 2917.1689 10.38 

8 egd-t

10

 
PNA 8 C116H159N58O33 2890.2390 [M + H]

+
 2890.6897 9.82 

9 egd-t

2,6

 
PNA 9 C119H164N61O33 2975.3030 [M + H]

+
 2975.4937 10.07 

10 egd-t

2,6,10

 
PNA10 C122H171N64O33 3060.3670 [M + H]

+
 3060.1923 10.21 

11 azm-T

2
 
PNA 11 C114H150N58O33 2859.1842 [M]

+
 2835.2915* 9.74 

12 azm-T

6
 
PNA 12 C114H150N58O33 2859.1842 [M]

+
 2835.3149* 10.08 

13 azm-T

10

 
PNA 13 C114H150N58O33 2859.1842 [M]

+
 2835.2590* 9.63 



Chapter 2                                                                                                  Summary 

66 
 

14 azm-T

2,6

 
PNA 14 C115H151N61O33 2914.2013 [M]

+
 2865.3467* 10.12 

15 azb-T2
 
PNA 15 C117H156N58O33 2901.2312 [M]

+
 2900.5166 10.17 

16 azb-T6
 
PNA 16 C117H156N58O33 2901.2312 [M]

+
 2899.7097 10.33 

17 azb-T10
 
PNA 17 C117H156N58O33 2901.2312 [M]

+
 2899.7190 10.30 

18 azb-T2,6
 
PNA 18 C121H163N61O33 2998.2952 [M]

+
 2949.0596* 10.26 

19 azb-T
f
6 PNA 16 C141H172N59O39 3315.3289 [M + H]

+
 3318.2996 12.89 

20 azb-T
f
10 PNA 17 C141H172N59O39 3315.3289 [M + H]

+
 3315.9607 13.88 

21 azb-T
f
2,6 PNA 18 C169H194N63O45 3825.4829 [M + H]

+
 3828.1565 15.79 

22 azm-t
f
2 PNA 11 C138H166N59O39 3273.2820 [M + H]

+
 3275.2666 13.67 

23 azm-t
f
6 PNA 12 C138H166N59O39 3273.2820 [M + H]

+
 3276.1621 12.95 

24 azm-t
f
10 PNA 13 C138H166N59O39 3273.2820 [M + H]

+
 3276.2029 13.17 

25 azm-t
f
2,6 PNA 14 C163H182N63O45 3741.3890 [M + H]

+
 3744.2063 15.31 

* Mass reported after subtracting –N2 from the actual mass 

2B.4 Summary 

The rationally designed modified PNA monomers have been incorporated into 

10-mer mixed purine-pyrimidine PNA sequence. These modified monomers were 

inserted into aeg PNA sequence at various positions using HOBt, HBTU and DIPEA as 

coupling reagent by solid phase peptide synthesis protocol. All the modified and 

unmodified PNA oligomers obtained by solid phase synthesis were cleaved from solid 

support using appropriate protocol. The PNA oligomers after cleavage were purified by 

RP-HPLC and characterized by MALDI-TOF spectrometry. Detailed experimental 

procedures and spectral data of all intermediates are discussed in section 2.2. The next 

chapter deals with the investigation of biophysical properties of PNA oligomers. 
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2.2 Experimental 

This section describes the detailed synthetic procedures and spectral 

characterization of the rationally designed PNA monomers. 

2.2.1 General 

The chemicals used were of laboratory or analytical grade. All the solvents used 

were distilled or dried to carry out various reactions. Reactions were monitored using 

thin layer chromatography (TLC). Usual workup involved sequential washing of the 

organic extract with water and brine followed by drying the organic layer over 

anhydrous sodium sulphate and evaporation of solvent under vacuum. TLCs were 

carried out on pre-coated silica gel GF254 sheets (Merck 5554). TLCs were analysed 

under UV lamp, by Iodine spray and by spraying with Ninhydrin solution, followed by 

heating of the plate. Column chromatographic separations were performed using silica 

gel (60-120 or 100-200 mesh). Melting points of solid compounds were determined in 

open capillary tubes using Veego’s VMP-D melting point apparatus. IR spectra were 

recorded on Bruker’s fourier transform infra red spectrometer as neat samples. 

1
H and 

13
C NMR spectra were recorded using Bruker AC-200 (200 MHz) or 

JEOL 400 MHz NMR spectrometers. The delta (δ) values for chemical shifts are 

reported in ppm and are referred to internal standard TMS or deuterated NMR solvents. 

The optical rotation values were obtained on Rudolph Research Analytical Autopol V 

polarimeter. Mass spectra for reaction intermediates were obtained by Applied 

Biosystems 4800 Plus MALDI-TOF/TOF mass spectrometry using TiO2 or 2,5-

dihydroxybencoic acid (DHB) and the integrity of PNA oligomer was checked on the 

same instrument using DHB or CHCA as matrx. High resolution mass spectra for final 

PNA monomers were recorded on Synapt G2 High Definition Mass Spectrometry. 

PNA oligomers were purified on Dionex ICS 3000 HPLC system using semi-

preparative BEH130 C18 (10X250 mm) column.  
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2.2.2 Procedures and spectral data 

2: 5-amino-2-((tert-butoxycarbonyl)amino)-5-oxopentanoic acid
42

 

 

A solution of di-tert-butyl dicarbonate [(Boc)2O] (16.4 g, 17.26 mL, 75.3 

mmol) in dioxane (100 mL) was added in portion to an ice-cold solution of L-

glutamine (10 g, 68.5 mmol) in 1 N NaOH (100 mL). The reaction mixture was further 

stirred at 0 
°
C for 1 h. After completion of reaction dioxane was removed completely 

under vacuum from the reaction mixture. The aqueous layer was washed with diethyl 

ether to remove excess [(Boc)2O]. The aqueous layer was cooled in ice-water bath, 

acidified to pH 2-3 by slow addition of saturated KHSO4 solution and then extracted 

with ethyl acetate (3 x 150 mL). The combined organic extracts were dried over an. 

Na2SO4, filtered and concentrated to give compound 2 as a white powder which was 

used without further purification (14.5 g, 86% yield). mp = 119-121 
°
C; Rf = 0.39 

EtOAc/MeOH (50:50); [α]
25

D - 2.960 (c 0.5, Methanol); IR (neat) 3341, 3211, 2979, 

2937, 1674, 1517 cm
-1

; MS (MALDI-TOF) m/z calcd for C10H18N2O5 [M + K]
+
 

285.0853, found 285.0501. 

3: 4-amino-2-((tert-butoxycarbonyl)amino)butanoic acid
43

 

 

 

 A Slurry of compound 2 (5 g, 20.3 mmol), ethyl acetate (24 mL), acetonotrile (24 

mL), water (12 mL) and iodobenzene diacetate (7.87 g, 24.4 mmol) was cooled and 

stirred at 16 
°
C for 30 min. The temperature was allowed to reach 20 

°
C and the 

reaction mixture was stirred until completion (approximately 4 h). The reaction mixture 

was cooled to 0 
°
C and filtered under vacuum. The filter cake was washed with ethyl 

acetate and dried in vacuum to obtain compound 3 (2.65 g, 60% yield). mp = 200-201 

°
C; Rf = 0.2 EtOAc/MeOH (50:50); [α]

25
D + 13.6 (c 0.5, Methanol); IR (neat) 2976, 
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2900, 2832, 1740, 1692, 1645, 1563, 1546 cm
-1

; MS (MALDI-TOF) m/z calcd for 

C9H18N42O4 [M + K]
+
 257.0904, found 257.0740. 

4: 4-(((benzyloxy)carbonyl)amino)-2-((tert-butoxycarbonyl)amino) butanoic acid 

 

The solution of NaHCO3 (2.3 g, 25 mL, 27.4 mmol) in water was added to an ice-

cold solution of compound 3 (2 g, 9.17 mmol) in acetone (25 mL) and stirred for 10 

min at 0 
°
C. To this, benzylchloroformate (3.75 g 3.7 mL, 11 mmol) as 50 % solution in 

toluene was added and the reaction mixture was stirred overnight at room temperature. 

Acetone was removed completely under vacuum and the aqueous layer was washed 

with diethyl ether (2 x 20 mL). The aqueous layer was acidified to pH 2-3 with sat. 

KHSO4 solution and extracted with ethyl acetate (3 x 50 mL). The combined organic 

layer was dried over an. Na2SO4, filtered and concentrated to give compound 4 as 

sticky oil (2.9 g, 90% yield). Rf = 0.67 EtOAc/MeOH (50:50); IR (neat) 2931, 2354, 

2318, 1792, 1770, 1705, 1647, 1626 cm
-1

; 
1
H NMR (400 MHz, CDCl3) δ 7.40-7.31 (m, 

5H), 5.66-5.64 (m, 1H), 5.48-5.43 (m, 1H), 5.14-5.04 (m, 2H), 4.35-4.32 (m, 1H), 3.50-

3.06 (m, 2H), 2.07-1.76 (m, 2H), 1.43 (s, 9H); 
13

C NMR (100 MHz, CDCl3) δ 175.7, 

157.0, 156.0, 136.3, 128.5, 128.1, 80.3, 66.9, 51.1, 37.2, 33.3, 28.3; MS (MALDI-TOF) 

m/z calcd for C17H24N2O6 [M + K]
+
 391.1271, found 391.1075. 

5: Methyl-4-(((benzyloxy)carbonyl)amino)-2-((tert-butoxycarbonyl)amino) 

butanoate 

 

To a stirred solution of compound 4 (5.13 g, 14.5 mmol), K2CO3 (5.02 g, 36 mmol) 

in acetone (80 mL) was added dimethyl sulfate (1.7 mL, 17.4 mmol) and reaction 

mixture was heated to 55 
°
C

 
for 4 h under reflux condenser. Acetone was evaporated 

completely and water (100 mL) was added to the concentrate, which was then extracted 
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with ethyl acetate (3 x 60 mL). The combined organic layer was washed with brine, 

dried over an. Na2SO4, filtered and concentrated. The residue was purified on silica gel 

(60-120 mesh) using petroleum ether and ethyl acetate to give compound 5 as white 

solid (5 g, 93% yield). mp = 67-69 
°
C; Rf = 0.5 petroleum ether/EtOAc (70:30); [α]

25
D - 

18.8 (c 0.5, Methanol); IR (neat) 3341, 2975, 1698, 1518, 1446 cm
-1

; 
1
H NMR (200 

MHz, CDCl3) δ 7.39-7.33 (m, 5H), 5.61 (br, 1H), 5.38 (app d, J = 8 Hz, 1H), 5.2-5.11 

(m, 2H), 4.44-4.34 (m, 1H), 3.73 (s, 3H), 3.55-3.07 (m, 2H), 2.15-1.65 (m, 2H), 1.45 (s, 

9H); 
13

C NMR (50 MHz, CDCl3) δ 172.9, 156.3, 155.7, 136.5, 128.3, 127.9, 80.0, 66.5, 

52.3, 50.8, 37.0, 33.2, 28.1; MS (MALDI-TOF) m/z calcd for C18H26N2O6 [M + K]
+
 

405.1428, found 405.1199. 

6: Benzyl tert-butyl (4-hydroxybutane-1,3-diyl)dicarbamate 

 

To a stirred solution of compound 5 (5 g, 13.6 mmol) in absolute ethanol (60 

mL) was added sodium borohydride (1.56 gm, 41 mmol) and reaction mixture was 

stirred for 6 h under nitrogen atmosphere at RT. Ethanol was evaporated completely 

and water (100 mL) was added to the concentrate which was extracted with ethyl 

acetate (3 x 60 mL). The combined organic layer was washed with brine, dried over an. 

Na2SO4, filtered and concentrated. The residue was then purified on silica gel (60-120 

mesh) using petroleum ether and ethyl acetate to give compound 6 as white solid (4.1 g, 

89% yield). mp = 80-82 
°
C; Rf = 0.4 petroleum ether/EtOAc (50:50); [α]

25
D - 24.4 (c 

0.5, Methanol); IR (neat) 3334, 2974, 1689, 1519, 1453 cm
-1

; 
1
H NMR (400 MHz, 

CDCl3) δ 7.36-7.29 (m, 5H), 5.64 (br, 1H), 5.13-5.05 (m, 2H), 5.01 (br, 1H), 3.68-3.66 

(app d, J = 8 Hz, 2H), 3.59-3.42 (m, 2H), 3.06-3.0 (m, 1H), 1.76-1.55 (m, 2H), 1.43 (s, 

9H); 
13

C NMR (100 MHz, CDCl3) δ 155.6, 136.5, 128.4, 128.0, 79.7, 66.6, 65.2, 49.7, 

37.6, 32.0, 28.3; MS (MALDI-TOF) m/z calcd for C17H26N2O5 [M + K]
+
 377.1479, 

found 377.1080. 
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7: 4-(((benzyloxy)carbonyl)amino)-2-((tert-butoxycarbonyl)amino)butyl methane 

sulfonate 

 

To an ice-cold solution of compound 6 (4 g, 12 mmol), triethyl amine (4.18 mL, 

30 mmol) in dry DCM (50 mL) was added mesyl chloride (1.21 mL, 15.6 mmol) and 

reaction mixture was stirred for 30 min at 0 
°
C under nitrogen atmosphere. To the 

reaction mixture DCM (20 mL) was added which was washed with water (40 mL) and 

brine (30 mL). The organic layer was dried over an. Na2SO4, filtered and concentrated 

on rota evaporator to give compound 7 (4.5 g, 92% crude yield). Rf = 0.53 petroleum 

ether/EtOAc (50:50). This compound was used for next step without further 

purification. 

8: Benzyl tert-butyl (4-azidobutane-1,3-diyl)dicarbamate 

 

The solution of compound 7 (4.5 g, 11 mmol) and sodium azide (10.86 g, 165 

mmol) in dry DMF (50 mL) was heated to 80 
°
C for 8 h. To the reaction mixture water 

(100 mL) was added which was extracted with ethyl acetate (3 x 70 mL). The ethyl 

acetate layer was washed with water (50 mL) and brine (50 mL). The combined organic 

layer was dried over an. Na2SO4, filtered and concentrated. The residue obtained was 

then purified on silica gel (60-120 mesh) using petroleum ether and ethyl acetate to 

give compound 8 as sticky yellowish oil (3.53 g, 87% yield). Rf = 0.73 petroleum 

ether/EtOAc (50:50); IR (neat) 3332, 2974, 2931, 2098, 1691, 1517 cm
-1

; 
1
H NMR 

(400 MHz, CDCl3) δ 7.32-7.28 (m, 5H), 5.53 (br, 1H), 5.09-5.01 (m, 2H), 4.82 (br, 

1H), 3.80-3.76 (m, 1H), 3.45-3.38 (m, 2H), 3.35-2.97 (m, 2H), 1.68-1.50 (m, 2H), 1.40 

(s, 9H); 
13

C NMR (100 MHz, CDCl3) δ 156.4, 155.7, 136.5, 128.4, 128.0, 19.8, 66.5, 
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54.9, 47.6, 37.4, 32.8, 28.1; MS (MALDI-TOF) m/z calcd for C17H25N5O4 [M + K]
+
 

402.1544, found 402.1709. 

9: Ethyl 2-((4-(((benzyloxy)carbonyl)amino)-2-((tertbutoxycarbonyl)amino)butyl) 

amino)acetate   

 

To a solution of compound 8 (750 mg, 2.06 mmol) in absolute ethanol (15 mL) 

taken in hydrogenation flask was added Raney Nickel (2 mL). The reaction mixture 

was hydrogenated in a Parr apparatus for 6 h at room temperature and H2 pressure of 

50-55 psi. The catalyst from reaction mixture was filtered off and the solvent was 

removed under reduced pressure to yield a residue of amine as yellowish oil. The amine 

compound (626 mg, 1.8 mmol) was treated with ethylbromo acetate (0.18 mL, 1.7 

mmol) in acetonitrile (20 mL) using triethyl amine (0.77 mL, 5.5 mmol) and the 

reaction mixture was stirred at room temperature for 12 h. Acetonitrile was evaporated 

completely under vacuum and water (50 mL) was added to the concentrate. The 

aqueous layer was extracted with ethyl acetate (3 x 40 mL). The combined organic 

layer was washed with sat. NaHCO3, brine, dried over an. Na2SO4, filtered and 

concentrated on rota evaporator. The residue obtained was purified on silica gel (100-

200 mesh) using petroleum ether and ethyl acetate to give compound 9 as yellowish oil 

(700 mg, 80%). Rf = 0.48 petroleum ether/EtOAc (20:80); IR (neat) 3329.89, 2929.46, 

2354.43, 2318.10, 1738.10, 1705.25, 1694.13, 1647.56, 1529.97, 1516.80 cm
-1

; 
1
H 

NMR (200 MHz, CDCl3) δ 7.25-7.20 (m, 5H), 5.76 (br, 1H), 5.06-4.93 (m, 3H), 4.14-

4.03 (q, J = 8 Hz, 2H), 3.65-3.63 (m, 1H), 3.42-3.22 (m, 3H), 2.95-2.86 (m, 1H), 2.71-

2.55 (m, 3H), 1.64-1.42 (m, 2H), 1.34 (s, 9H), 1.21-1.14 (t, J = 7 Hz, 3H); 
13

C NMR 

(50 MHz, CDCl3) δ 171.9, 156.4, 136.6, 128.3, 127.9, 127.8, 79.4, 66.3, 60.8, 52.8, 

50.4, 47.5, 37.4, 33.5, 29.5, 28.2, 14.0; MS (MALDI-TOF) m/z calcd for C21H33N3O6 

[M + K]
+
 462.2006, found 426.2247. 
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10: Ethyl 2-(N-(4-(((benzyloxy)carbonyl)amino)-2-((tert-butoxycarbonyl)amino) 

butyl)-2-chloroacetamido)acetate 

 

To an ice-cold solution of compound 9 (3.1 g, 7.3 mmol) and triethyl amine (2.96 g; 

4 mL, 29.2 mmol) in dry DCM (50 mL) was added chloroacetyl chloride (0.82 g; 0.58 

mL, 7.3 mmol) and reaction mixture was stirred for 8 h. To the reaction mixture DCM 

(20 mL) was added and washed with water (60 mL) and brine (60 mL). The organic 

layer was dried over an. Na2SO4, filtered and concentrated. The residue was then 

purified on silica gel (100-200 mesh) using petroleum ether and ethyl acetate to give 

compound 10 as colorless sticky oil (2.63 g, 72%). Rf = 0.59 petroleum ether/EtOAc 

(40:60); 
1
H NMR (200 MHz, CDCl3) δ 7.337.26 (m, 5H), 5.61 (maj.) & 5.35 (min.) (br, 

1H), 5.15-5.0 (m, 2H), 4.27-4.12 (m, 4H), 3.99 (s, 2H), 3.88-3.65 (m, 2H), 3.52-3.38 

(m, 2H), 3.25-2.95 (m, 2H), 1.70-1.64 (m, 2H), 1.41 (min.) 7 1.40 (maj.) (s, 9H), 1.31-

1.21 (m, 3H); 
13

C NMR (50 MHz, CDCl3) δ 169.1, 168.7, 168.3, 167.4, 156.5, 136.5, 

128.4, 127.9, 79.4, 66.4, 62.0, 61.4, 52.8, 50.7, 49.8, 48.6, 46.8, 40.9, 37.3, 33.1, 32.3, 

28.2, 14.0; MS (MALDI-TOF) m/z calcd for C23H34ClN3O6 [M + K]
+
 538.1722, found 

538.1591. 

11: Ethyl 2-(N-(4-(((benzyloxy)carbonyl)amino)-2-((tertbutoxycarbonyl)amino) 

butyl)-2-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)yl)acetamido)acetate 

 

The solution of compound 10 (1 g, 2 mmol), K2CO3 (0.33 g, 2.4 mmol) and 

thymine (0.3 g, 2.4 mmol) in dry DMF (20 mL) was stirred at room temperature for 12 

h. To the reaction mixture water (40 mL) was added and extracted with ethyl acetate (3 
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x 50 mL). The ethyl acetate layer was washed with water (50 mL) and brine (30 mL). 

The combined organic layer was dried over an. Na2SO4, filtered and concentrated. The 

residue obtained was then purified on silica gel (100-200 mesh) using petroleum ether 

and ethyl acetate to give compound 11 as white solid (0.95 g, 81%). mp = 92-94 
°
C; Rf 

= 0.47 EtOAc (100); [α]
25

D - 8.1 (c 1, Methanol);  
1
H NMR (400 MHz, CDCl3) δ 9.86 

(maj.) 7 9.56 (min.) (br, 1H), 7.37-7.27 (m, 5H), 7.05 (min.) & 6.98 (maj.) (s, 1H), 

5.67-5.63 (maj.) & 5.58-5.56 (min.) (comp, 1H), 5.11-5.04 (m, 2H), 4.82 (min.) & 4.78 

(maj.) (br, 1H), 4.47-4.37 (m, 1H), 4.28-4.13 (m, 3H), 3.94-3.51 (m, 3H), 3.43-3.02 (m, 

3H), 2.17 (br, 1H), 1.89 (min.) & 1.87 (maj.) (s, 3H), 1.69-1.67 (comp, 1H), 1.41 (maj.) 

& 1.39 (min.) (s, 9H), 1.31-1.23 (m, 3H); 
13

C NMR (100 MHz, CDCl3) δ 169.1, 167.5, 

164.4, 156.7, 151.5, 140.9, 136.5, 128.4, 128.0, 110.8, 79.6, 66.6, 62.3, 52.1, 51.5, 

49.8, 48.6, 47.8, 47.2, 37.6, 32.9, 28.3, 14.0, 12.3; MS (MALDI-TOF) m/z calcd for 

C28H39N5O9 [M + K]
+
 628.2385, found 628.2361. 

12: 2-(N-(4-(((benzyloxy)carbonyl)amino)-2-((tert-butoxycarbonyl)amino) butyl)-

2-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetamido)acetic acid 

 

To a stirred solution of compound 11 (500 mg, 0.8 mmol) in methanol was 

added 10 % aq. LiOH and reaction mixture was stirred at room temperature for ~ 3-4 h. 

Methanol was removed under vacuum and the aqueous layer was washed with diethyl 

ether. The aqueous layer was then neutralized with activated Dowex H
+
 resin till pH of 

the solution turned ~ 5-6. The resin was removed by filtration and the filtrate was 

concentrated to obtain the resulting compound 12 as white solid (0.42 g, 88%). mp = 

241-245 
°
C; Rf = 0.5 EtOAc/MeOH (50:50); [α]

25
D - 3.0 (c 0.5, Methanol); 

1
H NMR 

(400 MHz, DMSO-d
6
) δ 11.30 (min.) & 11.25 (maj.) (br, 1H), 7.35-7.26 (m, 5H), 7.21-

7.15 (m, 1H), 6.91-6.89 (min.) & 6.78-6.76 (maj.) (d, J = 8 Hz, 1H), 5.02-4.96 (m, 2H), 

4.76-4.72 (maj.) & 4.59-4.55 (min.) (d, J = 16 Hz, 1H), 4.42 (s, 2H), 3.97-3.74 (m, 4H), 

3.47-3.21 (m, 2H), 3.12-2.91 (m, 3H), 1.75 (min.) & 1.73 (maj.) (s, 3H), 1.58-1.41 (m, 
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2H), 1.37 (maj.) & 1.36 (min.) (s, 9H); 
13

C NMR (100 MHz, CDCl3) δ 170.6, 167.9, 

167.0, 164.5, 156.0, 155.5, 151.1, 142.1,137.3, 108.0, 77.7, 65.1, 51.9, 51.1, 48.4, 47.7, 

47.1, 46.5, 37.7, 32.1, 28.3, 12.0; MS (MALDI-TOF) m/z calcd for C26H35N5O9 [M + 

K]
+
 600.2072, found 600.1787. 

13. Ethyl 5-(((benzyloxy)carbonyl)amino)-9-((tert-butoxycarbonyl)amino)-11-(2-

(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetyl)-3-oxo-1-phenyl-2-oxa-

4,6,11-triazatridec-4-en-13-oate 

 

To a solution of compound 11 (1 gm, 1.7 mmol) in absolute ethanol (10 mL), 

was added 10% Pd/C (100 mg) and catalytic amount of glacial acetic acid (2 drops). 

The resulting reaction mixture was subjected to hydrogenation conditions on Parr 

Hydrogenator at 60 psi for 12 h. Reaction mixture was filtered and concentrated to get 

free amine (0.76 gm, 1.7 mmol). The free amine compound was dissolved in dry DMF 

(10 mL) to which N,N’-bis-di-Cbz-S-Me isothiourea (0.62 gm, 1.7 mmol) and catalytic 

amount of DMAP were added under N2 atmosphere and the reaction mixture was 

stirred at RT for 12 h. To the reaction mixture water (20 mL) was added which was 

extracted with ethyl acetate (3 X 40 mL). Ethyl acetate layer was washed once each 

with water (40 mL) and brine (30 mL). The organic layer was dried over an. Na2SO4, 

filtered and concentrated under reduced pressure. The residue obtained was then 

purified on silica gel (100-200 mesh) using petroleum ether and ethyl acetate to give 

compound 13 as white solid (0.93 g, 72% yield).  mp = 99-102 
°
C; Rf = 0.48 EtOAc 

(100); [α]
25

D - 1.1 (c 1, Methanol); 
1
H NMR (400 MHz, CDCl3) δ 11.70 (s, 1H), 9.24 

(br, 1H), 8.52-8.51 (app d, J = 4 Hz, 1H), 7.39-7.28 (m, 10H), 7.02 (min.) & 6.98 

(maj.) (s, 1H), 5.78 (d, J = 8 Hz, 1H), 5.22-5.09 (m, 4H), 4.84-4.80 (app d, J = 16 Hz, 

1H), 4.45-4.13 (m, 5H), 3.96-3.69 (m, 2H), 3.64-3.31 (m, 4H), 2.09 (br, 1H), 1.90 & 

1.88 (s, 3H), 1.82-1.58 (m, 2H), 1.41 (maj.) & 1.38 (min.) (s, 9H), 1.30 (min.) & 1.25 

(maj.) (t, J = 8 Hz, 3H); 
13

C NMR (100 MHz, CDCl3) δ 169.1, 168.4, 167.5, 164.2, 
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163.5, 156.1, 153.6, 151.2, 141.1, 136.6, 134.5, 128.8, 128.4, 128.0, 110.6, 79.8, 68.2, 

67.1, 62.2, 61.4, 52.2, 51.3, 50.0, 48.8, 47.7, 37.9, 31.9, 28.3, 14.0, 12.3; MS (MALDI-

TOF) m/z calcd for C37H47O7N11 788.3231 [M + Na]
 +

, found 788.4692. 

14. 5-(((benzyloxy)carbonyl)amino)-9-((tert-butoxycarbonyl)amino)-11-(2- 

(5- methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetyl)-3-oxo-1-phenyl-2-oxa-

4,6,11-triazatridec-4-en-13-oic acid 

 

To a stirred solution of compound 13 (0.5 g, 0.65 mmol) in THF was added 2 N 

aqueous NaOH solution (4 mL) at 0 
°
C and reaction mixture was stirred further for 30 

mins at 0 
°
C

 
until complete consumption of starting material. THF was evaporated from 

the reaction mixture and the aqueous layer was washed with ethyl acetate (2 X 20 mL). 

The aqueous layer was neutralized at 0 
°
C using 5 N HCl till the pH of solution 

becomes 3-4 and it was then extracted with ethyl acetate (3 X 30 mL). Combined 

organic layer was dried over an. Na2SO4, filtered and evaporated to give compound 14 

as white solid (0.37 g, 78% yield). mp = 95-97 
°
C; Rf = 0.73 EtOAc/MeOH (50:50); 

[α]
25

D + 3.7 (c 1, Methanol);  
1
H NMR (400 MHz, CDCl3) δ 11.74 (br , 1H), 10.10 (br, 

1H), 8.53 (br, 1H), 7.37-7.28 (m, 10H), 6.99 (s, 1H), 6.62 (s, 1H), 5.76 (br, 1H), 5.30-

5.10 )m, 5H), 4.70-4.01 (m, 4H), 3.80-3.29 (m, 6H), 1.85 (maj.) & 1.82 (min.) (s, 3H), 

1.40 (min.) & 1.38 (maj.) (s, 9H); MS (MALDI-TOF) m/z calcd for C34H41O7N11 

776.2658 [M + K]
 +

, found 776.3631. 

16: 4-amino-2-((tert-butoxycarbonyl)amino)-4-oxobutanoic acid 

A solution of di-tert-butyl dicarbonate [(Boc)2O] (8.0 g, 8.42 mL, 41.6 mmol) 

in dioxane (50 mL) was added in portion to an ice-cold solution of L-asparagine (5 g, 

37.8 mmol) in 1 N NaOH (50 mL). The reaction mixture was further stirred at 0 
°
C for 

1 h. After completion of reaction dioxane was removed completely from the mixture on 

rota evaporator. 
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The aqueous layer was washed with diethyl ether to remove excess [(Boc)2O]. 

The aqueous layer was cooled in ice-water bath, acidified to pH 2-3 by slow addition of 

saturated KHSO4 solution and then extracted with ethyl acetate (3 x 60 mL). The 

combined organic extracts were dried over an. Na2SO4, filtered and concentrated to 

give compound 16 as a white powder which was used without further purification (11.2 

g, 80% yield). Rf = 0.4 EtOAc/MeOH (50:50); IR (neat) 3345, 3210, 2979, 2936, 1673, 

1511 cm
-1

; MS (MALDI-TOF) m/z calcd for C9H16N2O5 [M + K]
+
 271.0696, found 

271.0638. 

17: 3-amino-2-(Boc-amino)propanoic acid 

 

A Slurry of compound 16 (5 g, 21.5 mmol), ethyl acetate (24 mL), acetonotrile 

(24 mL), water (12 mL) and iodobenzene diacetate (8.32 g, 25.8 mmol) was cooled and 

stirred at 16 
°
C for 30 min. The temperature was allowed to reach 20 

°
C and the 

reaction mixture was stirred until completion (approximately 4 h). The reaction mixture 

was cooled to 0 
°
C and filtered under vacuum. The filter cake was washed with ethyl 

acetate and dried in vacuum to obtain compound 17 (2.87 g, 65% yield). Rf = 0.25 

EtOAc/MeOH (50:50); MS (MALDI-TOF) m/z calcd for C8H16N2O4 [M + K]
+
 

243.0747, found 243.0456. 

18: 3-azido-2-(Boc-amino)propanoic acid 
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To a stirred solution of compound 17 (1.2 g, 5.9 mmol) in methanol:water (1:1) 

was added triethyl amine (2.5 mL, 17.9 mmol) and CuSO4.5H2O (145 mg, 0.58 mmol) 

solution in water (0.5 mL). To this triflyl azide solution in DCM was added through 

dropping funnel and reaction mixture was stirred for 10 h. Methanol was evaporated 

completely under vacuum and sat. NaHCO3 was added to the reaction mixture which 

was extracted with ethyl acetate (2 x 20 mL).  The aqueous layer was acidified to pH 2-

3 by slow addition of sat. KHSO4 solution and extracted with ethyl acetate (3 x 30 mL). 

The combined ethyl acetate extracts were dried over an. Na2SO4, filtered and 

concentrated to give compound 18 as yellowish sticky liquid which was used for next 

step without further purification. Rf = 0.2 EtOAc (100); IR (neat) 3187, 2983, 2937, 

2109, 1691, 1513 cm
-1

;
 
MS (MALDI-TOF) m/z calcd for C8H14N4O4 [M + K]

+
 

269.0652, found 269.0127. 

19: Methyl 3-azido-2-(Boc-amino)propanoate 

 

To a stirred solution of compound 18 (1 g, 4.34 mmol), K2CO3 (1.8 g, 13 mmol) 

in acetone (15 mL) was added dimethyl sulfate (0.65 g; 0.5 mL, 5.2 mmol) and reaction 

mixture was heated to 55 
°
C for 4 h under reflux condenser. Acetone was evaporated 

completely and water (30 mL) was added to the concentrate, which was then extracted 

with ethyl acetate (3 x 40 mL). The combined ethyl acetate extracts were washed with 

brine, dried over an. Na2SO4, filtered and concentrated. The residue was purified on 

silica gel (60-120 mesh) using petroleum ether and ethyl acetate to give compound 19 

as colorless liquid (0.7 g, 66% yield). Rf = 0.55 petroleum ether/EtOAc (75:25); IR 

(neat) 3361, 2925, 2855, 2105, 1711, 1506 cm
-1

; 
1
H NMR (200 MHz, CDCl3) δ 5.38 

(app d, J = 6 Hz, 1H), 4.50-4.43 (m, 1H), 3.79 (s, 3H), 3.72 (app d, J = 2 Hz, 2H), 1.45 

(s, 9H); 
13

C NMR (50 MHz, CDCl3) δ 170.2, 155.0, 80.4, 53.4, 52.7, 52.5, 28.1; MS 

(MALDI-TOF) m/z calcd for C9H16N4O4 [M + K]
+
 283.0809, found 283.0178. 
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20: 2-[(azidomethylene)-N--Boc-amino]ethanolamine 

 

 
 

To a stirred solution of compound 19 (3.8 g, 15.6 mmol) in absolute ethanol (50 

mL) was added sodium borohydride (1.78 g, 46.8 mmol) and reaction mixture was 

stirred for 6 h under nitrogen atmosphere at room temperature. Ethanol was evaporated 

completely and water (100 mL) was added to the concentrate which was extracted with 

ethyl acetate (3 x 75 mL). The combined organic layer was washed with brine, dried 

over an. Na2SO4, filtered and concentrated. The residue was then purified on silica gel 

(60-120 mesh) using petroleum ether and ethyl acetate to give compound 20 as 

colorless liquid (2.9 g, 86% yield). Rf = 0.35 petroleum ether/EtOAc (70:30); IR (neat) 

3331, 2977, 2933, 2097, 1687, 1514 cm
-1

; 
 1

H NMR (200 MHz, CDCl3) δ 5.06 (app d, J 

= 6 Hz, 1H), 3.81-3.70 (m, 3H), 3.52-3.43 (m, 2H), 2.66 (br, 1H), 1.44 (s, 9H); 
13

C 

NMR (50 MHz, CDCl3) δ 155.7, 80.2, 62.2, 51.5, 28.3; MS (MALDI-TOF) m/z calcd 

for C8H16N4O3 [M + K]
+ 

255.0859, found 255.0220.  

21: 3-azido-2-(Boc-amino)propyl methanesulfonate 

 

 

To an ice-cold solution of compound 20 (2.1 g, 9.72 mmol), triethyl amine 

(2.44 g, 3.38 mL, 24.3 mmol) in dry DCM (40 mL) was added mesyl chloride (1.48 g, 

1 mL, 12.63 mmol) and reaction mixture was stirred for 30 min at 0 
°
C under nitrogen 

atmosphere. To the reaction mixture DCM (20 mL) was added which was washed with 

water (20 mL) and brine (20 mL). The organic layer was dried over an. Na2SO4, filtered 

and concentrated on rota evaporator. to give compound 21 (2.29 g, 80% crude yield). Rf 

= 0.69 petroleum ether/EtOAc (50:50). This compound was used for next step without 

further purification.  
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22: tert-butyl 1-azido-3-(1,3-dioxoisoindolin-2-yl)propan-2-ylcarbamate 

 

 
 
To a stirred solution of compound 21 (2.25 g, 7.65 mmol), K2CO3 (2.11 g, 15.3 

mmol) in dry DMF (30 mL) was added potassium phthalimide (5.66 g, 30.6 mmol) and 

reaction mixture was heated to 80 
°
C for 12 h. To the reaction mixture water (60 mL) 

was added and extracted with ethyl acetate (3 x 50 mL). The organic layer was washed 

with water (50 mL) and brine (30 mL). The organic layer was then dried over an. 

Na2SO4, filtered and concentrated on rota evaporator. The residue obtained was 

purified on silica gel (100-200 mesh) using petroleum ether and ethyl acetate to give 

compound 22 as white solid (1.8 g, 68% yield). mp = 114-117 
°
C; Rf = 0.72 petroleum 

ether/EtOAc (50:50); [α]
25

D + 50.0 (c 0.5, Methanol); IR (neat) 3370, 2977, 2936, 2102, 

1773, 1711, 1512 cm
-1

; 
1
H NMR (400 MHz, CDCl3) δ 7.88-7.86 (m, 2H), 7.74-7.72 (m, 

2H), 5.04 (app d, J = 8 Hz, 1H), 4.12 (br, 1H), 3.89-3.73 (m, 2H), 3.58-3.55 (m, 2H), 

1.30 (s, 9H); 
13

C NMR (100 MHz, CDCl3) δ 168.4, 155.3, 134.1, 131.9, 123.5, 79.9, 

52.7, 49.4, 39.7, 28.1; MS (MALDI-TOF) m/z calcd for C16H19N5O4 [M + K]
+
 

384.1074, found 384.0857. 

23: Ethyl 2-((3-azido-2-((tert-butoxycarbonyl)amino)propyl)amino)acetate 

 

To a stirred solution of compound 22 (1.1 g, 3.18 mmol) in absolute ethanol (20 

mL) was added hydrazine hydrate (3.09 g, 3 mL, 63.6 mmol) and reaction mixture was 

stirred for 4 h at room temperature. After completion of reaction ethanol was 

evaporated completely and water (30 mL) was added to the concentrate which was 

extracted with ethyl acetate (3 x 50 mL). The organic layer was dried over an. Na2SO4, 

filtered and concentrated to give free amine (0.68 g) which was taken in acetonitrile (20 

mL).  To this, triethyl amine (0.8 g, 1.1 mL, 7.9 mmol) was added and stirred at 0 
°
C 
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for 10 min. Ethylbromo acetate (0.46 g, 0.31 mL, 2.86 mmol) was then added dropwise 

and reaction mixture was stirred for 12 h at room temperature. Acetonitrile was 

evaporated completely under vacuum and water (50 mL) was added to the concentrate. 

The aqueous layer was extracted with ethyl acetate (3 x 40 mL). The combined organic 

layer was washed with sat. NaHCO3, brine, dried over an. Na2SO4, filtered and 

concentrated on rota evaporator. The residue obtained was purified on silica gel (100-

200 mesh) using petroleum ether and ethyl acetate to give compound 23 as yellowish 

sticky oil (0.7 g, 73% yield). Rf = 0.79 EtOAc (100);  IR (neat) 3337, 2975, 2927, 2857, 

2099, 1737, 1702, 1514 cm
-1

; 
1
H NMR (400 MHz, CDCl3) δ 5.09 (br, 1H), 4.18 (q, J = 

8 Hz, 2H), 3.76 (br, 1H), 3.49-3.33 (m, 4H), 2.81-2.67 (m, 2H), 2.24 (br, 1H), 1.44 (s, 

9H), 1.27 (t, J = 8 Hz, 3H); 
13

C NMR (100 MHz, CDCl3) δ 172.2, 155.4, 79.8, 60.9, 

52.5, 50.7, 50.0, 29.6, 28.4, 14.1; MS (MALDI-TOF) m/z calcd for C12H23N5O4 [M + 

K]
+
 340.1387, found 340.0984. 

24: Ethyl 2-(N-(3-azido-2-((tert-butoxycarbonyl)amino)propyl)-2-

chloroacetamido) acetate 

 

To an ice-cold solution of compound 23 (1.1 g, 3.65 mmol) and triethyl amine 

(1.1 g; 1.5 mL, 10.9 mmol) in dry DCM (20 mL) was added chloroacetyl chloride (0.45 

g; 0.32 mL, 4 mmol) and reaction mixture was stirred for 8 h. To the reaction mixture 

DCM (20 mL) was added and washed with water (40 mL) and brine (40 mL). The 

organic layer was dried over an. Na2SO4, filtered and concentrated. The residue was 

then purified on silica gel (100-200 mesh) using petroleum ether and ethyl acetate to 

give compound 24 as pale yellow sticky oil (1 g, 73% yield). Rf = 0.65 petroleum 

ether/EtOAc (50:50); IR (neat) 3340, 2977, 2928, 2860, 2102, 1742, 1704, 1659, 1515 

cm
-1

; 
1
H NMR (400 MHz, CDCl3) δ 5.14-5.12 (maj.) 5.06-5.05 (min.) (app d, J = 8 Hz, 

4 Hz, 1H), 4.27-4.18 (m, 4H), 4.02 (s, 2H), 3.89-3.65 (m, 2H), 3.59-3.41 (m, 3H), 1.44 

(min.) 1.43 (maj.) (s, 9H), 1.33-1.30 (maj.) 1.29-1.27 (min.) (t, J = 6 Hz, 4 Hz, 3H); 
13

C 

NMR (100 MHz, CDCl3) δ 168.8, 168.4, 167.6, 80.0, 62.2, 52.3, 51.3, 50.4, 49.1, 48.7, 
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40.9, 28.3, 14.1; MS (MALDI-TOF) m/z calcd for C14H24ClN5O5 [M + K]
+
 416.1103, 

found 416.1190. 

25: Ethyl 2-(N-(3-azido-2-((tert-butoxycarbonyl)amino)propyl)-2-(5-methyl- 2,4-

dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetamido)acetate 

 

The solution of compound 24 (1 g, 2.65 mmol), K2CO3 (0.44 g, 3.18 mmol) and 

thymine (0.4 g, 3.18 mmol) in dry DMF (15 mL) was stirred at room temperature for 

12 h. To the reaction mixture water (40 mL) was added and extracted with ethyl acetate 

(3 x 50 mL). The organic layer was washed with water (50 mL) and brine (30 mL). 

Ethyl acetate layer was dried over an. Na2SO4, filtered and concentrated. The residue 

was then purified on silica gel (100-200 mesh) using petroleum ether and ethyl acetate 

to give compound 25 as white solid (1 g, 80% yield). Rf = 0.6 EtOAc (100); mp = 102-

105 
°
C; [α]

25
D + 9.4 (c 1, Methanol); IR (neat) 3331, 2977, 2101, 1737, 1686, 1518, 

1467, 1417 cm
-1

; 
1
H NMR (400 MHz, CD3OD) δ 7.30-7.28 (comp, 1H), 4.79-4.50 (m, 

2H), 4.4-4.1 (m, 4H), 4.1-3.8 (m, 2H), 3.75-3,55 (m, 2H), 3.45-3.35 (m, 1H), 3.31-3.24 

(m, 1H), 1.88 (s, 3H), 1.45 (s, 9H), 1.34-1.31 (min.) 1.29-1.27 (maj.) (t, J = 6 Hz, 4 Hz, 

3H); 
13

C NMR (100 MHz, CD3OD) δ 171.0, 170.3, 167.4, 158.2, 153.3, 144.0, 117.2, 

111.3, 81.1, 62.9, 53.2, 51.4, 51.0, 50.4, 29.1, 14.8, 12.6; MS (MALDI-TOF) m/z calcd 

for C19H29N7O7 [M + K]
+
 506.1766, found 506.2396. 

26: 2-(N-(3-azido-2-((tert-butoxycarbonyl)amino)propyl)-2-(5-methyl-2,4-dioxo- 

3,4-di hydropyrimidin-1(2H)-yl)acetamido)acetic acid 

To a stirred solution of compound 25 (1 g, 2.14 mmol) in THF, a solution of 

10% LiOH in water was added and the reaction mixture was stirred for 2 h. THF was 

removed completely under vacuum and the aqueous layer was washed with diethyl 

ether. 
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The aqueous layer was acidified in ice-water bath with sat. KHSO4 to pH 3-4 and 

extracted with ethyl acetate (3 x 40 mL). The combined organic layer was dried over 

an. Na2SO4, filtered and concentrated to give final acid monomer 26 as white solid 

(0.85 g, 90% yield). mp = 150-152 
°
C; Rf = 0.5 EtOAc/MeOH (50:50); [α]

25
D + 11.2 (c 

0.5, Methanol); IR (neat) 3338, 2975, 2822, 2371, 2317, 2099, 1733, 1682, 1670, 1525 

cm
-1

; 
1
H NMR (400 MHz, DMSO-d

6
) δ 11.31 (maj.) & 11.28 (min.) (s, 1H), 7.27-7.26 

(comp, 1H), 7.15-7.13 (maj.) & 7.01-6.98 (min.) (d, J = 8 Hz, 12 Hz, 1H), 4.73-4.41 

(m, 2H), 4.27-4.21 (m, 1H), 4.05-3.86 (m, 2H), 3.60-3.40 (m, 3H), 3.23-3.0 (m, 1H), 

1.75 (s, 3H), 1.39 (min.) & 1.38 (maj.) (s, 9H); 
13

C NMR (100 MHz, DMSO-d
6
) δ 

170.3, 167.4, 164.4, 155.2, 151.0, 141.9, 108.2, 78.4, 51.2, 49.4, 49.2, 48.5, 47.7, 39.5, 

28.2, 11.9; MS (MALDI-TOF) m/z calcd for C17H25N7O7 [M + K]
+
 478.1453, found 

478.2229. 

28: 6-azido-2-((tert-butoxycarbonyl)amino)hexanoic acid 

 

 

To a stirred solution of N-α-(tert-Butoxycarbonyl)-L-lysine (246 mg, 1 mmol) 

in methanol:water (1:1) was added triethyl amine (0.3 g, 0.42 mL, 3 mmol) and aq. 

CuSO4.5H2O (12.5 mg, 0.05 mmol) solution (0.5 mL). To this triflyl azide solution in 

DCM was added through dropping funnel and reaction mixture was stirred for 10 h at 

room temperature. Methanol was evaporated completely under vacuum and sat. 

NaHCO3 was added to the reaction mixture which was extracted with ethyl acetate (2 x 

20 mL). The aqueous layer was acidified to pH 2-3 by slow addition of sat. KHSO4 

http://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CDAQFjAA&url=http%3A%2F%2Fwww.chemicalbook.com%2FChemicalProductProperty_EN_CB9345067.htm&ei=TGDAUKbUKIHKrAe00YCgBA&usg=AFQjCNHHS6SsGRk52y76G959Zb1ELIxEAg
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solution and extracted with ethyl acetate (3 x 30 mL). The combined organic layer was 

dried over an. Na2SO4, filtered and concentrated to give compound 28 which was used 

for next step without further purification. Rf = 0.22 EtOAc (100); IR (neat) 3207, 2982, 

2106, 1691, 1613 cm
-1

; MS (MALDI-TOF) m/z calcd for C11H20N4O4 [M + K]
+
 

311.1122, found 311.0664. 

29: Methyl 6-azido-2-((tert-butoxycarbonyl)amino)hexanoate 

 

To a stirred solution of compound 28 (4.4 g, 16.2 mmol), K2CO3 (5.6 g, 40.4 

mmol) in acetone (80 mL) was added dimethyl sulfate (2.44 g; 1.88 mL, 19.4 mmol) 

and reaction mixture was heated to 55 
°
C for 4 h under reflux condenser. Acetone was 

evaporated completely and water (30 mL) was added to the concentrate, which was 

then extracted with ethyl acetate (3 x 40 mL). The combined organic layer was washed 

with brine, dried over an. Na2SO4, filtered and concentrated. The residue was purified 

on silica gel (60-120 mesh) using petroleum ether and ethyl acetate to give compound 

29 as yellowish liquid (3.8 g, 82% yield). Rf = 0.8 petroleum ether/EtOAc (60:40); IR 

(neat) 2925, 2856, 2095, 1707, 1512 cm
-1

; 
1
H NMR (200 MHz, CDCl3) δ 5.06 (d, J = 8 

Hz, 1H), 4.33-4.23 (m, 1H), 3.72 (s, 3H), 3.25 (t, J = 7 Hz, 2H), 1.76-1.53 (m, 6H), 

1.42 (s, 9H); 
13

C NMR (50 MHz, CDCl3) δ 173.1, 155.3, 80.0, 53.1, 52.3, 51.1, 32.2, 

28.3, 28.2, 22.5; MS (MALDI-TOF) m/z calcd for C12H22N4O4 [M + K]
+
 325.1278, 

found 325.0638. 

30: tert-butyl (6-azido-1-hydroxyhexan-2-yl)carbamate 

To a stirred solution of compound 29 (1.6 g, 5.6 mmol) in absolute ethanol (30 

mL) was added sodium borohydride (0.64 g, 16.8 mmol) and reaction mixture was 

stirred for 6 h under nitrogen atmosphere at room temperature. Ethanol was evaporated 

completely and water (100 mL) was added to the concentrate which was extracted with 

ethyl acetate (3 x 50 mL). The combined organic layer was washed with brine, dried 

over an. Na2SO4, filtered and concentrated.   
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The residue was then purified on silica gel (60-120 mesh) using petroleum ether and 

ethyl acetate to give compound 30 as colorless liquid (1.2 g, 85% yield). Rf = 0.5 

petroleum ether/EtOAc (50:50); IR (neat) 3341, 2937, 2868, 2093, 1684, 1511 cm
-1

; 
1
H 

NMR (200 MHz, CDCl3) δ 4.84 (d, J = 4 Hz, 1H), 3.56-3.47 (m, 2H), 3.49-3.47 (m, 

1H), 3.24 (t, J = 6 Hz, 2H), 3.12 (br, 1H), 1.72-1.52 (m, 6H), 1.40 (s, 9H); 
13

C NMR 

(50 MHz, CDCl3) δ 156.3, 79.5, 65.2, 52.3, 51.2, 31.0, 28.6, 28.3, 23.1; MS (MALDI-

TOF) m/z calcd for C11H22N4O3 [M + K]
+
 297.1329, found 297.0787. 

31: 6-azido-2-((tert-butoxycarbonyl)amino)hexyl methanesulfonate 

 

 
 

To an ice-cold solution of compound 30 (3.25 g, 12.6 mmol), triethyl amine 

(3.19 g, 4.4 mL, 31.5 mmol) in dry DCM (60 mL) was added mesyl chloride (1.87 g, 

1.27 mL, 16.38 mmol) and reaction mixture was stirred for 30 min at 0 
°
C under 

nitrogen atmosphere. To the reaction mixture DCM (20 mL) was added which was 

washed with water (20 mL) and brine (20 mL). The organic layer was dried over an. 

Na2SO4, filtered and concentrated on rota evaporator to give compound 31 (3.5 g, 83% 

yield). Rf = 0.62 petroleum ether/EtOAc (50:50). This compound was used for next step 

without further purification. 
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32: tert-butyl (6-azido-1-(1,3-dioxoisoindolin-2-yl)hexan-2-yl)carbamate 

 

 
 

To a stirred solution of compound 31 (3.5 g, 10.4 mmol), K2CO3 (2.87 g, 20.8 

mmol) in dry DMF (50 mL) was added potassium phthalimide (7.7 g, 41.6 mmol) and 

reaction mixture was heated to 80 
°
C for 12 h. To the reaction mixture water (60 mL) 

was added and extracted with ethyl acetate (3 x 75 mL). The organic layer was washed 

with water (50 mL) and brine (30 mL). The organic layer was then dried over an. 

Na2SO4, filtered and concentrated on rota evaporator. The residue obtained was 

purified on silica gel (100-200 mesh) using petroleum ether and ethyl acetate to give 

compound 32 as white solid (3.2 g, 80% yield). mp = 94-96 
°
C; Rf = 0.79 petroleum 

ether/EtOAc (60:40); [α]
25

D + 20.6 (c 0.5, Methanol); IR (neat) 3371, 2936, 2867, 2093, 

1772, 1704, 1614, 1511 cm
-1

; 
1
H NMR (400 MHz, CDCl3) δ 7.84-7.82 (m, 2H), 7.70-

7.68 (m, 2H), 4.62 (app d, J = 12 Hz, 1H), 3.97-3.93 (m, 1H), 3.70-3.60 (m, 2H), 3.27 

(t, J = 8 Hz, 2H), 1.64-1.43 (m, 6H), 1.21 (s, 9H); 
13

C NMR (100 MHz, CDCl3) δ 

168.5, 155.7, 133.9, 132.0, 123.2, 79.2, 51.2, 49.6, 42.2, 32.3, 28.5, 28.0, 23.0; MS 

(MALDI-TOF) m/z calcd for C19H25N5O4 [M + K]
+
 426.1544, found 426.0712. 

33: Ethyl 2-((6-azido-2-((tert-butoxycarbonyl)amino)hexyl)amino)acetate 

 

To a stirred solution of compound 32 (0.8 g, 2.06 mmol) in absolute ethanol (20 

mL) was added hydrazine hydrate (2.06 g, 2 mL, 41.2 mmol) and reaction mixture was 

stirred for 4 h at room temperature. After completion of reaction ethanol was 

evaporated completely and water (30 mL) was added to the concentrate which was 

extracted with ethyl acetate (3 x 40 mL). The organic layer was dried over an. Na2SO4, 
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filtered and concentrated to give free amine (0.53 g) which was taken in acetonitrile (20 

mL).  To this, triethyl amine (0.5 g, 0.7 mL, 5 mmol) was added and stirred at 0 
°
C for 

10 min. Ethylbromo acetate (0.3 g, 0.2 mL, 1.8 mmol) was then added dropwise and 

reaction mixture was stirred for 12 h at room temperature. Acetonitrile was evaporated 

completely under vacuum and water (50 mL) was added to the concentrate. The 

aqueous layer was extracted with ethyl acetate (3 x 40 mL). The combined organic 

layer was washed with sat. NaHCO3, brine, dried over an. Na2SO4, filtered and 

concentrated on rota evaporator. The residue obtained was purified on silica gel (100-

200 mesh) using petroleum ether and ethyl acetate to give compound 33 as yellowish 

oil (0.55 g, 78% yield). Rf = 0.5 EtOAc (100); IR (neat) 2926, 2859, 2094, 1741, 1672, 

1517 cm
-1

; 
1
H NMR (200 MHz, CDCl3) δ 4.74-4.71 (app d, J = 6 Hz, 1H), 4.24-4.13 

(q, J = 8 Hz, 2H), 3.65-3.63 (m, 1H), 3.42-3.38 (d, J = 8 Hz, 2H), 3.30-3.24 (t, J = 6 

Hz, 2H), 2.74-2.60 (m, 2H), 1.93 (br, 1H), 1.64-1.52 (m, 6H), 1.44 (s, 9H), 1.31-1.24 (t, 

J = 7 Hz, 3H); 
13

C NMR (50 MHz, CDCl3) δ 172.4, 155.8, 79.2, 60.8, 52.9, 51.3, 50.9, 

32.8, 28.7, 28.4, 23.1, 14.2; MS (MALDI-TOF) m/z calcd for C15H29N5O4 [M + K]
+
 

382.1857, found 382.1853. 

34: Ethyl 2-(N-(6-azido-2-((tert-butoxycarbonyl)amino)hexyl)-2-chloroacetamido) 

acetate 

 

To an ice-cold solution of compound 33 (1 g, 2.9 mmol) and triethyl amine 

(0.88 g; 1.21 mL, 8.7 mmol) in dry DCM (20 mL) was added chloroacetyl chloride 

(0.326 g; 0.23 mL, 2.9 mmol) and reaction mixture was stirred for 8 h. To the reaction 

mixture DCM (20 mL) was added and washed with water (40 mL) and brine (40 mL). 

The organic layer was dried over an. Na2SO4, filtered and concentrated. The residue 

was then purified on silica gel (100-200 mesh) using petroleum ether and ethyl acetate 

to give compound 34 as yellowish sticky oil (0.9 g, 74% yield). Rf = 0.67 petroleum 

ether/EtOAc (50:50); IR (neat) 3333, 2977, 2938, 2868, 2095, 1742, 1694, 1655, 1515 

cm
-1

; 
1
H NMR (200 MHz, CDCl3) δ 4.76-4.72 (min.) & 4.62-4.5 (maj.) (d, J = 8 Hz, 
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6Hz, 1H), 4.29-4.08 (m, 4H), 4.01 (s, 2H), 3.91-3.60 (m, 2H), 3.53-3.13 (m, 3H), 1.74-

1.49 (m, 6H), 1.43  (maj.) & 1.42 (min) (s, 9H), 1.34-1.25 (comp, 3H); 
13

C NMR (50 

MHz, CDCl3) δ 168.7, 167.3, 155.5, 79.1, 61.8, 53.1, 51.0, 49.5, 48.7, 40.9, 32.0, 28.4, 

28.1, 23.2, 13.9; MS (MALDI-TOF) m/z calcd for C17H30ClN5O5 [M + K]
+
 458.1573, 

found 458.1383. 

35: Ethyl 2-(N-(6-azido-2-((tert-butoxycarbonyl)amino)hexyl)-2-(5-methyl-2,4-

dioxo -3, 4-dihydropyrimidin-1(2H)-yl)acetamido)acetate 

 

The solution of compound 34 (1 g, 2.38 mmol), K2CO3 (0.4 g, 2.9 mmol) and 

thymine (0.36 g, 2.9 mmol) in dry DMF (15 mL) was stirred at room temperature for 

12 h. To the reaction mixture water (40 mL) was added and extracted with ethyl acetate 

(3 x 50 mL). The ethyl acetate layer was washed with water (50 mL) and brine (30 

mL). The combined organic layer was dried over an. Na2SO4, filtered and concentrated. 

The residue obtained was then purified on silica gel (100-200 mesh) using petroleum 

ether and ethyl acetate to give compound 35 as white sticky solid (1 g, 85% yield). Rf = 

0.63 EtOAc (100); [α]
25

D + 1.7 (c 1, Methanol); IR (neat) 2936, 2354, 2317, 2097, 

1792, 1769, 1740, 1705, 1677, 1658 cm
-1

; 
1
H NMR (200 MHz, CDCl3) δ 9.52 (maj.) 

9.32 (min.) (br, 1H), 7.09, 7.03 (s, 1H); 5.33-5.29 (d, J = 8 Hz, 1H), 5.02-4.71 (comp, 

1H), 4.54-4.12 (m, 5H), 3.97-3.77 (comp, 1H), 3.56-3.22 (m, 5H), 1.91 (min.) 1.90 

(maj.) (s, 3H), 1.62-1.48 (m, 6H), 1.43 (maj.) 1.39 (min.) (s, 9H), 1.31-1.23 (comp, 

3H); 
13

C NMR (50 MHz, CDCl3) δ 174.8,169.1, 167.4, 164.5, 155.9, 151.2, 141.3, 

141.0, 110.6, 79.5, 61.4, 52.6, 51.1, 49.3, 47.6, 31.7, 28.5, 28.3, 23.3, 14.1, 12.3; MS 

(MALDI-TOF) m/z calcd for C22H35N7O7 [M + K]
+
 548.2235, found 548.3024. 

 

 

 



Chapter 2                                                                  Procedures and Spectral Data 

89 
 

36: 2-(N-(6-azido-2-((tert-butoxycarbonyl)amino)hexyl)-2-(5-methyl-2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)acetamido)acetic acid 

 

To a stirred solution of compound 35 (0.5 g, 0.98 mmol) in THF, a solution of 

10% aq. LiOH was added and the reaction mixture was stirred for 2 h. THF was 

removed completely under vacuum and the aqueous layer was washed with diethyl 

ether. The aqueous layer was acidified in ice-water bath with sat. KHSO4 to pH 3-4 and 

extracted with ethyl acetate (3 x 40 mL). The combined organic layer was dried over 

an. Na2SO4, filtered and concentrated to give final acid monomer 36 as off white solid 

(0.4 g, 84% yield). mp = 167-169 
°
C; Rf = 0.48 EtOAc/MeOH (50:50); [α]

25
D + 1.4 (c 1, 

Methanol); IR (neat) 3361, 2937, 2318, 2097, 1677, 1530 cm
-1

; 
1
H NMR (400 MHz, 

DMSO-d
6
) δ 11.29 (maj.) & 11.27 (min.) (br s, 1H), 7.22 (s, 1H), 6.82 (maj.) & 6.67 

(min.) (d, J = 8 Hz, 1H), 4.75-4.45 (m, 2H), 4.21-3.86 (m, 3H), 3.69-3.52 (m, 2H), 3.2-

2.96 (m, 2H), 1.75 (s, 3H), 1.57-1.42 (m, 6H) 1.38 (min.) & 1.36 (maj.) (s, 9H); 
13

C 

NMR (100 MHz, DMSO-d
6
) δ 170.4, 167.3, 164.4, 155.7, 151.0, 141.9, 115.7, 108.1, 

78.0, 51.5, 50.9, 50.6, 49.2, 48.5, 47.7, 30.8, 28.2, 28.0, 22.9, 12.0; MS (MALDI-TOF) 

m/z calcd for C20H31N7O7 [M + K]
+
 520.1922, found 520.2502. 

38. Alkyne derivative of 5(6)-carboxyfluorescein
44

 

 

To a 5(6)-carboxyfluorescein-N-hydroxysuccinimidyl ester 37 (97 mg, 0.21 

mmol) in THF (30 mL) was added propargylamine (32 µL, 0.45 mmol), and the 

reaction was stirred overnight under nitrogen atmosphere at room temperature. After 
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completion of reaction (monitored by TLC), THF was evaporated and the residue was 

washed with DCM and then with diethylether to afford 5(6)-carboxyfluorescein alkyne 

38 as orange solid in a quantitative yield (87 mg). IR (neat) 3414, 3289, 3065, 2926, 

2594, 2123, 1759, 1709, 1602 cm
-1

; MS (MALDI-TOF) m/z calcd for C24H15NO6 [M + 

K]
+
 452.0536, found 452.0947. 

2.2.3 Synthesis of PNA oligomers by solid phase PNA synthesis 

The modified and unmodified PNA monomers were incorporated into 10-mer 

PNA oligomers using standard solid phase protocol on L-lysine derivatized MBHA 

resin (50 mg) having 0.35 mmol/g loading value. All PNA oligomers were synthesized 

manually using the sintered glass column. The PNA monomers were coupled one after 

another to make a PNA sequence using HOBt, HBTU and DIPEA in DMF/NMP as 

coupling reagents. The PNA oligomers were synthesized using repetitive cycles, each 

comprising the following steps: 

 Deprotection of the N-t-Boc group using 50% TFA in DCM (3 x 15 min) 

 Washing of beads with DCM, DMF and again DCM (thrice each) 

 Neutralization of  the TFA salt of amine using 10% DIPEA in DCM to liberate 

free amine (3 x 10 min) 

 Washing of beads with DCM and DMF (thrice each) 

 Coupling of the free amine with the free carboxylic acid group of the incoming 

monomer (3 equivalents). The coupling reaction was carried out in DMF/NMP 

with HBTU as coupling reagent in the presence of DIPEA and HOBt. 

 Capping (when needed) of the unreacted amino groups using acetic anhydride 

in pyridine:DCM 

After each coupling and deprotection steps Kaiser’s test was carried out for 

confirmation of PNA chain elongation which involved following steps: 

 Ninhydrine (5.0 g) dissolved in ethanol (100 mL) 

 Phenol (80.0 mg) dissolved in ethanol (20 mL) 

 Potassium cyanide (2 mL, 0.001 M aq. Solution) added to 98 mL pyridine 

 Few resin beads to be tested were taken in a test tube and washed with ethanol 

 3-4 drops from each of the above mentioned solutions were added to it 

 The test tube was heated for 1-2 min 
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2.2.4 Synthesis of fluorescent PNA oligomers on solid support by click 

reaction 

The resin bound azide functional group was reacted with the alkyne derivative 

of 5(6)-carboxyfluorescein to get the 1,2,3-triazole unit as fluorescent PNA oligomer. 

To the solid supported azide (10 mg, 0.35 mmol/g), a mixture of alkyne (8.66 mg, 6 

eq), CuI (12 mg, 18 eq), ascorbic acid (3.1 mg, 5 eq) and DIPEA (15 μL, 24 eq) in 

DMF:pyridine (1:2) was added. The reaction was continued for 24 h at room 

temperature to get the desired click product. The click reaction gave around 60-70 % 

yield in all cases which were confirmed by RP-HPLC. 

2.2.5 Cleavage of the PNA oligomers from solid support 

The MBHA resin (10 mg) with oligomers attached to it was stirred with 

thioanisole (20 μL) and 1, 2-ethanedithiol (8 μL) in an ice bath for 10 min. TFA (200 

μL) was added to it in cooled condition and kept in ice bath. TFMSA (16 μL) was 

added slowly with stirring to dissipate the heat generated. The reaction mixture was 

stirred for 1.5 to 2 h at room temperature. The resin was removed by filtration under 

reduced pressure and washed twice with TFA. The filtrate was combined evaporated on 

rota evaporator at ambient temperature. The remaining amount of TFA was transferred 

to eppendorf tube and the peptide was precipitated with cold dry ether. The peptide was 

isolated by centrifugation and the precipitate was dissolved in de-ionized water. 

 

2.2.6 Purification of the PNA oligomers by RP-HPLC 

PNA purification was carried out on Dionex ICS 3000 HPLC system. For the 

purification of peptides, semi-preparative BEH130 C18 (10X250 mm) column was 

used. Purification of PNA oligomers was performed with gradient elution method: A to 

100% B in 20 min; A= 0.1% TFA in CH3CN:H2O (5:95); B= 0.1% TFA in 

CH3CN:H2O (1:1) with flow rate of 3 mL/min. All the HPLC profiles were monitored 

at 254 nm wavelength. Fluorescent PNA oligomers were monitored on both 254 and 

490 nm wavelengths. 
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2.4 Appendix I: Characterization data of synthesized compounds/PNA 

Compound Description of spectral characterization Page No. 

Compound 4 
1
H NMR and 

13
C NMR of compound 4  98 

Compound 5 1
H NMR and 

13
C NMR of compound 5  99 

Compound 6 1
H NMR and 

13
C NMR of compound 6  100 

Compound 8 1
H NMR and 

13
C NMR of compound 8  101 

Compound 9 1
H NMR and 

13
C NMR of compound 9  102 

Compound 10 1
H NMR and 

13
C NMR of compound 10  103 

Compound 11 1
H NMR and 

13
C NMR of compound 11  104 

Compound 12 1
H NMR and 

13
C NMR of compound 12  105 

Compound 13 1
H NMR and 

13
C NMR of compound 13  106 

Compound 14 1
H NMR of compound 14  107 

Compound 19 1
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Chapter 3 
 

 

Biophysical Evaluation of 

Modified PNA Oligomers  
 

 

 

 

 

The effect of chiral, cationic and neutral functionalities on the affinity of PNA 

towards the complementary DNA and their thermal stabilities has been 

studied using various biophysical techniques. The comparative binding studies 

of various modified PNAs have been discussed. 
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3.1 Introduction 

 Biophysics is an interdisciplinary science which uses the techniques from the 

physical sciences in order to understand the biological structure and their functions. 

These techniques are useful in studying the structure and properties of nucleic acids, 

proteins, peptides and their analogs.
1
 The ability of antisense/antigene oligonucleotides 

to bind in vitro to the target DNA/RNA can be investigated by using various 

biophysical techniques like thermal UV-melting (UV-Tm), Circular Dichroism (CD), 

Fluorescence Spectroscopy and Gel Electrophoresis. 

 The preceding chapter discusses about the synthesis of rationally designed γ-C-

substituted multifunctional PNA analogs. The modified PNA monomers were 

introduced into achiral aeg PNA at various positions by solid phase synthesis in order 

to study the effect of chirality and side chain functional groups in influencing the 

binding properties to target nucleic acids. 

3.2 Rationale of the present work 

 This chapter addresses the biophysical studies of various modified PNAs and 

their hybrids with complementary/mismatch nucleic acids using temperature dependent 

UV spectroscopy, CD spectroscopy, fluorescence spectroscopy and Gel mobility shift 

assay. The biophysical studies has been carried out on the designed PNA analogs in 

order to investigate the effective conjugation of side chain functional groups on the 

binding affinity to target nucleic acids. These studies give information about the 

binding selectivity, binding specificity, structural organization and the duplex stability 

which are important parameters to evaluate the antisense/antigene agents. 

3.3 Biophysical techniques used to study the hybridization properties 

This section describes the applications of various biophysical techniques used to 

study the properties of single stranded PNAs and PNA:DNA duplexes.  

3.3.1 UV-melting 

 The two strands of complementary nucleic acids are held together by hydrogen 

bonding and the stacking interactions between the adjacent nucleobases. The stability
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of duplexes depends on the conditions like temperature, pH and the ionic strength. If 

the conditions that disrupts the hydrogen bonding and stacking interactions are applied, 

the strands are no longer held together and the double helix is denatured. The duplex is 

said to melt if temperature is used as denaturing agent. The thermal stability of various 

nucleic acid complexes including PNA-DNA/RNA hybrids has been studied by 

monitoring the UV absorption at 260 nm as a function of temperature.
2
 The hetero-

aromatic bases interact via their π electron clouds when stacked together in the duplex 

in water. Because the UV absorbance of the bases is a consequence of π electron 

transitions, the magnitude of these transitions is affected when bases are stacked. The 

denaturation or dissociation of two strands results in loss of stacking and disruption of 

hydrogen bonding which causes the increase in absorbance at 260 nm called 

hyperchromicity. The process is co-operative and the plot of absorbance at 260 nm vs 

temperature is sigmoidal (Figure 3.1). The midpoint of the sigmoidal transition is 

termed as the melting temperature, Tm. 

 

FIGURE 3.1 Sigmoidal graph of UV-Tm 

 The sigmoidal nature of transition suggests that the nucleic acids exist in two 

states, either as duplexes or as single strands and at varying temperatures, the relative 

proportions of two states change. A nonsigmoidal (e.g. sloping linear) transition with 

low hyperchromicity is a consequence of non-complementation. In many cases, the 

transitions are broad and the exact Tm values are obtained from the peak in first 

derivative plots (Figure 3.2). This technique has provided valuable information 

regarding the strength of base-dependent complementary interactions in nucleic acid 

hybrids involving DNA, RNA and PNA.  
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The binding stoichiometry of nucleic acids can be determined from the UV-

titration and the CD-mixing using Job’s plot. The combination of UV absorption and 

the CD spectra provides the correct determination of complex formation and the strand 

stoichiometry. In literature, it has been shown that polypyrimidine PNA binds to 

complementary DNA in a 2:1 ratio forming PNA2:DNA triplex
3
 whereas the mixed 

purine-pyrimidine PNA binds in 1:1 ratio forming PNA:DNA duplex.
4
 In this chapter 

all PNAs contain mixed purine-pyrimidine bases so the PNA and DNA are mixed in 

1:1 ratio. 

 

FIGURE 3.2 Derivative plot of PNA:DNA duplex 

3.3.2 Circular dichroism 

 Circular dichroism (CD) is a spectroscopic technique used to measure the 

difference between the absorption of left handed circularly polarized light (L-CPL) and 

the right handed circularly polarized light (R-CPL) and results from molecules that 

contain one or more chromophores adjacent to chiral centre. The chiral molecules exist 

as isomers of non-superimposable mirror images called enantiomers. The physical and 

chemical properties of the pair of enantiomers are identical except the way they interact 

with polarized light and the way they interact with other chiral molecules. 

CD spectra are particularly valuable in determining the following aspects: 

 Whether the individual strands themselves are self-coiled 

 Whether the individual strands change their conformation upon binding to 

complementary oligonucleotide strand 

 How the conformations of hybrid PNA:DNA complexes are related with hybrid 

DNA:DNA complexes 
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 Nature of helices: α, π (proteins) A, B (DNA) 

CD spectra provide a reliable estimation of the overall conformational state of 

biopolymers and structural changes induced by modification as compared with the 

reference compound. In case of nucleic acids, the sugar units of the backbone possess 

chirality and the bases attached to sugars are the chromophores. CD spectroscopy 

monitors the structural changes of nucleic acids in solution and helps to diagnose 

whether new or unusual structures are formed by particular polynucleotide sequences. 

3.3.3 Fluorescence spectroscopy 

Fluorescence is generated when a substance absorbs light energy in uv-visible 

region and then emits radiation at a longer wavelength. Fluorescence corresponds to the 

emission of radiation as a molecule returns to its ground state from an excited 

electronic state.
5
 The duration of time interval between absorption and emission is 

usually in the order of 10
-9

 to 10
-8

 seconds. The fundamentals of this phenomenon can 

be explained by Jablonski diagram (Figure 3.3 A). The difference (in wavelength or 

frequency units) between the positions of band maxima of absorption and emission 

spectra is called Stokes shift (Figure 3.3 B). 

   

FIGURE 3.3 (A) A simplified Jablonski diagram of a fluorescence event. The fluorescent molecule 

begins in its ground energy state, S0, and is converted to an excited singlet state, S1’, by absorbing 

energy (hA) in a specific wavelength. The molecule has a transition to the relaxed singlet state, S1 

or T1, by releasing some of the absorbed energy. Finally, the molecule returns to its ground energy 

state by releasing the remaining energy (hFl - fluorescence) or (hPh - phosphorescence). The 

duration of a single fluorescence event is a few nanoseconds. (B) Generalized representation of 

stokes shift 

A. B. 
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Fluorescence spectroscopy has applications in examining the interaction 

between macromolecules and a ligand. Many DNA binding ligands are not fluorescent 

or have very little fluorescence in aqueous solutions. However, upon binding to a DNA 

duplex, the ligand-nucleic acid complex shows changes in fluorescence because the 

ligand is in a hydrophobic environment where solvent can no longer quench the 

intrinsic ligand fluorescence. Therefore, fluorescence emission at particular wavelength 

can be used as a direct probe of ligand-nucleic acid interactions.  

Ethidium bromide (EtBr) interacts with duplex DNA by intercalation between 

the base pairs. It is a weakly fluorescent molecule, but when intercalated to DNA 

duplex, exhibits a strong fluorescence with emission maxima at 595 nm upon excitation 

at 475 nm. A competent ligand binding to DNA can displace the intercalated ethidium 

bromide thus leading to a decrease in the fluorescence intensity of the complex.
6
 An 

attractive feature of the ethidium binding is that its fluorescence can increase upto 20 

fold upon intercalation with DNA making it a very useful probe for monitoring the 

interactions of DNA duplex with oligonucleotides (to form triplex) or small molecules.
7 

In ethidium bromide displacement assay, when DNA-ethidium bromide complexes are 

challenged by other DNA binding agents (like PNA) where ethidium bromide is 

displaced from the complex leading to a fall in fluorescence intensity (Figure 3.4). In 

such experiments, a measure of the decrease in fluorescence intensity of ethidium 

bromide is useful to compute the relative binding strengths of the added PNA to DNA. 

 

FIGURE 3.4 Ethidium bromide displacement assay 
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3.3.4 Electrophoretic mobility shift assay (EMSA) 

Electrophoretic mobility shift assay (EMSA) or Gel retardation assay, is a 

common technique used to study protein-nucleic acid interactions. EMSA can be used 

to identify and estimate the binding of oligonucleotides to complementary DNA/RNA. 

The advantage of electrophoretic assay is its ability to resolve complexes of different 

stoichiometries and conformations.
8
 In free solution, the movement of DNA in an 

electric field is dependent on its charge and independent of shape and molecular mass. 

However when DNA is exposed to an electric field in a gel matrix, the movement is 

dependent on size, shape as well as charge. Gels commonly used for nucleic acid 

electrophoresis are made of agarose or polyacrylamide. Both types of materials consist 

of 3D networks of cross-linked polymer strands, with pores whose size varies 

according to the concentration of polymer used. The mobility of DNA in such gels is 

dependent mainly on size and shape, since the charge per unit length of DNA is 

effectively constant. Shorter molecules move faster and migrate farther than longer 

ones because shorter molecules migrate more easily through the pores of the gel. This 

phenomenon is called sieving.
9  

Agarose gel electrophoresis is generally useful for resolving nucleic acid 

fragments in the size range of 100 nucleotides to around 10-15 kb. Below this range, 

fragments are difficult to separate and hard to visualize because of rapid diffusion 

within the gel matrix. Polyacrylamide gel electrophoresis (PAGE) can separate 

fragments as small as 10 bp and upto 1 kb with a resolution as little as 1 bp. It can also 

accommodate much larger quantities of DNA (up to 10 g) and allow recovery of very 

pure DNA. Figure 3.5 shows the principle of PAGE technique. 

 

 

FIGURE 3.5 Protocol for polyacrylamide gel electrophoresis 

 

 

Sample added to the gel or EtBr stained to visualize the dsDNA 
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Gel Electrophoresis 

Electrophoresis can be carried out under two conditions: Denaturing or 

nondenaturing (native) polyacrylamide gel. 

Denaturing gels are run under the conditions that disrupt the higher order 

structures in proteins causing them to unfold into a linear chain, random coil or 

disrupting the nucleic acid structures into single stranded fragments. This involves 

polymerization in the presence of denaturing agents like urea, sodium dodecyl sulphate 

(SDS), glyoxal etc. which disrupts the hydrogen bondings in nucleic acid bases. The 

mobility of macromolecule under these conditions depends on its length/size and its 

mass to charge ratio.  

When gels are run under the non-denaturing conditions (absence of urea, SDS 

etc), there is no disruption of nucleic acid structures or complexation. As a general rule, 

dsDNAs migrate through nondenaturing polyacrylamide gels at rates that are inversely 

proportional to the log10 of their size but are affected by their base composition and 

sequence, so that duplex DNAs of exactly the same size can differ in mobility by upto 

10 %. 

3.4 Objectives of the present work 

This section presents biophysical studies of the modified PNAs in terms of following 

aspects: 

 Thermal stability, binding selectivity, specificity and discrimination of modified 

PNA towards complementary DNA using temperature-dependent UV 

spectroscopy 

 Characterization of the PNA:DNA duplex structures by CD spectroscopy 

 Study of fluorescence properties of single strand fluorescent PNA and derived 

duplexes with complementary DNA 

 Determination of binding of PNA to DNA by electrophoretic mobility shift and 

ethidium bromide competition displacement assays 

 Analysis and comparison of the results of various biophysical studies 

The structures of the modified PNA units incorporated in the aeg PNA sequence have 

been shown in the Figure 3.6. 
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FIGURE 3.6 Modified PNA units 

3.5 Results  

 The interaction of modified PNAs with DNA can be investigated by changes in 

UV, CD and fluorescence spectroscopy upon complexation. The site-specific effects of 

introduction of modified PNA units at various positions in a 10 mer aeg PNA sequence 

on their duplex formation are studied by these techniques. Thermal stabilities of 

PNA:DNA hybrids can be examined by temperature dependent UV absorption at 260 

nm. The knowledge of binding selectivity, specificity and discrimination of chiral 

modified PNAs towards target complementary/mismatch DNA sequences is important 

for designing new PNAs. The effect of chiral modified PNAs on the structures of single 

stranded PNAs and PNA:DNA hybrids has been studied by CD spectroscopy. The 

binding affinity of modified PNAs with DNA was investigated by gel retardation and 

ethidium bromide displacement assays. 

3.5.1 UV melting studies of PNA:DNA hybrids 

The hybridization studies of modified PNA oligomers with their complementary 

DNA 1 and mismatch DNA 2 were carried out by temperature dependent changes in 

UV-absorbance. The thermal stabilities of PNA(I-IV):DNA1 duplexes were 

determined for different PNA modifications from UV-temperature plots. The effect of 

mismatch on stability of PNA(I-IV):DNA2 duplexes were studied with DNA 2 having 

single base mismatch in the middle. The effect of different γ-PNA side chains on the 

thermal stabilities of PNA:DNA complexes was studied using PNAs with amino (eam), 

guanidine (egd) and azido (azm, azb) functional groups in the side chain (Figure 3.6). 

The Tm values were obtained from mid-points of the thermal stabilities of various 

modified PNAs. 
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3.5.1a Thermal stability of aeg PNA and γ-ethyleneamino [γ- (S-eam)] 

aeg PNA:DNA duplexes 

 In order to investigate the effect of modified PNA monomers on their 

corresponding duplexes, PNAs (PNA 1-PNA 5) were hybridized with complementary 

DNA 1 in antiparallel orientation (Figure 3.7). The PNA:DNA duplex derived from 

unmodified aeg PNA 1 showed a melting (Tm) of 43.4 °C (Table 3.1, entry 1), while the 

Tm of eam modified PNA:DNA duplex showed variation as a function of the number 

and site of modification. 

Single modifications: The thermal stability of different ethyleneamino (eam) 

modified PNAs is generally enhanced irrespective of the position of modification in 

aeg PNA sequence (PNA 1). Among these, the C-terminal modification (PNA 4) 

showed relatively higher stabilization (∆Tm = + 5.8 °C, Table 3.1, entry 4) compared to 

the N-terminal and middle modifications. The N-terminal (PNA 2) and middle (PNA 3) 

modified PNAs showed Tm stabilization of + 3.9 °C and + 3.7 °C (Table 3.1, entry 2 & 

3) respectively, over the unmodified control PNA1:DNA1 duplex. 

 

FIGURE 3.7 Temperature dependent UV absorbance curves for complementary γ-(S-eam) aeg 

PNA:DNA 1 duplexes (DNA 1 = 5’ ACTGAGGTAA 3’; Buffer: 10 mM sodium phosphate, pH 7.2, 

NaCl 10 mM, EDTA 0.1 mM)  

Bi-modification: Incorporation of two modified units of γ-(S-eam) aeg PNA (PNA 

5) into the aeg PNA sequence (one towards N-terminus and the other in middle) caused 

considerable increase in Tm values (∆Tm = + 6.3 °C, Table 3.1, entry 5) for its duplex 

formed with complementary DNA 1. These results indicate that the each γ-(S-eam) 

modification of aeg PNA in the 10 mer aeg PNA sequence stabilizes duplex by ~ 3 °C. 
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TABLE 3.1 UV-Tm values of complementary PNA:DNA duplexes with γ-(S-eam) aeg PNA units 

 

Entry 

 

PNA Code 

 

PNA Sequence 

DNA 1: 3’ AATGGAGTCA 5’ 

UV-Tm (°C) ∆Tm 

1 aeg PNA 1 H-TTACCTCAGT-Lys NH2 43.4 _ 

2 eam-t2 PNA 2 H-TtACCTCAGT-LysNH2 47.3 + 3.9 

3 eam-t6 PNA 3 H-TTACCtAGT-LysNH2 47.1 + 3.7 

4 eam-t10 PNA 4 H-TTACCTCAGt-LysNH2 49.2 + 5.8 

5 eam-t2,6 PNA 5 H-TtACCtCAGT-LysNH2 49.7 + 6.3 

∆Tm indicates the difference in Tm with control aeg PNA, ∆Tm values are accurate to ±0.5°C 

 

3.5.1b Thermal stability of γ-ethyleneguanidino [γ-(S-egd)] aeg 

PNA:DNA duplexes 

 Thermal stability results of γ-S-ethyleneguanidino (egd) modified PNAs (PNA 

6-10) with complementary DNA 1 are shown in Figure 3.8 and Table 3.1. 

Single modifications: Incorporation of single unit of γ-(S-egd) into aeg PNA 1 at 

the C-terminus (PNA 8) showed an increased stabilization of (∆Tm = + 8.6 °C) 

compared to N-terminal and middle modifications (Table 3.2, entry 3). Among the 

middle (PNA 7) and N-terminal (PNA 6) modifications, the middle modifiied (PNA 7) 

showed a higher stability (∆Tm = + 5.4 °C) compared to the N-terminal modification 

(PNA 6) that stabilized the corresponding duplex by + 2.5 °C (Table 3.2, entry 1 & 2). 

The observed results are similar to that seen with γ-(S-eam) aeg PNA that showed 

higher stabilization for C-terminal modification. 

Bi-modification: The stabilization seen by incorporating two modifications of γ-(S-

egd) units in aeg PNA 1 was higher than that with single modification with the 

exception of C-terminal single modification which had stabilization equal to bi 

modification. Two modified units of γ-(S-egd) aeg PNA (PNA 9) in the 10 mer aeg 

PNA 1 stabilized the duplex by + 8.5 °C (Table 3.2, entry 4). The results suggested a 
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∆Tm stabilization of 4-4.5 °C/modification, with exception of PNA 8 which had 

maximum stabilization of 8.6 °C/modification. 

 

FIGURE 3.8 Temperature dependent UV absorbance curves for complementary γ-(S-egd) aeg 

PNA:DNA 1 duplexes (DNA 1 = 5’ ACTGAGGTAA 3’; Buffer: 10 mM sodium phosphate, pH 7.2, 

NaCl 10 mM, EDTA 0.1 mM)  

 

TABLE 3.2 UV-Tm values of complementary PNA:DNA duplexes with γ-(S-egd) aeg PNA units 

 

Entry 

 

PNA Code 

 

PNA Sequence 

DNA 1: 3’ AATGGAGTCA 5’ 

UV-Tm (°C) ∆Tm 
1 egd-t



2

 

PNA 6  H-Tt


ACCTCAGT-LysNH
2
 45.9 + 2.5  

2 egd-t


6

 

PNA 7  H-TTACCt


CAGT-LysNH
2
 48.8 + 5.4  

3 egd-t


10

 

PNA 8  H-TTACCTCAGt


-LysNH
2
 52.0  + 8.6  

4 egd-t


2,6

 

PNA  9  H-Tt


ACCt


CAGT-LysNH
2
 51.9  + 8.5  

5 egd-t


2,6,10

 

PNA 10  H-Tt


ACCt


CAGt


-LysNH
2
 57.4  + 14.0  

∆Tm indicates the difference in Tm with control aeg PNA, ∆Tm values are accurate to ±0.5°C 

 

Tri-modification: Introduction of three modified units of γ-(S-egd) aeg PNA as in 

PNA 10 remarkably increased the thermal stability of PNA:DNA duplex. The tri 

modified PNA 10 stabilized the duplex by + 14 °C (Figure 3.8, Table 3.2, entry 5) 
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which was the highest stabilization among all modifications. The degree of stabilization 

seen with this corresponds to about ~ 5 °C per modification. 

3.5.1c Thermal stability of γ-azidomethylene [γ-(S-azm)] aeg 

PNA:DNA duplexes 

Azido functional group was incorporated at γ-position through side chains 

having 1 or 4-carbons to enable linking a fluorophore by click reaction and for 

comparison of chiral and neutral modifications with unmodified aeg PNA in terms of 

thermal stability (Figure 3.9). 

Single modifications: Incorporation of azidomethylene (azm) side chain at the γ-

position in aeg PNA backbone showed no effect on its DNA binding ability. N-

terminal (PNA 11) and C-terminal (PNA 13) modifications stabilized the DNA duplex 

by + 0.5 °C and + 2.4 °C respectively (Table 3.3, entry 1 & 3). It is significant to note 

that the middle modification (PNA 12) showed a higher stabilization with ∆Tm = + 6.3 

°C (Table 3.3, entry 2), compared to terminal modifications. 

Bi-modification: Introduction of two modified units of γ-(S-azm) aeg PNA into 10 

mer aeg PNA sequence did not destabilize the duplex. The doubly (N-terminus and the 

middle) modified PNA 14 formed hybrid with DNA 1 (Tm = 43.6 °C) which was as 

much stable as that with aeg PNA (Table 3.3, entry 4). 

 

FIGURE 3.9 Temperature dependent UV absorbance curves for complementary γ-(S-azm) aeg 

PNA:DNA 1 duplexes (DNA 1 = 5’ ACTGAGGTAA 3’; Buffer: 10 mM sodium phosphate, pH 7.2, 

NaCl 10 mM, EDTA 0.1 mM)  
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TABLE 3.3 UV-Tm values of complementary PNA:DNA duplexes with γ-(S-azm) aeg PNA units 

 

Entry 

 

PNA Code 

 

PNA Sequence 

DNA 1: 3’ AATGGAGTCA 5’ 

UV-Tm (°C) ∆Tm 
1 azm-T



2

 

PNA 11  H-TT


ACCTCAGT-LysNH
2
  43.9  + 0.5  

2 azm-T


6

 

PNA 12  H-TTACCT


CAGT-LysNH
2
  49.7  + 6.3  

3 azm-T


10

 

PNA 13  H-TTACCTCAGT


-LysNH
2
  45.8  + 2.4  

4 azm-T


2,6

 

PNA 14  H-TT


ACCT


CAGT-LysNH
2
  43.6  + 0.2  

∆Tm indicates the difference in Tm with control aeg PNA, ∆Tm values are accurate to ±0.5°C 

 

3.5.1d Thermal stability of γ-azidobutylene [γ -(S-azb)] aeg PNA:DNA 

duplexes 

 Azidobutylene substitution having 4-carbon side chain was incorporated at γ-

position to investigate the effect of a longer side chain on derived PNA:DNA hybrids 

(Figure 3.10). 

Single modifications: Incorporation of azidobutylene (azb) side chain at γ-position 

enhances the duplex stability better than the shorter azidomethylene (azm) side chain. 

The PNA with C-terminal modification (PNA 17) showed relatively higher duplex 

stabilization among all singly modified γ-(S-azb) aeg PNA oligomers (∆Tm = + 7.5 °C) 

whereas the N-terminal (PNA 15) and middle (PNA 16) modifications stabilized the 

duplex by only 1.5 °C and 5.8 °C respectively (Table 3.4, entry 1, 2, 3). 

Bi-modification: Incorporation of two modified units of γ-(S-azb) into aeg PNA 1 

stabilized the derived PNA:DNA duplex. The doubly (N-terminus and middle) 

modified PNA 18 showed a stabilization of + 7.2 °C upon hybridization with 

complementary DNA 1 (Table 3.4, entry 4). 
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FIGURE 3.10 Temperature dependent UV absorbance curves for complementary γ-(S-azb) aeg 

PNA:DNA 1 duplexes (DNA 1 = 5’ ACTGAGGTAA 3’; Buffer: 10 mM sodium phosphate, pH 7.2, 

NaCl 10 mM, EDTA 0.1 mM)  

 

TABLE 3.4 UV-Tm values of complementary PNA:DNA duplexes with γ-(S-azb) aeg PNA units 

 

Entry 

 

PNA Code 

 

PNA Sequence 

DNA 1: 3’ AATGGAGTCA 5’ 

UV-Tm (°C) ∆Tm 
1 azb-T

2

 

PNA 15  H-TTACCTCAGT-LysNH
2
  44.9  + 1.5  

2 azb-T
6

 

PNA 16  H-TTACCTCAGT-LysNH
2
  49.2  + 5.8  

3 azb-T
10

 

PNA 17  H-TTACCTCAGT-LysNH
2
  50.9  + 7.5  

4 azb-T
2,6

 

PNA 18  H-TTACCTCAGT-LysNH
2
  50.6  + 7.2  

∆Tm indicates the difference in Tm with control aeg PNA, ∆Tm values are accurate to ±0.5°C 

 

3.5.2 UV-Tm mismatch studies of PNA:DNA hybrids 

 Sequence specific binding is an important criterion for antisense therapeutics to 

avoid off-target binding of antisense oligonucleotides. Peptide nucleic acids have 

attracted attention because of its high sequence specificity which can be determined by 

base mismatch studies. Therefore, sequence specificity of modified PNA:DNA 

duplexes was determined by studying the hybridization properties of PNA with 

complementary DNA 2 (5’ ACTGCGGTAA 3’) carrying single base mismatch in the 

middle of the sequence (Figure 3.11). 
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FIGURE 3.11 Mismatch PNA:DNA complex 

 The PNA:DNA complexes derived from unmodified aeg PNA 1 and various 

other modified PNAs were subjected to UV-melting experiments to examine their 

ability to discriminate mismatch base in the target DNA.  

3.5.2a UV-Tm studies with aeg PNA, γ-(S-eam) aeg PNA and γ-(S-egd) 

aeg PNA 

The results of UV-Tm studies for duplexes of aeg PNA, γ-(S-eam) aeg PNA and 

γ-(S-egd) aeg PNA modifications with mismatch DNA 2 are shown in Figure 3.12 and 

Table 3.5. The aeg PNA 1 showed a destabilization of 6 °C when hybridized with 

complementary DNA 2 having single base mismatch in the middle of the sequence, 

compared to full complementary PNA1:DNA1 duplex. Incorporation of γ-(S-eam) aeg 

PNA unit at N-terminus (PNA 2) and in centre (PNA 3) destabilized the corresponding 

PNA2:DNA2 and PNA3:DNA2 duplexes by 10.6 °C and 12.7 °C respectively (Table 

3.5, entry 2, 3). The duplexes from C-terminus (PNA 4) and double modification (PNA 

5) showed destabilization with ∆Tm = 13 °C and 12.5 °C respectively (Table 3.5, entry 

4, 5). Among all single modifications, C-terminus modification (PNA 8) showed a 

higher destabilization (∆Tm = 15 °C) than centre (PNA 7) and N-terminus (PNA 6) 

modifications which destabilize the duplex by 12.5 °C and 10.5 °C respectively (Table 

3.5, entry 6, 7, 8). In PNAs with two and three modified units of γ-(S-egd) aeg PNA 

(PNA 9 & PNA 10) higher mismatch discrimination was observed (∆Tm = 13.6 °C & 

18.5 °C) (Table 3.5, entry 9, 10).  
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FIGURE 3.12 Temperature dependent UV absorbance curves for mismatch (A) γ-(S-eam) aeg 

PNA:DNA 2 and (B) γ-(S-egd) aeg PNA:DNA 2 duplexes (DNA 2 = 5’ ACTGCGGTAA 3’; Buffer: 

10 mM sodium phosphate, pH 7.2, NaCl 10 mM, EDTA 0.1 mM)  

                                                                               

TABLE 3.5 UV-Tm values of mismatch PNA:DNA duplexes with γ-(S-eam) aeg PNA and γ-(S-egd) 

aeg PNA units 

 

Entry 

 

PNA Code 

 

PNA composition 

DNA 2: 3’ 

AATGGCGTCA 5’ 

UV-Tm (°C) ∆Tm 

1 aeg PNA 1 H-TTACCTCAGT-Lys NH2 37.4 - 6.0 

2 eam-t2 PNA 2 H-TtACCTCAGT-LysNH2 36.7 - 10.6 

3 eam-t6 PNA 3 H-TTACCtAGT-LysNH2 35.0 - 12.7 

4 eam-t10 PNA 4 H-TTACCTCAGt-LysNH2 36.2 - 13.0 

5 eam-t2,6 PNA 5 H-TtACCtCAGT-LysNH2 37.2 - 12.5 

6 egd-t


2

 

PNA 6 H-Tt


ACCTCAGT-LysNH
2
 35.4 - 10.5 

7 egd-t


6

 

PNA 7 H-TTACCt


CAGT-LysNH
2
 36.3 - 12.5 

8 egd-t


10

 

PNA 8 H-TTACCTCAGt


-LysNH
2
 37.0 - 15.0 

9 egd-t


2,6

 

PNA  9 H-Tt


ACCt


CAGT-LysNH
2
 38.4 - 13.6 

10 egd-t


2,6,10

 

PNA 10 H-Tt


ACCt


CAGt


-LysNH
2
 38.9 - 18.5 

∆Tm indicates the difference in Tm with complementary DNA 1 of respective PNA, ∆Tm values are 

accurate to ±0.5°C 

 

 

A B 
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3.5.2b UV-Tm studies with γ-(S-azm) aeg PNA and γ-(S-azb) aeg PNA 

 The results of UV-Tm studies for duplexes of γ-(S-azm) aeg PNA and γ-(S-azb) 

aeg PNA with mismatch DNA 2 are shown in Figure 3.13 and tabulated in Table 3.6. 

In case of γ-(S-azm) aeg PNA, when the modification was located in the middle of the 

sequence (PNA 12), the destabilization was higher (∆Tm = 14.4 °C) (Table 3.6, entry 2). 

However, not much difference was observed when γ-(S-azm) unit was incorporated into 

aeg PNA at N-terminus (PNA 11) or C-terminus (PNA 13). Doubly modified PNA 14 

destabilized the corresponding duplex by 10.4 °C (Table 3.6, entry 1, 3, 4). The Tm 

results of incorporating γ-(S-azb) aeg PNA at various positions was similar but slightly 

higher mismatch discrimination was observed when the γ-(S-azb) modification was 

located at C-terminus as in PNA 17 (∆Tm = 14.6 °C) (Table 3.6, entry 7). PNAs with 

modifications at the N-terminus (PNA 15) and in the centre of the sequence (PNA 16) 

showed a decrease in Tm by 7.7 °C and 13.4 °C respectively. The doubly modified PNA 

18 (N-terminus and middle) destabilized the duplex by 12.8 °C (Table 3.6, entry 5, 6, 

8). 

                                                                        

   

FIGURE 3.13 Temperature dependent UV absorbance curves for mismatch (A) γ-(S-azm) aeg 

PNA:DNA 2 and (B) γ-(S-azb) aeg PNA:DNA 2 duplexes (DNA 2 = 5’ ACTGCGGTAA 3’; Buffer: 

10 mM sodium phosphate, pH 7.2, NaCl 10 mM, EDTA 0.1 mM) 

A B 
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TABLE 3.6 UV-Tm values of mismatch PNA:DNA duplexes with γ-(S-azm) aeg PNA and γ-(S-azb) 

aeg PNA units 

 

Entry 

 

PNA Code 

 

PNA composition 

DNA 2: 3’ 

AATGGCGTCA 5’ 

UV-Tm (°C) ∆Tm 
1 azm-T



2

 

PNA 11  H-TT


ACCTCAGT-LysNH
2
  33.8 - 10.2 

2 azm-T


6

 

PNA 12  H-TTACCT


CAGT-LysNH
2
  35.3 - 14.4 

3 azm-T


10

 

PNA 13  H-TTACCTCAGT


-LysNH
2
  35.8 - 10.0 

4 azm-T


2,6

 

PNA 14  H-TT


ACCT


CAGT-LysNH
2
  33.2 - 10.4 

5 azb-T
2

 

PNA 15  H-TTACCTCAGT-LysNH
2
  37.2 - 7.7 

6 azb-T
6

 

PNA 16  H-TTACCTCAGT-LysNH
2
  35.9 - 13.4 

7 azb-T
10

 

PNA 17  H-TTACCTCAGT-LysNH
2
  36.3 - 14.6 

8 azb-T
2,6

 

PNA 18  H-TTACCTCAGT-LysNH
2
  37.9 - 12.8 

∆Tm indicates the difference in Tm with complementary DNA 1 of respective PNA, ∆Tm values are 

accurate to ±0.5°C 

 

3.5.3 CD spectroscopic studies of ss PNAs and PNA:DNA duplexes 

  The effect of γ-side chain substitution on the conformation of PNA:DNA 

duplexes was studied by CD spectroscopy. The CD spectrum of single stranded DNA 

shows a positive band of moderate intensity between 200 to 220 nm alongwith a lower 

intensity positive band in the region of 270 to 290 nm (Figure 3.14). The single 

stranded PNA being achiral does not show any significant CD signatures. However, 

being a polyamide, it can form either left or right handed coil structures with equal 

facility. Even though ssPNA shows low profile CD signals, PNA:DNA complexes 

exhibit characteristic CD signatures because of the helicity induced by the chiral DNA 

in PNA:DNA complex (Figure 3.14). The PNA:DNA duplex shows two positive bands, 

one with moderate intensity between 260 to 270 nm and another of lower intensity 

between 218 to 225 nm. It also showed a less intensive negative band near 240 nm. 
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FIGURE 3.14 CD signatures of representative ss DNA 1, ss PNA and PNA:DNA duplex 

The CD spectra for mixed purine pyrimidine single stranded aeg PNA 1, PNA 

oligomers containing chiral, cationic -(S-eam) aeg PNA 2-5, -(S-egd) aeg PNA 6-10 

and their complexes formed with complementary DNA 1 are shown in Figure 3.15 A, 

B and 3.16 A, B.  

 

   

FIGURE 3.15 CD spectra of (A) ss aeg PNA 1, ss -(S-eam) aeg PNA 2-5 (B) Duplexes of PNA 1-5 

with complementary DNA 1 (DNA 1: 5’ ACTGAGGTAA 3’; Buffer: 10 mM sodium phosphate, pH 

7.2, NaCl 10 mM, EDTA 0.1 mM) 

A B 
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FIGURE 3.16 CD spectra of (A) ss -(S-egd) aeg PNA 6-10 (B) Duplexes of PNA 6-10 with 

complementary DNA 1 (DNA 1: 5’ ACTGAGGTAA 3’; Buffer: 10 mM sodium phosphate, pH 7.2, 

NaCl 10 mM, EDTA 0.1 mM) 

The CD spectra of single stranded chiral, azide modified -(S-azm) aeg PNA 

11-14, -(S-azb) aeg PNA 15-18 and their complexes formed with complementary 

DNA 1 are shown in Figure 3.17 A, B and 3.18 A, B.  

    

FIGURE 3.17 CD spectra of (A) ss -(S-azm) aeg PNA 11-14 (B) Duplexes of PNA 11-14 with 

complementary DNA 1 (DNA 1: 5’ ACTGAGGTAA 3’; Buffer: 10 mM sodium phosphate, pH 7.2, 

NaCl 10 mM, EDTA 0.1 mM)  

 

A B 

A B 
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FIGURE 3.18 CD spectra of (A) ss -(S-azb) aeg PNA 15-18 (B) Duplexes of PNA 15-18 with 

complementary DNA 1 (DNA 1: 5’ ACTGAGGTAA 3’; Buffer: 10 mM sodium phosphate, pH 7.2, 

NaCl 10 mM, EDTA 0.1 mM) 

From the overall results it is seen that single stranded aeg PNA 1 as well as 

backbone modified ssPNAs do not show significant CD spectral signature. However, 

the formation of corresponding PNA:DNA duplexes result in two positive bands with 

maxima one in the region of 262 to 270 nm (higher intensity) and another of lower 

intensity in between 218 to 225 nm. PNA:DNA duplexes also showed a negative 

maxima at 240 to 250 nm with cross-over points at approximately 235 and 250 nm.  

3.5.4 Ethidium bromide displacement assay from dsDNA 

Ethidium bromide (EtBr) is a weakly fluorescent and strong DNA intercalating 

agent. The intercalation into DNA is a result of unwinding of DNA (around 26°) by 

ethidium cation which causes base pairs to separate or rise, creating an opening of 

about 3.4 Å. Also, charge repulsion between the two strands causes continuous 

breathing in the DNA which helps ethidium bromide to get inside the two strands. 

Intercalation of EtBr into the duplex DNA results in the 20 fold increase in its 

fluorescence. However, in case of PNA:DNA duplex, the unwinding of duplex is 

minimal and the breathing rate is decreased as a result of reduced repulsion between the 

backbone units which does not allow EtBr to intercalate between the PNA containing 

hybrid duplexes
15

 (Figure 3.19). 

 

A B 
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FIGURE 3.19 Ethidium bromide displacement assay 

The differential binding ability of various modified PNAs towards the 

complementary DNA was examined by the displacement of EtBr intercalated into the 

DNA duplex and the displacement was followed by fluorescence decay at 610 nm. 

Initially, the EtBr (250 µM) was titrated against the DNA duplex (2 µM) and the 

increase in fluorescence intensity was found to be saturated at 5.58 µM EtBr. The 

resulting EtBr-dsDNA complex was individually titrated with aqueous solutions of 

various PNA oligomers (Figure 3.20 and 3.21).  

 In case of control aeg PNA 1, around 84 % displacement of EtBr was observed 

at equimolar concentration (2 µM) of DNA duplex and aeg PNA 1 (Figure 3.20 A). 

However, the guanidino modified cationic PNA oligomers were less efficient at 

displacing EtBr from the DNA duplex though, these cationic PNAs have high thermal 

stabilities. Further, increase in guanidino units in the PNA sequence does not alter the 

EtBr displacement ability. Incorporating one guanidino modified unit (PNA 8) in the 

sequence displaces the EtBr by 56 % whereas PNA oligomers having two (PNA 9) and 

three (PNA 10) guanidino modified units displaces the EtBr by 56 % and 57 % 

respectively at equimolar concentration (Figure 3.20 B).  
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FIGURE 3.20 Ethidium bromide displacement assay of (A) aeg PNA 1 (B) Guanidino modified 

PNA 8, PNA 9 and PNA 10 from dsDNA (λexcitation = 520 nm; λemission = 610 nm) 

The EtBr displacement ability of amino modified cationic PNAs was found to 

be better than guanidino modified PNAs but less efficient than control aeg PNA 1.  

Incorporating one amino modified unit (PNA 4) in the sequence displaces the EtBr by 

76 % whereas EtBr displacement was 74 % when two amino modified units (PNA 5) 

were introduced in the sequence at equimolar concentration of DNA duplex and PNA 

(Figure 3.21 A). Ethidium bromide displacement from the DNA duplex was also 

carried out with neutral azidomethylene (shorter) and azidobutylene (longer) side chain 

modified PNAs. In case of azidobutylene modified PNA (PNA 17), the ethidium 

bromide displacement was 89 % which is highest among all unmodified and modified 

PNAs whereas azidomethylene modified PNA (PNA 13) displaces EtBr by 63 % from 

the DNA duplex at equimolar concentration (Figure 3.21 B). 

        

FIGURE 3.21 Ethidium bromide displacement assay of (A) Amino modified PNA 4 and PNA 5 (B) 

Azidobutylene modified PNA 17 and azidomethylene modified PNA 13 from  

A B 

A B 
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 The comparative ethidium bromide displacement studies from duplex DNA 

showed that neutral PNA oligomers are more efficient at displacing EtBr than cationic 

PNA oligomers. The significantly less efficiency of cationic PNAs at displacing EtBr 

from the DNA duplex was perhaps due to the charge repulsion between the cationic 

groups of PNA and the positively charged EtBr (Figure 3.22). 

 

 

FIGURE 3.22 Comparative ethidium bromide displacement studies from dsDNA 

3.5.5 Electrophoretic mobility shift assay and competition binding 

experiment 

 Nucleic acids have differential mobility on polyacrylamide gel on the basis of 

their mass to charge ratio. Therefore, single stranded species and their duplexes run 

differently under electrophoretic conditions. Electrophoretic gel shift assay was used to 

establish the binding of different PNAs to the complementary DNA. Control aeg PNA 

1 and PNA 10 with three guanidino modified units were individually treated with 

complementary DNA 1 and the complex formations were monitored by gel 

electrophoresis at ~ 18 °C. The spots were visualized through UV shadowing by 

illuminating the gel placed on a fluorescent silica gel plate, F254 using UV light 

(Figure 3.23). Single stranded oligonucleotides (DNA 1, DNA 3) DNA1:DNA3 duplex 

and PNA10:DNA1 duplex showed differential gel mobility under electrophoretic 

conditions depending on their charge and mass. Being negatively charged in nature, 

single stranded DNAs moved faster on gel whereas neutral aeg PNA 1 and cationic 

PNA 10 did not move much out of the well (Figure 3.23 lane 2, 3, 4 and 8). 
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DNA1:DNA3 duplex showed retarded mobility more than single stranded DNAs 

because of its increased mass.  

 

FIGURE 3.23 Electrophoretic mobility shift assay & competition binding experiment. lane 1, 

Bromophenol blue; lane 2, DNA 1; lane 3, DNA 3; lane 4, PNA 1; lane 5, DNA 1:DNA 3; lane 6, 

PNA 1: DNA 1; lane 7, DNA 1: DNA 3 + PNA 1; lane 8, PNA 10; lane 9, PNA 10:DNA1; lane 10,  

DNA 1: DNA 3 + PNA 14 (DNA 1 = 5’ ACTGAGGTAA 3’; DNA 3 = 5’ TTACCTCAGT 3’) 

However, the mobility of aeg PNA1:DNA1 duplex was highly retarded in 

comparison with DNA duplex due to overall reduced negative charge on the complex 

of PNA with DNA (Figure 3.23, lane 5, 6). The retardation was even higher for cationic 

PNA10:DNA1 duplex where guanidine group neutralizes the charge on DNA, 

decreasing the overall negative charge present on the complex (Figure 3.23, lane 9). 

The competition binding experiment was also carried out by adding PNAs to 

the DNA duplex followed by annealing and gel electrophoresis (see the equation). 

DNA 1:DNA 3 + PNA = DNA 1: PNA + DNA 3 

The PNA:DNA complex formation was confirmed from the release of single 

stranded DNA 3 and the appearance of PNA:DNA complex similar to positive control 

(lane 6 & 9). From the observed results, the aeg PNA 1 as well as the cationic PNA 10 

compete with DNA 3 to bind to complementary DNA 1 (Figure 3.23, lane 7, 10). 
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3.6 Biophysical evaluation of fluorescently labeled PNA:DNA duplexes 

This section describes the stability of fluorescently labeled PNA:DNA duplexes 

by temperature dependent UV spectroscopy, CD studies of single stranded PNAs and 

their duplexes with complementary DNA. The UV-Visible and fluorescence 

spectroscopic characterization has also been discussed. 

3.6.1 Thermal stability of azm-t(f) and azb-T(f) PNA:DNA duplexes  

 The click reaction of PNAs having azide side chains with alkyne derivative of 

5(6)-carboxyfluorescein yielded fluorescent PNA oligomers which may be used as 

probes of hybridization. Hence the thermal stability of these fluorescent PNA 

oligomers upon hybridization with DNA was measured (Figure 3.24). 

 

FIGURE 3.24 Temperature dependent UV absorbance curves for complementary azm-t(f)
 
PNA 

and azb-T(f) PNA:DNA 1 duplexes (DNA 1 = 5’ ACTGAGGTAA 3’; Buffer: 10 mM sodium 

phosphate, pH 7.2, NaCl 10 mM, EDTA 0.1 mM) 

Single modifications: The tolerance of bulky fluorophore incorporated via click 

reaction is better when the distance is more (azb-T(f) PNA) from the backbone of PNA 

in terms of its duplex stability. In case of azidobutylene (longer) side chain, 

incorporation of fluorophore in the middle of PNA sequence [azb-T(f)6
 
PNA 16] 

stabilized the duplex by 3 °C whereas the stabilization was slightly higher (∆Tm = + 4.4 

°C) when fluorophore is at C-terminal end [azb-T(f)10
 
PNA 17] (Table 3.7, entry 1, 2). 

In case of azidomethylene with shorter side chain, introduction of fluorophore at N-

terminus [azm-t(f)2
 
PNA 11] does not affect the DNA binding (∆Tm = 0.4 °C). 

However, introduction of fluorophore in middle [azm-t(f)6
 
PNA 12] and C-terminal end 
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[azm-t(f)10
 
PNA 13] led to destabilization of the duplex by 1.4 °C (Table 3.7, entry 4, 

5, 6). 

Bi-modifications: Incorporation of two fluorophoric PNA units in a 10 mer PNA 

sequence destabilized PNA:DNA duplex irrespective of the length of side chain. In 

both [azb-T(f)2,6
 
PNA 18 and azm-t(f)2,6

 
PNA 14], thermal stability (Tm = 40 °C)  was 

lower than the control aeg PNA 1 (∆Tm = - 3.4 °C) (Table 3.5, entry 3, 7).                                                                                                        

                                                                                       

TABLE 3.7 UV-Tm values of complementary PNA:DNA duplexes with fluorescent azm-t(f) and azb-

T(f)  PNA units 

 

Entry 

 

PNA Code 

 

PNA Sequence 

DNA 1: 3’ AATGGAGTCA 5’ 

UV-Tm (°C) ∆Tm 

1 azb-T
f
6 PNA 16  H-TTACCT

f
CAGT-LysNH2 46.4 + 3.0 

2 azb-T
f
10 PNA 17 H-TTACCTAGT

f
-LysNH2 47.8 + 4.4 

3 azb-T
f
2,6 PNA 18 H-TT

f
ACCT

f
CAGT-LysNH2 40.0 - 3.4 

4 azm-t
f
2 PNA 11 H-Tt

f
ACCTCAGT-LysNH2 43.8 + 0.4 

5 azm-t
f
6 PNA 12 H-TTACCt

f
CAGT-LysNH2 42.0 - 1.4 

6 azm-t
f
10 PNA 13 H-TTACCTCAGt

f
-LysNH2 42.0 - 1.4 

7 azm-t
f
2,6 PNA 14 H-Tt

f
ACCt

f
CAGT-LysNH2 40.0 - 3.4 

∆Tm indicates the difference in Tm with control aeg PNA, ∆Tm values are accurate to ±0.5°C 

3.6.2 UV-Tm mismatch studies of fluorescently labeled azm-t(f) and 

azb-T(f) PNA 

The Tm results for fluorescent PNA oligomers are shown in Figure 3.25 and 

Table 3.8. Incorporation of fluorophore in the middle of sequence [azb-T(f)6 PNA 16] 

through click reaction destabilized the corresponding PNA:DNA 2 duplex by 13.6 °C 

whereas destabilization was higher when fluorophore was present at C-terminus [azb-

T(f)10 PNA 17] with ∆Tm = 15.1 °C (Table 3.8, entry 1, 2). Introducing two fluorophore 

units as in azb-T(f)2,6 PNA 18 does not show any binding with mismatch DNA 2 (Table 

3.8, entry 3). In case of shorter chain carrying fluorophore at N-terminus [azm-t(f)2 

PNA 11], destabilizaion of the duplex was by 12 °C (Table 3.8, entry 4). The 



 

Chapter 3                                                                                                     Results 

194 
 

destabilization of duplex was similar when fluorophore was introduced at C-terminus 

[azm-t(f)10 PNA 13], middle of the sequence [azm-t(f)6 PNA 12] or doubly modified 

[azm-t(f)2,6 PNA 14] with ∆Tm ~ 9 °C (Table 3.8, entry 5, 6, 7).        

                                                                                                              

   

FIGURE 3.25 Temperature dependent UV absorbance curves for mismatch (A) azb-T(f) 

PNA:DNA 2 and (B) azm-t(f) PNA:DNA 2 duplexes (DNA 2 = 5’ ACTGCGGTAA 3’; Buffer: 10 mM 

sodium phosphate, pH 7.2, NaCl 10 mM, EDTA 0.1 mM)                                                        

TABLE 3.8 UV-Tm values of mismatch PNA:DNA duplexes with fluorescent azm-t(f) and azb-T(f) 

PNA units 

 

Entry 

 

PNA Code 

 

PNA composition 

DNA 2: 3’ AATGGCGTCA 5’ 

UV-Tm (°C) ∆Tm 
1 azb-T

f
6 PNA 16  H-TTACCT

f
CAGT-LysNH2 32.8 - 13.6 

2 azb-T
f
10 PNA 17 H-TTACCTAGT

f
-LysNH2 32.9 - 15.1 

3 azb-T
f
2,6 PNA 18 H-TT

f
ACCT

f
CAGT-LysNH2 nb - 

4 azm-t
f
2 PNA 11 H-Tt

f
ACCTCAGT-LysNH2 31.7 - 12.0 

5 azm-t
f
6 PNA 12 H-TTACCt

f
CAGT-LysNH2 32.8 - 9.2 

6 azm-t
f
10 PNA 13 H-TTACCTCAGt

f
-LysNH2 33.2 - 8.8 

7 azm-t
f
2,6 PNA 14 H-Tt

f
ACCt

f
CAGT-LysNH2 31.0 - 9.0 

∆Tm indicates the difference in Tm with complementary DNA 1 of respective PNA, nb = not binding, 

 

 

A B 
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3.6.3 UV-visible and fluorescence studies of azm-t(f) and azb-T(f) PNA 

 As discussed in chapter 2 (Figure 2.15), alkyne derivative of 5(6)-

carboxyfluorescein was reacted with azide modified PNAs (PNA 11-14 and PNA 16-

18) under click reaction conditions to get fluorescent PNAs. The absorption spectra 

were recorded for single stranded azm-t(f) PNA 11-14 and azb-T(f) PNA 16-18. The 

absorption spectra showed absorbance maxima at 260 nm due to nucleobases whereas 

absorbance maxima at 458 and 484 nm arise from the excitation of 5(6)-

carboxyfluorescein residue in the PNA oligomer (Figure 3.26 A & B).  

    

FIGURE 3.26 UV-Visible absorption spectra of (A) azm-t(f) PNA 11-14 and (B) azb-T(f) PNA 16-18 

The fluorescence spectra were recorded for single stranded azm-t(f) PNA 11-

14, azb-T(f) PNA 16-18 and their complexes with complementary DNA 1. These 

fluorescent PNAs upon excitation at 458 nm and 484 nm showed the emission spectra 

with maximum at 520 nm. The fluorescence intensity of single stranded fluorescent 

PNAs as well as their complexes with complementary DNA 1 at 484 nm was 

approximately double than that of 458 nm excitation wavelength. We observed slightly 

decreased fluorescent intensities in case of duplexes with complementary DNA 1 than 

that of single stranded fluorescent PNAs when excited at either of the excitation 

wavelengths at 458 nm or 484 nm. However, the change observed in the fluorescent 

intensities of single stranded fluorescent PNAs and their duplexes was not significant. 

The fluorescence spectra for single stranded azm-t(f) PNA 11-14, azb-T(f) PNA 15-18 

and their complexes with complementary DNA 1 are shown in Figure 3.27 A, B and 

3.28 A, B respectively. 

B A 
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FIGURE 3.27 Fluorescence spectra of (A) ss azm-t(f) PNA 11-14 and (B) Duplexes of azm-t(f) PNA 

11-14 with complementary DNA 1 (DNA 1: 5’ ACTGAGGTAA 3’; Buffer: 10 mM sodium phosphate, 

pH 7.2, NaCl 10 mM, EDTA 0.1 mM; λexcitation = 484 nm, emission λmax = 520 nm) 

      

FIGURE 3.28 Fluorescence spectra of (A) ss azb-T(f) PNA 16-18 and (B) Duplexes of azb-T(f) PNA 

16-18 with complementary DNA 1 (DNA 1: 5’ ACTGAGGTAA 3’; Buffer: 10 mM sodium phosphate, 

pH 7.2, NaCl 10 mM, EDTA 0.1 mM; λexcitation = 484 nm, λemission = 520 nm) 

3.6.4 CD spectroscopic studies of fluorescently labeled ss PNAs and 

PNA:DNA duplexes 

The effect of bulky fluorophore introduced through a click reaction between the 

azido component of azide modified PNAs and the alkyne derivative of 5(6)-

carboxyfluorescein on the conformation of derived PNA:DNA duplexes was studied by 

CD spectroscopy. To see whether the bulky fluorophore on PNA affects the overall 

secondary structure, CD spectra were recorded for single stranded azm-t(f) PNA 11-14, 

azb-T(f)  PNA 16-18 and their complexes formed with complementary DNA 1 (Figure 

3.29 A, B and 3.30 A, B).  

A B 

A B 
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FIGURE 3.29 CD spectra of (A) ss azm-t(f) PNA 11-14 (B) Duplexes of azm-t(f) PNA 11-14 with 

complementary DNA 1 (DNA 1: 5’ ACTGAGGTAA 3’; Buffer: 10 mM sodium phosphate, pH 7.2, 

NaCl 10 mM, EDTA 0.1 mM)  

    

FIGURE 3.30 CD spectra of (A) ss azb-T(f) PNA 16-18 (B) Duplexes of azb-T(f) PNA 16-18 with 

complementary DNA 1 (DNA 1: 5’ ACTGAGGTAA 3’; Buffer: 10 mM sodium phosphate, pH 7.2, 

NaCl 10 mM, EDTA 0.1 mM) 

From the CD spectroscopic studies, it is seen that single stranded fluorescently 

labeled PNAs do not show significant CD spectral signature. However, the formation 

of corresponding PNA:DNA duplexes result in two positive bands with maxima one in 

the region of 262 to 270 nm (higher intensity) and another of lower intensity in between 

218 to 225 nm. PNA:DNA duplexes also showed a negative maxima at 240 to 250 nm 

with cross-over points at approximately 235 and 250 nm.  

 

 

B A 

B A 
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3.7 Discussion 

This section describes the comparative studies of thermal stabilities of various 

modified PNA oligomers. The effect of carbon chain length carrying cationinc 

(amine/guanidine) functional groups on the PNA:DNA duplex stability and the abilities 

of various modified PNAs to displace ethidium bromide from DNA duplex have also 

been discussed. 

3.7.1 Comparative study of UV-Tm values of modified PNAs 

 The temperature dependent UV-absorbance data shows variation in the 

stabilities of modified PNA:DNA duplexes depending on the type of modification 

incorporated (amine, guanidine and azide), position of modification (Figure 3.31) and 

the number of modified units incorporated into aeg PNA sequence. Almost in all the 

cases, the incorporation of modified unit enhanced the binding stability and selectivity 

of the complex irrespective of the position of modification. Also an increase in the 

number of modified units in the aeg PNA backbone amplified the induced thermal 

stability. 

 

FIGURE 3.31 Schematic representation showing the position of modification incorporated 

3.7.2 Comparative study of γ-(S-eam) aeg PNA and γ-(S-egd) aeg PNA 

For both γ-(S-eam) aeg PNA and γ-(S-egd) aeg PNA, the UV-Tm results 

indicate that among the single modifications (C-terminus, N-terminus and middle), the 

stability of PNA:DNA duplex was more pronounced when modification was 

incorporated at C-terminus into the sequence (Figure 3.32). The order of induced 

stability for ethyleneamino (eam) modified PNA was C-terminus > N-terminus > 

Middle while that for ethyleneguanidino (egd) modified PNA was C-terminus > Middle 

> N-terminus. The possible explanation for observed higher stabilization at C-terminus 

modification is the interaction of positively charged (amine/guanidine) side chain with 
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the PNA dipole. Moreover, the stability of PNA:DNA duplex was found to increase 

with increase in number of modified units (amino/guanidino) into the system. 

 

FIGURE 3.32 Comparative ∆Tm studies for PNA:DNA duplex formed by γ-(S-eam) aeg PNA and 

γ-(S-egd) aeg PNA modifications on aeg PNA backbone at various positions on mixed decamer 

sequence with complementary DNA. (∆Tm indicates the difference in Tm with control aeg PNA) 

 3.7.3 Comparative study of γ-(S-azm) aeg PNA and γ-(S-azb) aeg PNA 

Incorporation of neutral azide functionality in the aeg PNA backbone at γ-

position gives better stabilizing effect when connected with a longer chain (4 X CH2) to 

the backbone as compared to azide at shorter distance (1 X CH2) (Figure 3.33). In case 

of azidomethylene (azm) PNAs, the PNA:DNA duplex stability is better when 

modification is placed in the middle of the sequence than that of C-terminus. The N-

terminus and doubly (one towards N-terminus and the other at middle) modified PNAs 

showed stability similar to that of unmodified aeg PNA. In case of longer side chain 

azidobutylene (azb) PNAs, single modification at C-terminus gave higher stability than 

the N-terminus and middle modifications. N-terminus modification was found to be 

least stabilizing among all azb modifications whereas incorporating two azb modified 

units (one at N-terminus and the other in the middle) magnifies the PNA:DNA duplex 

stability. 
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FIGURE 3.33 Comparative ∆Tm studies for PNA:DNA duplex formed by γ-(S-azm) aeg PNA and γ-

(S-azb) aeg PNA modifications on aeg PNA backbone at various positions on mixed decamer 

sequence with complementary DNA. (∆Tm indicates the difference in Tm with control aeg PNA) 

 

3.7.4 Comparative study of azm-t(f) PNA and azb-T(f) PNA 

Strategic placement of fluorophores in the PNA backbone is useful for 

diagnostic purpose. In the present study, 5(6)-Carboxyfluorescein was attached at γ-

position via copper-mediated azide-alkyne cycloaddition (CuAAC) reaction and the 

fluorescent analogs were investigated for binding ability to the complementary DNA 

target. The observed UV-Tm results (Table 3.7) indicated that the bulky 

carboxyfluorescein is tolerated when placed away from the PNA backbone as in 

butylenes side chain analogs (Figure 3.34). The incorporation of fluorophore at C-

terminus stabilized the PNA:DNA duplex better than that in the centre whereas 

incorporation of two fluorophore units at N-terminus and in the middle destabilized the 

PNA:DNA duplex by 3.4 °C. 
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FIGURE 3.34 Comparative ∆Tm studies for PNA:DNA duplex formed by azm-t(f) PNA and azb-

T(f) PNA modifications on aeg PNA backbone at various positions on mixed decamer sequence 

with complementary DNA. (∆Tm indicates the difference in Tm with control aeg PNA) 

To investigate the specificity of these modified PNA oligomers towards their 

target, PNAs were challenged to bind to DNA with a single base mismatch in the 

middle of the sequence. UV-Tm mismatch studies showed that the modified PNA 

oligomers are highly specific compared to unmodified aeg PNA. The mismatch 

discrimination observed for modified PNA oligomers was remarkably higher than the 

control aeg PNA. 

3.7.5 Effect of carbon chain length on thermal stability of cationic 

PNA:DNA duplexes 

The PNA:DNA duplex stabilization was found to be dependent on the carbon 

chain length used as a linker between the PNA backbone and the cationic 

(amino/guanidino) functional groups at γ-position. The observed results are consistent 

with literature studies, wherein the PNA:DNA duplex stability increases on reducing 

the carbon chain length from 4-carbons to 1-carbon. The relative ∆ Tm values showing 

the effect of carbon chain length on the thermal stability of PNA:DNA duplexes have 

been shown in the Table 3.9. 
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TABLE 3.9 Comparative thermal stabilities of cationic γ-C-Substituted PNAs 

Carbon 

Chain 

Length 

Modification Incorporated ∆ Tm (°C) per 

modification 
Reference 

Amino Guanidino Amino Guanidino  

4 

  

1.7 2 10, 11 

3 NR 

 

NR 3 12 

2 

  

3 5 
Present 

Work 

1 
 

NR 6.5 NR 13, 14 

          ∆ Tm indicates the difference in Tm with control aeg PNA; NR: Not reported 

CD spectroscopic studies showed that the incorporation of cationic 

amine/guanidine or charge-neutral azide functionalities through various carbon chain 

spacers does not disturb the overall PNA:DNA duplex structures. The CD signatures 

observed for all modified PNA:DNA duplexes were similar to unmodified aeg 

PNA:DNA duplex which forms a right handed helix like in B-form DNA. Also, the 

incorporation of bulky fluorophore (via click reaction) does not alter the overall 

conformation of PNA:DNA duplex. 

γ-C-substituted PNA oligomers were tested to displace the intercalated ethidium 

bromide from the duplex DNA. Surprisingly, the guanidino modified PNAs were least 

efficient at displacing ethidium bromide from the dsDNA followed by amino modified 

PNAs. Also, increase in number of cationic functional groups in the 10 mer aeg PNA 

does not enhance the ethidium bromide displacement ability. However, charge neutral 

azido modified PNAs and control aeg PNA which is also neutral in charge were highly 
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efficient at displacing ethidium bromide from the duplex DNA. Therefore, the order of 

ethidium bromide displacement by various PNA is: 

Azido PNA ≥  aeg PNA > amino PNA > Guanidino PNA 

The formation of PNA:DNA duplexes was confirmed by the differential 

mobility of single stranded nucleic acid fragments and their duplex on polyacrylamide 

gel. The negatively charged single stranded DNAs move faster under electrophoretic 

conditions compared to charge-neutral aeg PNA and cationic guanidino modified PNA. 

In case of duplexes, cationic guanidine modified PNA10:DNA1 duplex was highly 

retarded followed by aeg PNA1:DNA1 which was followed by DNA1:DNA3 duplex. 

Competitive binding experiment of PNA and DNA towards their complementary DNA 

strand was also carried out using gel electrophoresis which showed that both control 

aeg PNA and cationic guanidine modified PNA compete to bind to target DNA. 

3.8 Conclusions 

 Following important inferences can be drawn from the biophysical studies on 

the cationic (amine/guanidine) and charge-neutral azide modified PNA oligomers: 

 All modified (amine, guanidine or azide) PNA oligomers showed higher 

binding affinity for complementary DNA when placed at any position in the 

sequence. 

 Modified PNA oligomers bind to mismatch DNA with lower stability than for 

complementary DNA suggesting a higher sequence specificity and remarkable 

mismatch discrimination compared to control aeg PNA. 

 γ-(S-egd) aeg PNAs showed an increased thermal stability among all 

unmodified and modified PNAs with ~ 5 °C increase in Tm per modification 

whereas γ-(S-eam) aeg PNAs showed ~ 3 °C increase in Tm  per modification. 

These findings suggest that the site of modification of cationic substitutions in 

the aeg PNA backbone is important. 

 Shorter the distance of cationic functional group from the backbone at γ-

position, better the thermal stability with complementary DNA. 
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 In case of azido PNAs, the azidobutylene (longer side chain) modified PNAs 

were better in terms of binding affinity and sequence specificity compared to 

azidomethylene (shorter side chain) modifications.  

 The bulky fluorophore when placed away (4 x CH2) from the PNA backbone 

gave higher thermal stability of the duplex suggesting the role of steric 

interactions. Fluorescence studies for single stranded fluorescently labeled PNA 

as well as their duplexes with complementary DNA showed that the 

fluorescence intensity for PNA:DNA duplex was slightly less than that of single 

stranded PNA. 

 CD studies showed that incorporation of various modified units in the aeg PNA 

does not alter the structure of PNA:DNA duplex which forms right handed helix 

when S-stereochemistry is used at γ-position. 

 Although the thermal stability was better for cationic PNAs, they were less 

efficient at displacing ethidium bromide (EtBr) from the DNA duplex perhaps 

due to charge repulsion between positively charged EtBr and cationic PNAs. 

However, neutral PNAs were highly efficient at displacing ethidium bromide. 

 Electrophoretic mobility shift assay showed more retardation in case of 

PNA:DNA duplex than DNA:DNA duplex. Also both control aeg PNA and 

guanidino modified PNA showed competition towards target DNA. 
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3.9 Summary 

To summarize, this chapter deals with the biophysical investigation of modified 

PNA oligomers using temperature dependent UV-visible spectroscopy, CD 

spectroscopy and fluorescence spectroscopy. The differential binding ability of 

modified PNA oligomers to the complementary DNA was also investigated by 

ethidium bromide displacement and gel retardation assays (Figure 3.35). The next 

chapter deals with the cell penetration abilities of these modified PNA oligomers. 

 

 

FIGURE 3.35 Summary of biophysical studies of modified PNA oligomers 
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3.10 Experimental procedures 

 Chemicals: The unmodified and modified PNA oligomers were synthesized 

manually by general solid phase PNA synthesis protocol using Boc-strategy. 

Complementary and mismatch DNA oligonucleotides were obtained commercially 

from Integrated DNA Technologies (IDT). Salts and reagents used in buffer preparation 

such as NaCl, Na2BO4, NaH2PO4, Na2HPO4, and Tris base etc. were obtained from 

Sigma-Aldrich. Reagents like acrylamide, N,N’-methylenebisacrylamide, ammonium 

persulphate (APS), tetramethylethylenediamine (TEMED) sucrose, glycerol etc. were 

procured from Sigma Aldrich to use for gel electrophoresis. The pH of the buffer 

solutions was adjusted using NaOH or HCl. Ethidium bromide for displacement assay 

was also obtained from Sigma Aldrich. 

3.10.1 UV-Tm measurement 

UV-melting experiments were carried out on Varian Cary 300 UV-

spectrophotometer equipped with a peltier. The samples for Tm measurement were 

prepared by mixing the calculated amounts of respective oligonucleotides in 

stoichiometric ratio (1:1, for duplex) in sodium phosphate buffer (10 mM) containing 

EDTA (0.1 mM) and NaCl (10 mM); pH 7.2 to achieve a final strand concentration of 

2 μM for each strand. The samples were annealed by heating at 90 °C for 3 min. 

followed by slow cooling to room temperature for at least 6-8 h and then refrigerated 

for at least 4 to 5 h. The samples (500 μL) were transferred to quartz cell and 

equilibrated at the starting temperature for 2 min. The OD at 260 nm was recorded in 

steps from 20-85 °C with temperature increment of 1 °C/min. Each melting experiment 

was repeated at least twice. The normalized absorbance at 260 nm was plotted as a 

function of the temperature. The Tm was determined from the first derivative of 

normalized absorbance with respect to temperature and is accurate to ± 0.5 °C. The data 

were processed using Microcal Origin 8.0/8.5. [The concentration of all 

oligonucleotides were calculated on the basis of absorbance from the molar extinction 

coefficients of the corresponding nucleobases i.e. T = 8.8 cm
2
/μmol; C = 7.3 cm

2
/μmol; 

G = 11.7 cm
2
/μmol and A = 15.4 cm

2
/μmol] 
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3.10.2 Circular dichroism 

CD spectra were recorded on JASCO J-815 spectropolarimeter connected with a 

peltier. The calculated amounts for PNA oligomers and the complementary DNA 1 

were mixed together in stoichiometric ratio (1:1, for duplex) in sodium phosphate 

buffer (10 mM) containing EDTA (0.1 mM) and NaCl (10 mM); pH 7.2 to achieve a 

final strand concentration of 5 μM for each strand. The samples were annealed by 

heating at 90 °C for 3 min. followed by slow cooling to room temperature for at least 6-

8 h. The cooled samples were transferred to refrigerator for at least 4 to 5 h. To record 

the CD spectra of PNA:DNA duplexes and single stranded PNAs, the temperature of 

circulating water was kept at 10 °C. The CD spectra were recorded as an accumulation 

of 5 scans from 300 to 190 nm using 2 mm cell, a resolution of 0.1 nm, band-width of 1 

nm, sensitivity of 2 m deg, response of 2 sec and a scan speed of 50 nm/min. 

3.10.3 UV-visible and fluorescence studies 

UV-Visible spectra for all PNA oligomers and complementary oligonucleotides 

were recorded on Perkin Elmer Lambda-45 UV-Visible Spectrophotometer and for 

fluorescence studies, experiments were performed on Horiba Jobin Yvon Fluorolog 3 

spectrophotometer. The samples for fluorescence spectra were prepared by mixing 

calculated amounts of  PNA and DNA in stoichiometric ratio (1:1, for duplex) in 

sodium phosphate buffer (10 mM) containing EDTA (0.1 mM) and NaCl (10 mM); pH 

7.2 to achieve a final strand concentration of 1 μM for each strand. The annealed 

samples were used to record fluorescence spectra in a rectangular quartz cell at ambient 

temperature with λexc 458 and 484 nm; λem 520 nm; excitation slit width of 1 nm and 

emission slit width of 6 nm. 

3.10.4 Ethidium bromide displacement assay from dsDNA 

In case of ethidium bromide displacement, calculated amounts of DNA strands 

were mixed together to get a DNA duplex (2 μM, 400 μL) in the above said buffer 

system. The annealed samples were titrated against EtBr (250 μM) in the increment of 

1 μL and the fluorescence intensity at 610 nm was recorded to achieve saturation point 

which was found to be 8 μL, 5.58 μM EtBr. The resulting EtBr-dsDNA complex was 
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titrated individually against various PNA oligomers in the aliquots of 0.4 μL and 

change in fluorescence intensity at 610 nm was recorded. The fluorescence decay 

observed upon displacement of EtBr was plotted against the concentration of PNA 

oligomer using Microcal Origin 8.5. 

3.10.5 Electrophoretic mobility shift assay and competition binding 

experiment 

The calculated amounts of PNA oligomers (3 nmoles) were individually mixed 

with DNA strands (3 nmoles) in 1:1 ratio in sodium phosphate buffer (10 mM, NaCl 

100 mM, pH 7.2; 10 μL). The samples were annealed by heating to 85 °C for 3 min 

followed by slow cooling to RT and refrigeration at 4 °C overnight. To this, 5 μL 

loading buffer (10 mM Tris-HCl, pH 8; 30 % sucrose and 10 % glycerol) was added 

and samples were loaded on the gel. Bromophenol blue (BPB) was used as the tracer 

dye and separately loaded in an adjacent well. Gel electrophoresis was performed on 20 

% nondenaturing polyacrylamide gel (acrylamide:N,N’-methylenebisacrylamide, 19:1) 

with 1X-TBE containing 500 mM NaCl as tank buffer at constant power supply of  14 

W and 120 V for 30 h. During electrophoresis, the temperature was maintained at ~18 

°C. The spots were visualized through UV shadowing by illuminating the gel placed on 

a fluorescent silica gel plate, F254 using UV light. 
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Chapter 4 

 

 

Cell Permeation Studies of  

PNA Oligomers 

 

 

 

The cell penetration ability of carboxyfluorescein tagged PNA oligomers was 

investigated by live cell imaging in NIH 3T3 and MCF-7 cell lines using confocal 

microscopy. The quantification of cell permeation has been carried out using 

Fluorescence Activated Cell Sorter (FACS) analysis. The results show those 

cationic functional groups incorporated in the side chain at γ-position 

remarkably increase the efficiency of cell permeation. 
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4.1 Introduction 

 Synthetic oligonucleotides have been proposed as a new class of potential 

therapeutic molecules that can interact with the messenger RNA (mRNA) of disease-

related protein which specifically inhibits the protein synthesis.
1,2 

The fascinating 

approach of antisense strategy represents one of the most powerful systems for 

molecular recognition designed by nature.
3 

Naturally occuring oligonucleotides 

(DNA/RNA) suffer from the various hurdles to act as potential drug candidates. Several 

classes of modified oligonucleotides (ONs) have been developed that can recognize and 

bind to target DNA/RNA with high affinity and sequence specificity. The modified 

oligonucleotides are resistant to degradation by cellular enzymes like proteases and 

nucleases, however none of them can efficiently traverse the cell membrane on their 

own.
4 

Various ways have been attempted to improve the cell permeation properties of 

the antisense oligonucleotides.
5 

The most important ones include the use of liposome as 

a carrier of antisense ONs
 
where the therapeutic ONs are encapsulated in the liposome 

and specifically delivered to the target cells.
6
 The use of liposomes is limited due to 

their short half life in the serum. The attachment of poly-L-lysine
7
 and additional 

chemical, mechanical and electrical transduction means have been employed to 

improve the transport of these ONs to the cells.
8 

Although these ways are useful for 

small-scale experimental setups, the use of such exogenous transduction reagents may 

lead to off-target and cytotoxic effects.
9 

It is therefore desirable to modify the structures 

and chemical functionalities of these ONs to improve the cell permeability as well as 

pharmacokinetic and pharmacodynamic properties. 

 As discussed earlier, the attractive features in terms of binding affinity, strand 

invasion, resistance to degrading enzymes and high stability in cellular extracts
10

 make 

peptide nucleic acid (PNA) a promising molecule for the development of gene-specific 

drugs. However, the low cellular entry of PNA limits their usefulness as an 

antigene/antisense drug.
11 

Therefore, several different ways have been employed to 

increase the cellular delivery of unmodified PNAs.
12

 Some of the transfection protocols 

for PNA are listed below: 

a) Microinjection 

b) Electroporation 
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c) Co-transfection with DNA 

d) Permeabilised cells 

e) Direct delivery at high concentrations 

However, the faster growth of PNA development as an antisense agent depends 

on the finding of more efficient and general delivery protocols for PNA. To meet these 

demands, several modifications of PNA have been introduced and different cellular 

delivery protocols have been attempted. One such modification is the conjugation of 

PNA to lipophilic adamantyl acetic acid. But this approach was partially successful 

giving the cell permeability depending on the cell type and the PNA sequence used.
13 

Similarly another lipophilic moieties like triphenylphosphonium, cholesterol, bile acid 

etc. have been conjugated to improve the cell permeability of PNA.
14 

Considerable 

effort has been invested in exploring the effect of ‘Trojan peptides’ and several other 

‘cell penetrating peptides’ as carriers for cellular delivery of PNA. The most thoroughly 

studied peptides are penetratin, a 16 residue peptide derived from Drosophila 

homeodomain transcription factor, antenapedia and 35-amino acid basic sequence 

(TAT) from the HIV tat protein.
15

 PNA when conjugated to penetratin or its 

retroinverso derivative has shown diffusion in cytoplasm or localization in the nucleus. 

Transportan, a 27 amino acid long peptide and 7-residue basic nuclear localization 

signal (NLS) peptide have also been investigated as conjugates of PNA to improve the 

antisense activity.
16 

The risk of adverse reactions in non-targeted cells have been tried 

to avoid by conjugation of PNA to cell-specific receptor ligands. Wickstrom et al. have 

conjugated PNA to a four residue peptide with specific binding capability to the cell 

surface receptor for insulin like growth factor 1 (IGF-1R). These studies showed that 

only IGF-1R expressing cells internalized conjugated PNA enabling specific entry to 

the cells. Unfortunately, the PNA was entrapped in the cytosolic compartments limiting 

the availability of antisense PNA to the target.
17 

To explore this strategy, Corey’s group 

has conjugated anti-telomerase PNA to lactose which can be recognized by the hepatic 

asialoglycoprotein receptor (ASGP-R) where it was found that among all cell types 

used, only the liver derived cell type internalized the PNA conjugate.
18 

The general 

routes taken by these PNA conjugates to get inside the cells are either direct 

translocation or endocytosis as shown in Figure 4.1
19

. 
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FIGURE 4.1 General routes for cellular entry of PNA or its conjugates
19

 

The various protocols mentioned to improve the cellular uptake of PNA have 

suffered from the obstacles like endosomal entrapment, cytotoxicity induced by 

conjugating highly cationic cell penetrating peptides or polylysine and polyarginine, 

low plasma half life of liposomes etc. Therefore, increasing the cell permeation ability 

of PNA and improvement in its use as effective antisense agent is still in progress that 

can help in producing more nucleic acid-based therapeutic approaches and diagnostics. 

4.2 Rationale of the work 

 Compounds within a narrow range of molecular size, polarity and net charge are 

able to diffuse through cell membranes, which remains as an impermeable barrier to the 

rest of macromolecules. Cell membrane impermeability is the major limiting factor for 

PNA for use as antisense agents. In order to overcome this barrier for effective delivery 

of membrane-impermeable PNA, cationic cell penetrating peptides have been designed, 

but resulted in increased cytotoxicity. Attachment of polylysine (cationic amines) and 

polyarginine (cationic guanidines) residues have improved the cell penetration but 

suffer from cytotoxicity
20

. Therefore, the synthesis of inherently cationic peptide 



 

Chapter 4                                                                              Rationale of the Work 

213 
 

nucleic acids was expected to improve the binding affinity to the target and enhance the 

intrinsic cell permeability. The cationic guanidine functional group greatly contributes 

to the enhancement of cellular uptake by forming stronger bidentate hydrogen bond 

network with the negatively charged carboxylates, phosphates and sulfates
21 

(Figure 

4.2). The cationic amine functionality (with single hydrogen bonding site) has also 

been shown to improve the cell entry but less efficiently than guanidinium groups. To 

explore the strategy of making inherently cationic PNA, ethyleneamino (eam) and 

ethyleneguanidino (egd) substitutions have been introduced at γ-position in the PNA 

backbone. The rationally designed novel amino and guanidino modified peptide nucleic 

acids have been shown to bind to target DNA with higher thermal stabilities as 

compared to control aeg PNA (Chapter 3).  

 

FIGURE 4.2 Association of cationic guanidinium groups with anionic cell membrane constituents
21

 

In order to produce more information about these inherently cationic peptide 

nucleic acids at cellular level, the cell uptake properties have been targeted to be 
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determined on various cell lines. This chapter elucidates the cell permeation studies 

based on the number of amino and guanidino modified PNA units incorporated in the 

aeg PNA sequence. The quantification of the cell entry of these modified PNAs has 

been investigated by Fluorescence Activated Cell Sorter (FACS) studies. The chiral 

and charge-neutral azide modified PNAs were tested for cell penetration to compare 

with charge effects of cationic amino and guanidino modified PNAs and also with 

control achiral, neutral aeg PNA. 

4.3 Aim of the present work 

The specific objectives of this section are: 

 Synthesis of 5(6)-carboxyfluorescein N-terminal-tagged PNA oligomers 

 UV-visible and fluorescence studies of tagged fluorescent PNA oligomers 

 Investigation of the uptake efficiency of modified and control aeg PNA 

oligomers into NIH 3T3 and MCF-7 cell lines by confocal microscopy 

 Quantification of cell permeation abilities of PNA oligomers by FACS studies 

4.4 Results and discussion 

The synthesis, purification and characterization of fluorescently tagged PNA 

oligomers have been discussed in this section. 

4.4.1 Tagging of PNA oligomers with 5(6)-carboxyfluorescein 

 The modified PNA and control aeg PNA sequences were synthesized for 

studying their cell permeation properties. Using solid phase peptide synthesis protocol, 

each of these selected sequences were tagged with 5(6)-carboxyfluorescein [5(6)-CF] at 

the final step in presence of HOBt and DIC, just before their cleavage from the resin 

(Figure 4.3). 

 

FIGURE 4.3 Tagging of PNA oligomers with fluorescent 5(6)-carboxyfluorescein 
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4.4.2 Cleavage of the fluorescent PNA oligomers from the solid 

support 

After coupling time was over, the resin was washed thoroughly with methanol 

to remove excess 5(6)-CF. The peptides were cleaved from the solid support using 

tifluoromethanesulfonic acid (TFMSA) in the presense of trifluoroacetic acid (TFA) 

(Low, High TFMSA-TFA method)
20

 and thioanisole-ethanedithiol as scavengers which 

yielded PNA oligomers having L-lysine amide at C-terminus and carboxyfluorescein at 

N-terminus. After cleavage reaction was over, the PNA oligomers obtained in solution 

were precipitated by addition of cold diethyl ether and the PNA oligomers were 

dissolved in de-ionized water. The 5(6)-carboxyfluorescein tagged PNA oligomers are 

listed in Table 4.1 that have been further used for cellular uptake studies. 

 

TABLE 4.1 5(6)-carboxyfluorescein tagged PNA oligomers 

Entry Sequence code 5(6)-CF tagged PNA oligomers 

  1 aeg PNA 1-CF CF-T T A C C T C A G T-LysNH2 

2   eam-t2 PNA 2-CF CF-T t A C C TC A G T-LysNH2 

 3 eam-t2,6 PNA 5-CF CF-T t A C C t C A G T-LysNH2 

4 egd-t

2

 
PNA 6-CF CF-T t

 
A C C T C A G T-LysNH2 

5 egd-t

2,6

 
PNA  9-CF CF-T t

 
A C C t

 
C A G T-LysNH2 

6 egd-t

2,6,10

 
PNA 10-CF CF-T t

 
A C C t

 
C A G t


-LysNH2 

7 azb-T10
 
PNA 17-CF CF-T T A C C T C A G T-LysNH2 

  8 azm-T

10

 
PNA 13-CF CF-T T A C C T C A G T


-LysNH2 

aeg = aminoethylglycine, eam = ethyleneamino, egd = ethyleneguanidino, azb = azidobutylene, azm = 

azidomethylene and CF = 5(6)-carboxyfluorescein 

 

4.4.3 Purification and characterization of synthesized PNA oligomers 

After cleavage from the solid support, fluorescently tagged PNA oligomers 

were purified by reverse phase high performance liquid chromatography (RP-HPLC). 

The purification of PNA oligomers was carried out on a semi-preparative C18 column 

using a gradient system of acetonitrile and water. The purity of PNA oligomers was 

checked by reinjecting the sample on the same C18 semi-preparative column. All 

HPLC chromatograms are shown in Appendix II. 
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The integrity of these synthesized PNA oligomers was confirmed by MALDI-

TOF mass spectrometry. 2,5-dihydroxybenzoic acid (DHB) was used as a matrix to 

record MALDI-TOF spectra for all synthesized PNA oligomers. The calculated and 

observed molecular weights for all PNAs with their molecular formulae and HPLC 

retention time in minutes are mentioned in Table 4.2. The MALDI-TOF data for the 

confirmation of synthesis of tagged PNA oligomers are shown in Appendix II. 

TABLE 4.2 MALDI-TOF spectral analyses and HPLC retention times of tagged PNA oligomers 

Sr. 

No. 
PNA sequence code 

Molecular 

Formula 

Calculated 

Mass 

Observed 

Mass 

Retention 

Time 

(min) 

1 aeg PNA 1-CF C134H160N55O39 3163.2227 [M + H]
+
 3163.5088 13.85 

2 eam-t2 PNA 2-CF C136H165N56O39 3206.2649 [M + H]
+
 3208.2456 13.31 

3 eam-t2,6 PNA 5-CF C138H170N57O39 3249.3071 [M + H]
+
 3253.3552 13.33 

4 egd-t

2
 
PNA 6-CF C137H166N58NaO39 3272.1389 [M + Na]

+
 3276.4036 14.12 

5 egd-t

2,6

 
PNA 9-CF C140H174N61O39 3335.3200 [M + H]

+
 3337.3982 13.58 

6 egd-t

2,6,10

 
PNA 10-CF C143H181N64O39 3418.4147 [M + H]

+
 3420.3511 13.25 

7 azb-T10
 
PNA 17-CF C138H166N58O39 3261.2130 [M]

+
 3236.4409* 14.16 

8 azm-T

10

 
PNA 13-CF C135H160N58O39 3219.1320 [M]

+
 3193.6467* 14.22 

* represents the mass after subtracting N3 from the actual mass  

4.4.4 UV-Visible and fluorescence studies of tagged PNA oligomers 

   

FIGURE 4.4 A) UV-Visible absorption spectra of tagged PNA oligomers and B) Fluorescence 

spectra of tagged PNA oligomers 

A B 
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The absorption spectra were recorded for tagged PNA oligomers which showed 

absorbance maxima at 260 nm due to nucleobases whereas absorbance maxima at 458 

and 484 nm were because of the excitation of 5(6)-carboxyfluorescein unit in the PNA 

oligomer (Figure 4.4 A). The fluorescence spectra were also recorded for these tagged 

PNA oligomers which showed emission maxima at 520 nm when excited at 484 nm 

wavelength (Figure 4.4 B). 

4.5 Cellular uptake studies 

 To gain an insight into the cell permeation abilities of these γ-C-substituted 

multifunctional PNA oligomers, the intracellular distribution of selected PNAs (Table 

4.1) were investigated in two different cell lines (MCF-7 and NIH 3T3). The confocal 

microscopic technique was used to observe the cellular uptake of 5(6)-

carboxyfluorescein tagged PNAs. 

4.5.1 Cell lines used in study 

a) MCF-7: MCF-7 is a human breast adenocarcinoma cell line and it was first 

isolated in 1970 from the breast tissue of 69 year old Caucasian woman. MCF-7 cells 

are useful for in vitro breast cancer studies because the cell line has retained several 

ideal characteristics particular to the mammary epithelium. These are estrogen receptor 

(ER) positive control cell lines due to the ability of these cells to process estrogen in the 

form of estradiol. 

b) NIH 3T3: These are the mouse embryonic fibroblast cells isolated and 

initiated in 1962 at New York university. 3T3 refers to the cell transfer and inoculation 

protocol for the line, and means ‘3 day transfer, inoculation 3 x 10
5
 cells.’ The 3T3 

cells can be inhibited by tenazepam and other benzodiazepines. These cells are also 

contact inhibited and sensitive to sarcoma virus and leukemia virus focus formation. 

4.5.2 Cellular uptake experiment using confocal microscopy 

MCF-7 and NIH 3T3 cells were plated in 8-well chambered coverglass in 200 

µL Dulbecco’s Modified Eagle Medium (DMEM) containing 10 % Fetal Bovine Serum 

(FBS) at the concentration of 8000 cells per well. The cells were grown by maintaining 
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at 37 °C in a humidified atmosphere containing 5 % CO2 for 16 h. The required 

amounts of 5(6)-carboxyfluorescein tagged PNA stock solutions were added to the 

corresponding wells to achieve the desired final concentration of 1 µM. The cells 

incubated with tagged PNA oligomers were maintained at 37 °C in a humidified 

atmosphere containing 5 % CO2 for 24 h. After the incubation period was over, the 

medium was aspirated and cells were rinsed or washed thrice with 1 medium-volume 

equivalent of ice-cold PBS. The cells were then replenished with 400 µL of OPTIMEM 

medium containing Hoechst 33342 at a dilution of 1/1000 of the supplied stock solution 

and left for 30 minutes at 37 °C. After incubation for 30 min, the medium containing 

nuclear stain Hoechst 33342 was removed and fresh OPTIMEM medium was added to 

the cells. The cells were then immediately visualized using 40X objective of Zeiss 

LSM 710 laser scanning confocal microscope. The well of cells without incubation of 

any PNA oligomer was also visualized as control experiment. The images were 

acquired with same camera settings for all PNA oligomers including unmodified aeg 

PNA and various modified PNA oligomers. The confocal microscopy imaging has been 

repeated at least twice for each PNA. 

4.5.3 Observations of confocal microscopy images 

Cellular permeability of tagged PNA oligomers has been monitored by confocal 

microscopy images using above said protocol for cell internalization. The results 

showed that all PNA oligomers including modified and unmodified PNAs can permeate 

the cell membrane. The green fluorescent signal for 5(6)-CF tagged PNA oligomers 

was found to be localized within the vicinity of the nucleus which was stained with 

Hoechst 33342 giving blue color. The punctates observed for PNA oligomers in 

confocal images suggest that PNAs probably take the endocytotic route to get inside the 

cells. The pattern of all PNA oligomers getting inside the cells was almost similar 

irrespective of the cell line used and the modification incorporated in the PNA. 

Following are the results obtained after the incubation of PNA oligomers for 24 h in 

MCF-7 and NIH 3T3 cell lines. 
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A) Cell permeation in MCF-7 cells 

The relative uptake efficiency of the PNA oligomers by MCF-7 cell lines is 

shown in figures 4.5-4.13. The untreated control cells showed only the blue colored 

staining in the nucleus by nuclear Hoechst 33342 stain and no green fluorescent signal 

for PNA internalization (Figure 4.5). 

  

  

FIGURE 4.5 Confocal microscopy images for control untreated cells a) Bright field image of MCF-

7 cells b) Hoechst 33342 stained image c) Green fluorescent image and d) Superimposed image of 

images a), b) and c) 

 The cell permeation of PNA oligomers can be confirmed by visualization of 

green fluorescence in the cell compartments. A more convincing evidence of the PNA 

uptake by cells comes from the superimposition of bright field image, fluorescent 

image and the Hoechst 33342 stained image. The cellular uptake of unmodified aeg 

PNA 1 and various amino, guanidino and azido modified PNA oligomers have been 

shown below (Figures 4.6-4.13). All images are organized in a similar way as shown in 

Figure 4.5 a, b, c and d. 

a. 

d. c. 

b. 

Cytoplasm 

Nucleus 

Nuclear stain: 
Hoechst 33342 
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FIGURE 4.6 Confocal microscopy images for unmodified aeg PNA 1-CF a) Bright field image of 

MCF-7 cells b) Hoechst 33342 stained image c) Green fluorescent image and d) Superimposed 

image of images a), b) and c) 

 

   

   

FIGURE 4.7 Confocal microscopy images for 1-amino modified eam-t2 PNA 2-CF a) Bright field 

image of MCF-7 cells b) Hoechst 33342 stained image c) Green fluorescent image and d) 

Superimposed image of images a), b) and c) 
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FIGURE 4.8 Confocal microscopy images for 2-amino modified eam-t2,6 PNA 5-CF a) Bright field 

image of MCF-7 cells b) Hoechst 33342 stained image c) Green fluorescent image and d) 

Superimposed image of images a), b) and c) 

  

  

FIGURE 4.9 Confocal microscopy images for 1-guanidino modified egd-t
γ
2 PNA 6-CF a) Bright 

field image of MCF-7 cells b) Hoechst 33342 stained image c) Green fluorescent image and d) 

Superimposed image of images a), b) and c) 
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FIGURE 4.10 Confocal microscopy images for 2-guanidino modified egd-t
γ
2,6 PNA 9-CF a) Bright 

field image of MCF-7 cells b) Hoechst 33342 stained image c) Green fluorescent image and d) 

Superimposed image of images a), b) and c) 

  

  

FIGURE 4.11 Confocal microscopy images for 3-guanidino modified egd-t
γ
2,6,10 PNA 10-CF a) 

Bright field image of MCF-7 cells b) Hoechst 33342 stained image c) Green fluorescent image and 

d) Superimposed image of images a), b) and c) 
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FIGURE 4.12 Confocal microscopy images for longer chain azide modified azb-T10 PNA 17-CF a) 

Bright field image of MCF-7 cells b) Hoechst 33342 stained image c) Green fluorescent image and 

d) Superimposed image of images a), b) and c) 

   

   

FIGURE 4.13 Confocal microscopy images for shorter chain modified azm-T
γ
10 PNA 13-CF a) 

Bright field image of MCF-7 cells b) Hoechst 33342 stained image c) Green fluorescent image and 

d) Superimposed image of images a), b) and c) 
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B) Cell Permeation in NIH 3T3 cells 

 Cell permeability of PNA oligomers was also investigated in normal mouse 

embryonic fibroblast cells to evaluate the ability of PNA oligomers getting inside the 

normal versus cancerous cell lines. The similar protocol mentioned in the section 4.5.2 

was followed to study the cell permeability of various PNA oligomers in NIH 3T3 

cells. The control untreated cells showed the blue staining of nucleus due to nuclear 

stain Hoechst 33342 and no signals for PNA internalization which gives green 

fluorescence (Figure 4.14). 

  

  

FIGURE 4.14 Confocal microscopy images for control untreated cells a) Bright field image of NIH 

3T3 cells b) Hoechst 33342 stained image c) Green fluorescent image and d) Superimposed image 

of images a), b) and c) 

A more convincing evidence of the PNA uptake by cells comes from the 

superimposition of bright field image, fluorescent image and the Hoechst 33342 stained 

image. The cellular uptake of unmodified aeg PNA 1 and various amino, guanidino and 

azido modified PNA oligomers have been shown below (Figures 4.15-4.22). All 

images are organized in a similar way as shown in Figure 4.14 a, b, c and d. 

a. 

d. c. 

b. 
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FIGURE 4.15 Confocal microscopy images for unmodified aeg PNA 1-CF a) Bright field image of 

NIH 3T3 cells b) Hoechst 33342 stained image c) Green fluorescent image and d) Superimposed 

image of images a), b) and c) 

  

  

FIGURE 4.16 Confocal microscopy images for 1-amino modified eam-t2 PNA 2-CF a) Bright field 

image of NIH 3T3 cells b) Hoechst 33342 stained image c) Green fluorescent image and d) 

Superimposed image of images a), b) and c) 
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FIGURE 4.17 Confocal microscopy images for 2-amino modified eam-t2,6 PNA 5-CF a) Bright field 

image of NIH 3T3 cells b) Hoechst 33342 stained image c) Green fluorescent image and d) 

Superimposed image of images a), b) and c) 

  

  

FIGURE 4.18 Confocal microscopy images for 1-guanidino modified egd-t
γ
2 PNA 6-CF a) Bright 

field image of NIH 3T3 cells b) Hoechst 33342 stained image c) Green fluorescent image and d) 

Superimposed image of images a), b) and c) 
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FIGURE 4.19 Confocal microscopy images for 2-guanidino modified egd-t
γ
2,6 PNA 9-CF a) Bright 

field image of NIH 3T3 cells b) Hoechst 33342 stained image c) Green fluorescent image and d) 

Superimposed image of images a), b) and c) 

   

   

FIGURE 4.20 Confocal microscopy images for 3-guanidino modified egd-t
γ
2,6,10 PNA 10-CF a) 

Bright field image of NIH 3T3 cells b) Hoechst 33342 stained image c) Green fluorescent image and 

d) Superimposed image of images a), b) and c) 
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FIGURE 4.21 Confocal microscopy images for azidobutylene modified azb-T10 PNA 17-CF a) 

Bright field image of NIH 3T3 cells b) Hoechst 33342 stained image c) Green fluorescent image and 

d) Superimposed image of images a), b) and c) 

 

  

FIGURE 4.22 Confocal microscopy images for azidomethylene modified azm-T
γ
10 PNA 13-CF a) 

Bright field image of NIH 3T3 cells b) Hoechst 33342 stained image c) Green fluorescent image and 

d) Superimposed image of images a), b) and c) 
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4.6 Quantitative estimation of cellular uptake 

 The confocal microscopy images showed that all PNA oligomers including 

modified and unmodified PNAs can penetrate the cell membrane and give fluorescent 

spots in the cytoplasm. It is important to quantify the cellular uptake of the different 

modified PNA oligomers to differentiate their abilities of cell permeation. 

Quantification of cell permeation has been carried out using a Fluorescence Activated 

Cell Sorter (FACS) technique. FACS is a specialized type of Flow cytometry which 

provides a method for sorting homogeneous as well as heterogeneous mixtures of cells 

based on the specific light scattering and fluorescent characteristics of each cell. FACS 

gives the quantitative recording of fluorescent signals from each individual cell as well 

as it provides important information about the positive and negative cells in terms of 

their fluorescent signal. The cells which give fluorescent signal are the positive cells 

whereas negative cells do not give any fluorescent signal. Thus, FACS data would 

provide quantitative estimation of cell permeability of all PNA oligomers which can be 

differentiated from their percent positive cells and mean fluorescence intensity. 

Quantitative estimation of PNA oligomers has been carried out for both MCF-7 and 

NIH 3T3 cells. 

4.6.1 Quantification of cell permeability using FACS experiment 

 MCF-7 and NIH 3T3 cells were plated in 9 X 60 mm dishes in 2 mL DMEM 

medium at a concentration of 1 x 10
6
 cells per dish. The cells were maintained at 37 °C 

in a humidified atmosphere containing 5 % CO2 for 16 to 18 h. The required amounts 

of 5(6)-carboxyfluorescein tagged PNA stock solutions were added to the 

corresponding wells to achieve the desired final concentration of 1 µM. The cells 

incubated with tagged PNA oligomers were maintained at 37 °C in a humidified 

atmosphere containing 5 % CO2 for 24 h. After the incubation period was over, the 

medium was aspirated and cells were rinsed or washed thrice with 1 medium-volume 

equivalent of ice-cold PBS. Cells were collected by trypsinization using 0.5 mL of 0.05 

% trypsin-EDTA for each dish. The trypsinization processing was stopped using 3 mL 

DMEM medium and the cells were transferred to 15 mL tubes. These tubes containing 

cells were centrifuged at 500 g for 5 min at 4 °C, the supernatant was aspirated and the 

cells were washed thrice with ice-cold 1X PBS. The cell suspension in PBS was then 
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transferred to FACS tube and the samples were immediately analysed on BD 

Biosciences FACS Calibur flow cytometer. The data obtained from FACS was 

processed using CellQuest Pro acquisition software. The cell permeation of PNA 

oligomers has been confirmed by histograms obtained from the experiment. The 

percent positive cells for each individual PNA were plotted on Microcal origin 8.  

4.6.2 Results and discussion 

4.6.2a Quantitative estimation of cell permeation in NIH 3T3 cells 

The FACS analysis data for the quantification of cell permeation of PNA 

oligomers in NIH 3T3 cells are shown in Figure 4.23.  

   

 

 

FIGURE 4.23 FACS analysis showing mean fluorescence for quantification of PNA cell permeation 

in NIH 3T3 cells 

A B 

C 
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In case of amino modified PNAs, two amino modified PNA (eam-t2,6 PNA 5-

CF) units incorporated into a PNA sequence showed slightly increased mean 

fluorescence compared to unmodified aeg PNA (PNA 1-CF), while one amino 

modified PNA (eam-t2 PNA 2-CF) unit gave similar mean fluorescence like control aeg 

PNA (Figure 4.23 A). Incorporation of guanidino modified PNA units into a PNA 

sequence increased the mean fluorescence intensity compared to control aeg PNA. Two 

and three guanidino modified PNA oligomers (egd-t
γ
2,6 PNA 9-CF and egd-t

γ
2,6,10 PNA 

10-CF) showed almost similar mean fluorescence intensities but slightly increased than 

that of one guanidino modified PNA (egd-t
γ
2 PNA 6-CF) (Figure 4.23 B). Azide 

modified azm-T
γ
10 PNA 13-CF (shorter chain) and azb-T10 PNA 17-CF (longer chain) 

oligomers showed almost similar mean fluorescence intensities like control aeg PNA 

oligomer (Figure 4.23 C). Thus, mean fluorescence intensities were found to be 

minimally changed for control aeg PNA and modified PNA oligomers. 

FACS experiment gives the sorting of individual cells depending on the 

fluorescence signal observed from the fluorescently tagged PNA. When an individual 

cell shows green fluorescence signal of PNA, it is called ‘positive cell’, while ‘negative 

cell’ does not give fluorescence signal for PNA. Therefore, % positive cell count was 

used to quantify the cellular uptake of different modified PNAs (Figure 4.24). The 

count of % positive cells actually gives the number of cells that have taken up the PNA. 

Control aeg PNA (PNA 1-CF) can penetrate into ~ 18 % of cells, whereas 

incorporation of one amino modified unit (eam-t2 PNA 2-CF) into a sequence increase 

the % positive cells to ~ 30 %. Incorporation of two amino modified PNA units (eam-

t2,6 PNA 5-CF) into a sequence resulted in penetration of 50 % of cells with 3-fold 

increase in the cell permeation compared to control aeg PNA. Incorporation of one 

guanidino modified unit (egd-t
γ
2 PNA 6-CF) in the PNA sequence gave ~ 42 % positive 

cells, while two guanidino modified units (egd-t
γ
2,6 PNA 9-CF) in the sequence increase 

the % positive cells to ~ 62 %. Incorporation of three guanidine modified units (egd-

t
γ
2,6,10 PNA 10-CF) in the PNA sequence gives almost 4-fold increase in the cell 

penetration giving ~ 70 % of cells positive compared to control aeg PNA. Azide 

modified PNA oligomers (azm-T
γ
10 PNA 13-CF and azb-T10 PNA 17-CF) can penetrate 

into ~ 25 % of cells. Thus, the efficiency of cell penetration was found to be increased 

when cationic functional groups were incorporated into PNA backbone. 
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FIGURE 4.24 FACS analysis showing the % positive cells for quantification of cell permeation in 

NIH 3T3 cells for various PNA oligomers (represented % positive cell values are mean of three 

independent results, standard deviation: ± 6 %) 

4.6.2b Quantitative estimation of cell permeation in MCF-7 cells 

The quantification of cell penetration in MCF-7 cells for control aeg and 

modified PNA oligomers is shown in Figure 4.25. 

The mean fluorescence intensities were found to be similar for unmodified aeg 

PNA (PNA 1-CF) and modified PNA oligomers. The shift observed in mean 

fluorescence intensity was very less after increasing the number of amino as well as 

guanidino modified PNA units in the PNA sequence (Figure 4.25 A, B). Azide 

modified (through longer and shorter carbon chain) PNA oligomers showed mean 

fluorescence intensities similar to control aeg PNA (Figure 4.25 C). 
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FIGURE 4.25 FACS analysis showing mean fluorescence for quantification of PNA cell permeation 

in MCF-7 cells 

The FACS analysis data of % positive cells representing the number of cells 

that have taken up the unmodified and modified PNA oligomers is shown in Figure 

4.26. The unmodified aeg PNA (PNA 1-CF) can penetrate ~ 11 % of MCF-7 cells; 

whereas one amino modified PNA unit (eam-t2 PNA 2-CF) in the sequence gives ~ 15 

% positive cells. Incorporation of two amino modified PNA units (eam-t2,6 PNA 5-CF) 

into a sequence increased the % positive cells to ~ 22 % with 2-fold increase in the cell 

penetration compared to control aeg PNA. When one guanidino modified unit (egd-t
γ
2 

PNA 6-CF) was incorporated in the PNA sequence it gave ~ 19 % of cells positive, 

while incorporation of two guanidino modified units (egd-t
γ
2,6 PNA 9-CF) in the 

sequence gives ~ 25 % positive cells. % positive cells increased to ~ 31 % (3-fold 

compared to control aeg PNA) when three guanidino modified PNA units (egd-t
γ
2,6,10 

PNA 10-CF) were incorporated into a sequence. The azidomethylene (shorter carbon 

B A 

C 
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chain) modified PNA (azm-T
γ
10 PNA 13-CF) can penetrate into ~ 17 % of cells, while 

azidobutylene (longer carbon chain) modified PNA (azb-T10 PNA 17-CF) can penetrate 

~ 12 % of cells which is similar to control aeg PNA. The quantification of cell 

permeation in MCF-7 cells also showed that cationic functional groups help to increase 

the efficiency of cell penetration. 

 

FIGURE 4.26 FACS analysis showing the % positive cells for quantification of cell permeation in 

MCF-7 cells for various PNA oligomers (represented % positive cell values are mean of three 

independent results, standard deviation: ± 5 %) 

To summarize, cationic amino/guanidino and charge-neutral azido modified and 

control aeg PNA oligomers have been tagged with 5(6)-carboxyfluorescein to visualize 

the PNA inside the cells. The fluorescently tagged PNA oligomers were studied for cell 

penetration using confocal microscopy. The live cell imaging for cell permeation was 

done for all unmodified and modified PNA oligomers into NIH 3T3 and MCF-7 cell 

lines. The quantification for differential cellular uptake of all PNA oligomers was 

achieved by FACS analysis. 
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4.7 Conclusions 

 The confocal microsopy images clearly indicate that unmodified as well as 

modified PNA oligomers can penetrate into both cell lines used for the study. 

 The PNA oligomers were observed to be localized in the vicinity of nucleus in 

the cytoplasm.  

 The quantification of cell permeation by FACS analysis showed that cationic 

functional groups (amine and guanidine) incorporated in the PNA backbone at 

γ-position remarkably increases the efficiency of cell penetration. 

 The guanidino modified PNA was found to be better among all modifications to 

enhance the cell penetration in both cell lines (NIH 3T3 and MCF-7) used for 

this study.  

 Differential cellular uptake was observed in two different cell lines where in 

NIH 3T3 cells, three guanidino modified PNA (egd-t
γ
2,6,10 PNA 10-CF) gave 5-

fold increase in the cell penetration while 3-fold increase in cell penetration was 

observed in MCF-7 cells for the same PNA.  

 The amino modified PNA oligomers were also found to be better than control 

aeg PNA in both cell lines but these are less efficient than guanidino modified 

PNAs. 

 Incorporation of charge-neutral azide modified (through longer and shorter 

carbon chain) unit in the PNA sequence showed only marginal increase in the 

cell penetration compared to control aeg PNA. 
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4.8 Experimental procedures 

4.8.1 Tagging of PNA oligomers with 5(6)-carboxyfluorescein 

5(6)-carboxyfluorescein, a fluorescent dye was attached to the N-terminal end 

of PNA oligomers. Using the solid phase peptide synthesis protocol, Boc group of final 

N-terminal amine was deprotected by 50 % TFA in DCM. The TFA salt generated after 

Boc-deprotection was neutralized using DIPEA as base to get free amine. The amine 

was coupled with 5(6)-carboxyfluorescein (13.16 mg, 10 eq) using HOBt (4.72 mg, 10 

eq) and DIC (5.51 μL, 10 eq) in DMF as coupling reagents. The coupling reaction was 

completed within 12 h which was confirmed by Kaiser Test. 

4.8.2 Cleavage of the PNA oligomers from the solid support 

The resin beads were washed with methanol several times to remove excess 

5(6)-carboxyfluorescein. The peptides were cleaved from the solid support using 

trifluoromethane sulfonic acid (TFMSA) in the presence of trifluoroacetic acid (TFA); 

(Low, High TFMSA-TFA method which is discussed in chapter 2) (section 2.2.5). 

Thioanisole and ethanedithiol were used as scavengers in the cleavage protocol. This 

yielded PNA oligomers having L-lysine amide at C-terminus and carboxyfluorescein 

attached at N-terminus. After cleavage reaction was over, the peptide was precipitated 

with cold dry ether. The peptide was isolated by centrifugation and the precipitate was 

dissolved in de-ionized water.  

4.8.3 Purification of the fluorescently tagged PNA oligomers 

PNA purification was carried out on Dionex ICS 3000 HPLC system. For the 

purification of peptides, semi-preparative BEH130 C18 (10X250 mm) column was 

used. Purification of PNA oligomers was performed with gradient elution method: A to 

100% B in 20 min; A= 0.1% TFA in CH3CN:H2O (5:95); B= 0.1% TFA in 

CH3CN:H2O (1:1) with flow rate of 3 mL/min. All the HPLC profiles were monitored 

at 254 and 490 nm wavelength. 

 

 



 

Chapter 4                                                                                               References 

237 
 

4.9 References 

1. Zamecnik, P. C.; Stephenson, M. L. Proc. Natl. Acad. Sci. U.S.A. 1978, 75, 1, 280-

284. 

2. Zamecnik, P. C.; Stephenson, M. L. Proc. Natl. Acad. Sci. U.S.A. 1978, 75, 1, 285-

288. 

3. Mesmaeker, A. D.; Haner, R.; Martin, P.; Moser, h. E. Acc. Chem. Res. 1995, 28, 

366-374. 

4. (a) Uhlmann, E.; Peyman, A. Chem. Rev. 1990, 90, 543-584. (b) Wengel, J. Acc. 

Chem. Res. 1999, 32, 301–310. (c) Nielsen, P. E. Acc. Chem. Res. 1999, 32, 624-

630. 

5. Uhlmann, E.; Peyman, A. Chem. Rev. 1990, 90, 543-584. 

6. Bayard, B.; Leserman, L. D.; Bisbal, C.; Lebleu, B. Eur. J. Biochem. 1985, 151, 

319-325. 

7. Bisbal, C.; Silhol, M.; Lemaitre, M.; Bayard, B.; Salehzada, T.; lebleu, B. 

Biochemistry 1987, 26, 5172-5178. 

8. (a) Juliano, R. L.; Yoon, H. Curr. Opin. Mol. Therap. 2000, 2, 297-303. (b) 

Lebedeva, I.; Benimetskaya, L.; Stein, C. A.; Vilenchik, M. Eur. J. Pharm. 

Biopharm 2000, 50, 101-119. 

9. Stein, C. A. Nat. Biotechnol. 1999, 17, 209. 

10. Demidov, V.; Potaman, V. N.; Franck-Kamenetskii, M. D.; Egholm, M.; Buchardt, 

O.; Sonnichsen, S. H.; Nielsen, P. E. Biochem. Pharmacol. 1994, 48, 1309-1313. 

11. Bonham, M. A.; Brown, S.; Boyd, A. L.; Brown, P. H.; Bruckenstein, D. A.; 

Hanvey, J. C.; Thomson, S. A.; Pipe, A.; Hassman, F.; Bisi, J. E.; Froehler, B. C.; 

Matteucci, M. D.; Wagner, R. W.; Noble, S. A.; Babiss, L. E. Nucleic Acids Res. 

1995, 23, 1197-1203. 

12. Koppelhus, U.; Nielsen, P. E. Adv. Drug Delivery Rev. 2003, 55, 267-280. 

13. Ljungstrøm, T.; Knudsen, H.; Nielsen, P. E. Bioconjugate Chem. 1999, 10, 965-

972. 

14. (a) Muratovska, A.; Lightowlers, R. N.; Taylor, R. W.; Turnbull, D. M.; Smith, R. 

A. J.; Wilce, J. A.; Martin, S. W.; Murphy, M. P. Nucleic Acids Res. 2001, 29, 6, 

1852-1863. (b) Geall, A.J.; Taylor, R. J.; Earll, M. E.; Eaton, M. A. W.; 

Blagbrough, I. S. Bioconjugate Chem. 2000, 11, 314-326. (c) Shiraishi, T.; Nielsen, 

P. E.; Bioconjugate Chem. 2012, 23, 196-202. (d) Zhilina, Z. V.; Ziemba, A. J.; 

Ebbinghaus, S. W. Curr. Top. Med. Chem. 2005, 5, 1119-1131. 

15. Fisher, A. A.; Sergueev, D.; Fisher, M.; shaw, B. R.; Juliano, R. L. Pharmaceutical 

Res. 2002, 19, 6, 744-754. 

16. (a) Pooga, M.; Soomets, U.; Hallbrink, M.; Valkna, A.; Saar, K.; Rezaei, K.; Kahl, 

U.; Hao, j. X.; Xu, X. J.; Hallin, Z. W.; Hokfelt, T.; Bartfai, T.; Langel, U. Nat. 

Biotechnol. 1998, 16, 857-861. (b) Cutrona, G.; Carpaneto, E. M.; Ulivi, M.; 

roncella, S.; Landt, O.; Ferrarini, M.; Boffa, L. C. Nat. Biotechnol. 2000, 18, 300-

303. 

17. Basu, S.; Wickstrom, E. Bioconjugate Chem. 1997, 8, 481-488. 



 

Chapter 4                                                                                               References 

238 
 

18. Zhang, X.; Simmons, C. G.; Corey, D. R. Bioorg. Med. Chem. Lett. 2001, 11, 1269-

1272. 

19. CPPsite: a website for cell penetrating peptides. crdd.osdd.net/raghava/cppsite/ 

help.php 

20. Morgan, D. M. L.; Larvin, V. L.; Pearson, J. D. J. Cell Sci. 1989, 94, 553-559. 

21. Wender, P.A.; Galliher, W. C.; Goun, E. A.; Jones, L.R.; Pillow, T. H. Adv. Drug 

Delivery Rev. 2008, 60, 452-472. 

 

 



Chapter 4                                                                                             Appendix II 

239 
 

4.10 Appendix II Characterization data of synthesized compounds 

Compound Description of spectral characterization Page No. 

PNA 1-CF & 2-CF HPLC spectra of PNA 1-CF & PNA 2-CF 240 

PNA 5-CF & 6-CF HPLC spectra of PNA 5-CF & PNA 6-CF 241 

PNA 9-CF & 10-CF HPLC spectra of PNA 9-CF & PNA 10-CF 242 

PNA 13-CF & 17-CF HPLC spectra of PNA 13-CF & PNA 17-CF 243 

PNA 1-CF & 2-CF MALDI-TOF spectra of PNA 1-CF & PNA 2-CF 244 

PNA 5-CF & 6-CF MALDI-TOF spectra of PNA 5-CF & PNA 6-CF 245 

PNA 9-CF & 10-CF MALDI-TOF spectra of PNA 9-CF & PNA 10-CF 246 

PNA 13-CF & 17-CF MALDI-TOF spectra of PNA 13-CF & PNA 17-CF 247 
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HPLC Trace of PNA 1-CF 

 

HPLC trace of PNA 2-CF 
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HPLC Trace of PNA 5-CF 

 

HPLC Trace of PNA 6-CF 
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HPLC Trace of PNA 9-CF 

 

HPLC Trace of PNA 10-CF 
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HPLC Trace of PNA 17-CF 

 

HPLC Trace of PNA 13-CF 
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MALDI-TOF Mass of PNA 1-CF 

 

MALDI-TOF Mass of PNA 2-CF 
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MALDI-TOF Mass of PNA 5-CF 

 

MALDI-TOF Mass of PNA 6-CF 
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MALDI-TOF Mass of PNA 9-CF 

 

MALDI-TOF Mass of PNA 10-CF 
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MALDI-TOF Mass of PNA 17-CF 

 

MALDI-TOF Mass of PNA 13-CF 

 

 


