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ABSTRACT 

 

The Thesis entitled “Synthesis and Biophysical Evaluation of Modified and 

Fluorescent PNAs: Applications in Antisense Therapeutics and Diagnostics” is 

divided into five chapters. 

 

Chapter 1 introduces background literature for undertaking the research work and 

defines the objectives. 

Chapter 2 details the synthesis and DNA hybridization studies of diastereomeric  

aepipPNA. 

Chapter 3 describes design of bis-aepPNAs for orientation discrimination of binding 

to complementary DNA and effect of N7G in aeg/aepPNA backbone. 

Chapter 4 Section A describes the synthesis and biophysical evaluation of 

fluorescent PNAs and Section B describes the effect of chiral ligands on aegPNA 

backbone.  

Chapter 5 introduces applications of isothermal titration calorimetry to study 

biomolecular interactions: the hybridization of aeg/aep/aepipPNAs with DNA, 

enzyme/nucleosides binding to nanoparticles and chiral recognition of DNA by amino 

acid-modified gold nanoparticles. 

 

Chapter 1: Introduction. 

The potential of oligodeoxynucleotides to act as antisense agents that inhibit 

viral replication in cell culture was discovered by Zamecnik and Stephenson in 1978. 

Since then antisense technology has been developed as a powerful tool for target 

validation and therapeutic purposes. To be effective as medicinal agents, the 

therapeutic oligonucleotides should be made to cross the membrane and be stable to 

cellular nucleases. Among the several chemical modifications, PNAs are emerging as 

one of the potential candidates.  

Peptide nucleic acids (PNAs) are a new class of DNA analogues invented 12 

years ago, in which the charged sugar-phosphate backbone of DNA is replaced by a 

neutral and achiral polyamide backbone. The monomeric unit consists of N- (2-



  

aminoethyl) glycine units to which 

the nucleobases are attached 

through a conformationally rigid, 

tertiary acetamide linker group. The 

binding of PNA to the target 

DNA/RNA sequences occurs with 

high sequence specificity and 

affinity. Despite having several 

advantages like resistance to 

cellular enzymes such as nucleases and proteases, the major limitations confounding 

its application are ambiguity in orientational selectivity of binding 

(parallel/antiparallel), poor solubility in aqueous media and inefficient cellular uptake. 

The deficiencies of PNA are addressed by rational structural modifications of 

PNA based on conformational preorganization of backbone using cyclic monomeric 

units. Among the five membered ring PNAs, pyrrolidyl PNA (aepPNA, I) has 

emerged as a result of previous efforts to achieve optimum fine-tuning of aminoethyl 

glycyl PNA structure to bind to complementary nucleic acids, thus imposing entropic 

advantages. These analogues to some extent improved the solubility, affinity and 

orientational selectivity in DNA: PNA binding. 

 

Chapter 2: Synthesis of  (2R/S,5S/R)-1-(N-Boc-aminoethyl)-5-(thymin-1-

yl)pipecolic acid: Synthesis and DNA binding studies. This chapter presents 

synthesis and evaluation of six membered ring analogues of pyrrolidines – the 

aminoethyl pipecolic acid PNAs (aepipPNA, II). These are conceptually derived by 
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linking the α’-carbon of glycyl unit with β”-carbon of side chain via an ethylene 

linker instead of methylene linker as in aepPNA. These have two chiral centers 

leading to the possibility of existence of four diasteromers. 

2.1. Chemical Synthesis of aepipPNA monomers. The synthesis of the protected 

monomers (2R,5S) and (2S,5R) 1-(N-Boc-aminoethyl)-5-(N3-benzoylthymin-1-

yl)pipecolic acid methyl ester (9) was achieved in ten steps starting from the D-

glutamic acid 1 and the naturally occurring L-glutamic acid   respectively (Scheme 1).  

2.2. Solid Phase Synthesis of aeg-aepipPNA Oligomers. The aepipPNA monomers 

10 and 12 were incorporated into the PNA oligomer sequences at predefined positions 

to yield the modified aegPNAs 13-15 and 16-19. For control studies, the unmodified 
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Scheme 1: Synthesis of aepipPNA monomers. a.(i) Benzyloxy carbonyl chloride, NaHCO3 (94%) (ii) 
(CH2O)n, TsOH, benzene, reflux (82%); b. NaOMe, MeOH (93%); c. (i) EtOCOCl, Et3N, THF (ii) 
CH2N2, Et2O (65%); d. [Rh(OAc)2]2, benzene, reflux (52%); e. NaBH4, MeOH (93%); f. H2/Pd-C, 60psi 
(92%); g. BOC-NH-(CH2)2OMs, DIPEA, ACN:DMF (37%);  h. N3-BzT, DIAD, PPh3, THF (32%); i. 1M 
NaOH, MeOH:water (95%).  



  

aegPNA sequences 20 and 21 were used. PNAs (13-21 and 25-26) after cleavage 

from the resin were purified by HPLC on RPC-18 column and characterized by 

MALDI-TOF mass spectrometry. The complementary DNA oligomers 22-24, 27-28 

were synthesized on an automated DNA synthesizer. 

 2.3. UV-Tm studies on PNA2-DNA triplexes. The polypyrimidine PNA oligomers 

(13-21)  (Table 1) are homopyrimidine sequences that are well known to form 

DNA:PNA2 triplexes. The thermal stabilities of PNA2:DNA complexes were studied 

by temperature dependent UV absorbance measurements. The mixed purine-

pyrimidine aeg-aepipPNA (25) and control aegPNA (26) oligomers were synthesized 

to examine the orientational selectivity in binding to DNA (Table 2). The Tm values 

indicate that the aepipPNA oligomers 13 and 14 having single modification of either 

stereomer at N or C terminus exhibited stabilization compared to the unmodified PNA 

T8 homooligomer (20).  

            

   Table 1: UV-Tm(°C) of DNA:PNA2 complexes* 
 PNA 

 

PNA2:DNA UV-Tm °C 

2S,5R       2R,5S 

1    13,  H-t T T T T T T T –(β-Ala)-OH 13:22 43 36 
2    14,  H-T T T T T T T t –(β-Ala)-OH 14:22 

14:24 

48 
24 

76 
23 

3    15,  H-t T C T C T T T –(β-Ala)-OH 15:23 60 56 
4    16,  H-T TT T t T T T –(β-Ala)-OH 16:22 44 ND 
5    17,  H-T T T T T t T t –(β-Ala)-OH 17:22 52 ND 
6    18,  H-T T T t T T T t –(β-Ala)-OH 18:22 51 ND 
7    19,  H-T t  T T T T T t –(β-Ala)-OH 19:22 49 ND 
8    20,  H-T T T T T T T T–(β-Ala)-OH 20:22 43  
9    21,  H-T T C T C T T T–(β-Ala)-OH 21:23 51  

*DNA: 22, 5’-GCAAAAAAAACG–3’; 23, 5’-AAAGAGAA–3’; 24, 5’-GCAAAATAAACG –3’; T=aeg-PNA; t=aepipPNA; Buffer: 10 mM sodium 

phosphate, pH 7.30.  
 

   Table 2: UV-Tm(°C) of DNA:PNA (2S,5R) duplexes* 
PNA PNA:DNA UV-Tm °C 

25, H-AT G t T C T C T T T –(β-Ala)-OH   (ap) 
                                                                            (p) 

25:27 

25:28 

57.8  
40.8  

26, H-AT G T T C T C T T T –(β-Ala)-OH (ap) 
                                                                            (p) 

26:27 

26:28 

51.2  
43.0  

DNA: 27, 5’-AAAGAGAACAT –3’; 28, 3’-TACAAGAGAAA– 5’ 

 



  

The Tm values from Table 1 and Table 2 indicates-  

� (2S,5R) compared to (2R,5S) aepip unit at the N-terminus has better stability with 

the complementary DNA 22.  

� The (2R,5S) aepip unit at C-terminus forms much more stable hybrid compared to 

that of the (2S,5R).  

� The stability of aeg-aepipPNA oligomers with mixed pyrimidine base sequence 

and N-terminus modifications (15:23) was higher to that of the control complex 

21:23.  

� A synergistic stabilizing effect was observed with a second modified aepip unit in 

all the cases (entry 5-7).  

� The modified aeg-aepipPNA (2S,5R) stabilized the antiparallel duplex (25:27) 

more effectively over the parallel duplex (25:28) as compared to control 

complexes.  

Thus overall, the substitution of the six-membered aepipPNA monomer in 

both (2S,5R) and (2R,5S) enantiomeric forms fit into the aegPNA backbone with 

increased Tm of the derived complexes with DNA.  

 

Chapter 3: Applications of bisPNA for Targetting Complementary DNA: Effect 

of N7G in aeg/aepPNA Backbone. 

BisPNAs are obtained where 

two strands of homopyrimidine 

PNAs are connected by a 

flexible linker molecule. 

BisPNAs bind to double-

stranded (ds) DNA by strand 

invasion leading to so-called P-

loop complexes. Such PNAs 

can in principle be used to 

distinguish parallel and 

antiparallel binding of complementary DNA.  

The work presented in this chapter involves synthesis of bisPNAs containing 

N7-substituted guanine (N7G), having the two arms of PNA joined by neutral 

5' 3'

C

N

Bis PNA:DNA
      parallel

DNA

parallel (HG)

antiparallel (WC)

3' 5'

C

N

DNA

parallel (HG)

antiparallel (WC)
Bis PNA:DNA
  antiparallel

loop

Figure 1. Triplex formation with bisPNAs  



  

tetraethylene glycol linker (TEG) (Figure 1). The introduction of chiral, cationic 

aminoethylprolyl units with the C+ mimic N7G was introduced into the backbone of 

bisPNAs to examine its influence on the recognition of complementary DNA in an 

orientation-selective manner. The process of strand invasion of target DNA duplex by 

these modified bisPNAs is followed by a fluorescence assay, to compare the kinetics 

of invasion by different polypyrimidine (C/T) and purine-pyrimidine (N7G/T) 

mixmer-bisPNAs.  

3.1. Synthesis of tetraethylene glycol linker and N7G aeg/aepPNA monomers. 

The TEG linker (2) was synthesized from tetraethylene glycol 1 using usual 

protection/deprotection chemistry. The PNA-N7G monomers (4 & 6) and the 

appropriately protected PNA-C (7) monomers were prepared as shown in Scheme 3. 
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The monomers were incorporated at appropriate positions in the PNA sequences 8-11 

(Figure 2) along with the monomer 2 to introduce tetraethylene glycol linker between 

the two polypyrimidine arms A and B. After the assembly, the PNA oligomers were 

deprotected-cleaved from the resin by TFMSA-TFA, purified by HPLC and 

characterized by MALDI-TOF mass spectrometry.  

3.2. UV-Tm studies on hairpin PNA-DNA triplexes. The oligodeoxynucleotides 12 

and 13, identical in sequence but reversed in 5’-3’ direction, were used to probe the 

parallel/antiparallel binding preferences by UV melting experiments at pH 5.8 and 

7.4. The control bisPNA 8 having aegPNA-C units as X in arm A binds to either 

DNA 12 or DNA 13 with little different affinities at pH 7. At acidic pH 5.8, a higher 

Tm was seen with DNA 13 as expected from N3 protonation of cytosine. 

 

Table 3. UV -Tm of bisPNA-DNA complexes
a
 

Entry PNA DNA 12 
pH 7.3 pH 5.8 

DNA13 
pH 7.3 pH 5.8 

1 8 21 29 27 42 

2 9 32 29 44 41 

3 10 23 49 42 52 

4 11 38 30 41 44 
aUV Tm data (oC) for PNA:DNA complexes with DNA 12 
and 13. Experiments were performed in 10 mM sodium 
phosphate buffer, pH 7.3 and 5.8.  

Figure 2. Design of hairpin bisPNAs. 
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The replacement of aegPNA-C at X in arm A by the C+ mimic aegPNA-N7G 

(PNA 9) gave complexes of different stabilities with the target DNA strands 12 and 

13 with the preference for antiparallel orientation over the parallel orientation of arm 

A as in complex 9:13. In contrast to the achiral aegPNA units, introduction of a chiral 

aepPNA-C unit as X in arm A in 10 leads to a stronger binding with DNA 13 at pH 

7.3. At acidic pH (5.8), the stability was further enhanced in case of both DNA 12 and 

13, as expected from the protonation of N3 in cytosine. PNA 11 containing the chiral 

aepPNA-N7G unit as X in arm A also exhibited a slightly antiparallel preference to 

bind DNA 13 over parallel DNA 12 at neutral pH conditions with more relative 

stability at acidic pH 5.8. The overall results suggest that hairpin bisPNAs having 

chiral units bind to DNA 13 (parallel HG, antiparallel WC) better than DNA 12 

(antiparallel WC, parallel HG). 

3.3. Fluorescence assay for strand invasion. The effects of nucleobase and 

backbone modifications of bisPNAs on the kinetics of strand invasion of a 

complementary DNA duplex 12:14 and 13:15 were studied by ethidium bromide 

displacement assay (Figure 4). The DNA duplex 12:14/13:15 was saturated with 

ethidium bromide and the kinetics of the strand invasion process was examined by 

monitoring the fluorescence emission decay at 590nm (λex 490nm) as a function of 

time after individually adding the four PNAs 8-11 for over 60 hours. 
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 The emission intensity monitored in each case over 60 hours showed exponential 

decrease at different rates followed by reaching a plateau (Figure 4). Interestingly as 

compared to the cationic peptide linker, the decay profile of polyoxyethylene 

bisPNAs was not monophasic, but could be fitted into biexponential decay, 

suggesting that strand invasion is a two-step process. This is in agreement with earlier 

conclusions based on electrophoretic studies: first step, DNA 12/13 forming HG 

pairing with arm A of bisPNAs 8-11 in a parallel binding motif and the second step 

leading to formation of WC pairing in antiparallel fashion.  

 

Chapter 4A: Synthesis and biophysical evaluation of Fluorescent PNAs. 

2-Aminopurine is a fluorescent isomer of adenine (6-aminopurine). The 

incorporation of 2-aminopurine into PNA would lead to fluorescent PNA with useful 

attributes. Selective excitation of 2-aminopurine in presence of standard bases (A, C, 

T or G) makes it ideal for use as a label, to study local environment changes resulting 

from PNA binding with DNA and other ligands. This chapter describes PNA-DNA 

hybrid formation by monitoring changes in 2-aminopurine fluorescence. The desired 

PNA monomer 3 carrying a 2-aminopurine moiety was synthesized in two steps 
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(Scheme 4) starting from the previously known compound ethyl N-(2-amino-6-

chloropurin-9-ylacetyl)-N-(2-butoxycarbonyl-aminoeth-yl)-glycinate 1. This mono-

mer was directly incorporated into PNA oligomers 4 to 11. The complementary 

oligonucleotides 12 and 13 designed for parallel and antiparallel PNA·DNA duplexes 

were synthesized on an automated DNA synthesizer. 

 

4  H2N–T A T T A T T A T T A* T T–CONHCH2CH2CO2H  
5  H2N–T A T T A T T A* T T A T T– CONHCH2CH2CO2H 
6  H2N–T A T T A* T T A T T A T T– CONHCH2CH2CO2H 
7  H2N–T A* T T A T T A T T A T T– CONHCH2CH2CO2H 
8  H2N–T A T T A T T A T T A* T T–CONH-Spermine  
9  H2N–T A T T A T T A* T T A T T–CONH-Spermine  
10 H2N–T A T T A* T T A T T A T T–CONH-Spermine  
11  H2N–T A* T T A T T A T T A T T–CONH-Spermine  
12 DNA   5' A T A A T A A T A A T A A 3' 
13 DNA   3' A T A A T A A T A A T A A 5' 
A* = 2-aminopurine  

PNA:DNA duplex formation: Fluorescence studies: The 2-aminopurine PNA 

monomer (3) and the PNA oligomers (4-11) exhibited fluorescence emission with 

maxima at 371nm upon excitation at 308nm. The fluorescent PNAs 4-7 upon binding 

to its cDNA 13 affected a decrease in fluorescence intensity indicating a successful 

hybridization. Similar behavior was obtained with sp-PNA conjugate 8-11 

incorporating 2-aminopurine upon addition of cDNA 13.  

 The strength of PNA self-organisation and PNA-DNA binding was also studied 

by temperature dependent fluorescence experiments. Upon heating, both fluorescent 

intensity of PNA alone and PNA:DNA duplex showed a gradual decrease.  
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The kinetics of PNA:DNA  hybridization process was examined by 

monitoring the fluorescence emission decay at 371nm as a function of time after 

mixing 2-aminopurine PNA (4-11) with the complementary, antiparallel DNA (13).  

Fluorescence Anisotropy: A higher fluorescence anisotropy and polarization value 

implies that the fluorophore is more rigid. The polarization and anisotropy values of 

2-aminopurine fluorescence was measured as a function of temperature for both PNA 

4-11 and PNA:DNA duplex (4-11:13). The observed overall changes in anisotropy of 

2-aminopurine PNA upon mixing with DNA and/or heating, suggests its utility for 

monitoring such dynamic events.  

This section demonstrates the incorporation of intrinsically fluorescent 2-

aminopurine to monitor the binding property of PNAs with the cDNA and to follow 

the accompanying structural changes.  

 

Chapter 4B: Induction of chirality in achiral aeg PNA. 

In order to examine the influence of imparting chirality to intrinsically non-

chiral PNA and its effect on the induction of PNA helical structures and stability of 

the PNA-DNA hybrids. Chiral ligand conjugated PNAs were synthesized and the 

complexes were studied by UV-Tm and CD specroscopy.  

                 Table 4. UV-Tm(°C) of DNA:PNA2 complexes* 

 PNA 

1    14,  H- T T  T  T  T  T  T   T –L-Pro-(β-Ala)-OH 
2    15,  H- T  T  T  T  T  T  T  T –D-Pro-(β-Ala)-OH 
3    16,  H-L-Pro-T  T  C  T  C  T  T   T –(β-Ala)-OH 
4    17,  H-D-Pro- T  T  T  T  T  T  T   T –(β-Ala)-OH 
5    18,  H- T  T  T  T  T  T  T   T –(β-Ala)-OH 

The chiral amino acids D and L-Proline were introduced at N and C-terminus 

of PNA octamers 14-17 (Table 5 entry 1-4) and the effect on derived PNA:DNA 

hybrids were examined by UV-Tm and CD spectral analyses. This section describes 

observed results in terms of preferred helicity induction in PNA by terminal 

stereogenic amino acids.  

 

 



  

Chapter 5: Applications of isothermal titration calorimetry to study 

biomolecular interactions: aeg/aep/aepipPNAs:DNA hybrids, enzyme/nucleosides 

binding to nanoparticles, and chiral recognition of DNA by amino acid-modified 

gold nanoparticles. 

Molecular recognition is a complex, fundamental process; essential for 

existence of life and hence understanding the thermodynamics governing such 

processes is of enormous interest. The isothermal titration calorimetry (ITC) has now 

become a valuable tool for measurement of thermodynamic data relating to molecular 

associations. In a single experiment, ITC gives information on the association 

constant (Ka), stoichiometry (n), free energy (∆G°), enthalpy (∆H°) and entropy (∆S°) 

of binding.  

(I) Thermodynamic study of PNA/DNA interactions. 

Despite much research in characterizing PNA/DNA interactions, the 

thermodynamic data on PNA/DNA hybridization interactions have been largely 

determined so for indirectly from UV-melting studies. In this section the aim is to 

evaluate the different thermodynamic parameters [enthalpy (∆H), binding entropy 

(∆S), binding constant (k), and Gibb’s free energy (∆G)] for interactions of modified 

PNA with DNA by ITC. The isothermal titration calorimetry experiments were done 

with aep and aepipPNAs synthesized in chapter 2 with their complementary DNAs 

(Table 5). The results are discussed in relation to structural modifications. 

 Table 5. Thermodynamic quantities for PNA/DNA hybridization reactions from ITC measurements. 

ITC (kcal/mole) PNA aepipPNA (2S,5R) Uv-Tm 

(
0
C) -∆∆∆∆H  -∆∆∆∆G T∆∆∆∆S 

1    H-tTTTTTTT–(β-Ala)-OH 43.0 108 44.9 -63 
2    H-TTTTTTTt–(β-Ala)-OH 48.0 89 45.6 -43 

3    H-tTCTCTTT–(β-Ala)-OH 60.0 61 47.4 -14 

4    H-ATGtTCTCTTT–(β-Ala)-OH 57.8 89 47.0 -42 

5    H-TTTTTTTT–(β-Ala)-OH 43.0 134 44.9 -89 

6    H-TTCTCTTT–(β-Ala)-OH 51.0 89 46.0 -43 

7    H-ATGTTCTCTTT–(β-Ala)-OH 51.2 90 46.1 -43 

               aepPNA (2S,4S) 

8    H-t t t t t –(β-Ala)-OH 37.5 50 44.1 -6 

9    H-t t t t t t t –(β-Ala)-OH >85 60 50.9 -9 



  

10    H-tTTTTT–(β-Ala)-OH 42.5 13 44.9 32 

11    H-TTTt TT–(β-Ala)-OH 45.2 28 45.2 17 

12    H-TTTTTt –(β-Ala)-OH 42.4 13 44.8 32 

13    H-TTTTT–(β-Ala)-OH 21.0 35 41.8 7 

14    H-TTTTTTT–(β-Ala)-OH 32.6 72 43.4 -28 

15    H-TTTTTT–(β-Ala)-OH 26.2 64 42.5 -21 

The ITC results are rationalised in relation to thermal stabilities seen by UV-Tm. 

 (II) Nucleosides binding on keggin nanoparticle.  

DNA-based nanotechnology has generated considerable interest in a number of 

applications due to the specificity, programmability and reproducibility of DNA 

interaction with nanoparticles. Keggin ions are polyoxometalates, which are well, 

defined metal-oxygen cluster anions. They participate in catalytic redox processes as 

electron relays. Similar applications can be envisaged for the keggin ions and DNA 

nucleosides. We show here that ITC may be used to directly observe the energetics of 

interaction of the DNA nucleosides with keggin ions. The ITC data (Figure 6) shows 

that strength of interaction of the nucleosides decreases in the order dA > dG > dC > 

dT indicating that exocyclic amine groups may be responsible for binding as in case 

of aqueous Au-NPs. The observed differential binding strengths of the four 

nucleosides may be useful to develop suitable strategies of designing oligonucleotides 

for interaction with ligands.     

 

 

Figure 6. ITC data recorded for Keggin- DNA nucleosides interactions A – D correspond to keggin 
interaction with nucleosides C, A, G and T respectively.  
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(III) Chiral recognition of DNA by amino acid-modified gold nanoparticles.  

As part of ongoing investigation into the use of ITC in nanobioconjugate 

chemistry, we address the following question: can ITC differentiate between 

recognition interactions occuring on the surface of nanoparticles based on the chirality 

of the nanoparticle surface? A preferred handedness (chirality) on the surface of gold 

nanoparticles may be induced by modifying the surface of the nanoparticles through 

chiral capping ligands such as L- or D-lysine. 

  We studied the interaction of chiral DNA templates with the L- and D-lysine 

modified gold nanoparticles by ITC. D-lysine modified gold nanoparticles that are 

positively charged were found to bind more strongly to negatively charged DNA than 

the L-lysine modified nanoparticles. This suggests a chirality-based recognition of the 

modified gold nanoparticle surface by DNA. In addition to ITC, the differential 

interaction of L- and D-lysine-modified gold nanoparticles before and after 

complexation with DNA have also been studied by circular dichroism CD 

spectroscopy and results are presented.  

(IV) Study of Fungal protease binding on gold nanoparticles. 

 Immobilization of biomolecules on different surfaces provides novel biomaterials 

that have useful applications in the areas such as immunosensors and biomedical 

devices. Such encapsulation protects the biomolecules e.g. enzymes against 

degradation, aggregation and deamidation while rendering the enzymes accessible to 

substrates and co-factors for biosensing and biocatalytic applications. Gold 

nanoparticles are biocompatible, bind readily to a range of biomolecules such as 

amino acids, proteins/enzymes, and DNA and expose large surface areas for 

immobilization of biomolecules.  

In this section ITC is used to measure interactions between the fungal protease 

(F-prot) in solution and gold nanoparticle bioconjugates with the substrate 

haemoglobin (Hb). It was observed that the interactions between the free enzyme and 

haemoglobin in solution are strong as compared to the enzyme-gold nanoparticle 

conjugates (Figure 7, 8). CD spectroscopy was used to monitor the changes in 

secondary structures of the F-prot in the bioconjugates as compared with the free 

enzyme in solution. These studies indicate that the altered secondary structure of the 



  

enzyme in the bioconjugates may cause weak interactions with the substrate 

compared with the free enzyme in solution and related to decrease in its biocatalytic 

activity. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. ITC titration data describing the 
interaction of substrate Hb with free enzyme F-
prot in solution and in immobilized form at pH 3.  
 

Figure 8. (A), (B) and (C), (D) 
Representative TEM images of gold and 
F-prot gold nanoparticle bioconjugate.  
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1.1. INTRODUCTION 

DNA is the basic hereditary material in cells and contains all the information 

necessary to make proteins. DNA is a linear polymer that is made up of nucleotide 

units. The nucleotide unit consists of a base, a deoxyribose sugar, and a phosphate. 

There are four types of bases: adenine (A), thymine (T), guanine (G), and cytosine 

(C). Each base is connected to a sugar via a β�glycosyl linkage. The nucleotide units 

are connected via the O3' and O5' atoms forming phosphodiester linkages. In normal 

DNA, the bases form pairs: A to T and G to C, which is “complementarity” principle. 

Two complementary chains that are arranged in an antiparallel manner form a duplex 

of DNA. The results of fiber and single crystal x-ray crystallographic studies have 

shown that DNA can have several conformations. The most common one is called B-

DNA, which is a right-handed double helix with a wide major groove and narrow 

minor groove. The bases are perpendicular to the helix axis. DNA can also exist in the 

A form, in which the major groove is very deep and the minor groove is quite 

shallow. A very unusual form of DNA is the left-handed Z DNA. In this DNA, the 
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basic building block consists of two nucleotides, each with different conformations.1 

The recognition of DNA or RNA sequences by complementary oligonucleotides is a 

central feature of molecular biology and biotechnology and is important for 

hybridization-based biological applications. 

 

1.2. GENE BASED THERAPEUTIC DRUG DESIGN 

 Zamecnik and Stephenson2 were the first to propose, in 1978, the use of synthetic 

antisense oligonucleotides for therapeutic purposes. They used a 13-mer 

oligonucleotide that was complementary to the RNA of Rous sarcoma virus to inhibit 

the growth of this virus in cell culture. The principle mode of action of these modified 

oligonucleotides (ODNs) is through binding via Watson-Crick base pairing3 to a 

specific mRNA sequence associated with a diseased state. The subsequent inhibition 

of the translational event leads to inhibition of synthesis of corresponding disease 

causing protein (antisense strategy).4 The process of binding of the oligonucleotides to 

a complementary nucleic acid is called hybridization. In addition, the binding of an 

ODN can also inhibit transcription to a duplex DNA via formation of triple helix 

(antigene strategy)5 (Figure 1).   

Figure 1: Antisense and antigene technology. 



  

In the ‘antigene’ concept, similar to antisense approach, the therapeutic 

oligonucleotide is targeted to the complementary duplex DNA principally through 

Hoogsteen base pairing6 (Figure 2). This leads to inhibition of DNA transcription and 

replication.  

 Antisense oligonucleotides (AS-ONs) usually consist of 15–20 nucleotides, 

which are complementary to their target mRNA. As illustrated in Figure 3, two major 

mechanisms contribute to their antisense activity. The first mechanism is inhibition of 

translation by steric blockade of the translation machinery7 by the bound AS-ONs. 

The second mechanism is activation of RNase H, which specifically cleaves the RNA 

moiety of a DNA/RNA heteroduplex and thereby leading to degradation of the target 

mRNA.  

A) Blocking of Translation: 

 

 

 

 

Figure 2. a) Watson-Crick hydrogen-bonding scheme for G:C base pairs and b) 
Hoogsteen base pairing scheme for C:G base pairs. 
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B) RNase H Clevage: 

1.2.1 Advantages of Oligonucleotides for Chemical Genetics  

Nucleic acids possess significant advantages as chemical genetic tools for 

manipulating cellular processes.8,9 The most obvious advantage is use of a target gene 

sequence to design the complementary oligonucleotide as a high-affinity ligand. 

Among the several possible sequences, particular sequences are chosen based on 

some empirical rules or by “mRNA walking” protocols of various sequences for 

activity. The automated synthesis of ONs makes it possible to obtain hundreds of 

oligonucleotides for large-scale investigations of genome function, whereby potent 

inhibitory oligonucleotides are identified and tested. Oligonucleotides that contain 

mismatched bases can serve as controls to establish the mechanism and specificity of 

the observed phenotype. A practical hope for therapeutic development is that one 

oligonucleotide, Fomivirsen, is FDA approved antisense drug, demonstrating the 

“proof of concept” of this class of molecules to advance through the stringent 

regulatory process, while several others are in clinical trials.8,9 Clinical experience 

demonstrates that oligonucleotides can be efficacious and can be synthesized on large 

scale for systemic administration. Oligonucleotides have become a realistic option for 

Figure 3. Mechanisms of antisense activity. (A) Translational arrest by blocking the 

ribosome. (B) RNase H cleavage induced by (chimeric) antisense-oligonucleotides.  



  

therapy, and their favorable properties will reduce the time needed to translate a lead 

compound into a drug that can be tested in the clinic. In antisense therapeutic strategy 

a different “drug” means a different “sequence” of oligonuleotide. 

 

1.3. ANTISENSE-OLIGONUCLEOTIDE MODIFICATIONS 

 One of the major challenges for antisense approaches is the stabilization of ONs, 

as unmodified oligodeoxynucleotides are rapidly degraded in biological fluids by 

nucleases, lack the ability to penetrate through the cell membrane and possess 

relatively poor water solubility. In order to overcome all these limitations it is 

necessary to chemically modify the oligonucleotides in a suitable manner. One-

modification strategies include appending with polyamines and cationic peptides to 

increase the aqueous solubility and improve binding to the target DNA. Several other 

types of chemically modified nucleotides10 have been used in antisense experiments. 

In general, three types of modifications of oligonucleotides can be distinguished 

(Figure 3): analogs with unnatural bases modified sugars (especially at the 2’ position 

of the ribose) or altered phosphate backbones.11 
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1) ‘First generation’ antisense-oligonucleotides 

Phosphorothioate (PS) oligodeoxynucleotides are the major 

representatives of first generation DNA analogs that are the best-

known and most widely used AS-ONs to date.12 In this class of ONs, 

one of the nonbridging oxygen atoms in the phophodiester bond is 

replaced by sulfur. PS DNA ONs were first synthesized in the 1960s 

by Eckstein and colleagues13 and were first used as AS-ONs for the 

inhibition of HIV. In addition to nuclease resistance, PS DNAs form regular Watson–

Crick base pairs, activate RNase H, carry negative charges for cell delivery and 

display attractive pharmacokinetic properties. But the major disadvantage of PS 

oligodeoxynucleotides is their non-specific binding to certain proteins, particularly 

those that interact with polyanions such as heparin-binding proteins. 

Phosphorothioates are chiral at P and this leads to problems in stereospecific 

synthesis. 

2) ‘Second generation’ antisense-oligonucleotides 

The problems associated with 

phosphorothioate oligodeoxynucleo-

tides are to some degree solved in 

second generation ONs containing 

sugars with O-alkyl modifications at 

the 2’ position of the ribose. 2’-O-

methyl and 2’-O-methoxy-ethyl RNA are the most important members of this class of 

ONs. AS-ONs made of these building blocks are less toxic than phosphorothioate 

DNAs and have a slightly enhanced affinity towards their complementary RNAs.14,15 
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These desirable properties are, however, counterbalanced by the fact that 2’-O-alkyl 

RNA cannot induce RNase H cleavage of the target RNA. Mechanistic studies of the 

RNase H reaction has revealed that a correct geometry of the minor groove of the AS-

ON:RNA duplex (closer to A-type rather than B-type), flexibility of the AS-ON and 

availability of the 2’-OH group of the RNA are essential for efficient RNase H 

cleavage.16 Hence modifications that affect these parameters are poor activators of 

RNase H. 

3) ‘Third generation’ antisense-oligonucleotides 

 In recent years a variety of modified nucleotides have been developed to 

improve properties such as target affinity, nuclease resistance and pharmacokinetics. 

The concept of conformational restriction has been used widely to enhance the 

N

NH

B

O

O

B
O

O

P

O

OO
-

O
B

H

O

P

O

OO
-

O

O

NH

B

PO O

O

-

O

O

O

B

PO O

O

F

-

O

O

O

B

PO O

O

O

N

OO B

O

P

O

NO

Tricyclo-DNA
    (tc-DNA)

Morpholino Phosphoroamidate
                   (MF)

Locked Nucleic acid
           (LNA)

N3'-N5' Phosphoramidate
              (NP)

2'-fluoro-arabino nucleic acid
               (FANA) 

Cyclohexene nucleic acid
           (CeNA)

aeg PNA  

α

α'

β'

-
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binding affinity and biostability. In comparison to the previous strategies of first 

generation phosphorothioate DNA and second-generation 2’-O-alkyl-RNA, the ‘third 

generation’ antisense agents comprise of modifications that are directed to 

conformationally preorganize the monomer structure towards that found in oligomers 

(Figure 5). DNA and RNA analogs with modified phosphate linkages or riboses as 

well as nucleotide analogs/mimics with a completely different chemical backbone 

substituting the furanose ring have 

been developed. Some examples are 

shown in Figure 5. In LNA, the 

conformations of the flexible 

deoxyribose rings determine the 

overall structure of a (deoxy)ribo 

nucleic acid duplex. Duplexes in A-

type conformation contain nucleotides with an N-type (C3'-endo) sugar conformation 

while B-type duplexes contain nucleotides with an S-type (C2'-endo) sugar 

conformation.17 Due to the low energy barrier between these two conformations [~2 

kcal/mol] nucleotides are not trapped completely in either conformation, but rather 

exist in a fast equilibrium.  

Some of third generation antisense oligonucleotides like LNA, MF and PNA 

have shown new promising biological activity with high potential for development as 

antisense drugs. 
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1.4. PEPTIDE NUCLEIC ACIDS 

Peptide nucleic acids (PNA) have been known for almost fifteen years and 

during this time, some but not all of the promises expected from this molecule have 

materialized. Most important property of PNA is the high affinity binding of 

complementary DNA and RNA sequences with Watson-Crick base pairing 

mechanism and without compromising the sequence specificity. Most success has 

been achieved with diagnostic use of PNA oligomers in hybridization (in particular in 

situ hybridization) and PCR (polymerase chain reaction) based technologies.18,19,20 

The development of PNA oligomers into gene therapeutic drugs is still in its infancy. 

However, major progress - in particular concerning cellular delivery - has been made 

within the past couple of years.21,22 The stability of PNA to nucleases and proteases is 

expected to increase its bioavailability within the cell to favour target binding. 

 Not surprisingly, the very simple structure of PNA in combination with its 

impressive DNA (I) mimicking properties was an immediate inspiration and open 

invitation for synthetic organic chemists to make derivatives and analogues of 

aminoethyl glycinyl PNA (II). The aim was towards a better understanding of the 

physico-chemical properties of this molecule as well as efforts to improve its 
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"biological" properties.18 PNAs recognize complementary DNA/RNA by Watson-

Crick hydrogen bonding and are true DNA mimics in terms of base-pair recognition. 

PNAs being peptides possess amine and carboxy termini instead of 3' to 5' polarity of 

DNA and can bind DNA/RNA in either parallel or antiparallel modes. [Although 

PNA does not show predominant preferences for binding DNA/RNA in either 

direction, in general the antiparallel mode is slightly preferred over the parallel one.23] 

In the antiparallel mode the PNA 'N' terminus is towards the 3'- end and the 'C' 

terminus, towards the 5'- end of the complementary DNA/RNA oligonucleotide. The 

parallel mode of binding consists of PNA 'N' terminus being towards the 5'- end with 

the 'C' terminus towards the 3'- end of the complementary DNA/ RNA 

oligonucleotide (Figure 6). 

1.4.1. Peptide nucleic acid (PNA): Targeting Double Stranded DNA 

 PNA was originally conceived as a mimic of a triplex forming oligonucleotide.17 

However, despite being an extremely efficient structural mimic of DNA (or RNA), 

homopyrimidine PNAs do not bind very efficiently to double stranded DNA targets 

by triplex formation, but through a very interesting alternating mechanism: duplex 

invasion (Figure 7).24  

During this process, the complementary PNA binds to duplex and displaces 

the existing complementary DNA strand followed by binding of a second PNA strand 

to form PNA2:DNA triplexes.25  

PNA

DNA

PNA

DNA
5' 3'5' 3'

N CNC

parallel modeantiparallel mode

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



  

1.4.2. PNA complex stability 

Duplexes between PNA and DNA or RNA are in general thermally more 

stable than the corresponding DNA-DNA or DNA-RNA duplexes.22,26 The sequence 

dependence of the stability is more complex than that found for DNA-DNA 

complexes because of the inherent asymmetry of the duplex. In fact PNA-DNA 

duplexes show significantly increased stability when purines are in the PNA strand. In 

addition to the G-C content, the stability of PNA:DNA duplexes also depends on the 

purine fraction of the PNA strand as expressed in the empirical formula derived for 

the thermal stability of PNA-DNA duplexes.27 

In general it is observed that the thermal stability of PNA-PNA duplexes 

exceeds that of PNA-RNA duplexes, which are more stable than PNA-DNA duplexes. 

Importantly the stability of PNA-DNA duplexes are almost unaffected by the ionic 

strength of the medium (actually the stability decreases slightly with increasing Na+ 

concentration due to counterion release upon duplex formation). This is in sharp 

contrast, of course, to the behavior of DNA-DNA (or RNA) duplexes, the stability of 

a b c d

Figure 7. Strand invasion complexes a. Triplex invasion b. Duplex 
invasion c. Double duplex invasion d. Third strand binding forming a 
PNA:DNA2 complex. 



  

which decreases dramatically at low ionic strength because of the requirement of 

counterion shielding of the phosphate backbone.28 

PNA hybridization kinetics have been studied by BIAcore technology and the 

results indicate no major difference in PNA and DNA hybridization duplex 

formation.26 Though PNA2:DNA triplexes exhibit extraordinary high stability, the rate 

of formation of such ternary triplexes is slow giving rise to significant hysteresis in 

the thermal transition. 

1.4.3. Structure of PNA complexes 

So far the three-dimensional structures of four PNA complexes have been 

determined. The PNA-RNA29 and PNA-DNA30 duplex structures were determined by 

NMR methods, while the structures of a PNA2DNA triplex31, PNA-PNA duplex32 and 

PNA-RNA duplex were solved by X-ray crystallography. Several general conclusions 

can be drawn from these structural studies (Figure 8).  

Figure 8: Structures of PNA complexes shown in side view (a) and top view (b). The 
complexes from left to right are PNA:RNA, PNA:DNA, PNA:DNA:PNA and PNA:PNA. 

a 

b 



  

PNA is able to a great extent to adapt to its partner’s conformation in the 

complexes. In the PNA-RNA and PNA-DNA duplexes the oligonucleotide adopts 

close to its natural A and B-conformations respectively in terms of sugar puckering, 

while the helix parameters have both A and B-form characteristics. The PNA 

however, prefers a unique, different helix form, the P-form, which is adapted to some 

extent in the PNA2:DNA triplex and completely in the PNA-PNA duplex. This P-

helix is very wide (28Å diameter) and has a very large pitch (18 base pairs). In terms 

of base pair conformations it is a very regular helix, and the base pairs are virtually 

perpendicular to the helix axis. 

 

1.5. CHEMICAL MODIFICATIONS OF PNA 

The structure of the classical PNA monomer has been subjected to a variety of 

rational modifications with the aim of understanding the structure-activity relationship 

in this class of DNA mimics as well as obtaining PNA oligomers with specifically 

improved properties for various applications in medicine, diagnostics and molecular 

biology. The limitations of PNA for such applications include low aqueous solubility, 

ambiguity in DNA binding orientation and poor membrane permeability. Structurally, 

the analogues can be derived from modifications in the ethylenediamine or glycine 

part of the monomer, linker to the nucleobase, the nucleobase itself or a combination 

of the above. The strategic rationale behind the modifications are (i) introduction of 

chirality into the achiral PNA backbone to influence the orientational selectivity in 

complementary DNA binding, (ii) rigidification of PNA backbone via conformational 

constraint to pre-organize the PNA structure and entropically drive the duplex 

formation, (iii) introduction of cationic functional groups directly in the PNA 



  

backbone, in a side chain substitution or at the N or C terminus of the PNA to 

improve water solubility (iv) modulate nucleobase pairing either by modification of 

the linker or the nucleobase itself for effective binding at physiological conditions and 

(v) conjugation with ‘transfer’ molecules for effective penetration into cells. In 

addition to improving the PNA structure as above for therapeutics, several 

modifications are directed towards their applications in diagnostics. Some of the 

modifications are discussed below.  

The earliest and the simplest of the modifications involved extension of the 

PNA structure with a methylene group individually in each of the structural sub-units 

(aminoethyl,33 glycine34 and base linker34) of the PNA monomer. These resulted in 

PNAs with N-(2-aminoethyl)-β-alanine (Figure 9a) and N-(3-aminopropyl)glycine b 

backbone and ethylene carbonyl linked nucleobase c. However, these modifications 

resulted in a significant lowering of Tm of the derived PNA:DNA hybrids. The 

deleterious consequences of such subtle changes to the PNA structure suggested the 

high structural organization to which the original PNA structure is inherently tuned 

for interaction with DNA.  
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Figure 9. PNA modifications. 



  

 

The replacement of the tertiary amide carbonyl by a methylene group leading 

to a flexible, cationic tertiary amine monomer d resulted in a large destabilization of 

the PNA:DNA hybrids.35 The necessity of such a pseudo rigid amide group pointed to 

the importance of constrained flexibility in the backbone. 

Improvement of aqueous solubility of PNAs has been achieved by the 

introduction of charges within the molecule or by the introduction of ether linkages in 

the backbone (Figure 10).  

Making PNA anionic also aided in increasing the water solubility as in the 

case of the phosphonate analogs, but was accompanied by a decrease in the binding 

affinity to complementary nucleic acid sequence36,37,38,39,40 (Figure 11).  

The chiral versions of these analogs similar to original PNAs led to excellent 

aqueous solubility properties. PNAs composed of monomers derived from serine and 

Figure 10. Ether-linked PNA (OPNA). 
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homoserine coupled by ether linker with glycine or alanine, were able to bind 

sequence specifically to RNA, though with much weaker affinity.41, 42 

Novel class of cationic PNA (DNG/PNA), which binds to DNA/RNA targets 

with high affinity, has been also reported43 (Figure 12a). In another report, guanidium 

functional group was introduced into the PNA backbone, which exhibited remarkable 

cellular uptake properties while maintaining Watson-Crick recognition with 

complementray DNA strand44 (Figure12b). 

Another type of modification involved interchanges of various CO and NH 

groups on the peptide linkages leading to retero inverse,45-46 peptoid46 and 

heterodimeric analogs47 (Figure 13). Except for the heterodimer analogue (Figure 

13c), these exhibited a lower potency for duplex formation with complementary 

DNA/RNA suggesting that in addition to geometric factors, other subtle requirements 

such as hydration and dipole-dipole interactions influencing the environment of 

backbone, may be involved in effecting efficient PNA:DNA hybridization.  
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 Figure 12. a) PNA-DNG chimera b) GPNA. 

Figure 13. (a) Retero-inverso, (b) Peptoid and (c) Heterodimeric PNA. 
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1.5.1. Construction of bridged PNA structures  

Any favourable structural preorganization of PNA may trigger the shift in the 

equilibrium towards the desired complex form because of the reduced entropy loss 

upon complex formation, provided that the enthalpic contributions suitably 

compensate. This may be achieved if the conformational freedom in aegPNA is 

curtailed by bridging the aminoethyl or glycyl acetyl linker arms (Figure 14) to give 

rise to cyclic analogues with preorganized structures without affecting the nucleobase 

recognition ability through hydrogen bonding.  

Additionally, the introduction of chemical bridges into aegPNA to provide 

cyclic structures may help in controlling the rotameric populations by fixing the 

nucleobase orientation and also in directional selective binding by virtue of the 

chirality in the backbone. Such a structural preorganization approach using additional 

conformational constraint has been extremely successful in the case of DNA 

analogues. Prominent examples are conformationally locked nucleic acids48 or 

conformationally frozen hexitol49 and altritol nucleic acids50 (Figure 15), which have 

preorganized 3’-endo sugar conformations as prevalent in highly stable DNA-RNA 

duplexes.  
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Figure 14. Possible positions for introduction of methylene or ethylene bridges. 



  

 

1.5.2. PNA with five-membered nitrogen heterocycles 

The naturally occurring amino acid trans-4-hydroxy-proline, a five-membered 

nitrogen heterocycle with useful substitutions and well known and easily manipulated 

stereochemistry,51,52 is a versatile, commercially available starting material amenable 

for creating structural diversity to mimic the DNA/PNA structures. Many researchers 

have exploited trans-4-hydroxy-L-proline for the synthesis of a wide variety of chiral, 

constrained and structurally preorganized PNAs.  

1.5.2.1. Aminoprolyl PNA 

 The introduction of a methylene bridge between the β- carbon atom of the 

aminoethyl segment and the α’ -carbon atom of the glycine segment of the aegPNA 

resulted in 4- aminoprolyl PNA, with the introduction of two chiral centres (Figure 

16).53 The incorporation of single chiral D-trans- and L-trans-prolyl PNA monomeric 

units in the PNA oligomers at the N-terminus resulted in discrimination of 

parallel/antiparallel binding orientation preferences towards the target DNA 
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Figure 15. a) Locked 3’-endo conformation in LNA; b) frozen 3’-endo conformation 
in hexitol and altritol NA. 



  

sequences. A backbone combining aegPNA alternating with L-trans-4-aminoprolyl 

PNA was later shown to bind to the target sequences with higher affinity than the pure 

aegPNA oligomers.54 Efforts directed towards releasing the structural strain in 

aminoprolyl PNA resulted in the synthesis of prolyl carbamate nucleic acids. Here the 

backbone amide bond was replaced by a carbamate linkage, extended by two 

additional atoms55 in comparison to the unmodified aegPNA oligomers. 

1.5.2.2. Gly-Pro-Peptide PNA 

Lowe et al.55 used 4-Hydroxyproline for the synthesis of a novel chiral 

prolylglycyl PNA. The methylene bridge was inserted between the α’-carbon atom of 

the glycine unit and the β’-carbon atom of the nucleobase linker of aegPNA (Figure 

17).56,57  

The tertiary amide bond in the backbone between proline and glycine units 

replaced the aminoethylglycyl backbone. The oligomers with such a backbone did not 
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bind to the target sequences, the geometry imposed by the rigidity of the system 

probably being inappropriate for correct recognition. The sequences with aegPNA 

alternating with the proline-glycine PNA unit showed reduced binding to the target 

sequences, unlike the 4-aminoproline PNA. 

1.5.2.3. Aminoethylprolyl PNA, aepPNA 

A proline-based PNA in which a pyrrolidine ring would replace the tertiary 

amide linker to the nucleobase might balance the flexibility and rigidity in the PNA 

backbone. The α’-carbon atom of the glycine unit and the β’-carbon atom of the 

nucleobase linker were joined through a methylene bridge (Figure 18).58  

The flexibility in the aminoethyl segment of aegPNA was retained, unlike that 

in the proline-glycine PNA. The oligomers comprising 4-(S)-2-(S/R) aepPNA thymine 

units showed very favourable binding properties towards the target sequences without 

compromising the specificity. The stereochemistry at the C-2 centre did not exert any 

significant effect on the binding ability of the homooligomeric sequences. 

1.5.2.4. Pyrrolidinone PNA 

 Another conformationally restricted cyclic PNA analogue was derived from a 

pyrrolidinone ring system. A methylene bridge was inserted between the α-carbon 

atom of the aminoethyl segment and the β’-carbon atom of the acetyl linker to the 

Figure 18. aepPNA. 
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nucleobase of aegPNA59 (Figure 19). The carbonyl group of the nucleobase linker 

was retained and was forced to point towards the carboxy terminus of the backbone. 

The hybridization properties of PNA decamers containing this analogue with 

complementary DNA, RNA and PNA strands were investigated. The oligomers 

incorporating the (3S,5R) isomer were shown to have the highest affinity towards 

RNA in comparison with DNA.60 

1.5.2.5. aeponePNA 

 In order to get the best characteristics from both the aegPNA and the aep-PNA, 

monomer was synthesized restoring the amide character to the pyrrolidine ring 

nitrogen via selective C5 oxidation of aep-proline derivatized intermediate61 (Figure 

20). aeponePNA oligomer stabilizes the derived triplexes with DNA but destabilizes 

the complexes formed with poly (rA).  
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1.5.2.6. Prolyl-(ββββ-amino acid) peptide PNA 

 The conformational strain in the alternating proline-glycine backbone was 

released by replacement of the α amino acid residue by different β amino acid spacers 

with appropriate rigidity.62 Novel pyrrolidinyl PNAs comprising alternate units of 

nucleobases modified with D-proline, either D/L aminopyrrolidine 2 carboxylic acid, 

(1R,2S) –2-aminocyclopentanecarboxylic acid or β alanine were synthesized (Figure 

21).63  

1.5.2.7. Pyrrolidine PNA and pyrrolidine PNA-DNA chimera  

Insertion of a methylene bridge in aegPNA, linking the α-carbon atom of the 

aminoethyl segment and the β’-carbon atom of the tertiary amide linker, afforded the 

pyrrolidine PNA.64 A fully modified (2R,4S) pyrrolidine PNA decamer formed very 

stable complexes with both DNA and RNA targets. The incorporation of the (2S,4S) 

thymine monomer into oligomers and mixed pyrimidine oligomers resulted in a 

decreased binding efficiency with the target DNA/RNA sequences. The (2R,4R) 

isomer was incorporated into a PNA:DNA dimer amenable to the synthesis of 

PNA:DNA chimeras. The chimeric PNA:DNA bound to the target DNA with 

decreased efficiency relative to the native DNA. 

Figure 21. a) Prolyl-2-amino-cyclopentanecarboxylic acid, b) Prolyl-β-alanine. 
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Comparative complexation of PNA oligomers incorporating diastereomeric 

pyrrolidine monomers65 having nucleobases T, A, G and C with complementary DNA 

and RNA sequences, It is found that (i) (2R,4S )-PNA oligomers that stabilize 

PNA2:DNA homopyrimidine:homopurine triplexes destabilize the mixed 

pyrimidine:homopurine duplexes, (ii) the presence of (2S,4R) and (2R,4R) 

stereoisomers affects enhanced DNA duplex stability, (iii) cis-(2S,4S ) and -(2R,4R) 

remarkably enhance PNA:RNA duplex stability. 

1.5.2.8. A cyclopentane conformational restraint for a peptide nucleic acid 

 Based on molecular modelling studies (S,S) cyclopentadiamine ring was used for 

conformational restraint of the C2-C3 dihedral angle of the PNA backbone. The trans 

cyclopentane modification improves the stability of PNA-DNA triplexes and PNA-

RNA duplexes for a poly-T PNA.66 Recently cyclopentyl PNAs67,68 having cis and 

trans isomers have been reported (Figure 22). The results suggest that these have a 

stereochemistry dependent stabilization effect on binding both DNA and RNA. The 

cpPNAs have a better selectivity for mismatch DNA sequence and a higher binding to 

complementary DNA sequence than the unmodified PNA.  

1.5.2.9. bepPNA 
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Figure 22. Cyclopentyl PNA. 



  

One-carbon extended conformationally constrained pyrrolidine PNA monomer 

(bepPNA) has been synthesized, incorporated into PNA sequences at predefined 

positions, and showed selective RNA binding properties (Figure 23).69 

1.5.3. PNA with six membered ring structures 

Six-membered ring structures exhibit unique conformational preferences, and 

the binding abilities of hexose sugar phosphate containing oligonucleotide have been 

extensively studied by Eschenmoser et al.70 The ability of morpholino,71 hexitol,72 and 

cyclohexene oligonucleotides73 to bind to DNA/RNA are well established and are 

dictated by the conformational preferences of the six membered ring structures. 

Conformations in the six membered ring structures are rigid, in contrast to the 

relatively flexible five membered ring, and hence their influence on the stability of the 

resulting PNA-DNA/RNA complexes may be expected to make important 

contributions to the stabilities of the DNA/RNA complexes.  

1.5.3.1.Glucosamine nucleic acids, GNAs 

 The six membered glucosamine ring appeared to fulfill the requirement of 

optically pure and constrained conformational scaffolding for the attachment of 

nucleobases (Figure 24). The homopyrimidine and mixed base sequences using GNA 

monomer were constructed. The binding affinities and selectivities of these oligomers 

to DNA and RNA targets indicated selective recognition of RNA by Watson–Crick 

Figure 23. bepPNA. 
 

N

B

NH

O

**
+



  

hydrogen bonding.74 The entropy changes were found to be smaller for GNA-

DNA/RNA than for DNA-DNA/RNA, consistent with idea that the GNA oligomer 

was preorganized for binding to the target sequences.  

1.5.3.2. Piperidinone PNA 

 Introduction of an ethylene bridge between the α carbon atom in the ethylene 

diamine and β’ carbon atom and acetyl linker resulted in a six-membered ring 

structure – piperidinone PNA75 (Figure 25). (3R,6R) and (3S,6R) adenine monomers 

were synthesized and incorporated into aegPNA which resulted in a large decrease in 

the duplex stability.  

1.5.3.3. Cyclohexyl PNA 

 Introduction of conformational constraint in the aegPNA resulted in the chiral 

cyclohexyl-derived backbone76 (Figure 26). The aminoethyl segment of the aegPNA 

was replaced with a 1,2 diaminocyclohexyl moiety, either in the (S,S) or (R,R) 

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

 Figure 24. GNA. 
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with DNA or RNA, with little effect on thermal stability. Molecular modeling studies 

reveled that (S,S) isomer can be accommodated more easily in duplex than (R,R) 

isomer. In contrast, incorporation of the (R,R) isomer  resulted in a drastic decrease in 

the stability of PNA-DNA/RNA complexes. The complexes formed by the two 

isomers were of the opposite handedness, as evident from CD spectroscopy.  

Recently, synthesis of ethyl cis–(1S,4R/1R,2S)-2-aminocyclohex-1-yl-N-

(thymin-1-yl-acetyl)glycinate via enzymatic resolution of the trans-2 azido 

cyclohexanols has been reported.77 The crystal structure of intermediate showed 

equatorial disposition of the tertiary amide group, with the torsion angle β in the range 

60°-70°. UV-Tm experiments showed that (1S,2R) isomer preferred to bind RNA and 

(1R,2S) isomer showed higher affinity towards DNA in homothymine sequences 

leading to stereodiscrimination in recognition of DNA and RNA.66   

1.5.3.4. Chiral piperidine PNA 

 This PNA analog takes advantage of the conformationally frozen six-membered 

ring (Figure 27) having substituents in definite preferred orientations with respect to 

each other.78 DNA complementation studies of the modified PNAs by UV-Tm 

measurements indicate that these PNAs form stable PNA2:DNA complexes. The 

tertiary ring nitrogen is protonatable at physiological pH and may add favorable 
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Figure 26 Cyclohexyl PNA. 
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therapeutic features to the oligomers, as the positive charges in the backbone are 

known to aid cellular uptake.  

1.5.3.5. [(Aminoethyl) amino] cyclohexanoic acid 

Rigidity was introduced into the aegPNA by replacing the glycyl segment in 

the backbone by α amino cyclohexanoic acid79 (Figure 28). Incorporation of these 

monomers into oligomers and their DNA/RNA binding properties has not yet been 

reported.  

1.5.3.6. Morpholino PNA 

The set of morpholino analogues with phosphonate esters, amide or ester 

linkages between the morpholino nucleoside residues was synthesized. Preliminary 

results indicated that amide-linked morpholino PNAs were better accommodated in 

the complexes than the ester or the phosphonate linked oligomers.  

 

1.6. MODIFIED NUCLEOBASES  

Non-natural nucleobases could aid in understanding of the recognition process 

between the natural nucleobase-pairs in terms of factors such as hydrogen bonding 

and internucleobase stacking. They could also generate new recognition motifs with 

potential applications in diagnostics. Only a few nucleobase modifications have been 

reported in the PNA context (Figure 29). Pseudoisocytosine mimics the C+ 

Figure 28. [(Aminoethyl) amino]cyclohexanoic acid. 
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recognition pattern80 for triplex formation and 2,6-diaminopurine offers increased 

affinity and selectivity for thymine.81 2-Aminopurine82 can hydrogen bond with uracil 

and thymine in the reverse Watson-Crick mode and being inherently fluorescent, can 

be used to study the kinetics of the hybridization process with complementary nucleic 

acids. Replacement of aegPNA with thiazole orange afforded a PNA probe that 

fluoresced upon hybridization. 83 

 The E-base,84 hypoxanthine,85 N4-benzoylcytosine86 and 6-thioguanine87 represent 

some more examples of modified nucleobases. Thiouracil along with 2,6-

diaminopurine has been utilized as a non-natural base pair in PNA-DNA recognition 

and was shown for the first time to lead to a phenomenon termed as ‘double duplex 

invasion’. 

 

 

 

1.7. BIOLOGICAL APPLICATIONS OF PNA 
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Antigene and antisense applications of PNA 

Peptide nucleic acids have promise as candidates for gene therapeutic drugs 

design. They require well-identified targets and a well-characterized mechanism for 

their cellular delivery. In principle, two general strategies can be adapted to design 

gene therapeutic drugs. Oligonucleotides or their potential analogs are designed to 

recognize and hybridize to complementary sequences in a particular gene whereby 

they should interfere with the transcription of that particular gene (antigene strategy). 

Alternatively, nucleic acid analogs can be designed to recognize and hybridize to 

complementary sequences in mRNA and thereby inhibit its translation (antisense 

strategy). PNAs are chemically and biologically stable molecules and have significant 

effects on replication, transcription, and translation processes, as revealed from in 

vitro experiments. Moreover, no sign of any general toxicity of PNA has so far been 

observed.88,89,90  

1.7.1. Inhibition of transcription 

Peptide nucleic acids should be capable of arresting transcriptional processes 

by virtue of their ability to form a stable triplex structure or a strand-invaded or strand 

displacement complex with DNA (Figure 30). Such complexes can create a structural 

hindrance to block the stable function of RNA polymerase and thus are capable of 

working as antigene agents. Evidence from in vitro studies supports the idea that such 

complexes are indeed capable of affecting the process of transcription involving both 

prokaryotic and eukaryotic RNA polymerases. Nielsen et al.91 have demonstrated that 

even an 8-mer PNA (T8) is capable of blocking phage T3 polymerase activity. The 

presence of a PNA target within the promoter region of IL-2Ra gene has been used to 

understand the effect of PNA binding to its target on this gene expression.92,93 The 



  

PNA2:DNA triplex arrests transcription in vitro and is capable of acting as an antigene 

agent. But one of the major obstacles to applying PNA as an antigene agent is that the 

strand invasion or the formation of strand displacement complex is rather slow at 

physiological salt concentrations.94,95  

Several modifications of PNA have shown improvement in terms of binding. 

Modifications of PNA by chemically linking the ends of the Watson-Crick and 

Hoogsteen PNA strands to each other, introducing pH-independent 

pseudoisocytosines into the Hoogsteen strand,96 incorporating intercalators, or 

positively charged lysine residues97 in PNA strand can drastically increase the 

association rates with dsDNA. Lee et al.98 have demonstrated that PNA as well as the 

PNA–DNA chimera complementary to the primary site of the HIV-I genome can 

completely block priming by tRNA3Lys. Consequently, in vitro initiation of the 

reverse transcription by HIV-1 RT is blocked. Thus, oligomeric PNAs targeted to 

various critical regions of the viral genome are likely to have a strong therapeutic 

potential for interrupting multiple steps involved in the replication of HIV-1.  

1.7.2. Inhibition of translation 

The basic mechanism of the antisense effects by oligodeoxynucleotides is 

considered to be either a ribonuclease H (RNase H) -mediated cleavage of the RNA 

strand in oligonucleotide-RNA heteroduplex or a steric blockage in the 

Figure 30. Mechanism of inhibition of replication or transcription. 
 



  

oligonucleotide–RNA complex of the translation machinery (Figure 31).99 

Oligodeoxynucleotide analogs such as phosphorothioates activate RNase H and thus 

hold promise of working as antisense agents. However, they also exhibit some 

nonspecificity in their action. PNA/RNA duplexes, on the other hand, cannot act as 

substrates for RNase H. Normally, the peptide nucleic acid 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- (mixed sequence) and triplex-

forming (pyrimidine-rich) PNAs are capable of inhibiting translation at targets 

overlapping the AUG start codon.  

Triplex-forming PNAs are able to hinder the translation machinery at targets 

in the coding region of mRNA. However, translation elongation arrest requires a 

PNA2:RNA triplex and thus needs a homopurine target of 10–15 bases. In contrast, 

duplex-forming PNAs are incapable of this. Triplex-forming PNAs can inhibit 

translation at initiation codon targets and ribosome elongation at codon region targets. 

Triple helix-forming PNAs can also hinder the translation process. Bis-PNA or 

Figure 31. Mechanisms of inhibition of translation. (A) Translational arrest 

by blocking the ribosome. (B) RNase H cleavage induced by antisense-

oligonucleotides.  



  

clamp-PNA structures are capable of forming internal triple helical constructs. In 

principle, if targeted against the coding region of mRNA, PNA2:RNA triple helix-

forming derivatives can also cause a stop in translation, which can be easily verified 

by the detection of a truncated protein. However, this methodology requires a 

sequence optimization for each new target. Recent studies show that E. coli cells are 

somewhat permeable for PNA molecules. Good and Nielsen100,101 have shown that it 

is possible to achieve PNA antisense effects in the ‘leaky’ mutant strains of E. coli. 

PNAs targeted against the AUG region of the mRNA corresponding to b-

galactosidase and b-lactamase genes were indeed capable of down-regulating the 

expression of these two genes.  

1.7.3. Inhibition of replication 

It is also possible to use PNA for inhibiting 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 

extrachromosomal mitochondrial DNA, which is largely single-stranded during 

replication, has been demonstrated by Taylor et al.102 The PNA-mediated inhibition of 

the replication of mutant human mitochondrial DNA is a novel (and also potential) 

approach toward the treatment of patients suffering from ailments related to the 

heteroplasmy of mitochondrial DNA. Here wild type and mutated DNA are both 

present in the same cell. Experiments have shown that PNA is capable of inhibiting 

the replication of mutated DNA under physiological conditions without affecting the 

wild-type DNA in mitochondria. 

 



  

1.7.4. Interaction of PNA with enzymes 

RNase H  

The activation of the intracellular enzyme RNase H by oligonucleotides to 

cleave RNA bound to deoxyribonucleic acid oligomers depends on the chemical 

structure of RNase H-stimulating oligonucleotides. The antisense oligonucleotide 

with an RNase H activity (e.g., phosphorothioate oligos) is considered a better 

antisense molecule (inhibitor) than one without the activity (methylphosphonates and 

hexitol nucleic acids).103 Despite their remarkable nucleic acid binding properties, 

PNAs generally are not capable of stimulating RNase H activity on duplex formation 

with RNA. However, recent studies have shown that DNA/PNA chimeras 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 32). Cleavage 

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

Moreover, this cleavage is sequence specific in such a way that certain sequences of 

RNase H

chimera

5' 3'

5'

RNA

PNA

chimera

DNA

5' 3'

5'
RNA

PNA DNA

Figure 32. Schematic representation of Rnase H- mediated cleavage 
activity after the binding of PNA-DNA chimera to target RNA. 



  

DNA/PNA chimeras are preferred over others. They are also reported to be taken up 

by cells to a similar extent as corresponding oligonucleotides. Thus, PNA/DNA 

chimeras appear by far the best potential candidates for antisense PNA constructs. 

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 functions (activity) under in vitro conditions. For 

example, PNA oligomers are capable of terminating the elongation of oligonucleotide 

primers by either binding to the template strand or directly competing with the primer 

for binding to the template. Primer extension by MMLV reverse transcriptase has 

been shown to be inhibited by introducing a PNA oligomer. In another experiment, 

Nielsen et al.104 demonstrated that the primer extension catalyzed by Taq-polymerase 

can be terminated by incorporating a PNA oligomer (PNA-H(t)10) into the system. 

The latter can bind to a (dA)10 sequence in the template and thereby terminate the 

primer extension. Moreover, the reverse transcription of gag gene of HIV I is also 

inhibited in vitro by PNAs.105 The inhibition has been achieved by using a bis-PNA 

construct, which is more efficient than the corresponding mono PNA construct.106 

Also, the reverse transcription can be completely inhibited by a pentadecameric 

antisense PNA, using a molar ratio of 10:1 (PNA/RNA), without any noticeable 

RNase H cleavage of the RNA. PNA oligomers that are complementary to the RNA 

primer-binding site can inhibit the telomerase activity. Studies have shown that the 

telomerase inhibition activity of PNA is better than that of corresponding activity of 

phosphorothioate oligonucleotides. This is mainly due to a higher binding affinity of 

PNA compared to phosphorothioates.107 Corey and co-workers108 have demonstrated 



  

an efficient inhibition of telomerase after lipid-mediated delivery of template- and 

nontemplate- directed PNA into the cell. 

1.7.5. PNA as a molecular-biological tool 

Peptide nucleic acids also exhibit potential for use as a tool in biotechnology 

and molecular biology. Here we will mainly present indications of PNA becoming an 

important molecular biology tool. 

Enhanced PCR amplification 

The polymerase chain reaction (PCR) has been widely used for various 

molecular genetic applications including the amplification of variable number of 

tandem repeat (VNTR) loci for the purpose of genetic typing.109,110 PNA has been 

used to achieve an enhanced amplification of VNTR locus D1S80.111 Small PNA 

oligomers are used to block the template, and the latter becomes unavailable for intra- 

and interstrand interaction during reassociation. On the other hand, the primer 

extension is not blocked; during this extension, the polymerase displaces the PNA 

molecules from the template and the primer is extended toward completion of reaction 

(Figure 33). This approach shows the potential of PNA application for PCR 

Figure 33. Schematic representation of “PCR clamping” technique. 



  

amplification where fragments of different sizes are more accurately and evenly 

amplified.  

1.7.6. PNA hybridization as alternative to Southern hybridization 

Southern hybridization is perhaps one of the most widely used techniques in 

molecular biology. Despite its great potential to predict both size and sequence 

information and information regarding the genetic context, there are certain 

disadvantages of this process. It requires a laborious multistep washing procedure and 

there could sometimes be poor sequence discrimination between closely related 

species. PNA pre-gel hybridization simplifies the process of Southern hybridization 

by reducing the required time, as the cumbersome post separation, probing, and 

washing steps are eliminated. Labeled (fluoresceinated) PNA oligomers are used as 

probes and allowed to hybridize to a denatured DNA sample at low ionic strength. 

The mixture is thereafter subjected directly to electrophoresis for size separation and 

singlestranded DNA fragments separated on the basis of length. The charge-neutral 

PNA allows hybridization at low ionic strength and renders higher mobility to the 

complex compared to the excess unbound PNA. The DNA-PNA hybrids are blotted 

(transferred) onto a nylon membrane, dried, UV cross-linked, and detected using 

standard chemiluminescent techniques.112 Alternatively, the bound PNA can be 

detected by using capillary electrophoresis (vide infra), which can make use of the 

direct fluorescence detection method. Under the same conditions, a normal DNA–

DNA duplex will tend to disrupt whereas the PNA–DNA duplex will remain intact 

due to the strong binding of PNA to DNA. This allows specific sequence detection 

with simultaneous size separation of the target DNA following a simple and 



  

straightforward protocol. Consequently, the analysis is much faster than the 

conventional Southern hybridization technique. 

 

1.7.7. PNA-assisted rare cleavage 

Peptide nucleic acids, in combination with methylases and other restriction 

endonucleases, can act as rare genome cutters.113 The method is called PNA-assisted 

rare cleavage (PARC) technique. It uses the strong sequence-selective binding of 

PNAs, preferably bis-PNAs, to short homopyrimidine sites on large DNA molecules, 

e.g., yeast or λ DNA. The PNA target site is experimentally designed to overlap with 

the methylation/ restriction enzyme site on the DNA, so a bound PNA molecule will 

efficiently shield the host site from enzymatic methylation whereas the other, 

unprotected methylation/restriction sites will be methylated. After the removal of bis-

PNA, followed by restriction digestions, it is possible to cleave the whole DNA by 

enzymes into limited number of pieces. DNA is efficiently protected from enzymatic 

digestion due to methylation in most of the sites except for those previously bound to 

PNA. Thus, short PNA sequences, particularly positively charged bis-PNAs in 

combination with various methylation/restriction enzyme pairs or recently reported 

pseudocomplementary PNA114 (pcPNAs, which completely cover the desired 

Figure 34. Schematics of the PARC method involving pcPNAs. 
 



  

methylation/restriction site) (Figure 34), can constitute an extraordinary new class of 

genome rare cutters. 

1.7.8. Artificial restriction enzyme system 

S1 nuclease 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. PNA in combination with S1 nuclease can work as an 

‘artificial restriction enzyme’ system. Homopyrimidine PNA oligomers hybridize to 

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

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

can degrade this single-stranded DNA part into well-defined fragments. If two PNAs 

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 

Figure 35. Artificial restriction enzymes: a) Single strand cleavage by 
PNA; b) double strand cleavage by double PNA clamping.    
 



  

the substrate accessible for the nuclease digestion and thereby increasing the cleavage 

efficiency (Figure 35).115   

1.7.9. Determination of telomere size 

The conventional method for the determination of telomere length involves 

Southern blot analysis of genomic DNA and provides a range for the telomere length 

of all chromosomes present. The modern approach uses fluorescein-labeled 

oligonucleotides and monitor in situ hybridization to telomeric repeats. However, a 

more delicate approach resulting in better quantitative results is possible by using 

fluorescein-labeled PNAs, as shown by Lansdorp et al.116 This PNA-mediated 

approach permits accurate estimates of telomeric length. In situ hybridization of 

fluorescein-labeled PNA probes to telomeres is faster and requires a lower 

concentration of the probe compared to its DNA counterpart. Low photobleaching and 

an excellent signal-to-noise ratio make it possible to quantitate telomeric repeats on 

individual chromosomes in this way. Experiments suggest that variations of this 

approach can possibly be applied to other repetitive sequences. 

1.7.10. Nucleic acid purification 

Based on its unique hybridization properties, PNAs can also be used to purify 

target nucleic acids. PNAs carrying six histidine residues have been used to purify 

target nucleic acids using nickel affinity chromatography (Figure 36).117 Also, 

biotinylated PNAs in combination with streptavidin-coated magnetic beads may be 

used to purify Chlamydia trachomatis genomic DNA directly from urine samples. 

However, it appears that this simple, fast, and straightforward ‘purification by 

hybridization’ approach has certain drawbacks. It requires the knowledge of a target 

sequence and depends on a capture oligomer to be synthesized for each different 



  

target nucleic acid. Such target sequences for the short pyrimidine PNA, i.e., the most 

efficient probe for strand invasion, are prevalent in large nucleic acids. Thus, short 

PNAs can also be used as generic capture probes for purification of large nucleic 

acids. It has been shown that a biotin tagged PNA-thymine heptamer could be used to 

efficiently purify human genomic DNA from whole blood by a simple and rapid 

procedure. 

1.7.11. PNA as a diagnostic tool 

The high-affinity binding of PNA oligomers has led to the development of 

new applications of PNA, especially as a diagnostic probe for detecting genetic 

mutations: applications are possible for the detection of genetic mutation and 

mismatch analysis that can use its unique hybridization properties. The ensuing 

sections will highlight some of the recent developments related to the use of PNA as a 

probe to detect genetic mutations and corresponding mismatch analysis confirming its 

potential as a diagnostic tool for clinical applications. 

Single base pair mutation analysis using PNA directed PCR clamping 

Amplification of the target nucleic acid by the PCR technique is considered an 

important step for detection of genetic diseases. The higher specificity of PNA 

binding to DNA, higher stability of a PNA–DNA duplex compared to the 

corresponding DNA–DNA duplex, and its inefficiency to act as a primer for DNA 

polymerases are the basis for this novel technique. This strategy includes a distinct 

Ni PNANi Ni PNA
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DNA
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Figure 36. Nucleic acid purification by Ni affinity chromatography. 



  

annealing step involving the PNA targeted against one of the PCR primer sites. This 

step is carried out at a temperature higher than that for conventional PCR primer 

annealing where the PNA is selectively bound to the DNA molecule. The PNA/DNA 

complex formed at one of the primer sites effectively blocks the formation of a PCR 

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

mismatch targets in a mixed target PCR. Sequence-selective blockage by PNA allows 

suppression of target sequences that differ by only one base pair. Also, this PNA 

clamping was able to discriminate three different point mutations at a single 

position.118,119 One major advantage of this PNA-mediated PCR clamping is that it 

allows detection of mutations stretched over 4–6 bp regions in a single reaction, and 

this could also be used to detect other hot-spot mutations. 

Molecular Beacons  

Molecular beacons are single-stranded oligonucleotide hybridization probes 

that form a stem-and-loop structure. The loop contains a probe sequence that is 

complementary to a target sequence, and the stem is formed by the annealing of 

complementary arm sequences that are located on either side of the probe sequence. A 

fluorophore is covalently linked to the end of one arm and a quencher is covalently 

linked to the end of the other arm. Molecular beacons do not fluoresce when they are 

free in solution. However, when they hybridize to a nucleic acid strand containing a 

+
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target sequence they undergo a conformational change that enables them to fluoresce 

brightly.120  

 Molecular beacons can be used as amplicon detector probes in diagnostic assays. 

Because nonhybridized molecular beacons are dark, it is not necessary to isolate the 

probe-target hybrids to determine the number of amplicons synthesized during an 

assay. Molecular beacons have three key properties that enable the design of new and 

powerful diagnostic assays: 1) they only fluoresce when bound to their targets, 2) they 

can be labeled with a fluorophore of any desired color, and 3) they are so specific that 

they easily discriminate single-nucleotide polymorphisms.121 PNA offers an 

opportunity of advancing biosensor technology, especially with regard to sensitivity, 

automation and system integration.122 

 

1.8. CELLULAR UPTAKE OF PNA 

It is essential for any therapeutic agent to have good bioavailability. The 

activity of the antisense oligonucleotides is crucially affected by how well they reach 

their site of action unmetabolized. The protein biosynthesis apparatus of the cell is 

located in the cytoplasm where thousands of enzymes carry out the biosynthesis of 

sugars, fatty acids, nucleotides, amino acids, and proteins. The mRNA produced in 

the nucleus by transcription of the DNA is translated into the corresponding protein 

on the ribosomes in the cytoplasm. In order for the antisense oligonucleotides to be 

able to stop translation by hybridization, they must pass through the plasma 

membrane to enter interior of the cell. The plasma membrane is a natural barrier to 

many large or negatively charged molecules. It might therefore be supposed that this 



  

membrane barrier would form a bottleneck in the antisense oligonucleotide 

concept.123,124  

It is important to understand the effect of peptide nucleic acids on intact cells 

and problems related to its delivery into the cell. The cellular uptake of this unique 

nucleic acid analog is very slow, which is still the major challenge that needs to be 

overcome before it can be used as a therapeutic drug. So far, there is hardly any report 

of the antisense activity of PNA in cell culture without the use of brute techniques to 

help bypass the membrane barrier. Effects of PNA on intact cells have been 

demonstrated by cellular microinjection; antisense activity against a transfected gene 

has also been established in this way.125 Serious efforts are being made to increase the 

cellular uptake of PNA, particularly by modifying the molecule itself or conjugating 

to it suitable potential ligand molecules that could enhance a physical or receptor-

mediated cellular uptake.126,127,128 Incorporation of a ‘guide’ sequence or some 

‘vector’ peptides is one potential approach whereby PNA is attracted to the cell 

membrane and helped in docking into it (Figure 37). Several methods have been 

proposed to facilitate the uptake of PNAs in eukaryotic cells. These include transient 

PNA

peptide/guide sequence

PNADNAPNA

cationic lipid

DNA duplex

+

+

cytoplasm

Figure 37. Methods for cellular uptake of PNA. 



  

permeabilization with streptolysin O, cell membrane permeabilization by lysolectin or 

detergents like Tween, or conjugation with peptides capable of being internalized 

easily.129 Aldrian-Herrada et al.130 showed that peptide nucleic acids are rapidly 

internalized in cultured neurons when coupled to a delivery peptide (retro p-Antp 

peptide). This result is promising and demonstrates that PNAs guided by suitable 

vector peptides could work as antisense agents. Corey and co-workers131 have 

reported a novel method for in vitro cellular delivery of peptide nucleic acids using a 

cationic lipid. The cationic lipid is capable of associating with the negatively charged 

phosphodiester backbone of DNA and RNA and fusing with the cell membrane to 

allow the oligonucleotide to enter into the cell through an endocytotic pathway. This 

technique has been improvised for the delivery of PNA molecules into the cells. 

Desired PNA oligomers are hybridized to overlapping oligonucleotides and the 

complex is mixed with cationic lipid. The cationic lipid–DNA–PNA complex thus 

formed can be internalized, and the partially hybridized PNA is imported into the cell 

as a passive cargo. On passive delivery into the cell, peptide nucleic acid is expected 

to dissociate itself from the complex.132 Another strategy that has been adapted to 

improvise the delivery of PNA in vitro is to incorporate it into delivery vehicles 

(vesicles), e.g., liposomes. There are also some reports of direct PNA uptake. 

G-PNA 

In the past few years fusion of the human HIV-1 Tat transduction domain 

(GRKKRRQRRR) to a number of different moieties including proteins31 and 

synthetic molecules133 has led to their efficient uptake by cells. Subsequently, 

replacement of this Tat domain by a homoarginine peptide as well as various 

unnatural peptoid constructs containing guanidinium groups retained the ability to 



  

promote efficient uptake.134 Based on these findings, Ly et al synthesized PNA 

oligomers based on the previously reported 2-aminoethylarginine backbone.135 

Incorporation of the arginine side chain (i.e. the guanidinium functional group) into 

the PNA backbone at the α-position caused efficient uptake of the PNA by human 

colon and osteosarcoma cell lines. The disadvantage to G-PNA is currently the need 

to synthesize the monomers, which are not commercially available. 

 

1.9. RECENT ADVANCES IN GENE THERAPEUTICS 

1.9.1. RNAi 

Introduction of double-stranded RNA (dsRNA) into cells activates a process 

known as RNA interference (RNAi) that ultimately promotes the degradation of 

messenger RNAs that are homologous to the dsRNA trigger. Using genetically altered 

strains of the roundworm C. elegans (round worms) Fire et al
133 in fall of 2000, 

discovered genes responsible for a process called RNA interference (RNAi)—in 

which double-stranded RNA triggers the natural degradation of a homologous 

mRNA. RNA interference (RNAi) is a process in which double-stranded RNA 

triggers the degradation of a homologous messenger RNA (sharing sequence-specific 

homology to particular "target" mRNAs).136 

Today RNA interference (RNAi), is a technique in which exogenous, double-

stranded RNAs (dsRNAs) that are complementary to known mRNA's, are introduced 

into a cell to specifically destroy that particular mRNA, thereby diminishing or 

abolishing gene expression. The technique has proven effective in Drosophila, 

Caenorhabditis elegans, plants, and recently, in mammalian cell cultures. To make the 

technique work in cultured mammalian cells for research purpose, scientists must 



  

deliver small interfering RNAs (siRNAs), which are dsRNAs and of some 21-25 

nucleotides into the cell (Figure 38). This is done with transfection reagents, 

optimized for allowing DNA and RNA to be absorbed by cultured cells.  

Artificial siRNAs can be made in the lab by a phage enzyme referred to as 

DICER. The mechanism involves complexing siRNA into a multi-protein siRNA 

complex termed RISC (RNA Induced Silencing Complex). Typically, 3-5 double-

stranded siRNA molecules are designed per gene in order to find siRNA that has a 

strong effect. This involves synthesis and purification of 6-10 RNA oligonucleotides 

of 20+ nucleotide pairs, costing around $1500 per gene.137 

 

 

Figure 38. Mechanism of RNA interference. 
 



  

1.9.2. miRNA 

A group of small RNA molecules, distinct from but related to siRNAs, have 

been identified in a variety of organisms. These small RNAs, called microRNAs 

(miRNAs), are transcribed as parts of longer RNA molecules that can be as long as 

1000 nt. The RNAs are processed in the nucleus into hairpin RNAs of 70-100 nt by 

the dsRNA-specific ribonuclease Drosha. The hairpin RNAs are transported to the 

cytoplasm via a transportin-5 dependent mechanism where they are digested by a 

second, double-strand specific ribonuclease called Dicer. The resulting 19-23 mer 

miRNA is bound by a complex that is similar to the RNA-Induced Silencing Complex 

(RISC) that participates in RNA interference (RNAi). In animals, the complex-bound, 

single-stranded miRNA binds specific mRNAs through sequences that are 

significantly, though not completely, complementary to the mRNA. By a mechanism 

that is not fully characterized— but which apparently does not involve mRNA 

degradation as in RNAi— the bound mRNA remains untranslated, resulting in 

reduced expression of the corresponding gene.138,139,140  

1.9.3. Ribozymes 

 Ribozymes are molecular scissors that cut RNA, the molecular messages given 

by genes in order to produce proteins. These molecular scissors provide a very useful 

means of studying gene function since by cutting the RNA with a ribozyme, a gene 

can be effectively turned off. The earliest reports of these ribozymes or catalytic 

RNAs (Figure 39) were first discovered by Cech in 1987. This was seen as a major 

discovery, since until then proteins were thought to be the only entity capable of 

behaving as enzymes. Ribozymes can be used to study gene function most notably in 

the study of HIV, the AIDS virus, and in Cancer research.141,142 



  

 

1.10. PRESENT WORK 

The preceding sections give an overview of the peptide nucleic acids (PNAs), 

the synthetic imitator of natural nucleic acids that is DNA analogues with a 

homomorphous but chemically different backbone consisting of N-(2-aminoethyl)-

glycine units in contrast to the sugar-phosphate backbone of DNA. In spite of this, 

PNAs bind to complementary nucleic acid oligomers obeying the Watson-Crick 

hydrogen bonding rules for PNA:DNA duplexes and Hoogsteen hydrogen bonding 

mode for third strand binding in a triplex. The attractive binding properties of PNAs, 

both in terms of affinity and specificity, coupled with their strand invasion potential 

have promoted PNA as a useful tool in molecular biology, diagnostics, and as a 

possible candidate for antisense/ antigene drug therapy. 

The major drawbacks like poor water solubility, inefficient cell uptake, self-

aggregation and ambiguity in directionality of binding restrict its applications. In 

order to overcome these limitations, several modifications of PNA have been carried 

out. PNAs have also been linked to helper molecules in various chimerae in an 

endeavour to improve its favourable properties.  
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Figure 39. Catalytic ribozymes target RNA. 



  

The work presented in this thesis in the next 4 chapters involves the design, 

synthesis and biophysical evaluation of these backbone modified, chiral, charged 

PNA analogues- aepipPNA, bisPNA, fluorescent 2-aminopurine PNA and chiral PNA 

and some biophysical applications of ITC to study PNA:DNA hybridization, DNA:Au 

nanoparticle interactions and enzyme nanoparticle interactions. 

Chapter 2 addresses the deficiencies of PNAs by rational structural modifications of 

PNA, based on conformational preorganization of backbone using cyclic monomeric 

units. These analogues to some extent improved the solubility, affinity and 

orientational selectivity in DNA: PNA binding. The synthesis and evaluation of six 

membered ring analogues of pyrrolidines (aepPNA) – the aminoethyl pipecolic acid 

PNAs (aepipPNA) have been described. These are conceptually derived by linking 

the α’-carbon of glycyl unit with β”-carbon of side chain via an ethylene linker 

instead of methylene linker as in aep PNA. These have two chiral centers leading to 

the possibility of existence of four diasteromers. 

The syntheses of the protected monomers (2R,5S) and (2S,5R) 1-(N-Boc-

aminoethyl)-5-(N3-benzoylthymin-1-yl)pipecolic acid is described. The aepipPNA 

monomers have been incorporated into the PNA oligomer sequences by solid phase 

peptide synthesis. Cleavage of the synthesized oligomers from the solid support, their 
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subsequent purification procedures, followed by suitable characterization is also 

detailed. 

These oligomers have been subjected to biophysical studies like UV-melting, 

CD spectroscopy, Isothermal titration calorimetry and gel electrophoresis to examine 

complementary DNA binding affinity.  

Chapter 3 describes the synthesis of bis-PNAs containing N7-substituted guanine 

(N7G) in which the two arms of PNA are joined by neutral tetraethylene glycol linker 

(TEG). The introduction of chiral, cationic aminoethylprolyl units with C+ mimic 

N7G in the backbone of bisPNAs have been described to examine influence on the 

recognition of complementary DNA in an orientation-selective manner. The process 

of strand invasion of target DNA duplex by these modified bisPNAs is followed by a 

fluorescence assay, to compare the kinetics of invasion by different polypyrimidine 

(C/T) and purine-pyrimidine (N7G/T) mixmer-bisPNAs.  

Chapter 4 is divided into two sections. Section A is devoted to the synthesis of 2-

aminopurine, which is a fluorescent isomer of adenine (6-aminopurine). The 
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Figure 40. Triplex formation with bisPNAs 



  

incorporation of 2-aminopurine into PNA oligomers, which would lead to fluorescent 

PNAs with useful attributes, has been described.  

This section demonstrates the incorporation of intrinsically fluorescent 2-

aminopurine to monitor the binding property of PNAs with the cDNA and to follow 

the accompanying structural changes.  

Section B deals with the influence of imparting chirality to intrinsically non-

chiral PNA and its effect on the induction of PNA helical structures and handedness 

of the PNA-DNA hybrids have been demonstrated. The chiral ligands D and L-

Proline have been introduced at N and C-terminus of PNAs to study the effect of 

these stereogenic centers on chiral preorganization of the PNA backbone and its DNA 

binding properties. These complexes have been studied by UV-Tm and CD 

spectroscopy.  

Chapter 5 presents the applications of isothermal titration calorimetry (ITC) and is 

divided into four sections. 

Section I describes the thermodynamic parameters like enthalpy (∆H), binding 

entropy (∆S), binding constant (k), and Gibb’s free energy (∆G)) of interactions of 

modified PNA (aepipPNA & aepPNA) with cDNA as determined by ITC. The results 

are discussed in relation to structural modifications. 

N

NH

O

O

N

N

N

N

N
H H

N

NH

O

O

N

N

N

N

N
H

H

A-T basepair 2AP-T basepair



  

Section II is devoted to determine the energetics of interaction of the DNA 

nucleosides with keggin ions by ITC. The differential binding strengths of the four 

nucleosides have been described and can be exploited to develop suitable strategies of 

designing oligonucleotides for interaction with ligands.     

Section III demonstrates the interaction of chiral DNA templates with the L- 

and D-lysine modified gold nanoparticles by ITC have been demonstrtaed. The 

chirality-dependent recognition of the modified gold nanoparticle surface by DNA is 

also described.  

Section IV is a study of the interactions between the fungal protease (F-prot) 

in solution and gold nanoparticle bioconjugates with the substrate hemoglobin (Hb) as 

determined by ITC. The altered secondary structure of the enzyme in the 

bioconjugates and its interactions with the substrate compared with the free enzyme in 

solution are described and related to decrease in its biocatalytic activity. 
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2.1. INTRODUCTION 

Chapter 1 described how the search for effective antigene/antisense agents has 

led to the development of novel DNA/RNA analogues in the past decade.1-8 The most 

prominent outcome of this search is the Peptide Nucleic Acids (PNA).9-14 In this class 

of compounds, the entire negatively charged sugar-phosphate backbone of DNA is 

replaced by a neutral and achiral polyamide backbone consisting of N-(2-

aminoethyl)glycine units. The nucleobases are attached to the backbone through a 

conformationally rigid tertiary acetamide linker (Figure 1). PNA binding to the target 

DNA/RNA sequences occurs with high sequence specificity and affinity.15 Despite 

having several advantages like resistance to cellular enzymes like nucleases and 

proteases, the major limitations confounding its application are ambiguity in 

orientational selectivity of binding, poor solubility in aqueous media and inefficient 

cellular uptake.16 To overcome these problems, attempts have been made to introduce 

asymmetry into PNA backbone in a novel fashion that not only makes it chiral but 

also introduces certain conformational constraint to induce unambiguous binding to 
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complementary DNA/RNA. These have resulted in novel class of PNA analogues as 

shown in Figure 2. 

Previous efforts17,18,19 from this laboratory and that of others20 to improve the 

properties of aegPNA to achieve optimal fine-tuning of aminoethylglycyl, aegPNA 

backbone has resulted in a number of five-membered pyrrolidyl PNA analogues. The 

aegPNA backbone is highly flexible due to the presence of 2-aminoethyl and glycyl 

segments that slowly reorganize to the preferred conformations during complex 

formation with DNA/RNA. Preorganizing the aegPNA backbone into “hybridization 

competent conformations” should be associated with entropic advantages for binding 

DNA/RNA. We reported previously from our laboratory, chiral aminoethylprolyl 

aepPNA (III), designed by linking the glycyl α’-carbon in the aegPNA to the 

acetamido β’-carbon via a methylene bridge.18 In aepPNA, the nucleobase is directly 

Figure 2. Strategies for the design of conformationally constrained PNA analogues. 
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attached to a pyrrolidine ring that is a part of the backbone along with a flexible 

ethylene amino linker. In aegPNA the nucleobase is linked to the backbone via 

acetamido moiety. This PNA analogue with positively charged tertiary amine in the 

backbone, along with conformational constraint due to the five-membered pyrrolidine 

ring significantly improved the solubility, affinity and selectivity in DNA:PNA 

binding. The high affinity was achieved without compromising the base-pairing 

specificity.17 The stability of the duplexes was found to be dependent upon the 

stereochemistry of the pyrrolidine ring and also the nucleobase. 

2.1.1. Present work: A Rationale 

The present work is directed towards further studying the performance of 

aepPNA molecules, by aiming to synthesize and evaluate their six membered ring 

analogues - aminoethyl pipecolic acid PNAs (aepipPNA, IV). These have two chiral 

centers leading to the possibility of synthesizing four diasteromers. This is designed 

by bridging the α’-C atom of the glycyl unit and the β’-C atom of linker to nucleobase 

in PNA with an ethylene bridge to generate a six-membered piperidine ring IV, with 

simultaneous introduction of two chiral centers. The nucleobase in IV is directly 
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attached to the piperidine ring at the C5 position, without changing the net number of 

atoms connecting two successive nucleobases. Further, the two chiral centers at C2 

and C5 offer an opportunity to study the stereochemical implications on the 

interactions of chiral PNA with ss/ds DNA/RNA.  

 

The objectives of this chapter are: 

(i) Synthesis of 1-(N-Boc-aminoethyl)-5(R)-(thymin-1-yl)-2(S)-pipecolic acid 

monomer (13). 

(ii) Synthesis of 1-(N-Boc-aminoethyl)-5(S)-(thymin-1-yl)-2(R)-pipecolic acid 

(26).  

(iii) Solid phase synthesis of PNA oligomers incorporating aminoethylglycyl 

and/or aminoethylpipecolyl PNA units followed by purification and 

characterization.  

(iv) Biophysical studies of aepipPNA:DNA hybrids using UV-Tm, CD and gel 

electrophoresis. 
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2.2. RESULTS AND DISCUSSION 

The Synthetic Strategy 

The conformations in the six-membered ring structures are rigidly locked into 

chair/boat forms in contrast to the relatively flexible five-membered ring structures 

and hence their influence on the stability of the resulting PNA-DNA/RNA complexes 

may be expected to make important contributions to the stabilities of the DNA/RNA 

complexes. All the four stereoisomers of aepipPNA monomers were subjected to 

energy minimization by silicon graphics using IRIX 6.2, it was found that upon 

energy minimization, 2S,5R aepipPNA has a lower energy structure compared to 

2R,5S aepipPNA (2S,5R aepipPNA = 15.248 kcal, 2R,5S aepipPNA = 16.097 kcal). 

Upon energy minimization, it was observed that C5-base and C2-carboxyl groups are 

axial in 2S,5R aepipPNA and equatorial in  2R,5S aepipPNA (Figure 5).  

The synthesis of the (2S,5R) 1-(N-Boc-aminoethyl)-5-(N3-benzoylthymin-1-

yl)pipecolic acid (13) can be achieved via the intermediates (7) and (10) in ten steps 

starting from the naturally occurring L-glutamic acid. The retro-synthetic analysis 

(Figure 6) is via the putative intermediates (8) and (10) synthesized from L-glutamic 

2S,5R aepipPNA 2R,5S aepipPNA 

Figure 5. Energy minimised structures of aepipPNA monomers using IRIX 6.2. 
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acid through the diazoketone (7) where cyclisation proceeds with retention of 

configuration at C2. The key step is the direct conversion of diazoketone to the 

protected 5-oxopipecolic acid which can be achieved by ring closure carbene insertion 

into the N-H bond using rhodium (II) acetate as catalyst. Finally, stereospecific 

reduction to cis-5-hydroxy-pipecolic acid ester.21,22 N1-deprotection and further 

alkylation with N-Boc-aminoethyl mesylate should afford the (1-N-Boc-

aminoethyl)pipecolic acid ester (11) in which the replacement of the 5S-hydroxyl 

function with N3-benzoylthymine under Mitsunobu reaction conditions would yield 

N

T

NHBoc

COOHN COOMe

OH

NHBoc

NH
2

COOH

COOH

NH
2

COOH

COOH

N

T

NHBoc

COOHN COOMe

OH

NHBoc

Mitsunobu

TBz

TBz

Figure 7. Schematic synthesis of aepipPNA monomer. 

N

T

NHBoc

COOH N COOMe

O

z

O

N
2

N COOMe

z

N
H

COOMe

OH

NH
2

COOH

COOH

N

O

COOH

Oz

2S,5R aepipPNA
(13)

(8)(10)

2

5

(7) (5) (4)

Figure 6. Retro-synthetic analysis of aepipPNA monomer. 
 



Chapter 2 

 

the desired (2S,5R)-5-(N3-benzoylthymin-1-yl) pipecolate ester, accompanied by 

inversion of stereochemistry at C5. This can be converted to (2S,5R)-1-(N-Boc-

aminoethyl)-5-(thymin-1-yl)pipecolic acid as the desired monomer (Figure 7).  

Similarly starting from the D-Glutamic acid and an identical set of reaction 

should lead to (2R,5S)-1-(N-Boc-aminoethyl)-5-(thymin-1-yl)pipecolic acid as the 

desired monomer (Figure 7).  

2.2.1. Synthesis of Protected Nucleobases 

The nucleobases (A/T/G/C) possess groups like the imide NH and exocyclic 

amines that are reactive in Mitsunobu conditions and hence need to be protected. 

Thymine was protected at N3 by a benzoyl group and exocyclic amino group of 

cytosine was protected with benzyloxycarbonyl group.  

2.2.1a N3-benzoylthymine
23

 (2). Thymine was treated with benzoyl chloride in 

acetonitrile:pyridine to obtain the N1, N3-dibenzoyl thymine derivative 1. The N1-

benzoyl group, being more labile than the imide N3-benzoyl group, was preferentially 
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hydrolyzed using K2CO3 in dioxane:water, to yield the N3-benzoyl thymine 2 

(Scheme 1). 

2.2.1b N
4
-benzyloxycarbonylcytosine

24
 (3). Cytosine was treated with 

benzyloxycarbonyl chloride in dry pyridine to get the desired product, N4-

benzyloxycarbonylcytosine (3) (Scheme 1). 

2.2.2. Synthesis of Aminoethylpipecolyl PNA Monomers  

2.2.2a 1-(N-Boc-aminoethyl)-5(R)-(thymin-1-yl)-2(S)-pipecolic acid. The synthesis 

of the (2S,5R) 1-(N-Boc-aminoethyl)-5-(N3-benzoylthymin-1-yl)pipecolic acid 

methyl ester was achieved in ten steps starting from the naturally occurring L-

glutamic acid 4 (Scheme 2). The key step in this scheme is conversion of L-glutamic 

acid to the intermediates (7) and (8) has been reported in literature.21,22 The selective 

protection of the α-amino group in L-glutamic acid 4 was achieved via formation of 

the oxazolidinone 5 by refluxing with paraformaldehyde and catalytic amount of p-

toluene sulphonic acid in benzene, this was followed by ring opening with sodium 

methoxide to yield the α-ester 6 in 82% yield which was confirmed by characteristic 

singlet at δ 3.73 of the CH3 protons of methyl ester. This, upon treatment with ethyl 

chloroformate, gave the corresponding mixed anhydride that on reaction with 

diazomethane generated the diazoketone 7 in 65% overall yield from 6. Characteristic 

peaks appearing at 2140cm–1 in the IR spectrum confirmed the formation of diazo 

adduct. The direct conversion of diazoketone 7 to the protected 5-oxopipecolic acid 8 

was achieved by ring closure carbene insertion into the N-H bond using rhodium (II) 

acetate as catalyst. Lack of characteristic diazo peak at 2140cm–1 in the IR spectrum 

confirmed the ring closure. Finally, regio and stereospecific reduction with sodium 

borohydride in methanol gave the cis-5-hydroxy-L-pipecolic acid methyl ester 9, 
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which was confirmed by characteristic multiple peaks at δ 4.32-4.17 of the H5 proton. 

Further the cis stereochemistry of compound 9 was confirmed by lactonization, which 

achieved readily by brief treatment of 9 with p-TsOH in benzene with [α]D
25 - 9.20 

(c=0.1 in MeOH) (Lit.21 [α]D
25 -8.90 for c=0.76 in MeOH). The ester 9 was N1-

deprotected to give the amine 10. N1-Alkylation of the piperdine ring in the pipecolic 

acid methyl ester 10 with N-Boc-aminoethyl mesylate 16 afforded the (1-N-Boc-

aminoethyl)pipecolic acid ester 11. The replacement of the 5S-hydroxyl function in 11 

with N3-benzoylthymine under Mitsunobu reaction conditions25 yielded the (2S,5R)-
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Scheme 2. Synthesis of aepipPNA monomers. a.(i) Benzyloxy carbonyl chloride, NaHCO3 
(94%) (ii) (CH2O)n, TsOH, benzene, reflux (82%); b. NaOMe, MeOH (93%); c. (i) EtOCOCl, 
Et3N, THF (ii) CH2N2, Et2O (65%); d. [Rh(OAc)2]2, benzene, reflux (52%); e. NaBH4, MeOH 
(93%); f. H2/Pd-C, 60psi (92%); g. BOC-NH-(CH2)2OMs, DIPEA, ACN:DMF (37%);  h. N3-
BzT, DIAD, PPh3, THF (32%); i. 1M NaOH, MeOH:water (95%).  
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5-(N3-benzoylthymin-1-yl) pipecolate ester 12 in 32% yield, accompanied by 

inversion of stereochemistry at C5.  

The appearance of a characteristic peak at δ 7.92 of the H6 proton of thymine 

confirmed the identity of the Mitsunobu product (12). Thus, this scheme involving a 

single inversion step results in the overall transformation of 5(S)-hydroxy-2(S)-

pipecolic acid methyl ester to 1-(N-Boc-aminoethyl)-5(R)-(N3-benzoylthymin-1-yl)-

2(S)- pipecolic acid methyl ester 12. The simultaneous hydrolysis of the methyl ester 

and removal of N3-benzoyl protecting group of thymine was achieved by treatment 

with 1 M sodium hydroxide in aqueous methanol to obtain 1-(N-Boc-aminoethyl)-

5(R) -(thymin-1-yl) 2(S)-pipecolic acid 13 as the desired monomer.  

2.2.2b 1-(N-Boc-aminoethyl)-5(S)-(thymin-1-yl)-2(R)-pipecolic acid.  

The synthesis of the (2R,5S) 1-(N-Boc-aminoethyl)-5-(N3-benzoylthymin-1-

yl)pipecolic acid methyl ester (25) was achieved in ten steps by an identical set of 

reactions starting from the D-glutamic acid 17. The key step in the Scheme 3 is the 

direct conversion of diazoketone 20 to the protected 5-oxopipecolic acid 21 which 

was achieved by ring closure carbene insertion into the N-H bond using rhodium (II) 

acetate as catalyst. Lack of characteristic diazo peak at 2140cm–1 in the IR spectrum 

confirmed the ring closure. Finally, stereospecific reduction to cis-5-hydroxy-D-

pipecolic acid ester 22 was achieved which was confirmed by characteristic multiple 

peaks at δ 4.25-4.15 of the H5 proton. N1-deprotection and further alkylation with N-

Boc-aminoethyl mesylate 16 afforded the (1-N-Boc-aminoethyl)pipecolic acid ester 

24. The replacement of the 5R-hydroxyl function in with N3-benzoylthymine under 

Mitsunobu reaction conditions yielded the (2R,5S)-5-(N3-benzoylthymin-1-yl) 

pipecolate ester 25, accompanied by inversion of stereochemistry at C5. The 
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appearance of a characteristic peak at δ 7.92 of the H6 proton of thymine confirmed 

the identity of the Mitsunobu product (25). This was converted to (2R,5S)-1-(N-Boc-

aminoethyl)-5-(thymin-1-yl)pipecolic acid 26 as the desired monomer. All the 

compounds were characterized by spectroscopic techniques and optical rotation. The 

optical rotation signs of monomer units (2R,5S) were found to be opposite as 

compared to 2S,5R aepipPNA monomer units.  

2.2.3. Hydrolysis of Esters 

 Solid phase synthesis of aepipPNA requires N-protected free carboxylic acids. 

The methyl ester groups of the aepipPNA monomers were subjected to saponification 
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Scheme 3. Synthesis of aepipPNA monomers. a.(i) Benzyloxy carbonyl chloride, 
NaHCO3 (94%) (ii) (CH2O)n, TsOH, benzene, reflux (82%); b. NaOMe, MeOH (93%); 
c. (i) EtOCOCl, Et3N, THF (ii) CH2N2, Et2O (65%); d. [Rh(OAc)2]2, benzene, reflux 
(52%); e. NaBH4, MeOH (93%); f. H2/Pd-C, 60psi (92%); g. BOC-NH-(CH2)2OMs, 
DIPEA, ACN:DMF (37%);  h. N3-BzT, DIAD, PPh3, THF (32%); i. 1M NaOH, 
MeOH:water (95%).  
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by sodium hydroxide in water-methanol mixture to yield the corresponding carboxylic 

acids (Scheme 4). 

2.2.3a Synthesis of 1-(N-Boc-aminoethyl)-5(R/S)-(thymin-1-yl)-2(S/R)-pipecolic 

acid (13, 26). The hydrolysis of the methyl ester and the N3-benzoyl group of 

thymine in 1-(N-Boc-aminoethyl)-5(R/S)-(thymin-1-yl)-2(S/R)-pipecolic acid methyl 

ester (12 & 25) were achieved in a single step, upon treatment with 1M NaOH in 

methanol: water. As followed by TLC the ester function was found to be hydrolyzed 

within 10 min. However, the cleavage of the benzoyl group was complete only after 

9h. Neutralization of the excess alkali with Dowex 50 H+ and work-up gave 1-(N-

Boc-aminoethyl)-5(R/S)-(thymin-1-yl)-2(S/R)-pipecolic acid (13/26) in quantitative 

yield. 

2.2.4. Synthesis of Aminoethylglycyl PNA Monomers 

The synthesis of unmodified aegPNA monomers is necessary for synthesis of 

control aegPNA and was carried out according to the literature procedures.26 The 

synthesis was carried out starting from the easily available 1,2-diaminoethane (27) 

(Scheme 5). This was treated with Boc-azide to give the mono-protected derivative 

28, obtained by using a large excess of 1,2-diaminoethane over the Boc-azide in high 

dilution. The di-Boc derivative was also obtained in very small amounts (< 5%), but 

aq. NaOH
N

BocHN

O

OMe

B N

BocHN

O

OH

B

13, 26 B = T
   

CH3OH

   12, 25 B = TBz

Scheme 4. Hydrolysis of the methyl esters of the aepipPNA monomers. 
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being insoluble in water, could be removed by filtration. The N1-Boc-1,2-

diaminoethane was then subjected to N-alkylation using ethylbromoacetate and KF-

Celite in dry acetonitrile. The use of KF-Celite27 was found to be advantageous over 

K2CO3 both, in terms of the yield of the product, as well as the ease of work-up. The 

aminoethylglycine 29 was further treated with chloroacetyl chloride to yield the 

corresponding chloro derivative 30 in good yield. The use of triethylamine as the base 

in this reaction gave poor yields. However, when Na2CO3 was used as the base in 

aqueous dioxane, the desired product was obtained in good yield.  

The ethyl N-(Boc-aminoethyl)-N-(chloroacetyl)-glycinate (30) was used as a 

common intermediate in the preparation of all the PNA monomers. The N- alkylation 

of thymine and cytosine with ethyl N-(Boc-aminoethyl)-N-(chloroacetyl)-glycinate is 

regiospecific. Thymine was reacted with ethyl N-(Boc-aminoethyl)-N-(chloroacetyl)-

glycinate using K2CO3 as a base to obtain the N-(Boc-aminoethylglycyl)-thymine 

ethyl ester 31 in high yield. In the case of cytosine, the N4-amino group was protected 

as its benzyloxycarbonyl derivative, and used for alkylation employing NaH as the 
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base to provide the N1-substituted product (32). Although adenine is known to 

undergo both N7- and N9-substitution, N7-alkylation was not observed when NaH 

was used as the base. It reacted with adenine forming sodium adenylide, which was 

then reacted with ethyl N-(Boc-aminoethyl)-N-(chloroacetyl)-glycinate to obtain N-

(Boc-aminoethylglycyl)-adenine ethyl ester (33) in moderate yield. The alkylation of 

2-amino-6-chloropurine with ethyl N-(Boc-aminoethyl)-N-(chloroacetyl)-glycinate 

was facile with K2CO3 as the base and yielded the corresponding N-(Boc-

aminoethylglycyl)-(2-amino-6-chloropurine)-ethyl ester (34) in excellent yield. All 

the compounds exhibited 1H and 13C NMR spectra consistent with the reported data. 

The ethyl esters were hydrolyzed in the presence of NaOH to give the corresponding 

acids (35-38), which were used for solid phase synthesis. The need for the exocyclic 

amino groups of adenine and guanine to be protected was eliminated, as these have 

been found to be unreactive under the conditions used for peptide coupling. 

2.2.5. pKa Determination 

 Since the aepipPNA monomers carry tertiary nitrogen in the piperdine ring 

that has the potential to get protonated, it is important to determine the pKa of this 

group. Therefore, a pH titration experiment was carried out to determine the exact pKa 

of the piperidine ring nitrogen atom. 

 The titration of the aepipPNA-T monomer 13 after Boc-deprotection, with 

NaOH was performed in order to determine the pKa of the piperidine ring nitrogen. 

The pH titration curve exhibited three pKa values, the first one at 2.95 pH 

corresponding to the carboxylic acid, the second at 6.76 pH corresponding to the 

piperdine ring nitrogen and the third at 10.90 pH corresponding to the primary amine 

(Figure 8). 
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2.2.6. Solid Phase Peptide Synthesis 

2.2.7a General Protocols for PNA Synthesis. Solid phase peptide synthesis protocols 

can be easily applied to the synthesis of PNAs. The experimental ease of solid phase 

protocol have made possible the synthesis of PNAs incorporating a large number of 

modified monomers to obtain PNA analogues in attempts to improve its DNA/RNA 

binding and biological properties. 

As with solid phase peptide synthesis, PNA synthesis is also done 

conveniently from the 'C' terminus to the 'N' terminus. For this, the monomeric units 

must have their amino functions suitably protected, and their carboxylic acid 

functions free. The most commonly used N-protecting groups for solid phase peptide 

syntheses are the t-butyloxycarbonyl (Boc) and the 9-flurorenylmethoxycarbonyl 

(Fmoc) groups. The Fmoc protection strategy has a drawback in PNA synthesis since 

a small amount of acyl migration has been observed under basic conditions from the 

tertiary amide to the free amine formed during piperidine deprotection.28 Hence, the 
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Boc-protection strategy was selected for the present work. The amino function of the 

monomers was protected as the corresponding Boc-derivative and the carboxylic acid 

function was free to enable coupling with the resin-linked monomer. The O-

(Benzotriazol-1-yl)-N,N,N',N' tetramethyl-uronium hexafluorophosphate (HBTU)/1-

hydroxybenzotriazole (HOBt) activation strategy was employed for the coupling 

reaction.29 Merrifield resin was selected as the solid polymeric matrix on which the 

oligomers were built. The first amino acid is linked to this matrix via a benzyl ester 

linkage. This can be cleaved either with a strong acid to yield the C-terminal free 

carboxylic acid, or with an amine to afford the C-terminal amide.  

All the oligomers of the present work were synthesized manually on 

Merrifield resin. β-Alanine was selected as the linker amino acid. Being achiral, it 

would not interfere with the chirality-induced structural and spectral properties of the 

final PNA that bear two chiral centers each in monomeric units. Its contribution to the 

hydrophobicity of PNA is also negligible since it has only a short alkyl chain. N-Boc-

β-alanine was linked to the resin by a benzyl ester linkage via the formation of its 

cesium salt.30 The loading value of β-alanine derivatized Merrifield resin was 

determined by picrate assay31,32 and found to be ~0.500meq/gm. The loading value of 

resin was suitably lowered by partial capping of the free amino groups obtained after 

Boc-deprotection with acetic anhydride. The free uncapped amino groups on the resin 

were estimated once again by the picrate assay prior to commencing solid phase 

synthesis.  

The PNA oligomers were synthesized using repetitive cycles, each comprising 

the following steps:  

(i) Deprotection of the N-protecting Boc- group using 50% TFA in CH2Cl2.  
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(ii) Neutralization of the TFA salt formed with diisopropylethyl amine (DIPEA) (5% 

DIPEA in CH2Cl2) to liberate the free amine.  

(iii) Coupling of the free amine with the free carboxylic acid group of the incoming 

monomer (3 to 4 equivalents). The coupling reaction was carried out in the presence 

of O-(Benzotriazol-1-yl)-N,N,N',N'-tetramethyl-uronium hexafluorophosphate 

(HBTU) and 1-hydroxybenzotriazole (HOBt), used as a suppressing agent of 

racemization, in DMF or NMP as the solvent. The deprotection of the N-Boc 

protecting group and the coupling reaction were monitored by Kaiser's test.33 The 

Boc-deprotection step generates free amine on resin, which gives a positive Kaiser's 

test, wherein the resin beads as well as the solution are blue in colour. On the other 

hand, upon completion of the coupling reaction, the Kaiser's test is negative, the resin 

beads remaining colourless. 

Scheme 6. Schematic representation of solid phase peptide 
synthesis using the Boc-protection strategy. 
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(iv) Capping of the unreacted amino groups using acetic anhydride in 

pyridine:CH2Cl2. A typical synthesis cycle is depicted in Scheme 6. 

2.2.7b Synthesis of Cationic Aminoethylpipecolyl Peptide Nucleic Acids 

The control aminoethylglycyl (aeg) PNA T8 oligomer (entry 1, Table 1) was 

first synthesized following the Boc- protection strategy outlined above. Chiral, 

positively charged aminoethylpipecolyl (aepip) PNA-T monomer- containing 

sequences were subsequently made incorporating the aepipPNA-T unit at one or more 

pre-determined positions within the octamer. The series of octamer sequences 

comprising aminoethylglycyl PNA-T and/or aminoethylpipecolyl PNA-T units is 

detailed in Table 1.  

The capping step at the end of each coupling cycle was not deemed necessary, 

as the coupling reaction was monitored manually went to completion with a high 

coupling efficiency (greater than 90%). With a view to systematically explore the 

      Table 1. Resin-linked PNA Sequences Synthesized by Solid Phase Synthesis. 

Entry Resin-linked PNA Oligomer 

1 MF--β-ala- TTTTTTTT -Boc 
2 MF--β-ala- TTTTTTT t -Boc 
3 MF--β-ala- TTTTTTT t -Boc 
4 MF--β-ala- t TTTTTTT -Boc 
5 MF--β-ala- t TTTTTTT -Boc 
6 MF--β-ala- TTTT t TTT -Boc 
7 MF--β-ala- t T t TTTTT -Boc 
8 MF--β-ala- t TTT t TTT -Boc 
9 MF--β-ala- t TTTTT t T -Boc 
10 MF--β-ala- TTTCTCTT -Boc 
11 MF--β-ala- TTTCTCT t -Boc 
12 MF--β-ala- TTTCTCT t -Boc 
13 MF--β-ala- TTTCTCTTGTA -Boc 
14 MF--β-ala- TTTCTCT t GTA -Boc 

MF = Merrifield resin; Uppercase letters denote aegPNA units. Lowercase letters 
denote aepipPNA units. t = (2S,5R) aepipPNA T; t = (2R,5S) aepipPNA T. 
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effects of the aepipPNA units, single aepip unit was introduced either at the 'N' or 'C' 

terminus (Table 1, entry 2-5) or in the middle of sequence (Table 1, entry 6). The 

study of the effect of introduction of increasing number of aepip units on the stability 

and selectivity of DNA complexation made it necessary to design sequences with 

more than one aepip unit. Therefore, octamers bearing two aepip units were 

synthesized (Table 1, entry 7–9). In order to examine the base effects on 

modifications homopyrimidine sequences bearing both thymine and cytosine, were 

synthesized but with only aepip-T (Table 1, entry 11,12).  

The effect of the aepip unit on triplex-forming ability was tested by 

synthesizing polypyrimidine (poly-T) octamers. These are known to complex with the 

complementary DNA A8 oligomer in a 2:1 PNA:DNA stoichiometry. In order to 

study the duplex formation potential of the aepipPNA backbone, it was imperative to 

synthesize mixed sequences incorporating both, purines and pyrimidines. The 

aepipPNA-T monomer was therefore incorporated into 11-mer (Table 1, entry 14).  

2.2.7. Cleavage of the PNA Oligomers from the Solid Support 

2.2.8a Cleavage from the Resin by Strong Acid. The cleavage of peptides from the 

Merrifield resin by strong acids like trifluoromethane sulphonic acid (TFMSA)- 

trifluoroacetic acid (TFA) yields peptides with free carboxylic acids at their 'C' 

termini.34 The synthesized PNA oligomers were cleaved from the resin using this 

procedure to obtain sequences bearing β-alanine free carboxylic acids at their 'C' 

termini (Entry 1-14). After commencing the cleavage reaction, aliquots were removed 

after 30min, 1h, 2h and 24h, the peptides isolated and analyzed by HPLC. A cleavage 

time of ~2h at room temperature was found to be optimum. The peptides from 

aliquots removed prior to 2h indicated incomplete deprotection. This was evident 
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from the greater number of peaks with a higher retention time as observed by 

analytical HPLC. These peaks were absent in the aliquots removed after 2h. The 

exocyclic amino groups of cytosine, adenine and guanine, if protected as 

benzyloxycarbonyl, are also cleaved during this process. If the N6-exocyclic amino 

group of adenine is, however, protected as a benzoyl group, then its deprotection must 

be carried out under alkaline conditions employing ammonia or ethylenediamine. 

2.2.8. Purification of the PNA Oligomers  

All the cleaved oligomers were subjected to initial gel filtration for desalting. 

These were subsequently purified by reverse phase FPLC on a semi-preparative C8 

RP column by gradient elution using an ascending gradient of 5-50% acetonitrile in 

water containing 0.1% TFA, or by isocratic elution in 10% acetonitrile- water 

containing 0.1% TFA on a semi- preparative HPLC RP C4 column. In some cases, 

FPLC did not produce a clean single peak profile. Hence, the sample was heated at 

~80oC for 4-5 min and then injected to destroy any secondary structure that might 

exist. Samples containing-multiple aepPNA units, and therefore, multiple positive 

charges were suspended in buffer containing 0.1% TFA and allowed to stand for 2-3h 

prior to injection and chromatography. The purity of the oligomers was then checked 

by reverse phase HPLC on a C18 RP column and confirmed by MALDI-TOF mass 

spectroscopic analysis. Some representative HPLC profiles and mass spectra are 

shown in figures 9 and 10.  
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Figure 9. Representative HPLC profiles of aepipPNA oligomers.  
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PNA 39 
Mcalc 2219.11 

Mobs 2220 

PNA 40 
Mcalc 2231.17 

Mobs 2232 

PNA 41 
Mcalc 2231.17 

Mobs 2232 

PNA 42 
Mcalc 2231.17 

Mobs 2232 
 

PNA 43 
Mcalc 2231.17 

Mobs 2232 
 

PNA 44 
Mcalc 2231.17 

Mobs 2232 

PNA 45 
Mcalc 2244.23 

Mobs 2243 

PNA 48 
Mcalc 2189.10 

Mobs 2190 

Figure 10. MALDI-TOF spectra of representative aegPNA  & aepipPNA oligomers. 
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The PNA sequences obtained are listed in Table 2. 

2.2.9. Synthesis of Complementary Oligonucleotides 

The oligodeoxynucleotides (53-57, Table 3) were synthesized on a Pharmacia 

Gene Assembler Plus DNA synthesizer using the standard β-cyanoethyl 

phosphoramidite chemistry. The oligomers were synthesized in the 3' - 5' direction on 

a CPG solid support, followed by ammonia treatment.35 The oligonucleotides were 

de-salted by gel filtration, their purity ascertained by RP HPLC on a C18 column to 

be more than 98% and were used without further purification in the biophysical 

studies of PNA. 

 

 

 

 

 

 

      Table 2. PNA Sequences. 

PNA               Sequence Composition 

39 H- TTTTTTTT -NH-(CH2)2-COOH  aegPNA control 

40 H- t TTTTTTT -NH-(CH2)2-COOH  one (2S,5R) aepipPNA unit at N. T. 

41 H- t  TTTTTTT -NH-(CH2)2-COOH one (2R,5S) aepipPNA unit at N. T. 

42 H- TTTTTTT t -NH-(CH2)2-COOH one (2S,5R) aepipPNA unit at C. T. 

43 H- TTTTTTT t -NH-(CH2)2-COOH one (2R,5S) aepipPNA unit at C. T. 

44 H- TTTT t TTT -NH-(CH2)2-COOH one (2S,5R) aepipPNA unit at middle 

45 H- TTT TT t Tt -NH-(CH2)2-COOH two (2S,5R) aepipPNA units 

46 H- TTT t TTT t -NH-(CH2)2-COOH two (2S,5R) aepipPNA units 

47 H- T t TTTTT t -NH-(CH2)2-COOH two (2S,5R) aepipPNA units 

48 H- TTCTCTTT -NH-(CH2)2-COOH aegPNA control 

49 H- t TCTCTTT -NH-(CH2)2-COOH one (2S,5R) aepipPNA unit at N. T. 

50 H- t TCTCTTT -NH-(CH2)2-COOH one (2R,5S) aepipPNA unit at N. T. 

51 H- ATGTTCTCTTT -NH-(CH2)2-COOH aegPNA control 

52 H-ATG t TCTCTTT -NH-(CH2)2-COOH one (2S,5R) aepipPNA unit 
Uppercase letters denote aegPNA units. Lowercase letters denote aepipPNA units. t = (2S,5R) 
aepipPNA T; t = (2R,5S) aepipPNA T. 
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Table 3. DNA Oligomer Sequences. 

DNA Oligomer Sequences 

5' →→→→ 3' 

For the Homopyrimidine PNA Sequences 

53 G C A A A A A A A A C G Complementary to PNA-T8 39-47 with 
CG clamps 

54 G C A A A A T A A A C G Mismatch DNA for PNAs 39-47 

55 A A A G A G A A  Complementary to PNAs 48-50  
For Mixed Base PNA Sequences Comprising A, T, G & C Bases 

56 A A A G A G A A C A T Antiparallel DNA to PNAs 51-52 

57 T A C A A G A G A A A Parallel DNA to PNAs 51-52 
 

 

2.3. BIOPHYSICAL SPECTROSCOPIC TECHNIQUES FOR STUDYING 

PNA-DNA INTERACTIONS 

2.3.1. UV-Studies 

Monitoring the UV absorption at 260nm as a function of temperature has been 

extensively used to study the thermal stability of nucleic acid systems and 

consequently, PNA:DNA hybrids as well. Increasing the temperature perturbs 

PNA/DNA hybrids, inducing a structural transition by causing disruption of hydrogen 

bonds between the base-pairs, leading to a loss of secondary and tertiary structure. 

This is evidenced by an increase in the UV absorption at 260nm, termed as 

‘hyperchromicity’. The magnitude of hyperchromicity is a measure of the extent of 

the secondary structure present in nucleic acids. The process is co-operative and the 

plot of the absorbance at 260nm Vs the temperature is sigmoidal (Figure 11a). This 

also represents a two-state “all or none” model for nucleic acid melting, i.e., the 

nucleic acids exist in only two states, either as duplexes or as single strands and at 

varying temperatures, the relative proportions change. A non-sigmoidal (e.g., linear) 
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transition with low hyperchromicity is a consequence of non-duplexation (non-

complementation). In many cases, the transitions are broad and the exact Tms are 

obtained from the peak in the first derivative plots. This technique has provided 

valuable information regarding complementary interactions in nucleic acid hybrids 

involving DNA, RNA and PNA.36  

 The binding stoichiometry of nucleic acids can be determined from UV-

mixing or UV-titration experiments. The UV-mixing experiments are carried out by 

mixing the appropriate oligomers in different mole ratios, keeping the total 

concentration constant. The UV-absorbance of these samples is plotted as a function 

of the mole fraction of one of the components, in what is termed as a Job’s plot37 

(Figure 11b). The absorbance steadily decreases until all the strands present are 

involved in complex formation as a result of the hypochromic effect, and then rises 

c d 

a b 

temperature

A
260

A
260

mole fraction

mole fraction temperature

A
260 heating

cooling

A
obs

A
calc

Figure 11. Schematic representation of a. UV-melting (thermal stability), b. UV-
mixing, c. UV-titration (stoichiometry) and d. Hysteresis (rate of hybridization). 
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afterwards when one strand is present in excess. The stoichiometry of the 

complexation is derived from the minimum in such a plot. 

 The stoichiometry of complexation can also be determined by UV-titration 

(Figure 11c). In this method, one of the strand involved in complexation is 

sequentially added in aliquots to a fixed amount of the complementary component and 

the UV-absorbance is recorded at each addition. Upon successive addition of the 

complementary strand, complex formation results in hypochromicity, which leads to a 

progressive decrease in the ratio of the observed to the calculated absorbance. After 

the first strand present in the buffer is completely bound as duplex, the absorbance 

reaches a plateau and the stoichiometric point at which the plateau is reached 

indicates the stoichiometry of complexation. 

 PNA/DNA strands bearing charged groups could be tested for hysteresis by 

thermal dissociation vs re-association plots. The experiment consists of recording the 

UV absorbance by first heating the duplexes/triplexes (UV-melting) followed by 

cooling the sample while recording the absorbance (re-association, cooling curve). In 

DNA:DNA complexes, the cooling curve does not reversibly follow the melting curve 

and exhibits a hysteresis (Figure 11d). This is due to the fact that the re-association of 

duplexes or triplexes is much slower than melting due to the interstrand repulsion on 

account of the negative phosphate groups. When one of the strands bears cationic 

charges, the net repulsion between the two strands is reduced, leading to a lower 

hysteresis in the heating-cooling plots.  

The fidelity of base-pairing in the PNA:DNA complexes can be examined by 

challenging the PNA oligomer with a DNA strand bearing a mismatch at a desired 

site, preferably opposite the site of modification. The base mismatch leads to the 
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absence of or incorrect hydrogen bonding between the bases and causes a drop in the 

measured melting temperature. A modification of the PNA structure is considered 

good if it gives a significantly lower Tm with DNA sequences containing mismatches 

as compared to that with unmodified PNA. It is to be pointed out that in all 

biophysical experiments described herein, the modified PNAs are always evaluated 

against the unmodified control PNA. 

 Homopyrimidine thymine PNA sequences bind to the complementary 

homopurine DNA sequence forming PNA2:DNA triplexes in which it is difficult to 

distinguish the PNA strand that binds to the central DNA strand by WC hydrogen 

bonding from that which binds by HG hydrogen bonding. Mixed base sequences form 

duplexes of antiparallel or parallel orientations that can be selected by proper design 

of the complementary DNA sequences. By convention, antiparallel PNA:DNA 

complexes are defined as those in which the ‘N’ terminal of the PNA faces the 3’-end 

of the DNA with the ‘C’ terminal facing the 5’-end and parallel PNA:DNA 

complexes are those in which the ‘C’ terminal of PNA faces the 3’-end of DNA with 

the ‘N’ terminal towards the 5’-end of the DNA38 (Figure 12). 

 

 

NC

3'5'

N C

3'5'

PNA

DNA

PNA

DNA

antiparallel (ap) parallel (p)

Figure 12. Schematic representation of the antiparallel and parallel modes of 
complexation of PNA with complementary DNA. 
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2.3.2. Circular Dichroism 

Circular Dichroism (CD) is a well-established tool used to study the 

conformational aspects of nucleic acids.39,40 Upon comparison with reference 

samples, CD spectra can provide reliable and useful data concerning the 

conformational states of the system under study. However, CD does not give detailed 

structural data as obtained from X-ray crystallography or NMR, but it can be used as a 

complementary tool to UV spectroscopy to evaluate the overall base-stacking 

patterns. The differences in secondary structure and handedness of helices can be 

differentiated conformationally as changes in CD profiles. 

CD of nucleic acids arises predominantly as an effect of coupling between the 

transition moments of adjacent nucleobases due to continuous stacking. The PNA 

backbone is inherently achiral. However, PNA, a polyamide, can be expected to form 

helices via intramolecular hydrogen bonding leading to a racemic mixture of right- 

and left-handed helices and no net CD is observed.41 Upon complexation with 

DNA/RNA, which are chiral molecules, PNA:DNA/RNA duplexes/triplexes exhibit 

strong CD signals. 

Thus, the complex formed as a consequence of the binding of achiral PNA and 

chiral DNA leads to the formation of a chiral complex. CD thus, assumes importance 

in the characterization of such complexes.  

2.3.3. Gel Electrophoresis 

Electrophoretic gel shift assay is used to establish the binding of different 

PNAs to the complementary DNA. The modified PNAs and the control PNA are 

individually treated with oligonucleotide and the complexation is monitored by 

nondenaturing gel electrophoresis at 10°C. The spots can be visualized on a TLC with 
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fluorescent background. The formation of PNA2:DNA complexes is accompanied by 

the disappearance of the single strand DNA and appearance of a lower migrating band 

due to PNA:DNA complexes. The migration of modified PNA2:DNA complexes can 

be compared with that of the unmodified PNA:DNA complex. Under the 

electrophoretic conditions employed, the single stranded PNAs that carry net positive 

charge do not move out of the well. The PNA2:DNA triplexes show more retardation 

as compared to PNA:DNA duplexes. This can be attributed to the increased molecular 

weight upon formation of triplex.  

 

2.4. RESULTS  

 In the present Chapter, studies on PNA-DNA interactions as investigated by 

UV, CD and gel electrophoresis techniques are presented with discussion on the effect 

of PNA modifications on duplex/triplex formation. 

2.4.1. Homopyrimidine PNA Sequences: UV Studies 

2.4.1a PNA:DNA Binding Stoichiometry.  

Figure 13. UV-titration of PNA2:DNA complexes 40: 53.  
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The UV-titration (Figure 13) experiments involving the stoichiometric 

addition of aepipPNA 40 to DNA 53 led to a decrease in UV absorbance with aepip 

PNAs. The absorbance showed a similar saturation minima around 2:1 stoichiometry 

suggesting the formation of a PNA2:DNA triplex. 

2.4.1b PNA2:DNA Triplexes: UV-Tm Studies. The thermal stabilities of PNA2:DNA 

complexes were studied by temperature dependent UV absorbance measurements 

(Figure 14). Table 4 shows the Tm values for PNA2:DNA complexes derived from 

various aegPNA and aepipPNA sequences of different stereochemistry and degree of 

modification. The temperature - percent hyperchromicity first derivative plots for 

DNA:PNA2 triplexes indicated a single transition (Figure 15B), characteristic of both 

PNA strands dissociating simultaneously from DNA in a single step. The Tm values 

(entry 1,2, Table 4) indicate that the aepipPNA oligomers 40-43 having single 

modification of either stereomer at N or C terminus exhibited stabilization compared 

to the unmodified PNA T8 homooligomer (39).  

 

(2S,5R) (2R,5S) N 

O 

PNA Sequence 

PNA2:DNA Tm (
0
C) PNA2:DNA Tm (

0
C) 

1 H-t/tTTTTTTT -NH-(CH2)2-COOH 40:53 43 (23.4) 41:53 36 (8.0) 

2 H- TTTTTTTt/t -NH-(CH2)2-COOH 42:53 48 (19.2) 43:53 76 (2.3) 

3 H- t/t TCTCTTT -NH-(CH2)2-COOH 49:55 60 (26.7) 50:55 56 (26.6) 

4 H- TTTTTTTT -NH-(CH2)2-COOH 39:53 43 (18.3)   

5 H- TTCTCTTT -NH-(CH2)2-COOH 48:55 51 (18.5)   

*Buffer: 10mM sodium phosphate, pH 7.4. Values in parentheses represent % hyperchromicity. Tm 
values are accurate to (±) 0.5°C. Experiments were repeated at least thrice and the Tm values were 
obtained from the peaks in the first derivative plots. 

 

    Table 4. UV-Tm (oC) of PNA2:DNA complexes.* 
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While a (2S,5R) aepip unit at the N-terminus has better stability of its complex 

with the complementary DNA 53 compared to (2R,5S), the situation  was reversed for 

corresponding modification at C-terminus; the (2R,5S) oligomer forming the much 

more stable hybrid compared to that of the (2S,5R) oligomers (entry 2).   

 The stability of the DNA complexes of aeg-aepip-PNA oligomers with mixed 

pyrimidine base sequence and N-terminus modifications (49:55 and 50:55) was 

higher by 5oC for (2R,5S) and 9oC for (2S,5R) as compared to that of the control 

complex 48:55 (entry 3,4 Table 4).  The percent hyperchromicity was enhanced 

compared to the control complex in these transitions when chiral unit is at the N-

terminus. Only in the case of the complex 41:53 (2R,5S) and 44:43 (2S,5R), (Table 5) 

where the aepip unit is in the center of the sequence, percent hyperchromicity 

accompanying the melting was found to be low. A single (2S,5R) aepip modification 

in the middle of the sequence did not affect the stability of the DNA hybrid (Table 5, 

entry 2). Increasing the number of aepipPNA modifications further enhanced the Tm 

(Table 5, entry 3-5). 

Figure 14A. UV-Melting profiles of 
PNA2:DNA (2S,5R) complexes. 

Figure 14B. UV-Melting profiles of 
PNA2:DNA (2R,5S) complexes. 
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PNA oligomers with one aepip modification at C-terminus and a second aepip 

unit at the third (45), fifth (46) or seventh (47) base positions respectively were used 

to study the relative positional effects of the modifications. A synergistic stabilizing 

effect was observed with a second modified aepip unit in all the cases (45:53, 46:53 

and 47:53). The maximum benefit per additional unit observed was (∆Tm +4oC) when 

the second aepipPNA unit was separated by one base (45:53) (Table 5). 

(2S,5R) No PNA Sequence 

PNA2:DNA Tm (
0
C) 

1 H- TTTTTTTT -NH-(CH2)2-COOH 39:53 43 (18.3) 

2 H- TTTT t TTT -NH-(CH2)2-COOH 44:53 44 (10.9) 

3 H- TTT TT t Tt -NH-(CH2)2-COOH 45:53 52 (26.7) 

4 H- TTT t TTT t -NH-(CH2)2-COOH 46:53                 51 (25.2) 

5 H- T t TTTTT t -NH-(CH2)2-COOH 47:53            49 (14.3) 
*Buffer: 10mM sodium phosphate, pH 7.4. Values in parentheses represent % hyperchromicity. Tm 
values are accurate to (±) 0.5°C. Experiments were repeated at least thrice and the Tm values were 
obtained from the peaks in the first derivative plots. 

Table 5. UV-Tm (oC) of PNA2:DNA complexes.* 
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Figure 15. A) UV-Melting profiles of PNA2:DNA (2S,5R) complexes. B) UV-Melting first 
derivative curves of PNA2:DNA (2S,5R) complexes. a. 40:53; b. 45:53, c. 49:55, d. 46:53, e. 
48:55, f. 39:53, g. 47:53. Inset: h. 42:53, i. 44:53. 
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2.4.1c Mismatch studies. The complexes of PNAs were constituted with DNA 

containing a mismatch base (Figure 16). The PNA2:DNA complexes comprising the 

aepipPNAs (39-43) and DNA 54 having a single mismatch were subjected for UV-

melting. The mismatched complex 43:54 was destabilized by a larger extent (∆Tm –

53oC) for (2R,5S) aepip stereochemistry and  by ∆Tm ~ -24oC for (2S,5R) aepip 

stereochemistry (Table 6 & Figure 17).  

Figure 17. A) UV-Melting profiles and B) UV-Melting first derivative curves of 
mismatched PNA2:DNA (42:54) (2S,5R) & (43:54) (2R,5S)  mismatched complexes.  

0 10 20 30 40 50 60 70 80

0.00

0.02

0.04

43:54

42:54

Temperature (
0
C)

d
(%

 H
y
p

e
rc

h
ro

m
ic

it
y
)/

d
T

0 10 20 30 40 50 60 70 80

0

2

4

43:54

42:54

%
 H

y
p

e
rc

h
ro

m
ic

it
y

Temperature (
0
C)

A B 

(2S,5R) (2R,5S) No PNA Sequence 

PNA2:DNA Tm (
0
C) PNA2:DNA Tm (

0
C) 

1 H- t/t TTTTTTT -NH-(CH2)2-COOH 40:54 19 (8.9) 41:54 ND 

2 H- TTTTTTT t/t -NH-(CH2)2-COOH 42:54 24 (3.8) 43:54 23 (3.3) 

4 H- TTTTTTTT -NH-(CH2)2-COOH            39:54            ND  

*ND: Not detected. 

 Table 6. UV-Tm (oC) of PNA2:DNA mismatched complexes.* 

         T T T   T   T T T T                PNA 

G C A A A   T   A A A A C G       DNA 

         T T T   T   T T T T                PNA 

 
Figure 16. Mismatched PNA2:DNA complex. 
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The PNA:DNA complexes comprising the control aegPNA (39) and modified 

aepipPNA (41) and DNA 54 having a single mismatch gave linear, non-sigmoidal 

plots and failed to show any peak in the first derivative plots. As a consequence, no 

melting temperature was detected for these complexes.  

2.4.1d Salt effects. The presence of salt (50mM NaCl) in the medium is known to 

destabilize the PNA2:DNA complexes.42 The DNA 53 complexes with control PNA 

39 and PNA with one aepipPNA unit, 40 exhibited ∆Tm = ~ -5oC upon salt addition.  

2.4.2. UV-Tm Studies in Duplexes 

 The oligothymine sequences described above were found to form triplexes in 

which the binding orientation (parallel-antiparallel) of the two PNA strands involved 

in complex formation remains inconsequential. In order to study the orientational 

preferences (parallel/antiparallel, Figure 12) of PNA:DNA binding, mixed purine-

pyrimidine sequences were synthesized. 

 The mixed PNA sequences such as 51-52 have been demonstrated to form 

duplexes with the complementary DNAs 56 (antiparallel, ap) and 57 (parallel, p) and 

are useful to examine the orientational selectivity in binding to DNA. Hence, Tm 

studies of PNA:DNA duplexes of these oligomers containing aepipPNA units were 

carried out. The duplexes were constituted by individually mixing equimolar amounts 

of complementary achiral aegPNA 51 and chiral aepipPNA 52 with DNA oligomers 

56/57 in phosphate buffer. The UV-Tm profiles of complexes of PNAs 51 and 52 with 

DNA sequences 56 and 57 designed to bind in antiparallel and parallel orientations 

respectively, is shown in Figure 18 and the values given in Table 7. In both PNAs, the 

antiparallel duplex was more stable than the parallel duplex. However, the modified 
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aeg-aepipPNA 52 (2S,5R) stabilized the antiparallel duplex (DNA 56) by 17oC 

compared to the 8.2oC by aegPNA over the parallel duplex.  

2.4.2b Dissociation Vs Re-association Kinetics 

 The UV-melting and re-association (by cooling) curves for hybrids of DNA 

with aegPNA 39 and aepipPNA 42 as a typical representative example are shown in 

Figure 19. It is seen that while the aegPNA cooling curve is displaced significantly 

indicating a hysteresis, that of aepPNA exhibited overlapping curves. This suggests a 

 Table 7. UV-Tm (oC) of PNA:DNA duplexes containing the nucleobases A, G, C & T. 

 (2S,5R) 

Entry PNA:DNA Tm (
o
C) ∆∆∆∆Tmap-∆∆∆∆Tmp 

1 52:56 (ap) 57.8 (20.2) 

2 52:57 (p) 40.8 (15.0) 

170C 

                  Control aegPNA:DNA complex 

3 51:56 (ap) 51.2 (16.2) 

4 51:57 (p) 43.0 (11.3) 

8.20C 

*Buffer: 10mM sodium phosphate, pH 7.4. Values in parentheses represent % hyperchromicity.  
Tm values are accurate to (±)0.5°C. Experiments were repeated at least thrice and the Tm values 
were obtained from the peaks in the first derivative plots. 

0 10 20 30 40 50 60 70 80 90

0

5

10

15

20

52:57

51:56

51:57

52:56

%
 H

y
p

e
rc

h
ro

m
ic

it
y

Temperature (
0
C)

0 10 20 30 40 50 60 70 80 90

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

52:57

51:56

51:57

52:56

d
(%

H
y
p

e
rc

h
ro

m
ic

it
y
)/

d
T

Temperature (
0
C)

A B 

Figure 18. A) UV-Melting profiles and B) UV-Melting first derivative curves 
of PNA:DNA duplexes. 
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faster re-association of aepPNA:DNA duplexes compared to the aegPNA:DNA  

duplexes.  

2.4.3. CD Studies: Effect of Chiral PNAs 

The achiral PNA backbone does not show any significant CD spectrum. 

However, single-stranded (ss) PNAs with modified chiral backbone when complexed 

with complementary DNA sequences are capable of exhibiting characteristic CD 

signals. A preferred handedness in the complex may be induced by introducing chiral 

centers within the PNA strand. The process was described as a “seeding of chirality, 

beginning from the terminal base pair and migrating through the stack of the bases”.43 

The presence of chiral monomers reorganizes the single stranded PNAs and also 

enhance the helical preferences of the PNA:DNA complexes. The CD profiles of the 

single strand aepipPNAs show “somewhat” mirror image relationship (Figure 20) of 

CD bands at 270nm- 300nm and the sign of CD bands is significantly influenced by 

the stereochemistry of monomeric units. In single strand aepipPNA CD signals must 

arise due to asymmetry induced in base stacking by the chiral aepip unit.  

Figure 19. Hysteresis between the dissociation and re-association phenomena in 
aegPNA (39) and aepipPNA (42). 
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2.4.3a. CD of Triplexes 

As part of the chimeric backbone in aepip-aegPNA oligomers, the chirality of 

aepipPNA oligomers was thought to direct the preferred structure of ss PNAs. These 

monomers were therefore incorporated into triplex forming homopyrimidine PNA T8 

sequences at N-terminus (PNA 40-41), C-terminus (PNA 42-43), center of the 

sequence (44) and at two positions i.e. at C terminus and second aepip unit at the third 

(45), fifth (46) or seventh (47) base positions respectively to study the additivity of 

any structural pre-organization due to preferential base stacking. Although the CD 

spectra of the aepipPNA-T8 single strands differed depending on the stereochemistry 

and the number of aepipPNA units (Figure 21), upon complex formation with the 

complementary DNA oligomer, the CD exhibited by the complex was similar to that 

of the control aegPNA2:DNA triplex (Figure 21B).  

Thus, the CD spectra of the complexes formed by (2S,5R) aepipPNA-T (e.g., 

40:53, 42:53) and (2R,5S) aepipPNA-T (e.g., 41:53, 43:53) (Figure 22) were similar 

to that of the control aegPNA 39:53. The PNA2:DNA triplexes exhibited two maxima 
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Figure 20. CD spectra of aepipPNA T8 single strands 40 (2S,5R) & 41 (2R,5S). 
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at 265nm and 280nm while minima at 246nm and crossover points at ~250- ~260nm. 

(Figure 21B, 22B). The double hump profile is characteristic of poly T-poly A-poly T 

triplexes.   

2.4.3b. CD of Duplexes 

The mixed base aepipPNAs that were found to form duplexes with DNA by 

UV-melting were also analyzed by CD. The antiparallel complexes of PNAs 51-52 

with DNA 56 exhibited different patterns with maxima at ~270nm and ~220nm and a 
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Figure 21. A) CD profiles of aepipPNA-T8 (2S,5R) single strands 39, 40, 42 and DNA 
single strand 53. B) CD profiles of PNA2:DNA triplexes 39:53, 40:53, 42:53 & 45:53.  
 

Figure 22. A) CD profiles of aepipPNA-T8 (2R,5S) single strands 41 & 43 B) CD 
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minimum at ~250nm (Figure 23B) unlike PNA2:DNA triplexes (Figure 23A) which 

exhibit positive double hump profile seen in 260-280 nm region. [The chimeric aepip-

aegPNA single strand sequence 52 (2S,5R) which contains one aepip unit, was used 

to study the changes in CD signals upon complexation with DNA.]   

2.4.3c. Stoichiometry Determination 

The circular dichroism spectroscopy can also be used to study the binding 

stoichiometry of PNA:DNA complexes and change in ellipticity is used to find out the 

binding stoichiometry of PNA:DNA complexes.44 The chimeric aepip-aegPNA single 

strand sequence 40 (2S,5R) and 43 (2R,5S) which contains one aepip unit, was used to 

study the changes in CD signals upon complexation with DNA.  aepip-aegPNA 40 

and 43 and DNA 53 were mixed in various proportions separately and figure 23A and 

24A shows the CD spectra for these mixtures of aepip PNA and DNA respectively.  

The ellipticity at 260nm when plotted against mole fraction of PNA gave an 

inflection point at ~0.62 to ~0.64 mol fraction of PNA indicating PNA2:DNA binding 

stoichiometry (Figure 24B and 25 B). Further, the positive maxima at 220, 260-
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Figure 23. CD profiles of (A) PNA2:DNA triplexes 39:53, 40:53, 42:53

& 45:53 in comparison with the (B) PNA:DNA duplex 51:56 & 52:56. 
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280nm and two isobastic points at 238nm and 258nm which are characteristics of 

PNA2:DNA triplex confirms the 2:1 binding stoichiometry.  

aepip-aegPNA 52 and DNA 56 were mixed in various proportions and Figure 

26A shows the CD spectra for these mixtures of aepipPNA and DNA. The ellipticity 

at 263nm when plotted against mole fraction of PNA gave an inflection point at ~0.52 

mol fraction of PNA indicating PNA:DNA binding stoichiometry (Figure 26B). 

Further, the positive maxima at 270nm, minima at 250nm and two isobastic points at 

Figure 24. A) CD spectra of molar mixtures of aepipPNA 40 and DNA 53 showing 
isodichroic points. B) CD mixing curve for PNA 40 and DNA 53 mixtures in the various 
molar proportions indicating 2:1 binding stoichiometry of PNA:DNA. 
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Figure 25. A) CD spectra of molar mixtures of aepipPNA 43 and DNA 53 showing 
isodichroic points. B) CD mixing curve for PNA 43 and DNA 53 mixtures in the various 
molar proportions indicating 1:1 binding stoichiometry of PNA:DNA.  
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235nm and 265nm which are characteristics of PNA: DNA duplex confirms the 1:1 

binding stoichiometry (Figure 26).  

2.4.4. Gel shift assays 

 The binding of aepipPNAs to complementary DNA was also examined by gel 

retardation as shown in Figure 27. The modified PNA’s and the control PNA were 

individually treated with complementary DNA and complexation was monitored by 

non-denaturing gel electrophoresis at 10°C. The single stranded DNA, PNA and 

PNA:DNA complexes were visualized on a fluorescent TLC background. The 

PNA:DNA complexes derived from aepipPNAs with even a single aepipPNA unit 

Figure 27. 15% Polyacrylamide Gel Electrophoresis of aepipPNA:DNA 
complexes. Lanes 1 through 6: PNA 39, single strand; DNA 53 single strand; 
PNA 42 single strand; PNA 42:DNA 53; PNA 39:DNA 53; PNA 45:DNA 53. 

Figure 26. A) CD spectra of molar mixtures of aepipPNA 52 and DNA 56 showing 
isodichroic points. B) CD mixing curve for PNA 52 and DNA 56 mixtures in the various 
molar proportions indicating 1:1 binding stoichiometry of PNA:DNA. 
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e.g. 42:53 were significantly retarded in the gel (lane 4). The complexes involving 

PNAs with two aepipPNA units e.g. 45:53 were retarded even more (lane 6) and 

remained close to the well in which they were loaded. The single strand PNAs alone 

(lane 1,3) moved much more slowly compared to the complexes. 

 

2.5. DISCUSSION 

 The effect of PNA backbone modification in the form of aepipPNA is 

expected to significantly affect the PNA:DNA thermal stability. The UV-Tm, CD and 

gel shift assay data presented in the last section suggests that the aepipPNA:DNA 

interaction is significantly diversified. 

2.5.1. UV-Spectroscopy 

aegPNA homopyrimidine sequences comprising thymine units are known to 

form PNA2:DNA triplexes.45 Both UV-mixing and UV-titration experiments indicated 

a 2:1 binding stoichiometry (PNA2:DNA) for PNA oligomers of (2S,5R) aepip-aeg 

units 40 as well as (2R,5S) aepip-aeg units 43. The percent hyperchromicity Vs 

temperature plots derived from the UV-melting data indicated a single transition, 

characteristic of PNA2:DNA triplex melting, wherein both the PNA strands dissociate 

from the DNA strand simultaneously, in a single step. The stabilizing effect of the 

aepipPNA units on the derived PNA2:DNA complex progressively increased with an 

increase in the number of aepipPNA units.  

PNA oligomers with one aepip modification at C-terminus and a second aepip 

unit at the third (45), fifth (46) or seventh (47) base positions respectively were used 

to study the relative positional effects of the modifications. A synergistic stabilizing 
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effect was observed with a second modified aepip unit in all the cases (45:53, 46:53 

and 47:53). The maximum benefit per additional unit was observed (∆Tm +4oC) when 

the second aepipPNA unit was separated by one base (45:53) (Table 6). More 

importantly, the specificity is retained in these cases. This was evident from the 

mismatch studies, where the presence of a single T-T mismatch in the center of the 

sequence made the PNA2:DNA complexes very unstable. The PNA/DNA single 

strands, when subjected to the same temperature program as the PNA2:DNA 

complexes, exhibited <3% change in absorbance, thus ruling out any significant 

contribution from single stranded ordering to the sigmoidal transition observed for the 

PNA2:DNA triplexes. The tight binding of the T8 aepPNAs with DNA was also seen 

in diagnostic gel mobility shift experiments, where even a single modification 

effected significant retardation.  

PNA2:DNA complexes are known to be destabilized by the presence of salts 

and the stability of complexes of DNA with positively charged ligands is strongly 

salt-dependent. The presence of salt in the medium caused a destabilization of both 

aepipPNA2:DNA complex, 40:53 and aegPNA2:DNA complex 39:53 (∆Tm ≥5oC). 

The pH-titration plot of aepipPNA-T monomeric unit exhibited three distinct 

transitions, wherein the pKas of the three functional groups that can be deprotonated 

viz., the carboxylic acid, the piperidine ring nitrogen and the primary amine, were 

clearly resolved. The plot indicated a pKa ≈6.76 for the piperidine nitrogen, 

substantiating its protonation status even at neutral pH. The homopyrimidine-aegPNA 

backbone comprising both the isomers of aepip units effect stabilization of the 

resulting triplexes with complementary DNA strands depending upon stereochemistry 

and position of the modified unit.  
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The effect of backbone chirality of aepipPNA while binding to 

complementary DNA sequences seems to be unimportant in such homopyrimidine 

(T8) sequences since these bind to complementary DNA in both parallel (HG) and 

antiparallel (WC) orientations. The mixed purine-pyrimidine sequences (51-52) were 

constructed to explore the effect of the aepip backbone chirality on the directionality 

of binding in duplexes. 

 The presence of a single 2S,5R aepipPNA unit in the center of a mixed purine-

pyrimidine duplex forming oligomer discriminates the parallel versus antiparallel 

DNA sequence much better than the unmodified aegPNA. The fairly rigid 6-

membered ring structures as in hexose46 and hexitol47 nucleic acids have shown 

excellent selection of parallel/antiparallel modes of binding to DNA. This has 

triggered interest in six-membered PNA analogs,48 although with some initial 

misgivings.49   

2.5.2. CD Spectroscopy 

 aegPNA is inherently achiral. However, upon complexation with 

complementary nucleic acids, it is rendered chiral and exhibits an induced CD signal. 

Chirality can be induced in the achiral PNA strand by linking chiral moieties like 

amino acids,50 peptides,51 or oligonucleotides52-57 to the PNA termini. PNA has also 

been rendered chiral by the incorporation of chiral amino acids in its backbone.58-67 

The CD is predominantly an effect of coupling between the transition moments of the 

nucleobases as a result of their helical stacking. 

The introduction of chiral monomers in the backbone allows the investigation 

of specifically positioned stereogenic centers within the achiral PNA oligomer. Thus, 

it is of general interest to investigate how many stereogenic centers inserted at which 
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positions of a PNA oligomer can coherently induce a preferred handedness of the 

single or double stranded PNA, and if eventual stereochemical preorganization of 

PNAs can favour the DNA/RNA recognition process.68 It has been suggested69,70 that 

effective mechanisms of inducing chirality would involve some immobilization of the 

rotation around the bonds of the α-carbon of the amino acid.71 

A comparison of the structures of the complexes formed by PNA with 

complementary DNA/RNA and the corresponding DNA:DNA and DNA:RNA 

complexes suggested that PNA hybrids are right handed helices with a base-pair 

geometry not very much different from ‘A’ or ‘B’ form DNA. The preferred 

handedness of the PNA:DNA duplexes seems to be dictated by the DNA.  

PNA-T8 oligomers were demonstrated to form PNA2:DNA triplexes with the 

DNA polypurine strand as the central strand. In such cases, CD supported the fact that 

a triplex is formed as the only PNA2:DNA complex, and that it is a right-handed 

helix. The conformation of bases in the PNA2:DNA triplex was found to be very 

similar to that of the conventional DNA2:DNA T*A:T triplex.  

 Of the two stereocenters present in each chiral aepipPNA unit presented here, 

the C2-stereocenter is present directly in the backbone (Figure 28) and hence, this is 

expected to exert a greater effect in inducing chirality in the oligomer backbone. The 
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Figure 28. The aepipPNA backbone showing the two 
chiral centers of each aepipPNA unit. 
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C5 stereocenter carrying the nucleobase may mostly affect the base stacking. 

However, since both are part of the piperdine ring, the two roles may be correlated. 

The CD induced by the aepipPNA units in the PNA single strands seemed to 

be inconsequential, since the aepipPNA oligomers formed complexes 

(duplexes/triplexes) (e.g. 40:53, 42:53, 52:56) that gave very similar CD signals upon 

complexation with DNA. Significantly, these CD profiles were similar to those of the 

control achiral aegPNA complexes (39:53, 51:56). Thus, in a PNA:DNA complex, it 

is the CD of the DNA that dominates over any inherent CD of the  PNA involved in 

the structure.  

2.5.3. Gel Retardation Assays 

 The gel mobility shift assays described in section 2.4.4. are confirmative proof 

for the formation of PNA:DNA complexes. The formation of such a complex with 

DNA 53 resulted in significant retardation in the polyacrylamide gel electrophoresis. 

These results were in concordance with the data obtained from the UV-thermal 

melting studies with these oligomers. This underlined the specificity of the hydrogen 

bonding between the complementary base pairs even in modified PNAs, which is of 

utmost importance for the application of oligonucleotide/PNA analogues in 

antisense/antigene therapy. 

The PNAs containing aepipPNA units remained in solution for a much longer 

time duration even at lower temperature as compared to the uncharged aegPNA 

oligomers, which precipitated out of solution as a result of self-aggregation. The 

aepipPNAs enhanced solubility in aqueous media is probably a resultant of the 

positive charge present in the monomeric units (pKa of the piperdine ring nitrogen is 

~6.76, which suggests that it should be at least partly protonated at pH 7.4).  



Chapter 2 

 

2.6. COMPARISION OF aepipPNA AND pip-PNA 

Nielsen et al
49 has reported two conformationally restricted piperidinone PNA 

adenine monomers (Figure 29). They have been synthesised and incorporated into a 

PNA dodecamer (once in a central position). Modifying PNA with either monomer 

resulted in a large decrease in duplex stability with RNA (∆Tm 10–11.50C) as well as 

with DNA, and a smaller decrease with complemetary PNA. Thus, any expected 

preorganisation of the PNA single strand induced by these cyclic six-membered pip-

PNA analogues seems to be inferior to the preorganisation by the cyclic five 

membered PNA analogues studied earlier in terms of producing a hybridisation-

competent conformation.  

But in contrast, the aepipPNAs presented in this chapter-effected stabilization 

of the resulting triplexes with complementary DNA strands depending upon 

stereochemistry and position of the modified unit.  A single modified 2S,5R 

aepipPNA unit in the center of a mixed purine-pyrimidine duplex forming oligomer 

discriminates the parallel versus antiparallel DNA sequence much better than the 

unmodified aegPNA.  The results reported here further expand the repertoire of cyclic 

PNA analogues to six-membered series.  

 

N

O

NH

A

O
N

O

NH

A

O

3R,6R pip-PNA 3S,6R pip-PNA

Figure 29. pip-PNA monomers.49 
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2.7. SUMMARY 

In summary, this chapter promulgates the design and synthesis of novel six-

membered pipecolic acid derived PNA analogues (2S,5R and 2R,5/S)-1-(N-Boc-

aminoethyl)-5-(thymin-1-yl)pipecolic acid. aegPNA homopyrimidine sequences are 

known to form triplexes. UV-mixing and CD-mixing experiments indicated a 2:1 

binding stoichiometry (PNA2:DNA) for homopyrimidine aepipPNA:DNA complex, 

while 1:1 stoichiometry was observed for purine-pyrimidine mixed sequences. The % 

hyperchromocity vs temperature plots derived from the UV-melting data indicated a 

single transition characteristic of PNA2:DNA melting, wherein both PNA strands 

dissociate from the DNA strand simultaneously, in a single step. The binding of these 

modified oligomers with DNA was also seen in diagnostic gel mobility shift 

experiments, where a single modification effected significant retardation.  

The homopyrimidine-aegPNA backbone comprising these units effect 

stabilization of the resulting triplexes with complementary DNA strands depending 

upon stereochemistry and position of the modified unit.  A single modified 2S,5R 

aepipPNA unit in the center of a mixed purine-pyrimidine duplex forming oligomer 

discriminates the parallel versus antiparallel DNA sequence much better than the 

unmodified aegPNA.  The results reported here further expand the repertoire of cyclic 

PNA analogues to six-membered series. The positive charge on the piperidine 

nitrogen is at least partly responsible for the high binding affinity. The main 

contributing factor to the enhanced affinity however, remains the specific hydrogen 

bonding between the A-T and G-C nucleobases. An added and important asset of this 

positively charged chiral backbone is its enhanced solubility in aqueous media. 
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 In order to explain all the observed results, more work needs to be carried out, 

including studying the properties of other nucleobases and to investigate the undiluted 

effect of the aminoethylpipecolyl backbone, in homooligomeric aepipPNA sequences 

and in mixed base duplexes. 

 

2.8. EXPERIMENTAL 

The chemicals used were of laboratory or analytical grade. All the solvents 

used were purified according to the literature procedures.72 All the reactions were 

monitored for completion by TLC. Usual work-up implies sequential washing of the 

organic extract with water and brine followed by drying over anhydrous sodium 

sulphate and evaporation under vacuum. 

Column chromatography was performed for purification of compounds on 

Spectrochem silica gel (100-200 mesh). TLCs were carried out on pre-coated silica 

gel GF254 aluminium sheets (Merck 5554). TLCs were run in either dichloromethane 

with an appropriate quantity of methanol or in petroleum ether with an appropriate 

quantity of added ethyl acetate for most compounds. Free acids were 

chromatographed on TLC using a solvent system of iso-propanol: acetic acid: water in 

the proportion 9:1:1. The compounds were visualized with UV light and/ or by 

spraying with ninhydrin reagent subsequent to Boc-deprotection (exposing to HCl 

vapors) and heating. 

1H (200MHz/300MHz/500MHz) and 13C (500MHz) NMR spectra were 

recorded on a Bruker ACF 200 spectrometer fitted with an Aspect 3000 computer and 

all the chemical shifts are referred to internal TMS for 1H and chloroform-d for 13C. 

The chemical shifts are quoted in δ (ppm) scale. In compounds that bear a tertiary 
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NH COOH

COOH

z
4a

amide group, splitting of NMR signals was observed due to the presence of rotamers. 

In such cases, the major isomer is designated as 'maj' and the minor isomer, 'min'. 

 Optical rotation values were measured on Bellingham-Stanley Ltd, ADP220 

polarimeter and CD spectra were recorded on a JASCO J715 spectropolarimeter. 

Mass spectra were recorded on a Finnigan-Matt (LCMS) mass spectrometer, 

while MALDI- TOF spectra were obtained from a KRATOS PCKompact and 

Applied Biosystems instrument. 

 

N-benzyloxycarbonyl-L-glutamic acid
21,22

  

To a solution of L-glutamic acid 4 (68mmol, 10g) in 1,4-dioxan 

was added a 2M sodium hydroxide solution and cooled to 00C. 

After stirring for 5min at 00C a 50% solution of 

benzylchloroformate in toluene (81.6mmol, 23.3ml) was added dropwise to the above 

solution. After complete addition, reaction mixture was stirred overnight at rt. The 

reaction mixture was concentrated to remove 1,4-dioxan and then washed with diethyl 

ether to remove unreacted benzylchloroformate.  Then reaction mixture was acidified 

with conc. HCl to pH 2.0 and extracted with ethyl acetate. The organic layer was 

dried with sodium sulfate and concentrated in vacuum, resulting in white solid 4a 

(18g, 94% yield). 

1H NMR (CDCl3) δ: 7.34 (s, 5H, Ar-H), 5.67-5.63 (d, 1H, NH), 5.11 (s, 2H, Ph-CH2), 

4.51-4.39 (m, 1H, H1), 2.50-2.19 (m, 4H, Hα, Hα’, Hβ, Hβ’). 
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(S)-3-benzyloxycarbonyl-5-oxo-4-oxazolidine propanoic acid 
21,22

 (5) 

A mixture containing N-benzyloxycarbonyl-L-glutamic acid 4a 

(64.06mmol, 16g), paraformaldehyde (160.15mmol, 4.80g) and 

p-toluenesulphonic acid monohydrate (3.84mmol, 0.731g) in 

benzene was heated at reflux for 3-4h, with removal of water with a dean stark setup. 

The solution was allowed to cool to room temperature and to it ethyl acetate was 

(100ml) added, the solution was washed with 0.3M aqueous potassium carbonate 

(10ml), water (10ml x 2) and dried with sodium sulfate. The solvent was evaporated 

to give colourless syrup 5 (13.63g, 82% yield). [α]D
25 = +67.27 (c=2.2, MeOH). 

1H NMR (CDCl3) δ: 7.40 (s, 5H, Ar-H), 5.60 (br s, 1H, H2), 5.30-5.25 (d, 1H, H2’), 

5.20 (s, 2H, Ph-CH2), 4.45-4.35 (m, 1H, H4), 2.55-2.05 (m, 4H, Hα, Hα’, Hβ, Hβ’). 

 

N-benzyloxy-L-glutamic acid αααα-methyl ester
21,22

 (6) 

Oxazolidinone 5 (40.96mmol, 12g) was added to a solution of 

sodium methoxide (49.15mmol, 2.65g) in methanol at 0 to –100C 

with stirring under an atmosphere of nitrogen. After stirring for 

60min, the solution is warmed to room temp and partitioned between ethyl acetate 

(200ml) and saturated solution of potassium hydrogen sulphate (50ml) and organic 

layer worked up to give ester as clear oil 6 (11.2g, 93% yield). [α]D
25 = -7.5 (c=2.0, 

MeOH). 

1H NMR (CDCl3) δ: 7.35 (s, 5H, Ar-H), 5.56-5.52 (d, 1H, NH), 5.12 (s, 2H, Ph-CH2), 

4.50-4.40 (m, 1H, H1), 3.75 (s, 3H, OCH3), 2.46-1.95 (m, 4H, Hα, Hα’, Hβ, Hβ’). 
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N-benzyloxycarbonylamino-6-diazo-5-oxo-L-glutamic acid-2-methyl ester
21,22

 (7) 

To a cooled solution of N-benzyloxy-L-glutamic acid α-

methyl ester 6 (33.90mmol, 10g) in THF (40ml) was added 

triethylamine (37.29mmol, 5.2ml) and stirred for 5-10min. 

After that ethylchloroformate (37.29mmol, 3.6ml) was added slowly and stirred for 

15-20min at 0 to –100C, resulting in white thick suspension. To this mixed anhydride 

was added previously generated diazomethane (339.0mmol) in ether and reaction kept 

at -200C, for overnight. Evaporation of the solvent followed by column 

chromatography gave thick yellow oil 7 (7.0g, 65% yield). 

1H NMR (CDCl3) δ: 7.35 (s, 5H, Ar-H), 5.59-5.55 (d, 1H, NH), 5.24 (s, 1H, H1), 5.11 

(s, 2H, Ph-CH2), 4.39-4.31 (m, 1H, N=N-CH), 3.74 (s, 3H, OCH3), 2.40-1.94 (m, 4H, 

Hα, Hα’, Hβ, Hβ’). 

IR (neat) cm-1: 2140, 1728 and others. 

 

5-oxo-N-benzyloxycarbonyl-2-(S)-pipecolic acid methyl ester
21,22

 (8) 

A concentrated solution of the diazoketone 7 (21.22mmol, 

6.77g) in benzene was added dropwise to a solution of rhodium 

(II) acetate (89.50mg, 1mol %) at reflux in benzene (360ml, 

final concentration 0.02mol/ml). The solution was heated for a further 30min. 

Evaporation of the solvent followed by column chromatography gave as a colourless 

oil 8 (3.2g, 52% yield). [α]25
D +11.7 (c=0.5, CHCl3). 

1H NMR (CDCl3) δ: 7.33 (s, 5H, Ar-H), 5.4-5.0 (m, 2H, CH2-Ar), 4.7 (m, 1H, H2), 

4.3-4.0 (m, 3H, H6, H5), 3.74 (s, 3H, OCH3), 2.6-2.3 (m, 2H, H4). 

N COOMe

O

z

8
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N
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NH COOMe
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13C NMR (CDCl3) (major rotamer) δ: 198.3 (C5), 170.4 (COOCH3), 155.8, 135.6, 

128.3, 128.0 (Ar) 68.0 (CH2-Ar), 62.4 (C6), 54.9(C3), 33.2 (C4), 21.8 (OCH3). 

IR (neat) cm-1: 1728 and others.  

 

5-(S)-hydroxy-N-benzyloxycarbonyl-2-(S)-pipecolic acid methyl ester
21,22

 (9) 

A cooled (00C) solution of 5-oxo-N-benzyloxycarbonyl-2-

(S)-pipecolic acid methyl ester 8 (10.85mmol, 3.2g) in 

methanol (50ml) was treated with sodium borohydride (16.28 

mmol, 0.615g). After being stirred for 2h, the reaction 

mixture was concentrated in vacuuo and the residue was dissolved in ethyl acetate 

(100ml). The organic solution was washed with 10% ammonium chloride solution, 

brine, and dried over sodium sulfate and concentrated. The resulting residue was 

chromatographed to give colourless oil 9 (3.0g, 93% yield). [α]D
25 = -17.78 (c=0.9, 

MeOH). 

1H NMR (CDCl3) δ: 7.35 (s, 5H, Ar-H), 5.14 (s, 2H, Ph-CH2), 4.90-4.78 (dd, 1H, 

H5), 4.30-4.10 (m, 1H, H6), 3.73-3.55 (m, 4H, OCH3, H6’), 2.89-2.72 (m, 1H, H2), 

2.55 (br s, 1H, OH), 2.00-1.93 (m, 4H, Hα, Hα’, Hβ, Hβ’). 

 

5-(S)-hydroxy-2-(S)-pipecolic acid methyl ester (10) 

Deprotection of 5-(S)-hydroxy-N-benzyloxycarbonyl-2-(S)-

pipecolic acid methyl ester 9 (7.80mmol, 2.20g,) using 

hydrogenation (Pd/C, 10%) gave 5-(S)-hydroxy-2-(S)-

pipecolic acid methyl ester 10 (1.10g, 92% yield). 

N COOMe

z

OH

9

N
H
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OH
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1H NMR (CDCl3) δ: 3.83-3.81 (m, 1H, H5), 3.74 (s, 3H, OCH3), 3.40-3.33 (t, 1H, 

H6), 3.08-3.00 (dd, 1H, H6’) 2.88-2.80 (dd, 1H, H2), 1.90-1.83 (m, 3H, H4, H4’, H3), 

1.74-1.61 (m, 1H, H3’). 

 

1-(N-Boc-aminoethyl)-5-(S)-hydroxy-2-(S)-pipecolic acid methyl ester (11) 

To a cooled solution of 5-(S)-hydroxy-2-(S)-pipecolic acid 

methyl ester 10 (6.29mmol, 1.0g), DMAP (1.26mmol, 0.15g) 

in dry DMF:Acetonitrile (1:1) (10ml) was added N,N-

diispropyl ethylamine (15.73mmol, 2.7ml). Stirring was 

continued for 15min and then to this N-Boc amino mesylate (6.29mmol, 1.50g) in 

DMF (3ml) was added. Reaction mixture was heated to 50oC for 20h. Evaporation of 

the solvent followed by column chromatography gave thick brown oil 11 (0.7g, 37% 

yield). 

1H NMR (CDCl3) δ: 5.18 (br s, 1H, NH), 3.93-3.82 (m, 1H, H5), 3.73 (s, 3H, OCH3), 

3.54-3.50 (m, 3H, H6, Boc-NH-CH2), 3.05-2.99 (m, 1H, H6’) 2.75-2.50 (m, 3H, H2, 

Boc-NH-CH2 -CH2), 1.90-1.64 (m, 4H, H3, H3’, H4, H4’), 1.45 (s, 9H, C(CH3)3). 

13C NMR (CDCl3) δ: 175.11(COOCH3), 161.18 (COOC(CH3)3), 79.23 (C(CH3)3), 

64.96 (C5), 62.85 (OCH3), 55.34(C6), 55.11(C4), 51.77(C3), 40.58 (C2), 37.18(CH2-

CH2-NH-Boc), 28.28 ((CH3)3). 

MS: (ESI) 302 (M)+ 
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1-(N-Boc-aminoethyl)-5-(R)-(N3-benzoylthymin-1-yl)-2-(S)-pipecolic acid methyl 

ester (12) 

To a stirred solution of 1-(N-Boc-aminoethyl)-5-(R)-

hydroxy-2-(S)-pipecolic acid methyl ester 11 (0.55g, 

1.82mmol), N3-benzoylthymine  (0.84g, 3.64mmol) and 

triphenyl phosphine (0.95g, 3.64mmol) in dry THF (10ml) 

at room temperature, was added dropwise diethylazodicarboxylate (DEAD, 0.47ml, 

3.64mmol). After completion of the reaction as indicated by TLC (24h), the solvent 

was removed in vacuo and residue purified by silica gel column chromatography to 

get the pure product 12 (0.3g, 32% yield). [α]D
25 = +10.0 (c=0.1, MeOH). 

1H NMR (CDCl3) δ: 7.92 (s, 1H, T-H6), 7.88 (s, 1H, Bz, p-CH), 7.62-7.44 (m, 4H, 

Bz, o-CH, m-CH) 5.28 (br s, NH), 3.74 (s, 1H, H5), 3.72 (s, 3H, OCH3), 3.48-3.22 (m, 

3H, Boc-NH-CH2, H6), 2.94-2.69 (m, 3H, Boc-NH-CH2-CH2, H2) 2.14-2.00 (m, 1H, 

H6’), 2.00 (s, 3H, T-CH3), 2.00-1.63 (m, 4H, H4, H4’, H3, H3’), 1.42 (s, 9H, 

C(CH3)3). 

13C NMR (CDCl3) δ: 175.28 (COOCH3), 169.09 (COOC(CH3)3), 163.24 (T-C2), 

156.01 (Ph-CO), 150.31 (T-C4), 142.58 (T-C6), 138.87, 131.65, 130.36, 129.13 

(arom), 109.50 (T-C5), 79.55 (C(CH3)3), 66.60 (C5), 64.70 (C6), 56.00 (Boc-NH-

CH2), 52.24 (C2), 51.25 (OCH3), 39.73 (Boc-NH-CH2-CH2), 29.41 (C4), 28.39 

(C(CH3)3), 27.75 (C3), 12.27 (T-CH3).  

FAB-MS:  (100%, dibenzofulvalene), 515 (M+H)+ 

MS: (ESI) 514 (M)+ 

 

 

N COOMe
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1-(N-Boc-aminoethyl)-5-(R)-(thymin-1-yl)-2-(S)-pipecolic acid (13) 

To a solution of 1-(N-Boc-aminoethyl)-5(S)-(N3-

benzoylthymin-1-yl)-2(S)-pipecolic acid methyl ester 12 

(0.36g, 0.70mmol) in methanol (2ml) was added aqueous 2M 

NaOH (2ml). TLC analysis after 10min. indicated the absence 

of the starting material as a result of hydrolysis of the methyl ester function. The 

reaction mixture was further stirred overnight, when TLC indicated the presence of a 

lower moving spot. The excess NaOH was neutralized by Dowex-50 H+ resin, which 

was then, filtered off. The methanol from the filtrate was removed under vacuum and 

the residue was taken up in water. This was washed with ethyl acetate before 

concentrating it to dryness to obtain the product 13 (0.25g, quantitative yield) as white 

solid foam. 

1H NMR (D2O) δ: 7.50 (1H, T-H6) 4.52-4.44 (m, 1H, H5), 4.21-3.94 (m, 3H, Boc-

NH-CH2, H2) 3.50-3.45 (m, 4H, Boc-NH-CH2-CH2, H6, H6’), 2.34-2.24 (m, 4H, H4, 

H4’, H3, H3’), 1.89 (s, 3H, T-CH3), 1.45 (s, 9H, C(CH3)3). 

MS: (ESI) 396 (M)+ 

 

N-Boc-2-aminoethanol (15) 

To a cooled, stirred solution of 2-aminoethanol 14 (5.1ml, 

84mmol) in water-dioxane (1:1), was added triethylamine (11.7 

ml, 84mmol) and stirred for 10-15min at 00C. To this reaction mixture at 00C was 

addred drop-wise Boc-azide (10g, 70mmol). The reaction was stirred at room 

temperature overnight. The dioxane was then removed under vacuum, and the water 

layer extracted several times with ethyl acetate. The organic layer was dried over 

N

T

NHBoc

COOH

13

OH
BocHN
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NH COOH

COOH

z
17a

sodium sulphate and then, evaporated to dryness under vacuum to get the product 2-

N-Boc-aminoethanol 15 (6.5g, 58% yield), which was used in further steps without 

purification. 

1H NMR (CDCl3) δ: 5.09 (br s, 1H, NH), 3.69-3.64 (m, 2H, (CH2)), 3.28-3.23 (t, 2H, 

(CH2)), 2.65 (br s, 1H, OH), 1.42 (s, 9H, C(CH3)3) 

 

2-N-Boc-aminoethylmesylate (16) 

To an ice-cooled solution of 2-N-Boc-aminoethanol 15 (2.8g, 

17.4mmol) in dry dichloromethane (25ml), was added dry 

pyridine (1.7ml, 20.9mmol). To this reaction mixture was added methane sulphonyl 

chloride (2ml, 26.1mmol) in small portions over 10-15min. The reaction was kept at 

00C overnight. After that solvent was evaporated and the product immediately 

purified by silica gel column chromatography to get 2-N-Boc-aminoethylmesylate 16 

(2.6g, 62% yield). 

1H NMR (CDCl3) δ: 4.91(br s, 1H, NH), 4.29-4.24 (t, 2H, (CH2)), 3.45 (m, 2H, 

(CH2)), 3.02 (s, 3H, OSO2CH3), 1.43 (s, 9H, C(CH3)3) 

 

N-benzyloxycarbonyl-D-glutamic acid  

To a solution of D-glutamic acid 17 (68mmol, 10g) in 1,4-dioxan 

was added a 2N sodium hydroxide solution and cooled to 00C. 

After stirring for 5min at 00C a 50% solution of 

benzylchloroformate in toluene (81.6mmol, 23.3ml) was added dropwise to the above 

solution. After complete addition, reaction mixture was stirred overnight at rt. The 

reaction mixture was concentrated to remove 1,4-dioxan and then washed with diethyl 

OMs
BocHN

16
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ether to remove unreacted benzylchloroformate.  Then reaction mixture was acidified 

with conc. HCl to pH 2.0 and extracted with ethyl acetate. The organic layer was 

dried with sodium sulfate and concentrated in vacuum, resulting in white solid 17a 

(18g, 94% yield). 

1H NMR (CDCl3) δ: 7.34 (s, 5H, Ar-H), 5.67-5.63 (d, 1H, NH), 5.11 (s, 2H, Ph-CH2), 

4.51-4.39 (m, 1H, H1), 2.50-2.19 (m, 4H, Hα, Hα’, Hβ, Hβ’). 

 

(R)-3-benzyloxycarbonyl-5-oxo-4-oxazolidine propanoic acid (18) 

A mixture containing N-benzyloxycarbonyl-L-glutamic acid 17a 

(64.06mmol, 16g), paraformaldehyde (160.15mmol, 4.80g) and p-

toluenesulphonic acid monohydrate (3.84mmol, 0.731g) in 

benzene was heated at reflux for 3-4 hrs, with removal of water 

with a dean stark setup. The solution was allowed to cool to room temperature and to 

it ethyl acetate was (100ml) added, the solution was washed with 0.3M aqueous 

potassium carbonate (10ml), water (10ml x 2) and dried with sodium sulfate. The 

solvent was evaporated to give colourless syrup 18 (13.63g, 82% yield). [α]D
25 = 

+67.27 (c=2.2, MeOH). 

1H NMR (CDCl3) δ: 7.40 (s, 5H, Ar-H), 5.60 (br s, 1H, H2), 5.30-5.25 (d, 1H, H2’), 

5.20 (s, 2H, Ph-CH2), 4.45-4.35 (m, 1H, H4), 2.55-2.05 (m, 4H, Hα, Hα’, Hβ, Hβ’). 

 

N-benzyloxy-D-glutamic acid αααα-methyl ester (19) 

Oxazolidinone 18 (40.96mmol, 12g) was added to a solution of 

sodium methoxide (49.15mmol, 2.65g) in methanol at 0 to –100C 

with stirring under an atmosphere of nitrogen. After stirring for 

N

O

COOH

Oz

18

N

COOH

O

OMez
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60min, the solution is warmed to room temp and partitioned between ethyl acetate 

(200 ml) and saturated solution of potassium hydrogen sulphate (50ml) and organic 

layer worked up to give ester as clear oil 19 (11.2g, 93% yield). [α]D
25 = -7.5 (c=2.0, 

MeOH). 

1H NMR (CDCl3) δ: 7.35 (s, 5H, Ar-H), 5.56-5.52 (d, 1H, NH), 5.12 (s, 2H, Ph-CH2), 

4.50-4.40 (m, 1H, H1), 3.75 (s, 3H, OCH3), 2.46-1.95 (m, 4H, Hα, Hα’, Hβ, Hβ’). 

 

N-benzyloxycarbonylamino-6-diazo-5-oxo-D-glutamic acid-2-methyl ester (20) 

To a cooled solution of N-benzyloxy-D-glutamic acid α-

methyl ester 19 (33.90mmol, 10g) in THF (40ml) was added 

triethylamine (37.29mmol, 5.2ml) and stirred for 5-10min. 

After that ethylchloroformate (37.29mmol, 3.6ml) was added slowly and stirred for 

15-20min at 0 to –100C, resulting in white thick suspension. To this mixed anhydride 

was added previously generated diazomethane (339.0mmol) in ether and reaction kept 

at -200C, for overnight. Evaporation of the solvent followed by column 

chromatography gave thick yellow oil 20 (7.0g, 65% yield). 

1H NMR (CDCl3) δ: 7.35 (s, 5H, Ar-H), 5.59-5.55 (d, 1H, NH), 5.24 (s, 1H, H1), 5.11 

(s, 2H, Ph-CH2), 4.39-4.31 (m, 1H, N=N-CH), 3.74 (s, 3H, OCH3), 2.40-1.94 (m, 4H, 

Hα, Hα’, Hβ, Hβ’). 

IR (neat) cm-1: 2140, 1728 and others. 

 

5-oxo-N-benzyloxycarbonyl-2-(R)-pipecolic acid methyl ester (21) 

A concentrated solution of the diazoketone 20 (21.22mmol, 

6.77g) in benzene was added dropwise to a solution of 

O

N
2

NH COOMe

z

20

N COOMe

O

z
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rhodium (II) acetate (89.50mg, 1mol %) at reflux in benzene (360ml, final 

concentration 0.02mol/ml). The solution was heated for a further 30 min. Evaporation 

of the solvent followed by column chromatography gave as a colourless oil 21 (3.2g, 

52% yield). [α]25
D +11.7 (c=0.5, CHCl3). 

1H NMR (CDCl3) δ: 7.33 (s, 5H, Ar-H), 5.4-5.0 (m, 2H, CH2-Ar), 4.7 (m, 1H, H2), 

4.3-4.0 (m, 3H, H6, H5), 3.4 (s, 3H, COOCH3), 2.6-2.3 (m, 2H, H4). 

13C NMR (CDCl3) (major rotamer) δ: 198.3 (C5), 170.4 (COOCH3), 155.8, 135.6, 

128.3, 128.0 (Ar) 68.0 (CH2-Ar), 62.4 (C6), 54.9(C3), 33.2 (C4), 21.8 (OCH3). 

IR (neat) cm-1: 1728 and others.  

 

5-(R)-hydroxy-N-benzyloxycarbonyl-2-(R)-pipecolic acid methyl ester (22) 

A cooled (00C) solution of 5-oxo-N-benzyloxycarbonyl-2-

(R)-pipecolic acid methyl ester 21 (3.44mmol, 1.0g) in 

methanol (20ml) was treated with sodium borohydride (4.13 

mmol, 0.160g). After being stirred for 2h, the reaction 

mixture was concentrated in vacuuo and the residue was dissolved in ethyl acetate 

(50ml). The organic solution was washed with 10% ammonium chloride solution, 

brine, and dried over sodium sulfate and concentrated. The resulting residue was 

chromatographed to give colourless oil 22 (0.95g, 95% yield). [α]D
25 = +15.38 

(c=0.26, MeOH). 

1H NMR (CDCl3) δ: 7.35 (s, 5H, Ar-H), 5.15 (s, 2H, Ph-CH2), 4.89-4.77 (m, 1H, H2), 

4.27-4.21 (m, 1H, H5), 3.73-3.65 (m, 4H, OCH3, H6), 2.85-2.71 (m, 1H, H6’), 2.48-

2.26 (m, 2H, H3, H3’) 1.98-1.73 (m, 2H, H4, H4’). 

 

N COOMe

z

OH
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5-(R)-hydroxy-2-(R)-pipecolic acid methyl ester (23) 

Deprotection of 5-(R)-hydroxy-N-benzyloxycarbonyl-2-(R)-

pipecolic acid methyl ester 22 (3.24mmol, 0.95g,) using 

hydrogenation (Pd/C, 10%) gave 5-(R)-hydroxy-2-(R)-

pipecolic acid methyl ester 23 (0.48g, 93% yield). 

1H NMR (CDCl3) δ: 3.83-3.81 (m, 1H, H2), 3.74 (s, 3H, OCH3), 3.40-3.33 (t, 1H, 

H5), 3.08-3.00 (dd, 1H, H6) 2.88-2.80 (dd, 1H, H6’), 1.90-1.83 (m, 3H, H4, H4’, H3), 

1.74-1.61 (m, 1H, H3’). 

 

1-(N-Boc-aminoethyl)-5-(R)-hydroxy-2-(R)-pipecolic acid methyl ester (24) 

To a cooled solution of 5-(R)-hydroxy-2-(R)-pipecolic acid 

methyl ester 23 (3.02mmol, 0.48g), DMAP (0.604mmol, 

0.074g) in dry DMF:Acetonitrile (1:1) (10ml) was added N,N-

diispropyl ethylamine (7.55mmol, 1.3ml). Stirring was 

continued for 15min and then to this N-Boc amino mesylate (3.02mmol, 0.721g) in 

DMF (3ml) was added. Reaction mixture was heated to 50oC for 20h. Evaporation of 

the solvent followed by column chromatography gave thick brown oil 24 (0.4g, 44% 

yield). [α]D
25 = +11.9 (c=0.42, MeOH). 

1H NMR (CDCl3) δ: 5.34 (br s, 1H, NH), 3.96-3.93 (m, 1H, H2), 3.75 (s, 3H, OCH3), 

3.41-3.25 (m, 3H, H5, Boc-NH-CH2), 3.16-3.13 (m, 1H, H6) 2.69-2.63 (m, 3H, H6’, 

Boc-NH-CH2 -CH2), 1.96-1.66 (m, 4H, H3, H3’, H4, H4’), 1.45 (s, 9H, C(CH3)3). 

13C NMR (CDCl3) δ: 173.47(COOCH3), 156.26 (COOC(CH3)3), 79.13 (C(CH3)3), 

65.67 (C5), 64.90 (OCH3), 55.69(C6), 54.98(C4), 51.55(C3), 40.60 (C2), 37.70(CH2-

CH2-NH-Boc), and 28.43 ((CH3)3). 

N
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MS: (ESI) 302 (M)+ 

 

1-(N-Boc-aminoethyl)-5-(S)-(N3-benzoylthymin-1-yl)-2-(R)-pipecolic acid methyl 

ester (25) 

To a stirred solution of 1-(N-Boc-aminoethyl)-5-(R)-

hydroxy-2-(R)-pipecolic acid methyl ester 24 (0.40g, 

1.32mmol), N3-benzoylthymine (0.61g, 2.64mmol) and 

triphenyl phosphine (0.69g, 2.64 mmol) in dry THF (5ml) 

at room temperature, was added dropwise diethylazodicarboxylate (DEAD, 0.34ml, 

2.64mmol). After completion of the reaction as indicated by TLC (24h), the solvent 

was removed in vacuo and residue purified by silica gel column chromatography to 

get the pure product 25 (0.22g, 32% yield). [α]D
25 = -12.0 (c=0.25, MeOH). 

1H NMR (CDCl3) δ: 7.90-7.89 (m, 2H, T-H6, Bz, p-CH), 7.68-7.45 (m, 4H, Bz, o-

CH, m-CH) 5.24 (br s, NH), 3.75(s, 1H, H2), 3.72 (s, 3H, OCH3), 3.46-3.22 (m, 3H, 

Boc-NH-CH2, H5), 3.00-2.68 (m, 3H, Boc-NH-CH2-CH2, H6) 2.16-2.00 (m, 1H, 

H6’), 2.00 (s, 3H, T-CH3), 1.96-1.67 (m, 4H, H4, H4’, H3, H3’), 1.43 (s, 9H, 

C(CH3)3). 

13C NMR (CDCl3) δ: 175.55 (COOCH3), 169.36 (COOC(CH3)3), 163.50 (T-C2), 

156.27 (Ph-CO), 150.57 (T-C4), 142.84 (T-C6), 135.13, 131.91, 130.62, 129.39 (Ar), 

109.76 (T-C5), 79.82 (C(CH3)3), 66.87 (C5), 64.97 (C6), 56.26 (Boc-NH-CH2), 52.50 

(C2), 51.51 (OCH3), 39.99 (Boc-NH-CH2-CH2), 29.67 (C4), 28.66 (C(CH3)3), 28.02 

(C3), 12.53 (T-CH3).  

MS: (ESI) 514 (M)+
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1-(N-Boc-aminoethyl)-5-(S)-(thymin-1-yl)-2-(R)-pipecolic acid (26) 

To a solution of 1-(N-Boc-aminoethyl)-5(S)-(N3-

benzoylthymin-1-yl)-2(R)-pipecolic acid methyl ester 25 (0.22g, 

0.43mmol) in methanol (2ml), was added aqueous 2M NaOH 

(2ml). TLC analysis after 10min. indicated the absence of the 

starting material as a result of hydrolysis of the methyl ester function. The reaction 

mixture was further stirred overnight, when TLC indicated the presence of a lower 

moving spot. The excess NaOH was neutralized by Dowex-50 H+ resin, which was 

then, filtered off. The methanol from the filtrate was removed under vacuum and the 

residue was taken up in water. This was washed with ethyl acetate before 

concentrating it to dryness to obtain the product 26 (0.12g, quantitative yield) as white 

solid foam. 

1H NMR (D2O) δ: 7.55 (1H, T-H6) 4.55-4.48 (m, 1H, H2), 4.26-3.94 (m, 3H, Boc-

NH-CH2, H5) 3.54-3.42 (m, 4H, Boc-NH-CH2-CH2, H6, H6’), 2.50-2.32(m, 3H, H4, 

H4’, H3), 1.81-1.72 (m, 1H, H3’), 1.96 (s, 3H, T-CH3), 1.51 (s, 9H, C(CH3)3). 

MS: (ESI) 396 (M)+ 

 

N3-benzoylthmine
35

 (2) 

To a stirred solution of thymine (5.0g, 40mmol) in dry 

acetonitrile (40ml) and dry pyridine (10ml) in an ice-bath, 

benzoyl chloride (11.2ml, 96mmol), was added dropwise. 

Stirring was continued at room temperature overnight, when dibenzoyl thymine (1) 

was found to be present. This was converted to the monobenzoyl derivative 2 by 

treating with 0.25M K2CO3 in dioxane: water, 1:1 (75ml) and monitored by TLC. The 
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dioxane was removed under vacuum. The solid obtained was filtered and washed with 

water. The pure product 2 was obtained upon desiccation. 

 

N
4
-benzyloxycarbonylcytosine

36
 (3) 

Cytosine (1.0g, 9.0mmol) was suspended in dry pyridine (100ml) 

at 0oC. CBz-Cl (3.2ml, 22.5mmol) was added and the reaction was 

stirred under nitrogen overnight. The pyridine suspension was 

evaporated to dryness. Water (10ml) and dilute HCl was added to 

bring the pH to 4.0. The resulting white precipitate was filtered off, washed with 

water and partially dried under vacuum. The wet precipitate was boiled in absolute 

ethanol (10ml), cooled to 0oC, filtered, washed thoroughly with ether and dried under 

vacuum (1.1g, 50% yield). 

 

N1-(Boc)-1,2-diaminoethane (28) 

1,2-diaminoethane 27 (20g, 0.33mol) was taken in dioxane: 

water (1:1, 500ml) and cooled in an ice-bath. Boc-azide (5g, 

35mmol) in dioxane (50ml) was slowly added with stirring and the pH was 

maintained at 10.0 by continuous addition of 4M NaOH. The mixture was stirred for 

8h and the resulting solution was concentrated to 100ml. The N1, N2-di-Boc 

derivative not being soluble in water, precipitated, and it was removed by filtration. 

The corresponding N1-mono-Boc derivative was obtained by repeated extraction from 

the filtrate in ethyl acetate. Removal of solvents yielded the mono-Boc-diaminoethane 

28 (3.45g, 63% yield). 
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1H NMR (CDCl3) δ: 5.21 (br s, 1H, NH), 3.32 (t, 2H, J=8 Hz), 2.54 (t, 2H, J=8 Hz), 

1.42 (s, 9H, C(CH3)3). 

 

Ethyl N-(2-Boc-aminoethyl)-glycinate (29) 

The N1-(Boc)-1,2-diaminoethane 28 (3.2g, 20mmol) 

was treated with ethylbromoacetate (2.25ml, 20mmol) 

in acetonitrile (100ml) in the presence of K2CO3 (2.4g, 20mmol) and the mixture was 

stirred at ambient temperature for 5h. The solid that separated was removed by 

filtration and the filtrate was evaporated to obtain the ethyl N-(2-Boc-aminoethyl)-

glycinate 29 (4.3g, 83% yield) as a colourless oil. 

1H NMR (CDCl3) δ: 5.02 (br s, 1H, NH), 4.24-4.20 (q, 2H, J=8Hz), 3.35 (s, 2H), 

3.24-3.20 (t, 2H, J=6Hz), 2.80-2.76 (t, 2H, J=6Hz), 1.46 (s, 9H, C(CH3)3), 1.34-1.28 

(t, 3H, J=8Hz). 

 

Ethyl N-(Boc-aminoethyl)-N-(chloroacetyl)-glycinate (30) 

The ethyl N-(2-Boc-aminoethyl)-glycinate 29 (4.0g, 

14mmol) was taken in 10% aqueous Na2CO3 (75ml) 

and dioxane  (60ml). Chloroacetyl chloride (6.5ml, 

0.75mmol) was added in two portions with vigorous 

stirring. The reaction was complete within 5 min. The reaction mixture was brought to 

pH 8.0 by addition of 10% aqueous Na2CO3 and concentrated to remove the dioxane. 

The product was extracted from the aqueous layer with dichloromethane and was 

purified by column chromatography to obtain the ethyl N-(Boc-aminoethyl)-N-

(chloroacetyl)-glycinate 30 as a colourless oil in good yield (4.2g, 80% yield).  

BocHN
N
H

O

OEt
29

BocHN
N

O

OEt

O

Cl

30



Chapter 2 

 

1H NMR (CDCl3) δ: 5.48 (br s, 1H), 4.25-4.14 (m, 2H), 4.03 (s, 2H), 3.54 (t, 2H), 

3.33-3.28 (q, 2H), 1.45 (s, 9H, C(CH3)3), 1.34-1.26 (t, 3H, J=8Hz). 

 

N-(Boc-aminoethylglycyl)-thymine ethyl ester (31) 

Ethyl N-(Boc-aminoethyl)-N-(chloroacetyl)-glycinate 

30 (4.0g, 11.6mmol) was stirred with anhydrous 

K2CO3 (1.56g, 11.8mmol) in DMF with thymine 

(1.4g, 11.2mmol) to obtain the desired compound 31 

in good yield. DMF was removed under reduced 

pressure and the oil obtained was purified by column chromatography.  

1H NMR (CDCl3) δ: 8.75 (br s, 1H, T-NH), 7.97 (maj) (s, 1H, T-H6), 5.66 (maj) & 

5.09 (min) (br s, 1H, NH), 4.55 (maj) & 4.40 (min) (s, 1H, T-CH2), 4.20 (m, 2H, 

OCH2), 3.48 (m, 2H), 3.28 (m, 2H), 1.85 (s, 3H, T-CH3), 1.39 (s, 9H), 1.23 (m, 3H). 

13C NMR (CDCl3) δ: 170.8, 169.3, 167.4, 164.3, 156.2, 151.2, 141.1, 110.2, 79.3, 

61.8, 61.2, 48.5, 48.1, 47.7, 38.4, 28.1, 13.8, 12.2. 

 

N-(Boc-aminoethylglycyl)-(N
4
-benzyloxycarbonyl cytosine)ethyl ester (32) 

A mixture of NaH (0.25g, 6.2mmol) and N
4-benzyloxycarbonyl cytosine 3 

(1.24g, 6.2mmol) was taken in DMF and stirred at 75oC till the effervescence ceased. 

The mixture was cooled and ethyl N-(Boc-aminoethyl)-N-(chloroacetyl)-glycinate 30 

(2.0g, 6.2mmol) was added. Stirring was then continued at 75oC to obtain the cytosine 

monomer, N-(Boc-aminoethylglycyl)-(N4-benzyloxycarbonyl cytosine)ethyl ester 32, 

in moderate yield (1.62g, 50% yield). 

BocHN
N

O

OEt

O

B

31 B = T
32 B = CCBz

33 B = A
34 B = 2-amino-6-chloropurine
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1H NMR (CDCl3) δ: 7.63 (d, 1H, C-H6, J=8Hz), 7.32 (s, 5H, Ar), 7.22 (d, 1H, C-H5, 

J=8Hz), 5.68 (br s, 1H, NH), 5.20 (s, 2H, Ar-CH2), 4.69 (maj) & 4.22 (min) (br s, 

2H), 4.12 (q, 2H), 4.01 (s, 2H), 3.49 (m, 2H), 3.29 (m, 2H), 1.44 (s, 9H, C(CH3)3), 

1.23 (t, 3H). 

 

N-(Boc-aminoethylglycyl)-adenine ethyl ester (33) 

NaH (0.25g, 6.1mmol) was taken in DMF (15ml) and adenine (0.8g, 6.1mmol) 

was added. The mixture was stirred at 75oC till the effervescence ceased and the 

mixture was cooled before adding ethyl N-(Boc-aminoethyl)-N-(chloroacetyl)-

glycinate 30 (2.0g, 6.1mmol). The reaction mixture was heated once again to 75oC for 

1h, when TLC analysis indicated the disappearance of the starting ethyl N-(Boc-

aminoethyl)-N-(chloroacetyl)-glycinate. The DMF was removed under vacuum and 

the resulting thick oil was taken in water and the product, extracted in ethyl acetate. 

The organic layer was then concentrated to obtain the crude product, which was 

purified by column chromatography to obtain the pure N-(Boc-aminoethylglycyl)-

adenine ethyl ester 33. 

1H NMR (CDCl3) δ: 8.34 (s, 1H), 7.97 (min) & 7.93 (maj) (s, 1H), 5.82 (maj) & 5.75 

(min) (br, 2H), 5.11 (maj) & 4.96 (min), 4.27 (min) & 4.07 (maj) (s, 2H), 4.22 (m, 

2H), 3.66 (maj) & 3.56 (min) (m, 2H), 3.41 (maj) & 3.54 (min) (m, 2H), 1.42 (s, 9H, 

C(CH3)3), 1.27 (m, 3H). 

 

N-(Boc-aminoethylglycyl)-2-amino-6-chloropurine ethyl ester (34) 

A mixture of 2-amino-6-chloropurine (1.14g, 6.8mmol), K2CO3 (0.93g, 

7.0mmol) and ethyl N-(Boc-aminoethyl)-N-(chloroacetyl)-glycinate 30 (2.4g, 
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7.0mmol) were taken in dry DMF (20ml) and stirred at room temperature for 4h. 

K2CO3 was removed by filtration, and the DMF, by evaporation under reduced 

pressure. The resulting residue was purified by column chromatography to obtain the 

N-(Boc-aminoethylglycyl)-2-amino-6-chloropurine ethyl ester (34) in excellent yield 

(2.65g, 98% yield). 

1H NMR (CDCl3) δ: 7.86 (min) & 7.82 (maj) (s, 1H), 7.30 (s, 1H), 5.76 (br s, 1H, 

NH), 5.18 (br, 2H), 4.96 (maj) & 4.81 (min) (s, 2H), 4.17 (min) & 4.02 (maj) (s, 2H), 

3.58 (maj) & 3.48 (min) (m, 2H), 3.36 (maj) and 3.26 (min) (m, 2H), 1.38 (s, 9H, 

C(CH3)3), 1.22 (m, 3H). 

 

Hydrolysis of the PNA ethyl ester monomers 

General method 

The ethyl esters were hydrolyzed using 2N aqueous NaOH (5ml) in methanol 

(5ml) and the resulting acid was neutralized with activated Dowex-H+ till the pH of 

the solution was 7.0. The resin was removed by filtration and the filtrate was 

concentrated to obtain the resulting Boc-protected acid (35 - 38) in excellent yield 

(>85%). 

Picric Acid Estimation of Resin Functionalization 

 The typical procedure for estimation of the loading value of the resin was 

carried out with 5mg of the resin and comprised the following steps: 

The resin was swollen in dry CH2Cl2 for at least 30min. The CH2Cl2 was 

drained off and a 50% solution of TFA in CH2Cl2 was added (1ml x 2), 15min each. 

After washing thoroughly with CH2Cl2, The TFA salt was neutralized with a 5% 

solution of DIPEA in CH2Cl2 (1ml x 3, 2min each). The free amine was treated with a 



Chapter 2 

 

0.1M picric acid solution in CH2Cl2 (2ml x 2, 3min each). The excess picric acid was 

eliminated by extensively washing the resin with CH2Cl2. The adsorbed picric acid 

was displaced form the resin by adding a solution of 5% DIPEA in CH2Cl2. The 

eluant was collected and the volume was made up to 10ml with CH2Cl2 in a 

volumetric flask. The absorbance was recorded at 358nm in ethanol and the 

concentration of the amine groups on the resin was calculated using the molar 

extinction coefficient of picric acid as 14,500cm-1M-1 at 358nm. 

Kaiser’s Test  

 Kaiser’s test was used to monitor the Boc-deprotection and amide coupling 

steps in the solid phase peptide synthesis. Three solutions were used, viz. (1) 

ninhydrin (5.0g) dissolved in ethanol (100ml), (2) phenol (80g dissolved in ethanol 

(20ml) and (3) KCN: 2ml of a 0.001M aqueous solution of KCN in 98ml pyridine). 

 To a few beads of the resin to be tested taken in a test tube, were added 3-4 

drops of each of the three solutions desribed above. The tube was heated at 100oC for 

~5min, and the colour of the beads was noted. A blue colour on the beads and in the 

solution indicated successful deprotection, while colourless beads were observed upon 

completion of the amide coupling reaction. The blank solution should remain yellow. 

Cleavage of the PNA oligomers from the solid support 

A typical cleavage reaction was carried out with 5 or 10mg of resin-bound 

PNA oligomer. The resin-bound PNA oligomer (10mg) was stirred in an ice-bath with 

thioanisole (20µl) and 1,2-ethanedithiol (8µl) for 10min, TFA (120µl) was added and 

stirring was continued for another 10min. TFMSA (16µl) was added and stirring 

continued for 2h. The reaction mixture was filtered through a sintered funnel. The 

residue was washed with TFA (3 x 2ml) and the combined filtrate and washings were 
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evaporated under vacuum and co-evaporated with ether, avoiding heating during this 

process. The residue was precipitated using dry ether and centrifuged to obtain a 

white pellet. The pellet was re-dissolved in methanol (~0.1ml) and re-precipitated by 

adding ether. The pellet collected after centrifugation was subjected to this re-

precipitation process at least thrice, when a white precipitate was obtained of the 

crude PNA oligomer. 

Gel Filtration 

The crude PNA oligomer obtained after ether precipitation was dissolved in 

water (~0.5ml) and loaded on a gel filtration column. This column consisted of G25 

Sephadex and had a void volume of 0.5/1ml. The oligomer was eluted with water and 

six fractions of 0.5/1ml volume each were collected. The presence of the PNA 

oligomer was detected by measuring the absorbance at 260nm. The fractions 

containing the oligomer were freeze-dried. The purity of the cleaved crude PNA 

oligomer was determined by RP HPLC on a C18 column. If found to be above 90%, 

the oligomers were sued as such for experiments without further purification. If the 

purity was not satisfactory, the oligomers were purified by HPLC/FPLC. 

FPLC 

The crude PNA oligomers were dissolved in water containing 0.1% TFA, the 

starting buffer for injection. The polypyrimidine T8 sequences were purified using a 

gradient of 0 to 60% buffer B in 40min at a flow rate of 1.0ml/min, where buffer A = 

water with 0.1% TFA and buffer B = 60% CH3CN in water containing 0.1% TFA. 

The mixed sequence PNAs eluted earlier and hence had to be purified using a gradient 

of 0 to 30% B in 30min at a flow rate of 1.0ml/min, when good resolution of the 
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peaks was obtained. The purity of the oligomer after FPLC was ascertained by HPLC 

on a C18 RP column. 

HPLC 

The purity of the PNA oligomers was ascertained on an analytical RP C18 

column using a gradient of 5 to 50% CH3CN in water containing 0.1% TFA at a flow 

rate of 1.5ml/min.  

MALDI-TOF Mass Spectrometry 

 Literature reports the analysis of PNA purity by MALDI-TOF mass 

spectrometry52 in which several matrices have been explored, viz. sinapinic acid (3,5-

dimethoxy-4-hydroxycinnamic acid), CHCA (α-cyano-4-hydroxycinnamic acid) and 

DHB (2,5-dihydroxybenzoic acid). Of these, sinapinic acid was found to give the best 

signal to noise ratio with all the other matrices typically producing higher molecular 

ion signals.  

 For all the MALDI-TOF spectra recorded for the aepipPNAs reported in this 

Chapter, sinapinic acid was used as the matrix and was found to give satisfactory 

results. 

2.8.1. UV studies 

All the UV spectrophotometric studies were performed either on a Perkin 

Elmer λ15 UV-VIS spectrophotometer equipped with a Julabo temperature 

programmer and a Julabo water circulator or Perkin Elmer λ35 UV-VIS 

spectrophotometer with peltier to maintain the temperature. The samples were 

degassed by purging nitrogen or argon gas through the solution for 2-3min prior to the 

start of the experiments. Nitrogen gas was purged through the cuvette chamber below 

15oC to prevent the condensation of moisture on the cuvette walls. 
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2.8.2. UV-titration 

To a solution of DNA 53 in 0.01M sodium phosphate at pH 7.4, were added 

fixed portions of the complementary PNA oligomer 40. The temperature of the 

circulating water was maintained at 10oC (i. e., well below the melting temperature of 

the complexes) and the absorbance at each step was recorded at 260nm. This was 

plotted as a function of the PNA mole fraction. 

2.8.3. UV-Tm 

The PNA oligomers and the appropriate DNA oligomers were mixed together 

in stoichiometric amounts (2:1, PNA:DNA for oligothymine-T8 PNAs or 1:1 for the 

duplex forming PNAs, viz., the mixed base sequences) in 0.01M sodium phosphate 

buffer, pH 7.4 to achieve a final strand concentration of either 0.5 or 1µM each strand. 

For the AT-rich PNAs, antiparallel complexes were constituted by employing DNA 

56 while parallel complexes were constituted using DNA 57. The samples were 

heated at 85oC for 5min followed by slow cooling to room temperature. They were 

allowed to remain at room temperature for at least half an hour and refrigerated 

overnight prior to running the melting experiments. Each melting experiment was 

repeated at least thrice. The absorbance or the percent hyperchromicity at 260nm was 

plotted as a function of the temperature. The Tm was determined from the peaks in 

the first derivative plots and is accurate to ±1oC. 

For the salt-dependence experiments, 50mM sodium chloride was added to the 

buffer before annealing the samples. In the pH-dependence experiments, the 

PNA:DNA complexes were constituted in 0.01M phosphate buffers of different pH 

values prior to annealing. In order to study the relative rates of melting and re-

association, the complexes were held at 85oC for 5min upon completion of the heating 
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process and then cooled to 5oC at a rate of 0.2oC/min. As for the heating process, the 

absorbance values were recorded every minute and plotted as a function of the 

temperature along with the heating profile. 

Hyperchromicity observations 

 A useful parameter of interest is the hyperchromicity changes accompanying 

the melting transitions that can be measured from UV-melting curves. This data can 

be derived from the UV-Tm plots and suggests the hyperchromicity for PNAs 

containing two modified aepip units and homopyrimidine PNAs containing cytosine 

and thymine nucleobases was found to be more than other sequences. The duplexes of 

aepipPNAs having purines generally exhibited higher hyperchromicity with 

antiparallel DNA than with parallel DNA. Generally higher Tms were accompanied 

by larger % hyperchromicities though the hyperchromicity changes could not always 

be directly correlated with the thermal stabilities. However, in maximum cases, these 

were slightly higher than the control aegPNAs. Since these reflect the extent of base-

stacking, the observed pattern of changes suggest variable base stacking effects 

depending on the base type, stereochemistry and relative orientations of strands in 

duplexes and triplexes. The percent hyperchromicity accompanying the melting of the 

mismatched PNA:DNA complexes were very much lower than that accompanying the 

melting of the fully complementary duplexes. 

2.8.4. Mismatch studies 

DNA 54 was used to probe the specificity of the PNA-oligothymine-T8 

interaction with DNA. The relevant PNA and DNA strands were mixed together in a 

2:1 molar ratio and subjected to UV-melting.  
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2.8.5. CD 

CD spectra were recorded on a Jasco J-715 spectropolarimeter. The CD 

spectra of the PNA:DNA complexes and the relevant single strands were recorded in 

0.01M sodium phosphate buffer, pH 7.4. The temperature of the circulating water was 

kept below the melting temperature of the PNA:DNA complexes, i. e., at 10oC. 

The CD spectra of the oligothymine T8 single strands were recorded as an 

accumulation of 10 scans from 320 to 195nm using a 1cm cell, a resolution of 0.1nm, 

band-width of 1.0nm, sensitivity of 2mdeg, response 2sec and a scan speed of 

100nm/min. for the PNA2:DNA complexes, spectra were recorded as an accumulation 

of 10 scans, response of 1sec and a scan speed of 200nm/min. 

The CD spectra of the mixed base PNAs and the derived PNA:DNA duplexes 

were recorded as an accumulation of 5 scans and a scan speed of 200nm/min.  

2.8.6. Gel shift experiments 

 The PNA (39, 42, 45) and DNA oligomers (53) utilized in the gel mobility 

shift assays were mixed together in the desired ratios in water. The sample was 

lyophilized to dryness and re-suspended in 10µl 0.01M sodium phosphate buffer, pH 

7.4. The sample was annealed as described earlier by heating at 85oC for 5min 

followed by slow cooling to room temperature and refrigeration overnight. Prior to 

loading, 10µl sucrose solution in Tris buffer, pH 8.3, the gel-running buffer, was 

added and the sample, loaded on the gel. Bromophenol blue was used as the tracer 

dye, but was loaded in an adjacent well and not mixed with the sample.  

Gel electrophoresis was performed on a 15% non-denaturing polyacrylamide 

gel (acrylamide:bis-acrylamide, 29:1) until the BPB migrated to three-fourths of the 

gel length. During electrophoresis, the temperature was maintained ~10oC. Bands of 
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the single stranded PNA/DNA and the PNA:DNA complexes were visualized as dark 

bands by UV-shadowing, i.e., by illuminating the gel placed on a fluorescent thin-

layer silica gel chromatographic plate, F254, 20cm x 20cm using UV light. 

 

 

2.9. APPENDIX 

� Compound 9, 1H NMR 

� Compound 10, 1H NMR 

� Compound 11, 1H, 13C NMR, DEPT and ESI-MASS 

� Compound 12, 1H, 13C NMR, DEPT and ESI-MASS 

� Compound 13, 1H NMR and ESI-MASS 

� Compound 22, 1H NMR 

� Compound 24, 1H, 13C NMR, DEPT and ESI-MASS 

� Compound 25, 1H, 13C NMR, DEPT and ESI-MASS 

� Compound 26, 1H NMR and ESI-MASS 
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3.1. INTRODUCTION 

Novel molecules designed to bind effectively with high sequence specificity to 

desired double-stranded DNA (dsDNA) targets are of major interest in medicine as 

gene therapeutic agents and in molecular biology as ‘genetic tools’.1 The unique 

properties of peptide nucleic acids (PNAs)2,3 have attracted considerable interest in 

this respect, not least due to the unexpected duplex invasion binding mode that has 

opened a novel avenue to target dsDNA. Thus a further characterization of PNAs and 

their binding mode(s) are warranted.  

 The acyclic, neutral and achiral aminoethyl glycyl PNAs hybridize with high 

affinity and specificity to oligonucleotides. It supervenes the Watson-Crick base 

pairing rules and thus, are true mimics in terms of base-pair recognition.4 PNA can 

bind to complementary nucleic acids in both antiparallel (Figure 1, ap, with the PNA 

‘N’ terminus towards the 3’-end and the ‘C’ terminus towards the 5’-end of the 

complementary DNA/RNA oligonucleotide) and parallel (Figure 1, p, with the PNA 

‘N’ terminus towards the 5’-end and the ‘C’ terminus towards the 3’-end of the 

complementary DNA/RNA oligonucleotide) orientation.  

5' 3'

NC

N C Polypyrimidine PNA

Polypyrimidine PNA

Polypurine DNA
parallel (HG)

antiparallel (WC)

5' 3'

NC

parallelantiparallel
5' 3'

N C

Duplexes

Triplexes

DNA

PNA

DNA

PNA

Figure 1. The parallel and antiparallel orientation of the PNA strands in a 
PNA:DNA duplex and a PNA2:DNA triplex. 
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It has been generally observed that antiparallel orientation is slightly preferred. 

PNAs can bind to both DNA and RNA targets in a sequence-specific manner to form 

duplex structures. Although the Watson-Crick duplex formation (anti-parallel duplex 

formation) is the preferred formation for the PNA bindings, parallel duplex structure 

can still be formed when PNAs bind to the target sequences. While PNA:DNA 

duplexes are more stable in the antiparallel form, the parallel orientation seems to be 

preferred for PNA2:DNA triplexes, if only one species of PNA is employed.5 

PNA2:DNA triplex formation6 follows the rules of homopyrimidine DNA triplex 

formation. Thus, the most stable triplexes are formed when the Watson-Crick base- 

pairing PNA strand is in the antiparallel orientation relative to the DNA strand and the 

Hoogsteen strand is in the parallel orientation relative to the DNA strand, i. e., the two 

strands are antiparallel to each other4 (Figure 1). 

Homopyrimidine PNAs typically bind with a PNA2:DNA stoichiometry. Such 

complexes are comprised of a PNA:DNA double helix (formed by Watson- Crick 

hydrogen bonds) bound with a second PNA strand lying in the major groove of the 

duplex and paired by Hoogsteen hydrogen bonds. The stability of these triple helix 

structures are found to be so favourable that strand invasion of DNA:DNA duplex is 

possible, leading to PNA2:DNA triplexes (Figure 2). 

  

Figure 2. P-loop structures formed by strand invasion of homopyrimidine 
mono-PNAs (A) or bis-PNAs (B) into dsDNA. 
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To entropically enhance strand invasion efficiency, PNA clamps or bisPNAs 

are often used (Figure 2). The bisPNAs are two homopyrimidine PNA oligomers that 

are covalently connected via a flexible linker.7,8 Linkage of two PNA oligomers offers 

the possibility to expediently design one PNA strand preferentially for Hoogsteen 

binding and the other PNA strand preferentially for Watson-Crick binding.9 This also 

reduces a trimolecular reaction of PNA to DNA binding to a bimolecular reaction, 

accelerating the PNA invasion. PNA strand invasion into dsDNA can be additionally 

accelerated by incorporation of positive charges into PNA or bisPNA oligomers.9,10  

Homopyrimidine PNAs that are rich in cytosines add to the double stranded 

target polynucleotides as Hoogsteen strands forming PNA:DNA2 triplexes11,6 

Oligomers such as PNA-C10 or PNA-(CT)5 do not invade double stranded 

polynucleotides by forming triplexes in a way analogous to that observed with 

thymine-rich PNAs.12 These reactions are significantly pH-dependent owing to the 

requirement of N3-protonation of cytosine in the third strand. In literature, attempts 

have been made to mimic the C+ hydrogen-bonding pattern by neutral bases (C+ 

mimetics) such as N7-G, 8-oxo-adenine and J base to avoid the necessity of low pH 

for C-containing PNA oligomers (Figure 3).  

One such mimic, 8-oxo-adenine has been employed to recognize guanine in 

the Hoogsteen mode.13,14,15 Pseudoisocytosine (ψiC) is another C+ mimic that has 

been utilized to achieve pH-independent Hoogsteen binding of the third strand to a 

G:C base pair.16,17 Pseudoisocytosine has also been introduced into PNA for pH-

independent triplex formation.18 
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Homopyrimidine PNAs contain only C and T as nucleobases. BisPNAs are 

two homopyrimidine PNAs connected by a flexible linker molecule. Homopyrimidine 

mono- and bis-PNAs bind to double-stranded (ds) DNA by strand invasion leading to 

so-called P-loop complexes. Employing bisPNAs where in the Watson-Crick PNA 

strand is connected via ethylene glycol linkers to the Hoogsteen PNA strand8,19 leads 

to an increase in the thermal stability (melting temperature) of the triplexes. Optimal 

results in terms of pH-independence and thermal stability of the complexes formed 

were obtained when the cytosines in the Hoogsteen strand were replaced by 

pseudoisocytosine, as compared to placement of pseudoisocytosine in the Watson-

Crick strand. In the complexes where the cytosine PNA strand is antiparallel to the 

DNA target (Figure 4a) (and thus the pseudoisocytosine strand is parallel), almost no 

pH dependence of the Tm was observed.  

Figure 3. Neutral C+ hydrogen bonding mimics. 
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This indicated an orientation-directed selectivity in complex formation to align 

the Watson-Crick strand in the antiparallel configuration and the Hoogsteen strand in 

the parallel configuration as in Figure 4b.  

 N7-glycosylated guanine, a positional isomer of the naturally occurring N9-

guanine is yet another nucleobase that provides bidentate hydrogen bonding to target 

G:C base pairs (Figure 5, Table 1). It thus, mimics the C+ hydrogen-bonding pattern, 

but surpasses the requirement of low pH for complex formation. Nucleoside 

derivatives of N7-guanine have been demonstrated to be effective in forming base 

triplets with dG:dC base pair targets.19,20,21 In DNA triplexes, natural N9G binds in a 

reverse HG mode to a G:C base pair in a purine motif, with the third strand in an 

antiparallel orientation22 (Figure 1a). The pyrimidine motif requires N3-protonation of 

C and hence acidic conditions for stable triplex formation,23 even in PNA:DNA 

triplexes.24 N7G can replace protonated C (C+) in the pyrimidine motif as its mimic 

(Figure 1b) and allows the formation of stable triplexes at neutral pH21 in HG mode. 

In PNA2:DNA triplexes, the two H-bond donor sites of the N7G as a C+ mimic may 

recognize G through HG mode in both parallel (Figure 1b) and antiparallel (Figure 

5' 3'

C

N

Bis PNADNA

parallel (HG)

antiparallel (WC)
J J

5' 3'

C

N

Bis PNADNA

parallel (HG)

antiparallel (WC)

J J

CC

CC

Protonation of C not required

Protonation of C required

Figure 4. Triplex formation with bisPNAs carrying pseudoisocytosine as a 
neutral C+ mimic. 
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1c) orientations, but may not recognize G in WC binding mode (Figure 1d). 

Incorporation of N7G units in PNA strand may thus stabilize triplexes only when 

engaged in HG mode of binding (Figure 1c) unlike cytosine or ‘J’ base- another C+ 

mimic.25  

 
Table 1. PNA hydrogen bonding schemes.*  

Base WC 

  p                   ap 

HG 

 p                ap 

G-G:C - √ - √ 
N7G-G:C √ - - √ 
N7G-G:C - √ - √ 
C+-G:N7G - √ √ - 

*[p = parallel, ap = antiparallel] 

 

Figure 5. PNA hydrogen bonding schemes: (a) Gap*G:Cap (b) N7Gp*G:Cap (c) N7Gap*G:Cp (d) 
C+

p*G:N7Gap [p = parallel, ap = antiparallel, * indicates Hoogsteen H-bonding, : indicates WC 
H-bonding]. 
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An acyclic nucleoside analogue bearing the N7-guanine nucleobase was also 

found to be able to form triplexes.26 This analogue retains the heterocyclic portion of 

the molecule essential for base-base recognition, but lacks the rigid conformational 

features of the ribose/deoxyribose sugar (Figure 6). The triplex containing five 

adjacent acyclic N7G residues exhibited Tm values significantly higher than the 

triplex containing alternating G-C base pairs. 

 

3.2. RATIONALE FOR THE PRESENT WORK 

Homopyrimidine PNA sequences form PNA2:DNA triplexes in which PNA 

(parallel or antiparallel) is involved in either Watson-Crick (WC) or Hoogsteen (HG) 

hydrogen bonding modes with the central polypurine DNA strand. In such 

PNA2:DNA triplexes, the DNA strand is engaged in simultaneous binding to two 

PNA strands and ambiguity persists in establishing the specific correlation among 

parallel/antiparallel PNA strands with HG or WC binding mode with DNA.19 In 

practice, this would lead to the formation of PNA2:DNA triplexes with different 

combinations of various parallel/antiparallel strand orientations. The uncertainty in 
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Figure 6. Acyclic N7G nucleoside analogue and its triplex formation. 
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WC/HG PNA strand orientation with respect to DNA of such mixed PNA2:DNA 

complexes can be partially overcome by conjugating the two PNA strands with a 

linker to construct a bisPNA hairpin that can form only two triplexes with a 1:1 

(PNA:DNA) composition.8 It was thought that introduction of a chiral monomer into 

one arm of bisPNA may assist in identifying the orientation and towards this aim, the 

chiral (2S,4S)-aepPNA (C and N7-G) monomer (Figure 7) was introduced into one of 

the hairpin arms of bisPNA carrying a cationic peptide linker.  

It was found28 that both aepPNA-C and aepPNA-N7G containing bisPNAs 

formed more stable triplexes when the constituent arm had antiparallel orientation 

with respect to the middle DNA strand, unlike the corresponding aeg-bisPNA. As 

expected, the triplex formation was pH dependent in case of PNA-C oligomers and 

pH independent with PNA-N7-G oligomers. However, since the peptide linker 

contained three units of positively charged lysine residues, the protonation of N3 of 

aepPNA-C necessary for triplex formation and that of pyrrolidine ring nitrogen will 

be severely affected due to electrostatic effects. Further, the positive charges in the 

linker will also accelerate the PNA:DNA hybridization kinetics and mask the 

specificity effects.  

N
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N

NH

NHcbz
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N

O
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Figure 7. aepPNA monomers. 



Chapter 3 

 

This can be avoided by replacing the charged peptide linker
28

 by a neutral 

linker (Figure 8) composed of polyethyleneoxy units to examine the true selectivities 

in hybridization of the two arms of PNA with parallel/antiparallel DNA strand.  

This chapter describes the synthesis of mixed polypyrimidine bisPNA (H- 

TTTXTXT-TEG-EG-TCTCTTT-NH-(CH2)2-COOH) containing aepPNA (X=C/N7-

G) units and having neutral tetraethylene glycol liker and results on its hybridization 

with complementary DNA as followed by UV-Tm. A fluorescence-based assay that 

delineates the kinetics of strand invasion from the thermodynamic stability was used 

to study the kinetics of bisPNA:DNA complex formation by the use of fluorescence 

properties of the commonly used intercalator, ethidium bromide.27,28  In case of  the 

present teg-bisPNA, this assay is shown to resolve the independent kinetics of  

hybridization of the two arms of bisPNA as a function of the DNA orientation.  

Homopyrimidine PNA2:DNA triplex formation is pH-dependent owing to the 

requirement of N3-protonation of cytosine in the Hoogsteen mode of recognition. 

N7G being a C+ mimic, should circumvent the requirement of low pH for triplex 

formation and make effective triplexes at physiological pH. 

5' 3'
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N7G N7G
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Figure 8. Triplex formation with bisPNAs carrying different linkers. 
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3.3. OBJECTIVES 

The specific objectives of this Chapter are: 

1. Synthesis of amionethylglycyl PNA-N7G monomer bearing N7-guanine as a C+ 

mimic. 

2. Synthesis of 1-(N-Boc-aminoethyl)-4(S)-(N2-isobutyrylguanin-7-yl)-2(S)-proline 

as a chiral N7G monomeric unit. 

3. Synthesis of tetraethylene glycol linker.  

4. Design and solid phase peptide synthesis of bisPNA oligomers incorporating the 

aeg/aepPNA-N7G units. 

5. A study of the pH effects on triplex formation. 

6. A study of the strand invasion of target DNA duplex by these modified bisPNAs 

using fluorescence assay and influence of these oligomers on the binding 

orientation (ap/p). 

3.4. PRESENT WORK  

3.4.1. Synthesis of Protected Nucleobases 

N
2-isobutyrylguanine29 (1) was synthesized by treating guanine with 

N
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NN
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O
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H
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pyridine
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Scheme 1. Protection of the exocyclic amino groups of the nucleobases. 
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isobutyryl chloride in dry pyridine to yield N2-isobutyrylguanine (1) (Scheme 1). N4-

benzyloxycarbonylcytosine30 (2) was obtained when cytosine was treated with 

benzyloxycarbonyl chloride in dry pyridine.  

3.4.2. Synthesis of Protected Monomeric Aminoethyl Prolyl PNA 

The N-(Boc-aminoethyl)-(thymin-1-yl)-glycinate (3) and N-(Boc-aminoethyl)-

(N4-benzyloxycarbonylcytosin-1-yl)glycinate (5) (Scheme 2) were synthesized by 

reported procedures (See Chapter 2). The N-(Boc-aminoethylglycyl)-(N2-

isobutyrylguanin-7-yl)ethyl ester (4) was prepared by reacting compound 3 with N2-

isobutyrylguanine in the presence of potassium carbonate (Scheme 2). 

3.4.2a 1-(N-Boc-aminoethyl)-4(S)-(N
4
-benzyloxycarbonyl cytosin-1-yl)-2(S)-proline 

methyl ester
28

 (10). The synthesis pathway for 1-(N-Boc-aminoethyl)-4(S)-(N4-

benzyloxycarbonyl cytosin-1-yl)-2(S)-proline methyl ester (10) consisted of four 

steps. These steps start from esterification of the carboxylic acid moiety followed by 

alkylation of the proline ring nitrogen with 2-(N-Boc)-aminoethyl mesylate (8). The 

next step involved conversion of the C4-hydroxyl group to its corresponding mesyl 

derivative (9) by treatment of 8 with mesyl chloride in pyridine (Scheme 2). 1-(N-

Boc-aminoethyl)-4(R)-O-mesyl-2(S)-proline methyl ester (9) was reacted with N
4-

benzyloxycarbonyl cytosine, in presence of K2CO3 and a catalytic amount of 18-

crown-6 in DMF to give the 4(S)-(N4-benzyloxycarbonyl cytosin-1-yl) derivative 

(10). This step is accompanied by an inversion of stereochemistry at the C4-

stereocenter owing to the SN2 displacement reaction. The 4(S)-(N4-

benzyloxycarbonyl-cytosin-2-yloxy) derivative (not shown) was also obtained as a 

side-product of the above reaction in 20% yield. The N1- and O2- substituted products 

are distinguishable in 1H NMR by the chemical shifts of the H5 and H6 protons of 
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cytosine, viz. δ7.25 & δ7.60 for H5 and δ8.45 & δ8.35 for H6 in the N1- and O2-

substituted derivatives respectively. The O2-substituted product is characterized by a 

downfield shift of the H4 signal from δ5.20 in the N1-substituted derivative to δ5.35. 

Thus, the synthesis of 1-(N-Boc-aminoethyl)-4(S)-(N4-benzyloxycarbonyl cytosin-1-

yl)-2(S)-proline methyl ester involves the inversion of stereochemistry at one 

stereocenter, i. e., C4. 
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Scheme 2. Synthesis of protected monomeric units. 
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3.4.2b 1-(N-Boc-aminoethyl)-4(S)-(N
2
-isobutyrylguanin-7-yl)-2(S)-proline methyl 

ester
28

 (11). The guanine N7-substituted (2S,4S) derivative 11 was prepared from 

4(R)-hydroxy-2(S)-proline (6) by a similar set of reactions as in Scheme 2, involving a 

single inversion step. These comprised esterification of the carboxylic acid function, 

alkylation of the pyrrolidine ring nitrogen, followed by the treatment with mesyl 

chloride in pyridine to get the 1-(N-Boc-aminoethyl)-4(R)-O-mesyl-2(S)-proline 

methyl ester. This mesylate (9) was stirred with N2-isobutyrylguanine and anhydrous 

K2CO3 in dry DMF, when the 1-(N-Boc-aminoethyl)-4(S)-(N2-isobutyrylguanin-7-yl)-

2(S)-proline methyl ester was obtained as the major product (Scheme 2). The reaction 

is an SN2 displacement, which yields the product with inverted stereochemistry at the 

C4 stereocenter. The more polar 1-(N-Boc-aminoethyl)-4(S)-(N2-isobutyrylguanin-9-

yl)-2(S)-proline methyl ester (not shown) was also isolated as the minor product. The 

1H NMR spectrum of 11 showed a downfield shift in the resonance of the H4 proton 

in from δ5.20 to δ5.65. These two products differed in the 1H NMR spectra mainly in 

their guanine H8 resonances, viz. δ8.40 and δ8.10 in the N7- and N9-substituted 

products respectively. Thus, the (2S,4S) product (11) was synthesized from the 

starting (2S,4R) hydroxy proline 6 in four steps. 

3.4.3. Hydrolysis of Esters 

 Solid phase synthesis of aegPNA and aepPNA requires N-protected free 

carboxylic acids. Towards this, the methyl ester groups of these PNA monomers were 

subjected to saponification by sodium hydroxide in a water-methanol mixture to yield 

the corresponding carboxylic acids (Figure 9). 
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3.4.4. Synthesis of Linker 

The tetraethylene glycol linker 22 that can be used on-line in PNA synthesis 

was synthesized according to Scheme 3. Tetraethylene glycol 17 was monotosylated31 

using p-toluene sulfonyl chloride, which in its 1H NMR spectrum showed signals in 

the aromatic region integrating for 10H (Ar-H, tosyl). The resulting monotosylate 18 

was treated with sodium azide in DMF to obtain the azide-alcohol 19. A characteristic 

peak appearing at 2106 cm-1 in the IR spectrum of 19 and the disappearance of 

aromatic signals corresponding to the tosylate group confirmed the formation of 
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Figure 9. aeg- aepPNA monomeric units used in the synthesis of bisPNAs.
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azide. Then this was O-alkylated with ethyl bromoacetate using sodium hydride to 

obtain the ester 20. A characteristic peak appearing at δ 4.2 in the 1H NMR spectrum 

for CH2 of ethyl ester confirmed the formation of 20.  A hydrogenation of -N3 to –

NH2 and its simultaneous protection with t-Boc was achieved by subjecting 

compound 20 to pressure hydrogenation for 1 ½ hr in the presence of Raney-Ni/ di-

tert-butyldicarbonate to give compound 21. In the 1H NMR of 21, a peak for 9H 

appeared at δ 1.5 (t-Boc). It was then hydrolyzed to acid 22.  

3.4.5. Design and Synthesis of Hairpin bisPNA Oligomers 

 The hairpin PNA sequences were designed as shown in the Figure 8. The 

aeg/aepPNA-N7G units are present in the arm A of the hairpin and bind to DNA 27 

and DNA 28 in the parallel and antiparallel orientations respectively. Thus, arm B of 

the hairpin binds to DNA 27 and DNA 28 in the antiparallel and parallel orientations 

respectively. The PNA and DNA oligomers utilized in this study are listed in Tables 1 

and 2 respectively. 

 

 

Figure 10. Design of hairpin bisPNAs. 

ap, WC

p,HG

p, WC

ap, HG

H------ T T T  X T X T

HOOC---(CH2)2---NH--T T  T C T C T
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Chapter 3 

 

        
       Table 2. Hairpin bisPNA Oligomer Sequences. 

PNA Sequence Composition 

23 H- TTTCTCT -TEG-TEG- TCTCTTT -NH-(CH2)2-COOH 

24 H- TTT c T c T –TEG-TEG- TCTCTTT -NH-(CH2)2-COOH 

25 H- TTT7GT7GT –TEG-TEG- TCTCTTT -NH-(CH2)2-COOH 

26 H- TTT7gT7gT –TEG-TEG- TCTCTTT -NH-(CH2)2-COOH 

T/C/7G = aegPNA-T/C/7G; c/7g = aepPNA-C/N7G 

 Table 3. DNA Oligonucleotide Sequences, 
DNA Oligomer Sequences 5' → 3' 

27 G C A A A G A G A C T antiparallel DNA 

28 T C A G A G A A A C G parallel DNA 

29 A G T C T C T T T G C DNA complementary to 27 for 

duplexation 

30 C G T T T C T C T G A DNA complementary to 28 for 

duplexation 

 

 The PNA oligomers were synthesized utilizing the Boc-protection strategy as 

outlined in Chapter 2. Each coupling cycle involving the deprotection, neutralization 

and coupling steps was monitored for completion by the Kaiser’s test. Tetraethylene 

glycol linker loop was also coupled using the same procedure employing HBTU, 

HOBt and diisopropylethylamine as the coupling agents. Merrifield resin derivatized 

with β-alanine was used as the solid support. 

The oligomer synthesis was carried out in a single assembly starting from the 

first arm (arm B) of the hairpin, the neutral linker loop and the first thymine residue of 

the second arm (arm A) of the hairpin. At this stage, the resin was partitioned into 

four portions. The four portions were extended separately to include the aegPNA-C, 

aegPNA-N7G, aepPNA-C and aepPNA-N7G monomers respectively at the positions 
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shown in Figure 8, followed by completion of the synthesis with the other aegPNA 

monomers. 

3.4.6. Cleavage from the Solid Support 

The PNA oligomers were cleaved from the solid support using TFMSA32 to 

yield oligomers with free ‘C’ terminal carboxylic acids. During this process, the 

cytosine exocyclic amino protecting groups, viz. the benzyloxycarbamate are cleaved 

liberating the amine. However, the N2-isobutyryl groups of the N7-guanine units are 

left intact and had to be additionally subjected to treatment with aqueous ammonia at 

55oC for 16h, or treated with ethylenediamine:ethanol mixture for 20h before 

cleavage reaction to achieve complete removal of exocyclic amino group protection.    

3.4.7. Purification 

The fully deprotected oligomers were initially desalted by size-exclusion 

chromatography over G25 Sephadex. They were subsequently purified by FPLC on a 

reverse phase C8 column using an ascending gradient of acetonitrile in water 

containing 0.1% TFA. The purity of the oligomers was re-checked by reverse phase 

HPLC on a C18 column and confirmed by MALDI-TOF mass spectrometry. Some 

representative HPLC profiles and mass spectra are shown in above Figures 9 and 10 

respectively. 
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PNA 23 

PNA 24 

PNA 25 

PNA 26 

Figure 11. Representative HPLC profiles of bisPNA oligomers.  
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PNA  23   

M obs   4225    
M calc   4223   

        PNA  24   

M obs   4455 (M+Na+  
2Ibu)  M calc  4303.04   
  

P NA  25   

M obs   4219    
M calc  4218.4   
  

Figure  12 .   MALDI - TOF spectra of representative bis PNA  oligomers.   
  

PNA  26   

M obs   4333 (M+K 
+ )  

M calc  4298.4   
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3.4.8. UV-Melting 

The hairpin PNA sequences 23-26 were mixed with the appropriate DNA 

oligomer 27 or 28 in equimolar concentration and annealed prior to melting. The 

samples were heated at a rate of 0.5oC rise per minute and the absorbance at 260nm 

was recorded at every minute. The percent hyperchromicity at 260nm was plotted as a 

function of temperature and the melting temperature was deduced from the peak in 

the first derivative plots. 

3.4.9. Fluorescence: Strand Invasion Assay 

The bisPNA oligomers 23-26 are appropriate to study the strand invasion 

properties by triplex formation when targeted towards duplex DNA. Ethidium 

bromide upon intercalation into a DNA duplex (27:29 or 28:30) shows increase in 

fluorescence intensity but is known not to interact with PNA2:DNA or PNA:PNA 

complexes.28,33 Strand invasion of the duplex DNA saturated with ethidium bromide 

by triplex-forming PNA oligomer should therefore cause a decrease in ethidium 

bromide fluorescence due to the disruption of DNA duplex-ethidium bromide 

complexation. The loss of ethidium bromide fluorescence as a function of time upon 

addition of triplex forming PNA oligomers may be used to study the kinetics of 

duplex strand invasion in this fluorescent intercalator displacement assay (Figure 13). 

DNA

C

N

C

N

+DNA duplex 

bis PNA

Complex + EtBr + DNA ss 
            (Nonfluorescent)

Figure 13. Principle of fluorescence assay for strand invasion.  

      EtBr 
(Fluorescent) 
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3.4.10. Gel Electrophoresis 

Electrophoretic gel shift assay was used to establish the electrophoretic 

mobility of a DNA fragment in a native polyacrylamide gel, which is resulted in the 

presence of a PNA strand displacement complex. The bisPNAs were individually 

treated with dsDNA and the complexation was monitored by nondenaturing gel 

electrophoresis at 10°C.  The spots were visualized on a fluorescent TLC background. 

The formation of bisPNA:DNA triplexes is accompanied by displacing one strand of 

dsDNA and appearance of a lower migrating band due to bisPNA:DNA complexes.  

 

3.5. RESULTS AND DISCUSSION 

3.5.1. UV-Tm Studies on Hairpin PNA-DNA Triplexes 

The UV-Tm values of the complexes of the bisPNAs with the complementary 

DNA strands are detailed in Table 4. 

  

 
 Table 4. UV-Tm of bisPNA-DNA complexes.a 

Entry PNA    DNA 27 (p)     

pH 7.3   pH 5.8   ∆ pH 

DNA28 (ap) 

pH 7.3     pH 5.8      ∆ pH 

1 23, aegPNA-C 21 29 +8 27 (6) 42 (13) +15 

2 24, aegPNA-N7G 32 29 -3 44 (12) 41 (12) -3 

3 25, aepPNA-C 23 49 +26 42 (19) 52 (3) +10 

4 26, aepPNA-N7G 38 30 -8 41 (3) 44 (14) +3 
aUV Tm data (oC) for PNA:DNA complexes with DNA 27 and 28. Experiments were performed in 
10 mM sodium phosphate buffer, pH 7.3 and 5.8. Tm values are accurate to ±1oC and were obtained 
from peaks in the first derivative plots of percent hyperchromicity vs temperature. Each experiment 
was repeated at least twice. Values in brackets ∆Tm (ap-p). 
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The oligodeoxynucleotides 27 and 28, identical in sequence but reversed in 5’-

3’ direction, were used to probe the parallel/antiparallel binding preferences, studied 

by UV melting experiments at pH 5.8 and 7.4. The control bisPNA 23 having 

aegPNA-C units as X in arm A binds to either DNA 27 or DNA 28 but only with little 

different affinity (~21°C & 27°C respectively) at pH 7.3 (entry 1, Table 4). At acidic 

pH 5.8, a higher Tm (~42°C) was seen with DNA 28 as expected from N3 protonation 

of cytosine. This protonation could be on ‘C’ located either in arm A or arm B of 
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Figure 14. UV-Tm plots of the bisPNA:DNA complexes exhibiting the binding orientation 
bias with (A) aegPNA-C (B) aegPNA-N7G (C) aepPNA-C (D) aepPNA-N7G and the pH 
(in)dependence at pH 5.8 (□,■) and 7.4 (�,�). 
 



Chapter 3 

 

bisPNA 23 (or both), with the protonated form leading to HG and the non protonated 

form leading to WC mode of recognition in either orientations (Figure 14). (The 

protonation of terminal, non-hydrogen bonded ‘C’ in DNA 27 and 28 does not affect 

the binding or recognition event). In aegPNA 23, the two arms of PNA are 

distinguished slightly in terms of binding in the WC or HG mode at pH 5.8, with 

DNA 28 binding better than DNA 27 (entry 1).  

The replacement of aegPNA-C at X in arm A by the C+ mimic aegPNA-N7G 

(PNA 24) also gave complexes of different stabilities (entry 2, Table 4) with the target 

DNA strands 27 and 28. At both pHs, a dominant preference for antiparallel 

orientation of arm A as in complex 24:28 was observed compared to the parallel 

orientation of arm A as in complex 24:27 (∆Tm ~12°C) at pH 7.3 (Figure 5d). Thus 

the donor-acceptor H-bonding sites of N7G are capable of recognizing G in the HG 

ap-mode with neutral linker, unlike the positively charged linker (Figure 15). 

However at acidic pH, a slight destabilization was seen suggesting that ‘C’ 

protonation is not favourable. 
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In contrast to the achiral aegPNA units, introduction of a chiral aepPNA-C 

unit as X in arm A in 25 leads to a stronger binding at pH 7.3 with DNA 28 (Tm 

~42°C) as compared to binding with DNA 27 (Tm ~ 23°C) (entry 3, Table 4). This 

suggests a considerable bias (∆Tm ~19°C) in the antiparallel DNA binding orientation 

induced by the chiral aep unit. At acidic pH (5.8), the stability was further enhanced 

in case of both DNA 27 and 28, as expected from the protonation of N3 in C 

[∆Tm(∆pH) ~26°C and ~10°C respectively]. These results indicate that the chiral 

aepPNA-C units in 25 stabilize the PNA:DNA (25:28) complex when present in the 

PNA strand (arm A) oriented antiparallel to the central DNA strand.  

PNA 26 containing the chiral aepPNA-N7G unit as X in arm A also exhibited 

a slightly antiparallel preference to bind DNA 28 over parallel DNA 27 at neutral pH 

conditions (entry 4, Table 4, ∆Tm ~3°C) with more relative stability at acidic pH 5.8 

(∆Tm +11°C). In this case, aepPNA-N7G in arm A can bind only in the parallel HG 

mode (Figure 5d) and as expected, PNA 26:DNA 28 binding has much lower pH-

dependence as compared to aepPNA-C 25: DNA 28 binding. The overall results 

suggest that hairpin bisPNAs bind to DNA 28 better than DNA 27. 

Thus from UV-Tm we can summarize that ∆pH is more for PNA-C, 

particularly for aepPNA C. As ∆pH is less for PNA-N7G, confirms the pH 

independence of N7G. In all bisPNAs the preferred binding is ap HG and p WC at 

both pH. It means p WC is preferred over ap WC except for PNA 24. (at acidic pH) 

The pKa
’s of cytosine N3 in aegPNA-C  (6.91) and aepPNA-C  (6.81) (Figure 

16) were not very different, inspite of the possible protonation of the pyrrolidine ring 

nitrogen in the aepPNA-C at physiological pH, although these were significantly 

higher than that of N3-C in cytidine (4.34).  
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3.5.2. Fluorescence Assay for Strand Invasion  

The bisPNA oligomers reported in this chapter are appropriate to study the 

strand invasion properties by triplex formation when targeted towards duplex DNA 

(Figure 13). We studied the effects of nucleobase and backbone modifications of 

bisPNAs synthesized here, on the kinetics of strand invasion of both complementary 

DNA duplex 27:29 and 28:30 by ethidium bromide displacement assay. Thus, after 

strand invasion, arm A of the bisPNA hairpin having aeg/aepPNA-N7G binds to 

DNA 27 and DNA 28 in the parallel and antiparallel orientations respectively. 

This study should permit delineation of the effects of chiral, positively charged 

aepPNA backbone with respect to C+ and the C+ mimic-N7G unit. [In our earlier 

studies with bisPNAs containing cationic peptide linker, we noticed that the strand 

invasion is slower and incomplete in case of aegPNA-N7G and aepPNAs at ambient 

temperature. These effects seems to arise due to conformational distortions induced in 

the PNA backbone by aep chiral monomer units and due to presence of a purine base 

in a pyrimidine rich strand.]  The set of DNA and PNA oligomers for this study 

comprised DNA duplex 27:29, 28:30 and PNA oligomers 23, 24, 25 and 26.  
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Figure 16. pH Titration of aegC and aepC monomers. 
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Figure 17. Ethidium bromide fluorescence as a function of time 
studied for the DNA duplex 27:29 after the addition of PNA 23 (d); 
PNA 24 (b); PNA 25 (c) and PNA 26 (a) at pH 7.3. 
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Figure 18. Ethidium bromide fluorescence as a function of time studied 
for the DNA duplex 28:30 after the addition of PNA 23 (a); PNA 24 (b); 
PNA 25 (c) and PNA 25 (d) at pH 7.3. 
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The DNA duplexes 27:29 and 28:30 were separately saturated with ethidium 

bromide and the kinetics of the strand invasion process was examined by monitoring 

the fluorescence emission decay at 590nm (λex 490nm) as a function of time after 

individually adding the four PNAs 23-26 for over 60 hours. The emission intensity 

monitored in each case over 60h showed exponential decrease at different rates 

followed by reaching a plateau (Figure 17 and 18).  

 
Table 5. Decay constants for 27:29 duplex invasion by bisPNAsb 

PNA T1 T2 

23 0.43017 10.64208 

24 3.22782 11.89339 

25 1.18162 28.78645 

26 1.84498 10.62524 
bDecay constants obtained from figure 17 where results were 
subjected to Non-linear curve fit: exponential decay 2 in Microcal 
origin 6.1. 

       
Table 6. Decay constants for 28:30 duplex invasion by bisPNAsb 

PNA T1 T2 

 23 1.36116 14.89386 

24 3.33942 17.62497 

 25 0.74143 17.88327 

 26 0.22541 14.85553 
bDecay constants obtained from figure 18 where results were 
subjected to Non-linear curve fit: exponential decay 2 in Microcal 
origin 6.1 

 

Interestingly the decay profiles of polyoxyethylene bisPNAs was not 

monophasic, but could be fitted into biexponential decay. The data in Table 5 and 6 

shows the two decay constants T1 and T2 computed from the data of Figure 17 and 18 

respectively. This is in contrast to the results from cationic peptide linker (Figure 

1928) wherein the decay profile was monophasic. This suggests that the DNA duplex 
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invasion by polyoxyethylene-linked aeg-bisPNA occurs in two steps in contrast to a 

single step process observed for cationic peptide linked bisPNA.  

The data in Table 5 indicates that step 1 is fastest with aeg-bisPNA-C 23 while 

slowest for aeg-bisPNA-N7G 24, with intermediate rates for aepPNAs 25 and 26; 

step 2 is slowest in case of aep-bisPNA-C, with other PNAs having similar rates. 

While the data in Table 6 indicates that step 1 is fastest with aep-bisPNA-N7G 26 

while slowest for aeg-bisPNA-N7G 24, with intermediate rates for PNAs 23 and 25; 

step 2 is having similar decay rates in case of all PNAs. The kinetics follows an order 

completely different from that seen according to Tm. Thus the thermal stability of 

bisPNA:DNA duplexes are delinked from their rate of association/dissociation. The 

faster rates of invasion seen in cationic linker bisPNA may presumably partly due to 

the electrostatic effects due to the linker, which may repel the ethidium bromide that 

has positive charges. 
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Figure 19
28. Ethidium bromide fluorescence as a function of time 

studied for the DNA duplex 27:29 after the addition of PNA 23 at pH 
5.8 (-∆-); PNA 23 at pH 7.4 (-�-); PNA 25 at pH 5.8 (-�-); PNA 26

at pH 7.4 (-�-) and PNA 24 at pH 7.4 (-�-). 
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 In literature, two plausible routes for the strand invasion reaction have been 

postulated34,35,36 According to one mechanism, the first stage consists of a fluctuating 

opening of the DNA double helix and a transient formation of a PNA-DNA Watson-

Crick duplex (WC-first mechanism). The second mechanism envisages formation of 

an unstable PNA-[DNA]2 triplex via Hoogsteen pairing (HG-first mechanism), 

followed by dissociation of duplex to form PNA2:DNA triplex. The final result is the 

same for both mechanisms and the unstable intermediates are very difficult to detect. 

By using pH dependent gel mobility shift analysis, it was recently demonstrated35 that 

at neutral pH, C-containing PNAs undergo strand invasion via the HG-first 

mechanism (Figure 20).  

Our present results based on fluorescence assay gives a direct and strong 

support for a two-step process, as seen by the presence of biexponential decay 

constants. The first, kinetically faster process has decay constant T1 in the range 0.2-

3.4h while the second slower process has the decay constant T2 in the range 10.6 to 

28.7h. Compared to aeg-bisPNA 23, the aep-bisPNAs show three times lower T1, 

perhaps due to the presence of rigid pyrrolidine ring as part of the backbone, which 

sterically slows down the initial binding of the PNA to DNA duplex. The PNA 24 

having aeg-PNA-N7G was the slowest, due to energy barrier in interconversion of 

Figure 20. Proposed Hoogsteen-first mechanism at strand invasion of 
homopyrimidine bisPNAs into dsDNA. 
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syn-anti rotamers in attaining hybridization competent conformation. The aep-PNA-

N7G monomers having the base directly linked to the rings in PNA 25 and 26 lack 

such rotamers. The second step of base pair formation is inordinately slow in case of 

aep-bisPNA-C 25, for which the reasons are not obviously clear from present 

experiments.  

In the first step, DNA 27/28 should form HG pairing with arm A of bisPNAs 

23-26 in a parallel binding motif while the second step leads to formation of WC 

pairing in antiparallel fashion. For the duplex invasion of 28:30 by bisPNAs, it was 

noticed that the aepPNAs exhibit faster kinetics for first step, which also leads to 

more stable hybrids. In these cases first HG-mechanism gives rise to antiparallel 

binding with DNA duplex, which appears to be a faster process than parallel binding 

observed in case of 27:29 DNA duplex. Thus our results seem to delineate the 

invasion process by parallel/antiparallel binding, with the latter being more 

favourable.  

3.5.3. Gel Shift Assays: Competition Binding Experiments 

 The results of competition binding experiments carried out by adding bis-

PNAs to the DNA duplex (27/29 or 28/30) followed by annealing and complexation 

was monitored by non-denaturing gel electrophoresis at 10°C is shown in Figure 21 

and 22. Due to a higher binding affinity of bis-PNA:DNA complexes compared with 

DNA:DNA complexes, the added bisPNA binds to the complementary DNA 27/28 in 

the DNA triplex, releasing the DNA strand 29/30. This is clearly seen in the gel 

electrophoresis in which the DNA complex band (Figure 21, lane 7) is converted into 

a bisPNA:DNA complex seen as a retarded band and the released DNA strand (Figure 

21, lane 1-2, 4-5 and Figure 22, lane 1-3) seen as a faster moving band. The results 
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indicate that the bisPNAs do successfully compete for binding with the 

complementary DNA strand.  

 

 

 1        2         3       4         5       6  

Figure 22. 15% Polyacrylamide Gel Electrophoresis of bisPNA:DNA complexes.  

Lane 1: PNA 24 + DNA 27:29 
Lane 2: PNA 24 + DNA 28:30 

Lane 3: PNA 26 + DNA 27:29 

Lane 4: DNA 29 single strand 
Lane 5: PNA 26 + DNA 28:30 

Lane 6: DNA 30 single strand 
 

BisPNA:DNA 

DNA 

Figure 21. 15% Polyacrylamide Gel Electrophoresis of bisPNA:DNA complexes.  

1         2         3       4         5        6  7         8         9       10 

BisPNA:DNA 

DNA 

DNA:DNA 

Lane 1: PNA 23 + DNA 27:29 

Lane 2: PNA 23 + DNA 28:30 

Lane 3: DNA 29 single strand 

Lane 4: PNA 25 + DNA 27:29 
Lane 5: PNA 25 + DNA 28:30 

Lane 6: DNA 30 single strand 
  

Lane 7: DNA 27:29 duplex  
Lane 8: DNA 29 single strand 

Lane 9: DNA 28:30 duplex  
Lane 10: DNA 30 single strand 
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3.6. CONCLUSIONS 

The N7-guanine nucleobase and neutral TEG linker has been successfully 

incorporated into PNA using simple chemistry and solid phase peptide synthesis. It 

has proved to be a good C+ mimetic at neutral and acidic pH, with difference in Tm 

being observed with DNA 27 and DNA 28. The overall results suggest that bisPNAs 

bind better to DNA 28 than DNA 27. Thus, triplex formation is pH-dependent when 

aeg/aepPNA-C units are used, while aeg/aepPNA-N7G units permit triplex formation 

at physiological pH as well as at acidic pH. 

In addition, the introduction of aepPNA C units in the backbone of the hairpin 

bisPNAs, which form triplexes, strongly influenced the recognition of DNA in an 

orientation selective manner. The more stable complexes were formed when the arm 

A was antiparallel to the central strand.  

 

3.7. EXPERIMENTAL 

The synthesis of the aegPNA-T/C monomers was carried out according to the 

procedures described in Chapter 2. 

N
2
-isobutyrylguanine

29
 (1) 

To an ice-cold stirred solution of guanine (1.0g, 6.6mmol) in dry 

DMF (10ml) and triethyl amine (1.0ml, 3.5mmol) was added 

dropwise isobutyryl chloride (0.1ml, 6.4mmol). Reaction mixture 

as heated at 850C and stirred for 3h. The solvent was evaporated under vacuum. The 

residue was precipitated out in boiling isopropanol, filtered and dried to yield the 

product 1 (0.9g, 61.2% yield). 

 

N
H

NN

NH

NH

O

iBu
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1-(N-Boc-aminoethyl)-4-(R)-hydroxy-2-(S)-proline methyl ester
28

 (8) 

A mixture of 4-(R)-hydroxy-2-(S)-proline methyl ester 

hydrochloride 7 (4.0g, 22.1mmol), 2-(N-Boc)-aminoethyl-

mesylate (chapter 2) (2.64g, 11.04mmol), diisopropyl-

ethylamine (DIPEA) (3.8ml, 22.1mmol) DMAP (0.13g, 

1.1mmol) were stirred together in DMF:Acetonitrile (1:1) at room temperature for 

24h under argon atmosphere. Then reaction mixture was heated at 500C for 2h and 

again stirred at room temperature for 36h. After completion of reaction as indicated 

by TLC, solvents were removed in vacuo. The crude product was purified by silica 

gel column chromatography. The pure product 8 was obtained in 54% yield. 

1H NMR (CDCl3) δ: 5.25(br s, 1H, NH), 4.42(m, 1H, H4), 3.69(s, 3H, OCH3), 3.61(t, 

1H, H5), 3.38(dd, 1H, H5’), 3.15(dd, 2H, Boc-NH-CH2), 2.77(br m, 4H, H2, Boc-

NH-CH2-CH2, OH), 2.50(dd, 1H, H3), 2.12(m, 1H, H3’), 1.42(s, 9H, C(CH3)3). 

 

1-(N-Boc-aminoethyl)-4-(R)-O-mesyl-2-(S)-proline methyl ester
28

 (9) 

To a stirred ice-cooled solution of 1-(N-Boc-aminoethyl)-

4-(R)-hydroxy-2-(S)-proline methyl ester 8 (2.0g, 

6.9mmol) in dry DCM (15ml) and triethylamine (1.1ml, 

7.6mmol), was added dropwise methane sulphonyl 

chloride (0.8ml, 10.3mmol). After 2h, upon completion of reaction, more DCM (5 x 

15ml) was added to the reaction mixture and washed with water and extracted in 

DCM. The organic layer was dried over sodium sulphate and concentrated to get the 

crude product 9, which was purified by silica gel column chromatography (1.7g, 60% 

yield). 

N
OH

O

OMe

BocHN

N
OMs

O

OMe

BocHN
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1H NMR (CDCl3) δ: 5.20(m, 2H, NH, H4), 3.70(s, 3H, OCH3), 3.65(t, 1H, H5), 

3.50(dd, 1H, H5’), 3.15(m, 2H, Boc-NH-CH2), 3.00(s, 3H, SO2-CH3), 2.85(dd, 1H, 

H2), 2.75(m, 2H, Boc-NH-CH2-CH2), 2.35(m, 2H, H3, H3’), 1.45(s, 9H, C(CH3)3). 

 

1-(N-Boc-aminoethyl)-4-(S)-(N
4
-benzyloxycarbonyl-cytosin-1-yl)-2-(S)-proline 

methyl ester
28

 (10) 

A mixture of 1-(N-Boc-aminoethyl)-4-(R)-O-mesyl-2-

(S)-proline methyl ester 9 (1.2g, 3.2mmol), N4-

benzyloxycarbonylcytosine 2 (2.0g, 8.2mmol), 

anhydrous potassium carbonate (2.2g, 16.4mmol) and 

18-crown-6 (0.34g, 1mmol) in anhydrous DMF (6ml) 

was stirred under nitrogen atmosphere at 70oC for 5h. The solvent was completely 

removed under vacuum and the residue purified by silica gel column chromatography 

to get the pure product (0.5g, 30% yield) as the major product. 

1H NMR (CDCl3) δ: 8.47(d, 1H, C-H6), 7.42(s, 5H, Ph), 7.27(d, 1H, C-H5), 5.39(t, 

1H, Boc-NH), 5.23(s, 3H, Ph-CH2, H4), 3.72(s, 3H, OCH3), 3.20(br m, 4H, H5, H5’, 

Boc-NH-CH2), 2.78(m, 2H, Boc-NH-CH2-CH2), 2.59(m, 1H, H2), 1.92(m, 2H, H3, 

H3’), 1.44(s, 9H, C(CH3)3). 

 

1-(N-Boc-aminoethyl)-4-(S)-(N
2
-isobutyrylguanin-7-yl)-2-(S)-proline methyl ester

28
 

(11) 

A mixture of 1-(N-Boc-aminoethyl)-4-(R)-O-

mesyl-2-(S)-proline methyl ester 9 (0.5g, 

1.4mmol), N2-isobutyrylguanine 1 (0.80g, 

N

NH

NHCBz

ON

O

OMe

BocHN

NH

N

N

N

N
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3.5mmol), anhydrous potassium carbonate (0.9g, 7.0mmol) and 18-crown-6 (0.25g-

0.50g) in dry DMF (5ml) was kept stirring at 80oC for 48h. The solvent was 

completely removed under vacuum and the pure product obtained (0.28g, 40% yield) 

after column chromatography. 

1H NMR (CDCl3) δ: 12.25 (br s, 1H, G-N1H), 10.87 (br s, 1H, iBu-NH), 8.38 (s, 1H, 

G-H8), 5.63 (m, 1H, H4), 5.24 (m, 1H, Boc-NH), 3.69 (s, 3H, OCH3), 3.37 (m, 4H, 

H5, H5’, Boc-NH-CH2), 3.21-2.77 (m, 5H, Boc-NH-CH2-CH2, H2, (CH3)2CH, H3), 

2.18 (m, 1H, H3’), 1.42 (s, 9H, C(CH3)3), 1.22 (d, 6H, (CH3)2CH). 

13C NMR (CDCl3) δ: 179.6 (COCH(CH3)2), 173.1 (COOCH3), 156.4 (G-C2), 156.0 

(G-C4), 153.3 (COOC(CH3)3), 147.5 (G-C6), 142.3 (G-C8), 111.5 (G-C5), 79.2 

(C(CH3)3), 64.7 (CH(CH3)2), 59.5 (C4), 57.9 (C5), 53.7 (Boc-NH-CH2), 52.0 (C2), 

37.6 (Boc-NH-CH2-CH2), 35.9 (C3), 28.4 ((CH3)3), 19.0 ((CH3)2). 

 

N-(Boc-aminoethylglycyl)-(N
2
-isobutyryl-N7-guanine)-ethyl ester (4) 

A mixture of N2-isobutyrylguanine 1 (0.37g, 1.67mmol), 

K2CO3 (0.23g, 1.67mmol) and ethyl N-(Boc-

aminoethyl)-N-(chloroacetyl)-glycinate (Chapter 2) 

(0.54g, 1.67mmol) were stirred in dry DMF at rt 

overnight. The reaction mixture was filtered and the filtrate evaporated under reduced 

pressure. The resulting residue was purified by column chromatography to get the N-

(Boc-aminoethylglycyl)-(N2-isobutyryl-N7-guanine) ethyl ester 4 (0.45g, 53% yield). 

1H NMR (CDCl3) δ: 12.25 (s, 1H, iBu-NH), 10.01 (s, 1H, G-N1-H), 8.11(s, 1H, G-

H8), 5.80 (m, 1H, Boc-NH), 5.40 (maj) & 5.29 (min) (s, 2H, CH2-G), 4.31 - 4.08 (m, 

4H, N-CH2-COOCH2CH3), 3.61 (m, 2H, Boc-NH-CH2), 3.42 (maj) & 3.35 (min) (m, 

N

N

BocHN
N

O

O

N

NH

NH

O

iBu

OEt
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O

O

O

OTs
OH

2H, Boc-NH-CH2-CH2), 2.79 (m, 1H, CH(CH3)2), 1.41 (min) & 1.37 (maj) (s, 9H, 

(CH3)3), 1.23 (m, 9H, CH2CH3, CH(CH3)2). 

13C NMR (CDCl3) δ: 179.5 (COOCH(CH3)2), 169.0 (COOEt), 166.6 (G-CH2-CO), 

162.3 (G-C2), 155.9 (G-C4), 153.1 (COOC(CH3)3), 147.6 (G-C6), 144.6 (G-C8), 

112.0 (G-C5), 79.5 (C(CH3)3), 61.3 (CH(CH3)2), 48.8 (N-CH2-COOEt), 46.7 

(OCH2CH3), 38.4 (Boc-NH-CH2), 35.8 (Boc-NH-CH2-CH2), 28.1 ((CH3)3), 18.7 

((CH3)2), 13.8 (CH2CH3). 

 

Hydrolysis of the PNA ethyl ester monomers 

General method 

The ethyl esters were hydrolyzed using 2M aqueous NaOH (5ml) in methanol 

(5ml) and the resulting acid was neutralized with activated Dowex-H+ till the pH of 

the solution was 7.0. The resin was removed by filtration and the filtrate was 

concentrated to obtain the resulting Boc-protected acid (4-5 & 10-11) in excellent 

yield (>85%). 

 

2-{2-[2-(2-hydroxyethoxy)ethoxy]ethoxy}ethyl 4-methylbenzenesulfonate
31

 (18) 

A solution of sodium hydroxide (2.74g, 68.5 mmol) in water 

(15ml) was added to a mixture of tetraethyleneglycol (17) 

(87.8g, 452mmol) and THF (15ml). After the mixture had cooled down to 00C, a 

solution of toluene p-sulfonyl chloride (8.3g, 43.7mmol) in THF (50ml) was added 

with stirring over 1h. After stirring at 00C for 2h, the reaction mixture was poured into 

an ice-water (250ml). The organic layer was separated, and the aqueous layer was 

extracted with CH2Cl2 (3 x 100ml). The combined organic layers were washed twice 
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O

O

O
O COOEt

N
3

with water (50ml). Drying of the organic layer and evaporation of the solvent under 

reduced pressure afforded (13.74g, 90% yield with reference to tosyl chloride) of 

clear oil 18.   

1H NMR (CDCl3) δ: 7.86-7.76 (d, 2H), 7.35-7.31 (d, 2H), 4.17-4.12 (m, 2H), 3.70-

3.58 (m, 14H), 2.43 (s, 3H). 

 

2-{2-[2-(2-azidoethoxy)ethoxy]ethoxy}ethanol (19) 

Monotosylate 18 (5g, 14.4mmol) was taken in dry DMF 

(50ml) and sodium azide (4.67g, 71.85mmol) was added into 

it. The raction mixture was heated at 600C with stirring for 5hr. The solvent was 

removed under vacuum; the residue was taken in water and extracted with CH2Cl2 (3 

x 50ml). The pooled organic extracts were washed with water and brine. Drying of the 

organic layer and evaporation of the solvent under reduced pressure afforded azide 19 

(2.70g, 87% yield).  

1H NMR (CDCl3) δ: 3.69-3.46 (m, 14H), 3.39-3.36 (t, 2H). 

13C NMR (CDCl3) δ: 71.41, 69.43, 68.77, 60.28, 59.76, 49.47.  

IR (CHCl3) cm-1: 2106 and others. 

 

Ethyl 14-azido-3,6,9,12-tetraoxatetradecan-1-oate (20) 

A solution of azide 19 (3.50g, 16mmol) in dry 

DMF (5ml) was added to a cooled solution of 

sodium hydride (0.42g, 17.58mmol) in dry DMF (10ml). Reaction mixture was stirred 

for 30 min and then to it ethylbromoacetate (1.96ml, 17.58mmol) was added 

dropwise, at 00C. The reaction mixture was stirred for 16h at room temperature. The 

O

O

O
OH

N
3
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reaction mixture was quenched with ice water and solvent was removed under 

vacuum; the residue was taken in water and extracted with ethyl acetate (3 x 50ml). 

The pooled organic extracts were washed with water and brine. Drying of the organic 

layer and evaporation of the solvent gave crude oil. Purification using column 

chromatography afforded 20 (2.0 g, 44% yield).  

1H NMR (CDCl3) δ: 4.26-4.12 (m, 4H), 3.69-3.46 (m, 14H), 3.39-3.36 (m, 2H), 1.29-

1.21 (t, 3H). 

 

Ethyl 14-tert-butoxycarbonylamino-3,6,9,12-tetraoxatetradecan-1-oate (21) 

Compound 20 (2g, 6.6mmol) was taken in dry 

ethyl acetate (2ml) in 250ml hydrogenation flask 

and di-tert-butyldicarbonate (1.57g, 7.2mmol) was added to it. Raney Ni (1ml, 

suspension in ethanol) was separately washed thoroughly with ethyl acetate and was 

added to the hydrogenation flask. It was subjected to hydrogenation at 40-psi pressure 

for 1.5 hr. The catalyst was filtered and washed with methanol/ethyl acetate mixture. 

The filtrate was concentrated under vacuum to give crude protected amine. 

Purification using column chromatography afforded 21 (1.5g, 50% yield).   

1H NMR (CDCl3) δ: 5.20 (br s, 1H), 4.24-4.09 (m, 4H), 3.69-3.46 (m, 14H), 3.27-

3.24 (m, 2H), 1.38 (s, 9H), 1.26-1.19 (t, 3H). 

13C NMR (CDCl3) δ: 170.11, 155.74, 78.69, 70.53, 70.20, 69.87, 68.33, 60.42, 40.10, 

28.08, 13.85.  

MS: (ESI) 379 (M)+, 279 (M+
- Boc). 
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14-tert-butoxycarbonylamino-3,6,9,12-tetraoxatetradecan-1-oic acid (22) 

To a solution of Ethyl 14-tert-

butoxycarbonylamino-3,6,9,12-tetraoxatetradecan-

1-oate 21 (0.4g, 1.0mmol) in methanol (2ml), was added aqueous 2M NaOH (2ml). 

TLC analysis after 10 minutes indicated the absence of the starting material as a result 

of hydrolysis of the methyl ester function. The excess NaOH was neutralized by 

Dowex-50 H+ resin, which was then, filtered off. The methanol from the filtrate was 

removed under vacuum and concentrating it to dryness to obtain the product 22 

(0.35g, quantitative yield) as brown solid. 

1H NMR (CDCl3) δ: 6.00 (br s, 1H), 4.11 (s, 2H), 3.69-3.46 (m, 14H), 3.34-3.24 (m, 

2H), 1.39 (s, 9H).  

13C NMR (CDCl3) δ: 170.11, 155.74, 79.29, 71.18, 70.56, 70.27, 69.11, 40.35, 28.39. 

MS: (ESI) 352 (M)+H, 252 (M+H- Boc). 

 

3.7.1. UV-melting 

The concentration of the PNA oligomers was calculated on the basis of the 

absorption at 260nm, assuming the molar extinction coefficients of the nucleobases to 

be as in DNA, i. e., T, 8.8 cm2/µmol; C, 7.3 cm2/µmol; G, 11.7 cm2/µmol and A, 15.4 

cm2/µmol. The hairpin bisPNA oligomer (23-26) and the relevant complementary 

DNA oligonucleotide (27/28) were mixed together in a 1:1 molar ratio in 0.01M 

sodium phosphate buffer, pH 5.8 or 7.4 to get a final strand concentration of 1µM. 

The samples were annealed by heating at 85oC for 1-2min, followed by slow cooling 

to room temperature, kept at room temperature for ~30min and then, refrigerated 

overnight. UV experiments were performed on a Perkin Elmer λ35 UV-VIS 

O

O

O

N
H

O
Boc

COOH
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spectrophotometer fitted with a Peltier temperature programmer. The samples were 

heated at a rate of 0.2oC rise per minute and the absorbance at 260nm was recorded at 

every minute. The percent hyperchromicity at 260nm was plotted as a function of 

temperature and the melting temperature was deduced from the peak in the first 

derivative plots. 

3.7.2. Fluorescence assay for strand invasion 

Fluorescence measurements were done on a Perkin Elmer model LS-50B 

spectrometer attached to a Julabo water bath circulator for variable temperature. The 

DNA duplex 27:29/28:30 (1µM) in 5mM sodium phosphate buffer, pH 7.4 at 20°C 

was saturated with ethidium bromide (0.5µM) and then excited at 490nm and the 

emission monitored at 590nm using a spectral bandwidth of 5nm. Then the kinetics of 

strand invasion process was examined by monitoring the fluorescence decay at 590nm 

as a function of time after individually adding the four bisPNAs 23-26 (10µM) for 

over 60h.  

3.7.3. pKa determination 

 The aegPNA-C and aepPNA-C monomers (13 and 15) after Boc-

deptrotection, were titrated with 0.1M NaOH. The pH titration curve (pH versus 

volume of NaOH) exhibited the pKa.  
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3.8. APPENDIX 

� Compound 4, 1H NMR and ESI-MASS 

� Compound 8, 1H NMR  

� Compound 11, 1H and ESI-MASS 

� Compound 18, 1H NMR 

� Compound 19, 1H NMR  

� Compound 20, 1H NMR 

� Compound 21, 1H, 13C NMR, DEPT and ESI-MASS 

� Compound 22, 1H, 13C NMR and ESI-MASS 
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This chapter has two sections. Section A deals with the synthesis and biophysical 

evaluation of fluorescent PNAs and Section B deals with the effect of chiral ligands 

on aegPNA backbone. 

 

 

 

4.1 INTRODUCTION 

 Peptide nucleic acids (PNA) are DNA analogues in which the sugar–

phosphate backbone is replaced by a peptide amide bond backbone.1 PNAs exhibit 

unique properties that set them apart from other traditional DNA analogues. These 

properties are: (i) unprecedented strong binding to complementary, mixed DNA/ 

RNA sequences to form duplexes, (ii) high specificity discrimination of mismatched 

base pairs and (iii) ‘strand invasion’ at polypurine/pyrimidine stretches on a DNA 

duplex to form a PNA2:DNA triplex.2 This fact, coupled with their resistance to 

proteases and nucleases and chemical stability over a wide pH range, has led to the 

development of novel applications that cannot be satisfactorily executed with other 

DNA analogues. Such applications include blocking and activation of gene expression 

via D-loop complexes, identification of point mutations by PNA-directed PCR 

clamping, using fluorophore conjugated PNA as probes to locate individual genes in a 

DNA map and antisense drug development.3 Most of the structural changes to 

improve PNA properties far have centered on backbone modifications to introduce 

conformational constrain and chirality.4  

 

SECTION A: SYNTHESIS AND BIOPHYSICAL EVALUATION OF 

FLUORESCENT PNAs 
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4.2. RATIONALE AND OBJECTIVES FOR THE PRESENT WORK  

2-aminopurine (2-AP) is a fluorescent analogue of adenine (6-aminopurine) 

and has been used as a probe of nucleic acid properties.  Incorporating 2AP into DNA 

quenches its fluorescence, reducing its quantum yield from that of the free nucleoside. 

This reduction is attributed to stacking interaction with nearest neighbour 

nucleobases, and therefore, fluorescent properties of 2-AP have been used to probe 

the equilibrium stacking properties of DNA duplexes containing these mismatched 

pairs.5  

The fluorescent 2-aminopurine has frequently been used to study variations in 

DNA structure since its emission properties are highly sensitive to local 

conformational changes. It can be substituted for adenine for Watson-Crick base 

pairing with thymine in opposite strand and as it is an inherently fluorophoric, it 

minimally perturbs the helix conformation.6 The anisotropy behaviour can also be 

used to analyze the restricted angular range of 2-AP motion or ‘wobbling’ within the 

duplex. The base 2-AP can selectively excited in the presence of normal bases, 

making it ideal real-time spectroscopic probe to study the dynamics and local 

environmental changes due to DNA binding with other molecules.7,8,9 

 Two different tautomeric states of 2-aminopurine are known; the 9-H and 7-H 

tautomers that have a proton at, respectively, nitrogen number 9 and 7. Both 

calculations and experiments show that 2-AP in the ground state mainly exists as the 
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9-H tautomer.10,11 However, recent experiments and calculations suggests that the 7-H 

tautomer might be present in significant amounts upon excitation.12,13  

 This section presents synthesis and studies on PNA analogue having intrinsic 

fluorescence due to incorporation of 2-aminopurine.14  

Incorporation of 2-AP into PNA would therefore add a new dimension to the 

existing repertoire of PNA properties inducing novel and potential applications.15 In 

this section PNA–DNA complexation is examined via fluorescence changes, with a 

view to probe conformational changes induced in PNA due to chemical modifications 

and hybridization events.  

 

4.3. OBJECTIVES 

The specific objectives of this section are 

1. Synthesis of 2-aminopurine fluorescent PNA monomer. 

2. Synthesis of mixed PNA- sequences incorporating 2-aminopurine. 

3. Biophysical studies of (2-AP)PNA-DNA hybrids using UV and fluorescence                      

            spectroscopic techniques. 
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4.4. WORK DONE 

4.4.1. Synthesis of 2-aminopurine PNA monomer 

 The ethyl N-(2-amino-6-chloropurin-9-ylacetyl)-N-(2-butoxycarbonylamino-

ethyl) glycinate (1) (Scheme 1) was synthesized by reported procedures (See Chapter 

2). The desired PNA monomer 3 carrying a 2-aminopurine moiety was synthesized in 

two steps. The 6-chloro group in 1 was first removed by hydrogenation over Pd–C to 

afford 2, which was followed by hydrolysis of the ester with aq. NaOH to give the 

corresponding carboxylic acid 3. This monomer was used directly for incorporation 

into PNA oligomers without protecting the 2-amino function, since it is inactive for 

normal peptide coupling conditions. 

4.4.2. Synthesis of PNA Oligomers 

 All the peptide oligomers were synthesized on Merrifield resin, with β-alanine 

chosen as the first amino acid linker. The rationale for this is that β-alanine is achiral 

and hence does not interfere in the spectral properties of PNA. As it has a short alkyl 

chain, its contribution to hydrophobic nature of the PNA is negligible. Merrifield resin 

was therefore functionalised with N-Boc-β-alanine following the cesium salt 

method16 to obtain the benzyl ester linkage between the resin and the first amino acid. 

N

N

BocHN
N

O
O

N

NNH
2

Cl

OEt

N

N

BocHN
N

O
O

N

NNH
2

OR

 
2 R=Et
3 R=H

 

i, ii
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Scheme 1. Synthesis of 2-aminopurine PNA monomer. 
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The functionalised resin was assayed to determine the loading value of first amino 

acid by picric acid method (Chapter 2).   

 The stepwise synthesis of fluorescent PNA oligomers was carried out in the 

C→N direction as described in Chapter 2. The fluorescent probe/base, 2-aminopurine 

(2-AP), was incorporated at 3rd, 6th, 9th and 12th position into a PNA 13-mer (Table 1) 

that contains thymines and adenines. The assembly of the PNA oligomers 4 to 11 was 

performed manually on Merrifield resin prior functionalised with β-alanine (0.180 

equiv/gm) by standard solid phase peptide synthesis. The 2-AP monomer 3 was used 

in place of ‘A’ monomer in the indicated position (A*).  

4.4.3. Synthesis of Complementary Oligonucleotides 

The oligodeoxynucleotides (12-13, Table 3) were synthesized on a Pharmacia 

Gene Assembler Plus DNA synthesizer using the standard β-cyanoethyl 

phosphoramidite chemistry. The oligomers were synthesized in the 3'-5' direction on a 

CPG solid support, followed by ammonia treatment.17 The oligonucleotides were de-

salted by gel filtration, their purity ascertained by RP HPLC on a C18 column to be 

more than 98% and were used without further purification in the biophysical studies 

of PNA. 

Table 1. Resin-linked PNA Sequences Synthesized by Solid Phase Protocols. 

Entry Resin-linked PNA Oligomer 

1 MF--β-ala-T T A* T T A T T A T T A T-Boc  

2 MF--β-ala-T T A T T A*  T T A T T A T-Boc 

3 MF--β-ala-T T A T T A T T A*  T T A T-Boc 

4 MF--β-ala-T T A T T A T T A T T A*  T-Boc 

MF = Merrifield resin; T/A = aegPNA-T/A; A* = 2-aminopurine PNA 
monomer. 
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Table 2. DNA Oligonucleotide Sequences. 

DNA Oligomer Sequences 5' → 3' 

12 A A T A A T A A T A A T A  

 

DNA complementary to 4-11 for 

duplexation 

13 A A T A A T G A T A A T A mismatch DNA  

 

4.4.4. Cleavage from the Solid Support 

 The PNA oligomers were cleaved from the solid support using TFMSA18 to 

yield oligomers with free ‘C’ terminal carboxylic acids. The benzyl ester linkage 

between PNA and resin allows cleavage by an amine to obtain PNAs with C-terminal 

amides.19 PNAs carrying an amine or a polyamine at C-terminus is possible by 

reaction of the resin with diamine or polyamine. The PNA 8-11 were obtained by 

cleavage of peptide from the MF-resin with spermine via transamidation reaction. In 

case of spermine the product is expected to arise by the attack of primary amine rather 

than the secondary amino group due to steric reasons as has been established in earlier 

studies.20  

4.4.5. Purification 

The fully deprotected oligomers were initially desalted by size-exclusion 

chromatography over G25 Sephadex. They were subsequently purified by FPLC on a 

reverse phase C8 column using an ascending gradient of acetonitrile in water 

containing 0.1% TFA. The purity of the oligomers was re-checked by reverse phase 

HPLC on a C18 column and confirmed by MALDI-TOF mass spectrometry. Some 

representative HPLC profiles and mass spectra are shown in Figures 1 and 2 

respectively. 
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PNA 11 PNA 10 

PNA 4 PNA 5 

PNA 9 PNA 8 

PNA 6 PNA 7 

Figure 1. Representative HPLC profiles of 2-aminopurine PNA oligomers.  
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PNA 11 
Mobs 3756.15 
(M+Na+K) 
Mcalc 3696 

 
 

PNA 6 
Mobs 3589.95 
Mcalc 3586.89 

 

PNA 4 
Mobs 3707.93 
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Figure 2. MALDI-TOF spectra of representative 2-aminopurine PNA oligomers. 
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Table 3. 2-AP PNA Oligomer Sequences. 
PNA Sequence Composition 

4 H2N–T A T T A T T A T T A* T T–CONHCH2CH2CO2H 

5 H2N–T A T T A T T A* T T A T T– CONHCH2CH2CO2H 

6 H2N–T A T T A* T T A T T A T T– CONHCH2CH2CO2H 

7 H2N–T A* T T A T T A T T A T T– CONHCH2CH2CO2H 

8 H2N–T A T T A T T A T T A* T T–CONH-Spermine 

9 H2N–T A T T A T T A* T T A T T–CONH-Spermine 

10 H2N–T A T T A* T T A T T A T T–CONH-Spermine 

11 H2N–T A* T T A T T A T T A T T–CONH-Spermine 

T/A = aegPNA-T/A; A* = 2-aminopurine PNA monomer. 

4.4.6. UV-Melting 

The 2-AP PNA sequences 4-11 were mixed with the appropriate DNA 

oligomer 12 or 13 in equimolar concentration and annealed prior to melting. 

Appropriate oligonucleotides and PNA each at a strand concentration of 1-2µM based 

on UV absorbance calculated using molar extinction coefficients at 260nm, 2-AP = 

6.8, A = 15.4, C =7.3, G =11.7, T = 8.8 cm2/µM. The samples were heated at a rate of 

0.5oC rise per minute and the absorbance at 260nm was recorded at every minute. The 

percent hyperchromicity at 260nm was plotted as a function of temperature and the 

melting temperature was deduced from the peak in the first derivative plots. 

4.4.7. Fluorescence Studies 

2-Aminopurine, an isomer of nonfluorescent adenine (6-aminopurine) has 

intrinsic fluorescence.21 When present in a DNA double helix it is known to form a 

stable base pair with thymine without significantly affecting the local and global 

structure of B-form duplex.13,14 The incorporation of 2-aminopurine (2-AP) into PNA 

would lead to fluorescent PNA. The 2-amino purine PNA monomer (3) and the PNA 



Chapter 4 

  

oligomers (4-11) exhibited fluorescence emission with maxima at 371nm upon 

excitation at 308nm (Figure 3). There are a few reports of attaching other 

fluorophores to PNA mainly at N-terminus and using them as label to detect various 

properties of PNA.22,23 The incorporation of intrinsically fluorescent 2-aminopurine 

into PNA has many advantages.13 It can be selectively excited in presence of a normal 

base (A, C, T or G) making it ideal for (i) using as a lable, (ii) studying local 

environment changes resulting from PNA binding with other molecules and (iii) 

measuring the kinetics of duplex formation and study dynamics interaction.24  The 

incorporation of this base into PNA would therefore add a new dimension to the 

existing repertoire of PNA properties and potential applications. The fluorescence 

studies describe PNA-DNA (4-11:12/13) hybrid formation by monitoring changes in 

2-aminopurine fluorescence.  
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Figure 3. Fluorescent spectra of (a) 2-aminopurine monomer, (b) PNA 4, (c) 4:12. 
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4.5. RESULTS AND DISCUSSIONS 

4.5.1 Fluorescent Studies  

4.5.1a PNA:DNA duplex formation: Monitoring by fluorescence: The 2-amino 

purine PNA monomer (3) and the PNA oligomers (4-11) exhibited fluorescence 

emission with maxima at 371nm upon excitation at 308nm. The fluorescent PNAs 4-7 

upon binding to its cDNA 12 affected a decrease in fluorescence intensity indicating a 

successful hybridization.  Similar behavior was obtained with sp-PNA conjugate 8-11 

incorporating 2-AP upon addition of cDNA 12. Hydrogen bond formation between 2-

aminopurine and thymine is known to decrease the quantum yield of the 2-

aminopurine.26 The duplex formation was substantiated by a flourescence titration 

experiment in which stoichiometric addition of cDNA 12 to a fluorescent PNA 4 

solution was accompanied by a gradual decrease in flourescence intensity upto an 

addition of 1 equivalence of DNA, beyond which the intensity did not vary much 

(Figure 4).  
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Figure 4. Fluorescence titration of DNA (12) with (A) PNA 4 and (B) PNA 8. (2µM PNA 
in 10mM Phosphate at pH 7.3). 
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The fluorescent 2-AP-sp-PNA 8 also showed similar characteristics upon 

DNA titration. The 2-AP-PNA (4) showed a small but significant change in the 

fluorescence intensity (50-45arb units) on addition of DNA (12) and the quenching 

was saturated with one equivalence of DNA. There was a tremendous change in the 

quenching of the spermine analogue 2-AP-sp-PNA (8) where the fluorescence 

intensity dropped from 50 to 30arb units. The comparatively slow rate of duplex 

formation in 4 is due to presence of the anionic C-terminal carboxylic acid. As the 

spermine analogues have terminal positive charges, these interact with the negatively 

charged DNA to form much stable complexes. These data are similar to the 

previously reported PNA containing 2-AP.15 

 

4.5.1b Temperature dependent fluorescence: The strength of PNA self-organisation 

and PNA-DNA binding was also studied by temperature dependent fluorescence 

experiments. Upon heating, both fluorescent intensity of PNA alone and PNA:DNA 

duplex showed a gradual decrease. The fluorescent intensity reached a saturation 

around 55-60°C for 4-11. The percentage decrease in total intensity for PNA-DNA 

melting (60%) was much larger than that observed for PNA self-melting (25%) under 

identical temperature range (Figure 5). The monomer 3 did not show any noticeable 

change (<2%) in fluorescent intensity upon heating in the temperature range of 5-50 

°C. The Tms obtained from temperature dependent absorbance was slightly lower than 

that from the fluorescence temperature data (Figure 6). The fluorescence Tm values of 

PNA:DNA hybrids are given in Table 4. 
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Figure 7. (A) Fluorescence melting isotherm and (B) UV melting isotherm of PNA:DNA 
duplex (11:12) shown with the first derivative plots. 
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  Table 4. Fluorescence melting Tm of PNA:DNA complexes.a  
PNA Sequence  Tm (

0
C) 

4 H2N–T A T T A T T A T T A* T T–CONHCH2CH2CO2H 20 

5 H2N–T A T T A T T A* T T A T T– CONHCH2CH2CO2H 30 

6 H2N–T A T T A* T T A T T A T T– CONHCH2CH2CO2H 24 

7 H2N–T A* T T A T T A T T A T T– CONHCH2CH2CO2H 22 

8 H2N–T A T T A T T A T T A* T T–CONH-Spermine 22 

9 H2N–T A T T A T T A* T T A T T–CONH-Spermine 15 

10 H2N–T A T T A* T T A T T A T T–CONH-Spermine 21 

11 H2N–T A* T T A T T A T T A T T–CONH-Spermine 23 
aUV Tm data (oC) for PNA:DNA complexes with DNA 12. Experiments were performed in 
10mM sodium phosphate buffer, pH 7.3. Tm values are accurate to ±1oC and were obtained from 
peaks in the first derivative plots of fl. intensity vs temeperature. Each experiment was repeated at 
least twice. 
 

In consistence with UV-Tm experiments, the Tms obtained from temperature 

dependent absorbance (20°C) for spermine PNA:DNA (11:12) hybrid was slightly 

lower than (23°C) that from the fluorescence temperature data (Figure 7). 

 

4.5.1c Kinetics of PNA:DNA hybridisation: The kinetics of PNA:DNA hybridization 

process was examined by monitoring the fluorescence emission decay at 371 nm as a 

function of time after mixing 2-AP PNA (4-11) with the complementary, antiparallel 

DNA (12).  The emission intensity decreased exponentially over a period of 0-20min 

and there after remained constant (Figure 8A). The time-dependent decrease in 

fluorescence of PNAs 4-11 immediately upon mixing with DNA may be attributed to 

specific formation of 2-AP-PNA:DNA hybrid. A similar behaviour was seen in 

experiments on 2-AP-sp-PNA:DNA duplex (8-11:12). The fluorescence decay curve 

was exponential. Thus fluorescence from 2AP-PNA is a good monitor of 

hybridization strength and efficiency. In contrast, PNA (10) with mismatch DNA (13) 
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exhibited initial increase in fluorescence and thereafter remained constant over the 

period (Figure 8B). 

  4.5.1d Fluorescence Anisotropy: Another fluorescence observable parameter capable 

of giving useful information on molecular environment is fluorescence anisotropy.25,26 

The base 2-AP in 4-11 senses the local changes in conformation/environment 

accompanying the self-melting of PNA from an ordered chain to a random coil. This 

process also reorients the fluorophore, leading to a decrease in anisotropy. A higher 

fluorescence anisotropy and polarization value implies that the fluorophore is more 

rigid. The polarization and anisotropy values of 2-AP fluorescence was measured as a 

function of temperature for both PNA 4-11 and PNA:DNA duplex (4-11:13) and the 

results are shown in Table 5. An appreciable decrease of both was observed with 

increasing temperature till about 40oC after which it remained constant. The observed 

change in anisotropy values in overall suggests that 2-AP base faithfully reports the 

environment and structural changes in PNA upon mixing with DNA and/or heating, 
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thus substantiating its utility in monitoring such dynamic events. Thus, the 2-AP 

residue in 4-11 senses the local changes in conformation/environment accompanying 

the self-melting of PNA from an ordered chain to a random coil, a process that also 

reorients the fluorophore. 

 

Anisotropy at temp. (
0
C) PNA 

15 35 50 

4 0.80 0.55 0.55 
5 0.68 0.64 0.64 
6 0.72 0.69 0.69 
7 0.89 0.52 0.52 
8 0.68 0.43 0.42 
9 0.89 0.53 0.53 
10 0.68 0.50 0.50 
11 0.88 0.71 0.70  

 

Anisotropy at temp. (
0
C) PNA:DNA 

15 35 50 

4:12 0.87 0.78 0.78 
5:12 0.83 0.70 0.70 
6:12 0.84 0.75 0.75 
7:12 0.90 0.87 0.87 
8:12 0.69 0.65 0.65 
9:12 0.91 0.89 0.89 

10:12 0.69 0.66 0.65 
11:12 0.89 0.86 0.86  

 
 

Except for PNAs 5 and 6, not much difference in anisotropy was noticed upon 

hybridization with DNA, suggests that PNAs are reasonably ordered even in single 

stranded form. PNAs 5 and 6 have 2-AP units in the interior of the sequence and 

hence show increased order (higher anisotropy) upon complementation with DNA. 

Thus, it is demonstrated that the incorporation of intrinsically fluorescent 2-

aminopurine does not affect the binding property of the PNA with the cDNA and 

further this fluorophore can be used to monitor the structural/conformational 

variations during hybrid formation and melting. Apart from their utility in 

diagnostics, these PNA probes may lead to newer capabilities such as study of 

cellular uptake and intracellular distribution of PNA by employing fluorescence 

microscopy and as sequence specific DNA biosensors.  

 

 

Table 5. Anisotropy values of PNA single strands and PNA:DNA complexes. 
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4.6 CONCLUSIONS 

 It is demonstrated that the incorporation of intrinsically fluorescent 2-

aminopurine does not affect the binding property of the PNA with the cDNA and 

further this fluorophore can be used to monitor the structural/conformational 

variations during hybrid formation and melting. Apart from their utility in diagnostics, 

these PNA probes may lead to newer capabilities such as study of cellular uptake and 

intracellular distribution of PNA by employing fluorescence microscopy and as 

sequence specific DNA biosensors.  
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4.7. INTRODUCTION 

Peptide nucleic acids (PNAs) are DNA mimics in which the deoxyribose 

phosphate backbone has been replaced by a polyamide skeleton composed of N-(2-

aminoethyl)glycine units, with the nucleobases linked to the glycine nitrogen via a 

methylene carbonyl group.27,28 PNAs bind efficiently and with high sequence 

selectivity to both single stranded RNA, DNA, and PNA as well as to double stranded 

DNA.29 In particular, PNA oligomers bind to complementary DNA oligonucleotides 

forming helical PNA-DNA duplexes that are in general more stable than the 

corresponding DNA-DNA duplexes.30 Furthermore, PNA oligomers of 

complementary sequences have been shown to hybridize forming helical PNA-PNA 

duplexes of higher thermal stability’s (Tm) than those observed for the PNA-RNA and 

the PNA-DNA duplexes.31 The results obtained so far show that PNA has many of the 

properties required for an antisense or antigene drug including high biological and 

chemical stability.32 However, recent structural studies by NMR and X-ray 

crystallography on PNA complexes (PNA-RNA,33 PNA form DNA,34 and especially a 

PNA-PNA duplex35 and a PNA2:DNA triplex,36 have indicated that the conformation 

inherently adopted by PNA is not optimal for hybridization to complementary RNA 

or DNA. PNA seems to prefer a wider helix (28A°) with a much larger pitch (18bp) 

than DNA or RNA.35 Since the first reports on PNA, several strategies of structure 

modification have been explored in order to better understand the chemical and 

structural features which determine PNA-DNA molecular recognition. The basic 

structure and the constrained flexibility of the PNA backbone appear to be of 

SECTION B: INDUCTION OF CHIRALITY IN ACHIRAL aegPNA 
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fundamental importance.32 PNAs are inherently achiral, and therefore PNA-PNA 

duplexes are racemic mixtures of double helices of opposite handedness.5 A preferred 

handedness in the duplex may be induced by linking a chiral amino acid (e.g. L- or D 

lysine) to the C-terminus of the strand. The process was described as “a seeding of 

chirality, beginning from the terminal base pair and migrating through the stack of the 

bases”. As expected, helices induced by D- and L-lysine was found to be of opposite 

helicity.37 These results indicate that the preferred helical sense of a PNA-PNA 

duplex is not related in a simple way to the absolute configuration of the amino acid 

attached to the carboxy-terminus.  

 

4.8. RATIONALE FOR THE PRESENT WORK 

More recently, with chiral monomers based on different amino acids inserted 

into the backbone of the PNA strand, it was found that the type of amino acid side 

chain and the configuration of the chiral center affect the stability of PNA-DNA 

duplexes.38,39 These monomers allow the investigation of having specifically 

positioned stereogenic centers within the PNA oligomer. Thus, it is of a general 

interest to investigate how many stereogenic centers inserted at which positions of a 

PNA oligomer can induce a preferred handedness of the single or double stranded 

PNA, and if an eventual stereochemical preorganization of PNAs can favor the DNA 

recognition process. This section presents the effect of stereogenic centers within the 

backbone on PNA preorganization and DNA binding properties of the PNA-DNA 

helix. These are studied by means of thermal denaturation measurements (Tm, from 

which the thermodynamic parameters were derived) and CD spectroscopy. The 

handedness of PNA helices is discussed on the base of circular dichroism spectra. 
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Chiral amino acids (D- and L-Proline) (Figure 9) are inserted distally in a PNA 8-mer 

by means of a standard procedure on a solid phase.40  

 

4.9. OBJECTIVES 

The specific objectives of this section are 

1. Synthesis of N-protected L-proline and D-proline. 

2. Synthesis of PNA- sequences incorporating chiral amino acids. 

3. Biophysical studies of chiral PNA-DNA hybrids using UV and CD   

            Spectroscopy. 

 

4.10. WORK DONE 

4.10.1. Synthesis of Protected Amino Acids 

 The N-Boc-L-proline and N-Boc-D-proline were synthesized by reported 

protection/deprotection chemistry (See Chapter 3). This chiral monomer was used 

directly for incorporation into PNA oligomers.  

4.10.2. Synthesis of PNA Oligomers 

 All the peptide oligomers were synthesized on Merrifield resin, with β-alanine 

chosen as the first amino acid linker. The rationale for this is that β-alanine is achiral 

and hence does not interfere in the spectral properties of PNA. Merrifield resin was 

N

Boc

COOH N

Boc

COOH

A B

Figure 9. A) L-Proline, B) D-proline. 
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therefore functionalised with N-Boc-β-alanine following the cesium salt method41 to 

obtain the benzyl ester linkage between the resin and the first amino acid. The 

functionalised resin was assayed to determine the loading value of first amino acid by 

picric acid method (Chapter 2).   

 The stepwise synthesis of chiral PNA oligomers were carried out in the C→N 

direction as described in Chapter 2. The chiral amino acid, Boc protected proline 

(LP/DP), has been incorporated at ‘C’ and ‘N’ terminal position into PNA 8-mer that 

otherwise contain thymine monomer. The control aminoethylglycyl (aeg) PNA T8 

oligomer was also synthesized. The assembly of the PNA oligomers 1-5 was 

performed manually on Merrifield resin prior functionalised with β-alanine 

(0.180equiv/gm) by standard solid phase peptide synthesis.  

4.10.3. Synthesis of Complementary Oligonucleotides 

The oligodeoxynucleotide (6, Table 7) was synthesized on a Pharmacia Gene 

Assembler Plus DNA synthesizer using the standard β-cyanoethyl phosphoramidite 

chemistry. The oligomers were synthesized in the 3'-5' direction on a CPG solid 

support, followed by ammonia treatment.42 The oligonucleotides were de-salted by 

      Table 6. Resin-linked PNA Sequences Synthesized by Solid Phase Synthesis. 

Entry Resin-linked PNA Oligomer 

1 MF--β-ala-LP-T T T T T T T T -Boc  

2 MF--β-ala-DP-T T T T T T T T -Boc 

3 MF--β-ala-T T T T T T T T-LP-Boc 

4 MF--β-ala-T T T T T T T T-DP-Boc 

5 MF--β-ala-T T T T T T T T-Boc 

MF = Merrifield resin; T = aegPNA-T; LP= Boc protected L-proline; DP= Boc 
protected D-proline monomer. 
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gel filtration, their purity ascertained by RP HPLC on a C18 column to be more than 

98% and were used without further purification in the biophysical studies of PNA. 

Table 7. DNA Oligonucleotide Sequences. 
DNA Oligomer Sequences 5' → 3' 

6 G C A A A A A A A A C G 

 

Complementary to PNA-T8 1-5 

with CG clamps 

 

4.10.4. Cleavage from the Solid Support 

 The PNA oligomers were cleaved from the solid support using TFMSA43 to 

yield oligomers with free ‘C’ terminal carboxylic acids.  

4.10.5. Purification 

The fully deprotected oligomers were initially desalted by size-exclusion 

chromatography over G25 Sephadex. They were subsequently purified by FPLC on a 

reverse phase C8 column using an ascending gradient of acetonitrile in water 

containing 0.1% TFA. The purity of the oligomers was re-checked by reverse phase 

HPLC on a C18 column and confirmed by MALDI-TOF mass spectrometry. Some 

representative HPLC profiles and mass spectra are shown in Figures 10 and 11 

respectively. 

Table 8. Chiral PNA Oligomer Sequences. 
PNA Sequence Composition 

1 H2N–T T T T T T T T -LP–CONHCH2CH2CO2H 

2 H2N–T T T T T T T T -DP–CONHCH2CH2CO2H 

3 H2N–LP-T T T T T T T T –CONHCH2CH2CO2H 

4 H2N–DP-T T T T T T T T –CONHCH2CH2CO2H 

5 H2N–T T T T T T T T –CONHCH2CH2CO2H 

T = aegPNA-T; LP= Boc protected L-proline; DP= Boc protected D-proline 
monomer. 
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Figure 10. Representative HPLC profiles of chiral PNA oligomers.  
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Figure 11. MALDI-TOF spectra of representative chiral PNA oligomers. 
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4.10.6. UV-Melting 

The PNA sequences 1-5 were mixed with the appropriate DNA oligomer 6 in 

2:1 concentration and annealed prior to melting. The samples were heated at a rate of 

0.5oC rise per minute and the absorbance at 260nm was recorded at every minute. The 

percent hyperchromicity at 260nm was plotted as a function of temperature and the 

melting temperature was deduced from the peak in the first derivative plots. 

4.10.7. CD-Spectroscopy 

CD spectra were recorded on a JASCO J715 spectropolarimeter. Each 

spectrum was recorded with a scan-speed of 200nm/min from 320nm to 195nm 

keeping a resolution of 0.1nm, a bandwidth of 1.0nm, sensitivity of 2mdeg and 

response 2s as an accumulation of 10 scans. The samples for CD were prepared in the 

manner used for UV-Tm studies by heating at 85oC for 5min, followed by slow 

cooling to room temperature and refrigeration overnight prior to recording the CD 

spectra. The temperature was maintained below the Tm of the complexes as 

determined by UV measurements, i.e., at 10oC. 

 

4.11. RESULTS AND DISCUSSIONS 

4.11.1 UV-Tm Studies  

PNAs (1-4) containing L-Proline and D-Proline were hybridized to the 

complementary DNA (6). Thermal stabilities (Tm) of the hybrids were determined by 

UV spectroscopy and compared with those obtained for the achiral 8-mer PNA of the 

same sequence (5) hybridized to the same targets. The results are summarized in 

Table 9 and Figure 12.  
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   Table 9. UV-Tm of PNA-DNA complexes.a 

PNA Sequence Composition Tm (
0
C) 

1 H2N–T T T T T T T T -LP–CONHCH2CH2CO2H 41 

2 H2N–T T T T T T T T -DP–CONHCH2CH2CO2H 41 

3 H2N–LP-T T T T T T T T –CONHCH2CH2CO2H 45 

4 H2N–DP-T T T T T T T T –CONHCH2CH2CO2H 42 

5 H2N–T T T T T T T T –CONHCH2CH2CO2H 43 
aUV Tm data (oC) for PNA:DNA complexes with DNA 6. Experiments were performed in 
10mM sodium phosphate buffer, pH 7.3. Tm values are accurate to ±1oC and were obtained from 
peaks in the first derivative plots of percent hyperchromicity vs temeperature. Each experiment 
was repeated at least twice. 

The presence of chiral monomers at C-terminus in the strands, both L-proline 

and D-proline in the PNAs (1-2), caused a little decrease of stability (-20C) for the 

PNA-DNA hybrids, whereas one chiral L-proline monomer inserted at the N-terminus 

exerted a positive effect (+20C). In case of PNA 4 where D-proline is inserted at the 

N-terminus did not show any significant change as compared to control PNA-DNA 

hybrids. From these results, it appears that for PNA-DNA hybrids, the stability may 

depend on the position of chiral monomer in the strand and on the stereochemistry of 

the amino acid. In particular, with the PNA (3), it is certain that the configuration of 
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Figure 12. A) UV-Melting profiles of PNA2:DNA complexes. B) UV-Melting first 
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the stereogenic center can influence the binding orientation, thus exerting a certain 

degree of direction control.  

4.11.2. CD Spectroscopy 

The CD spectra of the single strand PNAs and the PNA-DNA hybrids were 

recorded in order to obtain information about the helix characteristics. The single 

stranded chiral PNAs did not show significant CD signals (Figure 13), indicating that 

the chiral centers are not effective in giving a defined preferred handedness. However, 

PNAs 1 and 3 with L-proline linked at C/N-terminus induced opposite signs in CD 

signals in the region 260-280nm (though not entirely mirror images), suggests that 

these may have opposite helicities. The difference was not so obvious for 

corresponding D-proline linked PNAs. In contrast, the PNA-DNA hybrids showed 

strong signals of opposite signs (Figure 14).  

In the case of the PNA containing L-proline monomer in the strand (1), the 

shape and the intensity of the spectra of the PNA-DNA hybrids were very similar to 

the PNA containing D-proline monomer in the strand (2), indicating that the 
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handedness was conferred by the chiral monomer inserted at C-terminus. Similarly, 

the CD spectra of the PNA-DNA hybrids containing L-proline and D-proline at N-

terminus induced opposite signs.   

 It is known that for the right-handed helix, the “L-substituent” is positioned to 

interact with the major groove, while the “D-substituent” is “pointing directly into 

solution”.39 For the left-handed helix, the situation is naturally reversed. Thus, the 

chemical functionality on the amino acid is important. In case of PNA-DNA duplexes 

the effects are dominated by the DNA strand and are right-handed with both D- and 

L- ligand linking PNAs.39 

 We can deduce that the induced conformational changes are transmitted to the 

closest base, thus modifying the stacking interactions and affecting the helical 

preference. In the single strand same helical preference is present, although less 

pronounced because of the much weaker stacking interactions.  
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4.12. CONCLUSIONS 

 Chiral charged monomers introduced in a PNA strand induce a preferred 

handedness in the PNA-DNA hybrids. The extent of the induced chirality depends 

upon stereochemistry of chiral monomers and their position in the strand. The helix 

propagation most probably occurs through base stacking, since the preference 

becomes more pronounced in the PNA-DNA complex than in the single strand. The 

presence of charged chiral monomers only slightly preorganizes the single stranded 

PNAs, but it enhances significantly the helical preference of the PNA-DNA hybrids, 

particularly when present at C-terminus, as shown by circular dichroism. The 

examples shown here are for PNA2:DNA triplexes, where the two PNA strands are 

antiparallel. It would be interesting to study the effects of chiral PNAs on PNA:DNA 

duplexes. Further, the effect of other chiral ligands such as BINAP, biphenyl or allene 

may throw light on origin of chiral helicity on biopolymers. Therefore, the 

introduction of chiral amino acid monomers in PNAs should be an efficient way of 

enhancing the performance of PNA probes in diagnostic and molecular biology 

applications. 

 

4.13. EXPERIMENTAL 

The synthesis of the aegPNA-T/A monomers was carried out according to the 

procedures described in Chapter 2. 

2-aminopurine PNA monomer (3) 

The desired PNA monomer 3 carrying a 2-aminopurine moiety was 

synthesized in two steps starting from the previously known compound ethyl N-(2-

amino-6-chloropurin-9-ylacetyl)-N-(2-butoxycarbonylaminoethyl) glycinate 1 
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(Chapter 2). The 6-chloro group in 1 was first removed by hydrogenation over Pd–C 

to afford 2, which was followed by hydrolysis of the ester with aq. NaOH to give the 

corresponding carboxylic acid 3. 

1H NMR of 2 (CDCl3) δ: 8.65 (s, 1H, Ar-H8), 7.92–7.88 (s, 1H, Ar-H6), 5.88 (br s, 1 

H, NH), 5.38 (br s, 1H), 5.04–4.89 (s, 2H, glyCH2), 4.30–4.07 (m, 4H, N–CH2, 

OCH2), 3.64–3.29 (m, 4H), 1.42 (s, 9H), 1.25 (m, 3H). 

 13C NMR of 2 (CDCl3) δ: 169.6–169.3 (CO2Et), 167.3–166.9 (CONH), 159.9 (C2), 

156.2 (Boc: OCON), 153.4 (C8), 148.6 (C6), 143.7 (C4), 126.8 (C5), 79.7 (Me3CO), 

62.1, 61.5, 48.4, 38.6, 28.3 (all CH2), 13.9 (Me3C). 

 

BOC protected L-and D-proline monomers  

The desired chiral amino acid monomers (Figure 1) were synthesized in two 

steps starting from the easily available L-proline and D-proline. The acid group in L- 

and D-proline was first esterified to afford methyl esters of L- and D-proline, which 

was followed by N-BOC protection and further hydrolysis of the ester with aq. NaOH 

to give the corresponding carboxylic acid. 

1H NMR of A (CDCl3) δ: 9.79 (br s, 1H), 4.34-4.23 (m, 1H), 3.52-3.36 (m, 2H), 2.25-

1.89 (m, 4H), 1.40 (d, 9H). 

1H NMR of B (CDCl3) δ: 8.00 (br s, 1H), 4.20-4.16 (m, 1H), 3.43-3.34 (m, 2H), 2.16-

1.84 (m, 4H), 1.43 (s, 9H). 

 

4.13.1. Aminolysis: Cleavage with Spermine 

 The peptide resin (20mg) after t-Boc deprotection (unless otherwise 

mentioned) was taken along with 80mg of the amine (spermine) in a 0.5ml screw-
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capped vial and heated at 60°C for 42h. The reaction mixture was diluted with water 

and filtered through sintered funnel and concentrated. The crude mixture was passed 

through G15/G25 sephadex column and eluted with water to remove the excess amine 

and further purified by FPLC as described earlier. 

4.13.2. Melting experiments 

 Duplex melting experiments were carried out in the 10mM sodium 

phosphate.buffer. Appropriate oligonucleotides and PNA each at a strand 

concentration of 1-2µM based on UV absorbance calculated using molar extinction 

coefficients at 260nm, A = 15.4, C =7.3, G =11.7, T = 8.8 cm2/µM, were mixed, 

heated to 85°C for 2min, cooled to room temperature and then stored at 4°C 

overnight. The A260 at various temperature were recorded using Perkins Elmer 

Lambda 35 UV/VIS spectrometer, fitted with temperature programmable peltier, with 

a heating rate of 0.5°C/min over the rage 5-80°C. Dry nitrogen gas was flushed in the 

spectrophotometer chamber to prevent condensation at low temperature. Microcal 

Origin software was used for data analysis.  All the curves were fitted with a 

Boltzmann sigmoidal fit and the melting temperature determined from the peak of the 

differential curves.  

4.13.3. Fluorescent Spectroscopy 

 Fluorescence measurements were done on a Perkin Elmer model LS-50B 

spectrometer attached to a Julabo water bath circulator for variable temperature. The 

fluorescent DNA samples dissolved in the buffer were excited at 308nm and the 

emission monitored at 367nm using a spectral bandwidth of 5nm. The kinetic data 

were collected for 15-30min with a time constant of 1s and 5nm bandwidth at 20°C. 
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The temperature was kept constant by circulating water through water-jacketed 

cuvette holder.  Emission wavelength was fixed at 367nm with excitation at 308nm. 

For fluorescence polarization and anisotropy measurements, the sample was prepared 

with a ratio of PNA:DNA 1:2 to ensure complete binding. The samples were excited 

at 308nm and fluorescence signal at 367nm monitored through crossed polarizers.  

The experiment was repeated at different temperature (15, 35 and 50°C).  

4.13.4. CD Spectroscopy 

 CD spectra were recorded on a JASCO J715 spectropolarimeter. Each 

spectrum was recorded with a scan-speed of 200nm/min from 320nm to 195nm 

keeping a resolution of 0.1nm, a bandwidth of 1.0nm, sensitivity of 2mdeg and 

response 2s as an accumulation of 10 scans. The samples for CD were prepared in the 

manner used for UV-Tm studies by heating at 85oC for 5min, followed by slow 

cooling to room temperature and refrigeration overnight prior to recording the CD 

spectra. The temperature was maintained below the Tm of the complexes as 

determined by UV measurements, i.e., at 10oC. 
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4.14. APPENDIX 

� Compound 2, 1H NMR  

� Compound 3, ESI-MASS 

� Polarization values for PNAs 4-11 

� Compound A, 1H NMR  

� Compound B, 1H NMR  
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Polarization at temp. (
0
C) PNA 

15 35 50 

4 0.85 0.62 0.62 
5 0.84 0.80 0.80 
6 0.73 0.71 0.71 
7 0.85 0.60 0.60 
8 0.77 0.61 0.61 
9 0.89 0.62 0.62 
10 0.82 0.66 0.66 
11 0.91 0.84 0.84 

 

Polarization at temp. (
0
C) PNA:

DNA 15 35 50 

4:12 0.89 0.84 0.84 
5:12 0.83 0.82 0.82 
6:12 0.93 0.86 0.86 
7:12 0.91 0.89 0.89 
8:12 0.78 0.75 0.75 
9:12 0.94 0.87 0.87 
10:12 0.85 0.75 0.75 
11:12 0.95 0.92 0.92 

 

Table 1. Polarization values of PNA single strands and PNA:DNA complexes. 
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This chapter has four sections. These sections deal with the applications of isothermal 

titration calorimetry (ITC). 

5.1. INTRODUCTION TO ISOTHERMAL TITRATION CALORIMETRY 

AND APPLICATIONS 

Molecular recognition is a complex, but fundamental process, which is 

essential for life. Understanding the thermodynamics that underlie such a process is of 

enormous interest to biochemists, but still remains a difficult challenge. Due to 

significant improvements in instrument sensitivity, isothermal titration calorimetry 

(ITC) is now becoming a routine method for the generation of thermodynamic data 

relating to biomolecular association. In a single experiment, ITC measures the 

association constant (Ka), stoichiometry (n), free energy (∆G°), enthalpy (∆H°) and 

entropy (∆S°) of binding. Relating these parameters to physical processes at the 

molecular level is more difficult, but it is in combination with structural information 

that ITC may help to tackle this challenge.1 

 

5.2. MEASUREMENT OF THERMODYNAMIC PARAMETERS BY ITC 

5.2.1. ITC Instruments 

Most of the commonly used isothermal titration calorimeters are based on a 

cell feedback network, which measures the differential heat effects between a sample 

and reference cell. This is known as differential power compensation, and is used in 

both Microcal Inc. (www.microcalorimetry.com) and Calorimetry Sciences Corp.  

(www.calorimetrysciences.com) instruments (Figure 1).2 The temperature difference 

between these two cells is constantly monitored and a constant power is applied to the 
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reference cell, which activates the feedback circuit to apply a variable power to the 

sample cell in order to maintain very small temperature difference between the cells. 

This feedback power is the baseline level in the absence of any reaction. When a 

reaction occurs, there will be a temperature change in the sample cell, which leads to 

a temperature difference between the sample and reference cell. This is detected by 

the calorimeter, and the power applied by cell feedback is adjusted. Exothermic 

reactions will trigger a temporary decrease in the feedback power, and conversely, 

endothermic reactions will produce an increased feedback. The heat evolved, or 

absorbed by the reaction is then obtained by integration of these deflections from 

baseline, with respect to time.  

ITC is the only technique which allows direct measurement of the values of 

Ka, n, and ∆H° in a single experiment. It should be recognised that ∆H° is actually an 

apparent (or observed) value since the binding reaction may be accompanied by many 

linked equilibria yielding heat changes. For example, the observed value of ∆H must 

be corrected for the heat of ionization of the buffer, when the binding interaction is 

Figure 1. Schematic of syringe mechanism and calorimeter cell. 
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associated with changes in protonation. The magnitudes of ∆G° and ∆S° are then 

obtained from the relationship: 

 ∆G° = ∆H° – T∆S° = –RT In Ka 

ITC also allows measurement of a central thermodynamic parameter, ∆Cp, the change 

in heat capacity (also known as specific heat). ∆Cp is an important thermodynamic 

parameter as it governs the magnitudes of both ∆H° and ∆S°: 

∆Cp = d(∆H°)/dT = T.d(∆S°)/dT 

In order to characterize the thermodynamics of a binding interaction fully it is 

necessary to measure, not only ∆G°, ∆H°, and ∆S°, but also ∆Cp, since this parameter 

allows the prediction of the change of the other three parameters with temperature. 

∆Cp is usually measured from the change in enthalpy with temperature, using the 

relationship: 

∆Cp = (∆H°T2 – ∆H°T1)/ T2 – T1 = (∆S°T2 – ∆S°T1)/ In (T2 / T1) 

Where T1 and T2 are two temperatures at which separate determinations have been 

made. 

 

5.2.2. Interpretation of Thermodynamics: Binding Parameters 

The standard Gibb’s free energy change, ∆G°, is the most important energetic 

parameter measured by ITC. ∆G° determines the direction in which biomolecular 

binding equilibria will spontaneously proceed, with more negative values of ∆G° 

favouring higher binding. It is important to realise that ∆G° and its enthalpic and 

entropic constituents depend upon differences between free and bound states for both 

of the interacting partners. The standard enthalpy change, ∆H°, reflects changes in the 
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interactions between atoms. An overall increase in bonding is associated with the 

release of heat, or a negative enthalpy change, and the reaction is termed exothermic. 

A negative value of ∆H° is hallmark of a favourable reaction. Although the meaning 

of ∆H° appears simple, the bond energy changes associated with a particular binding 

reaction, is actually the resultant value of formation and breakage of many individual 

bonds. These individual changes may produce positive or negative contributions, 

which means that the observed enthalpy represents the sum of many of these 

individual components.3 The standard entropy change, ∆S°, is associated with the 

disorder in a system, with an increase in bonding tending to decrease disorder. A 

positive value of ∆S° is favourable. It can be seen that increased bonding tends to 

produce negative ∆H° values, and negative ∆S° values, which lead to opposing 

contributions to ∆G°. This enthalpy/entropy compensation, which appears due to 

effects of perturbing the weak intermolecular bonding occurring in solvent water, may 

lead to smaller changes in ∆G°. The change in heat capacity, ∆Cp controls how ∆H° 

and ∆S°, and hence how ∆G° change with temperature.4,5  

5.2.2a. Hydrophobic Interactions 

The classical understanding of hydrophobic interactions is that non-polar 

groups associate with each other, minimising contact with polar solvent molecules. 

Hydrophobic binding interactions often are characterized by small (frequently 

positive) enthalpy changes, large positive entropy changes, and often a negative 

contribution to ∆Cp.6,7 This may be understood by considering the interactions of 

solvent water around a non-polar solute. In the presence of a non-polar compound, the 

normal hydrogen bond network of water is reorganised. In an effort to maintain the 
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number of hydrogen bonds, water molecules align themselves around the apolar 

compound. The binding thermodynamics of hydrophobic interactions are thus 

explained by the increase in entropy, which results from the release of relatively 

highly ordered water molecules surrounding the apolar surfaces of the two interacting 

molecules. These water molecules return to bulk where they form weaker bonds a 

process that is entropically favourable and slightly endothermic.5  

Hydrophobic effect in DNA. Similar to hydrophobic side chains in proteins, the 

hydrophobic groups in nucleic acids (the aromatic bases) are buried, and the 

hydrophilic groups (the sugar and phosphates) are exposed. 

5.2.2b. Electrostatic Interactions 

Electrostatic interactions are defined here as those occurring between charged 

or dipolar ligands and the counter-charged binding site on a macromolecule. The 

dielectric constant at a binding site may be considerably lower than the dielectric 

constant of bulk solvent, and would thus favour strong charge-charge interactions 

upon binding, but transferring a charged group to a low dielectric environment is 

unfavourable. This is because buried charged groups must be stabilised by local 

dipoles.8 Binding of charged groups to macromolecules often is entropically driven, 

Ordered water surrounding a 
nonpolar molecule. 
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with low values of ∆H°.9 An entropic advantage is also expected for displacement of 

the water molecules solvating the free charged groups.  

5.2.2c. Hydrogen Bonds 

Hydrogen bond formation is thought to be particularly important in biological binding 

interactions. However, it is often overlooked that for a hydrogen bond to form 

between a macromolecule and ligand, similar hydrogen bonds between the 

macromolecular binding site and water, and also between the ligand and water will 

have to be broken. Thus, a hydrogen-bonding group makes similar interactions as 

both a reactant and product, and so there may be a relatively small contribution to 

binding thermodynamics.10 The energy of a single hydrogen bond has been estimated 

to be around 21 kJ/mol (5 kcal/mol), but contributions to binding thermodynamics 

often are much smaller than this due to the nature of hydrogen bond exchange. 

However, a single hydrogen bond may contribute from 10 to around 10,000 fold to 

affinity.10 This illustrates that it is extremely difficult to make generalisations 

regarding the contribution of a single hydrogen bond to binding affinity, or to 

characterise the enthalpy of hydrogen bond formation. Properties of the hydrogen 

bond donor and acceptor, as well as their local surroundings in both the free and 

complexed states must be taken into account in order to assign parameterizations.11  

Base pairing in DNA. Each base pair makes two or three hydrogen bonds. Since these 

are shielded from solvent, they should stabilize DNA base pairing. However, there's 

an entropy cost to adopting this very ordered state, and the enthalpy gain is partially 

offset by an entropy penalty. 
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5.2.2d. Conformational Changes 

Ligand induced conformational changes are important in many binding 

interactions, and are responsible for several significant functional roles. 

Conformational changes may be responsible for correct orientation of active site 

residues involved in catalysis, or may facilitate the subsequent binding of ligands such 

as other substrates or allosteric effectors.5 It is likely that conformational changes 

occurring on ligand binding are subtle changes rather than the large changes 

exemplified by unfolding or refolding reactions. These subtle changes are therefore 

expected to exhibit relatively low magnitudes for both ∆H° and ∆S° (usually with 

strong enthalpy-entropy compensation), with negative values anticipated for ∆Cp.12 

5.2.2e. The Role of Water in Binding Interactions 

It is evident from the discussion above that solvent water plays a key role in 

governing biomolecular-binding interactions. Water molecules interact with both the 

free partners and the complex, and any changes in the number of water molecules 

located at a binding interface may have a dominant effect on binding affinity. These 

locally structured water molecules can potentially be retained or released during a 

binding interaction with very different thermodynamic consequences. Release of 

bound waters from a binding interface is associated with a favourable gain in entropy 

as these molecules are displaced back into bulk. However this is an enthalpically 

unfavourable process as the strong bonds are made with the macromolecule. 

Conversely, retention of water may be associated with a favourable enthalpy resulting 

from increased hydrogen bonding, but an unfavourable entropy penalty.5  
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5.2.2f. Enthalpy-Entropy Compensation 

The phenomenon of enthalpy-entropy compensation appears in many, if not all 

biochemical thermodynamic binding studies. Enthalpy-entropy compensation is 

characterised by the linear relationship that is observed between the enthalpy change 

and the entropy change in a binding interaction. Hence, large changes in ∆H° are 

compensated by large and opposing changes in ∆S°, which almost cancel leading to 

much smaller variations in the observed ∆G°. Enthalpy-entropy compensation in these 

systems, seems at first to be connected to the properties of solvent water, but actually 

appears to be an almost inescapable general consequence of perturbing most weak 

intermolecular interactions.13,14  

At the thermodynamic level, the binding affinity is dictated by the Gibbs free 

energy (∆G), which in turns depends on the enthalpy and entropy changes, associated 

with binding. In principle, many combinations of enthalpy and entropy changes are 

consistent with any ∆G, and therefore, any binding affinity. In reality, the situation is 

different because ∆H and ∆S reflect different types of interactions and, for small 

molecules binding to proteins, the ensemble of interactions is finite and dictated by 

the type of interactions that can be established between the constituent atoms. 

Enthalpic contributions reflect the strength of H-bonds, van der Waals interactions 

relative to those with the solvent (water). Entropic contributions to the binding 

affinity, on the other hand, are mainly due to a large increase in solvent entropy 

arising from the burial of hydrophobic groups upon binding, and the loss of 

conformational degrees of freedom associated with binding. In this regard, it must be 

noted that the binding of conformationally constrained, highly hydrophobic ligands is 

entropically driven because their binding affinity is dominated by the burial of 
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hydrophobic groups coupled to a minimal loss of conformational degrees of 

freedom.15,16,17 

 

 This chapter deals with the applications of ITC to the following problems. 

Section I describes the thermodynamic study of aegPNA, aepPNA and 

aepipPNA/DNA interactions. 

Section II presents interactions between nucleosides and keggin ion nanoparticles. 

Section III describes the chiral recognition of DNA by amino acid-modified gold 

nanoparticles. 

Section IV describes the study of funagal protease binding on gold nanoparticles. 
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SECTION I: THERMODYNAMIC STUDY OF PNA/DNA INTERACTIONS. 

5.3. PRESENT WORK: RATIONALE 

  A significant amount of PNA research has been focused on the 

characterization of PNA interactions with other nucleic acids using UV-Tm,18,19,20 

linear and circular dichroism,21 NMR spectroscopy,19 X-ray crystallography,22 and 

mass spectrometry. 23Despite much research in characterizing PNA/DNA interactions, 

the thermodynamic data on PNA/DNA hybridization interactions have been largely 

determined so for indirectly from UV-melting studies. Thermodynamic data on 

PNA/DNA binding interactions are not only important in understanding PNA/DNA 

interactions but also are necessary for the development of thermodynamic models for 

the design of PNA sequences with specific DNA hybridization properties.  

Preorganizing the aegPNA backbone into hybridization competent 

conformations should be associated with entropic advantages for binding DNA/RNA. 

It was reported previously from our laboratory, that the chiral aminoethylprolyl (aep) 

PNA (Figure 2) analogue with positively charged tertiary amine in the backbone, 

along with conformational constraint due to the five-membered pyrrolidine ring 

significantly improved the solubility, affinity and selectivity in DNA:PNA binding. 

As described in chapter 2, in case of aminoethylpipecolyl (aepip) PNA, the 

conformations in the six-membered ring structures are rigidly locked into chair/boat 
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forms in contrast to the relatively flexible five-membered ring structures and 

contributed towards the stability of the resulting PNA-DNA complexes.  

In this section, the aim is to evaluate the different thermodynamic parameters 

[enthalpy (∆H), binding entropy (∆S), binding constant (k), and Gibb’s free energy 

(∆G)] for interactions of unmodified and modified PNAs with cDNA by ITC.  

 

5.4. RESULTS AND DISCUSSIONS 

The isothermal titration calorimetry experiments were done with aepipPNAs 

synthesized in chapter 2 and aepPNAs. The aepPNAs24 (Table 1) were synthesized 

and characterized similarly as described in chapter 2.  

Table 1. PNA sequences used for ITC.* 
 

 * T/A/G/C = aegPNA monomers, t = aepipPNA T, t = aepPNA T. 
 

 

PNA aepipPNA (2S,5R) 

1    H-tTTTTTTT–(β-Ala)-OH 
2    H-TTTTTTTt–(β-Ala)-OH 
3    H-TTTTTTTT–(β-Ala)-OH 
4    H-tTCTCTTT–(β-Ala)-OH 
5    H-TTCTCTTT–(β-Ala)-OH 
6    H-ATGtTCTCTTT–(β-Ala)-OH 
7    H-ATGTTCTCTTT–(β-Ala)-OH 

aepPNA (2S,4S) 

8    H-t t t t t –(β-Ala)-OH 
9    H-TTTTT–(β-Ala)-OH 
10    H-t t t t t t t –(β-Ala)-OH 
11    H-TTTTTTT–(β-Ala)-OH 
12    H-tTTTTT–(β-Ala)-OH 
13    H-TTTt TT–(β-Ala)-OH 
14    H-TTTTTt –(β-Ala)-OH 
15    H-TTTTTT–(β-Ala)-OH 
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The HPLC and MALDI-TOF spectra of aepPNAs are shown in Figure 2, 3 and 4.  

 

 

 

 

PNA 10 PNA 8 

PNA 14 
 

PNA 12 
 

PNA 13 
 

Figure 2. Representative HPLC profiles of aepPNA oligomers.  
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PNA 13 
Mobs 1683.56 

Mcalc 1683 
 

PNA 12 

Mobs 1684.36 
Mcalc 1683 

 

PNA 8 

Mobs 1410.18 
Mcalc 1409 

 

PNA 10 
Mobs 1938.79 

Mcalc 1937 
 

Figure 3. MALDI-TOF spectra of representative aepPNA oligomers. 
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PNA 14 
Mobs 1684.58 

Mcalc 1683 
 

PNA 9 

Mobs 1419.34 
Mcalc 1420 

 

PNA 15 
Mobs 1687.45 

Mcalc 1686 
 

PNA 11 
Mobs 1974.14 

(M+Na)  
Mcalc 1952 

 

Figure 4. MALDI-TOF spectra of representative aepPNA oligomers. 
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The thermal stabilities of PNA:DNA complexes were studied by temperature 

dependent UV absorbance measurements. Table 2 shows the Tm values for 

PNA:DNA complexes derived for various aegPNA, aepPNA and aepipPNA 

sequences with different degree of modification. 

Table 2. UV-Tm (0C) of PNA-DNA complexes* 
 

*Buffer: 10mM sodium phosphate, pH 7.4. Tm values are accurate 
to (±) 0.5°C. Experiments were repeated at least thrice and the Tm 
values were obtained from the peaks in the first derivative plots 

 

ITC Studies 

The interaction between aegPNA/aepPNA/aepipPNA single strand with its 

complementary DNA were studied directly using isothermal titration calorimetry 

(ITC). The calorimeter consists of two cells: a reference cell filled with pure solvent 

(buffer) and a sample titration cell filled with 1.47ml of PNA in sodium phosphate 

buffer, pH 7.3 (1.33µM). A 5µM DNA solution in same buffer was added from the 

PNA aepipPNA (2S,5R) UV-Tm 

(
0
C) 

1    H-tTTTTTTT–(β-Ala)-OH 43.0 
2    H-TTTTTTTt–(β-Ala)-OH 48.0 

3    H-TTTTTTTT–(β-Ala)-OH 43.0 

4    H-tTCTCTTT–(β-Ala)-OH 60.0 

5    H-TTCTCTTT–(β-Ala)-OH 51.0 

6    H-ATGtTCTCTTT–(β-Ala)-OH 57.8 

7    H-ATGTTCTCTTT–(β-Ala)-OH 51.2 

aepPNA (2S,4S) 

8    H-t t t t t –(β-Ala)-OH 37.5 

9    H-TTTTT–(β-Ala)-OH 21.0 

10    H-t t t t t t t –(β-Ala)-OH >85 

11    H-TTTTTTT–(β-Ala)-OH 32.6 

12    H-tTTTTT–(β-Ala)-OH 42.5 

13    H-TTTt TT–(β-Ala)-OH 45.2 

14    H-TTTTTt –(β-Ala)-OH 42.4 

15    H-TTTTTT–(β-Ala)-OH 26.2 
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syringe into the titration cell containing the PNA in small steps of 10µl at an interval 

of 120s. The heat evolved/absorbed during hybridization of PNA with DNA was 

measured. 

Each negative peak shown in the heat signal curves from PNA-DNA (Figure 

5, 6, 7) represents an exothermic process, which denotes the heat released in one 

injection of the DNA into the PNA solution as a function of time. The upper panel in 

Figures 5, 6 and 7 correspond to the raw calorimetric data obtained during titration, 

while lower panel in Figures 5, 6 and 7 are plots of the integrated enthalpy response 

obtained from the raw data plotted against the total volume of DNA solution added to 

the reaction vessel containing the PNA solution. It should be pointed out that the data 

shown here (and in all subsequent measurements) has been corrected for effects 

arising due to dilution of the DNA during titration.  
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Figure 5. Representative ITC profiles of aepipPNA oligomers. 
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Figure 6. Representative ITC profiles of aepipPNA and aegPNA oligomers.  
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Figure 7. Representative ITC profiles of control aepPNA and aegPNA oligomers.  
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It is well known that the calorimetric response during dilution of the injectant can be 

quite prominent and capable of obscuring the calorimetric response during reaction 

and must be carefully taken into account. Lower panels in Figures 5, 6 and 7 would 

thus correspond to binding isotherms of the PNA with their complementary DNA.  

A non-linear, least squares minimization software program (Origin 5.0 from 

Microcal Inc.) was used to fit the data using one set of binding model for PNA:DNA 

duplexes and two set of binding model for PNA2:DNA triplexes. 

The ITC results show that the PNA binding affinities (K) are in the range of 

1.02 x 106 M-1 to 2.03 x 109 M-1 (Lit.25 1.8 x 106M-1 to 4.15 x 107 M-1 for PNA 10-

mers). Thermodynamic parameters for PNAs with its complementary DNA follow a 

different dependence on sequence and different modifications (Table 3).  

Table 3. Thermodynamic quantities for PNA/DNA hybridization reactions from ITC 
measurements.*  

ITC (kcal/mole) PNA aepipPNA (2S,5R) UV-Tm 

(
0
C) -∆∆∆∆H  -∆∆∆∆G T∆∆∆∆S 

1    H-tTTTTTTT–(β-Ala)-OH 43.0 108 44.9 -63 
2    H-TTTTTTTt–(β-Ala)-OH 48.0 89 45.6 -43 

3    H-TTTTTTTT–(β-Ala)-OH 43.0 134 44.9 -89 

4    H-tTCTCTTT–(β-Ala)-OH 60.0 61 47.4 -14 

5    H-TTCTCTTT–(β-Ala)-OH 51.0 89 46.0 -43 

6    H-ATGtTCTCTTT–(β-Ala)-OH 57.8 89 47.0 -42 

7    H-ATGTTCTCTTT–(β-Ala)-OH 51.2 90 46.1 -43 

            aepPNA (2S,4S) 

8    H-t t t t t –(β-Ala)-OH 37.5 50 44.1 -6 

9    H-TTTTT–(β-Ala)-OH 21.0 35 41.8 7 

10    H-t t t t t t t –(β-Ala)-OH >85 60 50.9 -9 

11    H-TTTTTTT–(β-Ala)-OH 32.6 72 43.4 -28 

12    H-tTTTTT–(β-Ala)-OH 42.5 13 44.9 32 

13    H-TTTt TT–(β-Ala)-OH 45.2 28 45.2 17 

14    H-TTTTTt –(β-Ala)-OH 42.4 13 44.8 32 

15    H-TTTTTT–(β-Ala)-OH 26.2 64 42.5 -21 

* T/A/G/C = aeg PNA monomers, t = aepip PNA T, t = aep PNA T. 
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As UV-Tm of aepipPNA 2 having C-terminus modification, is stabilized over 

unmodified aegPNA 3, the enthalpy (∆H) is lowered from 134 kcal/mole to 89 

kcal/mol. But the entropy (∆S) for PNA 2 is gained over PNA 3 (high or T∆S). This 

suggests that, entropy-enthalpy compensations have occurred in aepipPNA:DNA 

binding. Similar entropy-enthalpy compensations have occurred in aepipPNA 1, but 

to the lesser extent, as there is no change in UV-Tm  compared to aegPNA 3. 

In case of mixed pyrimidine sequence i.e. aepipPNA 4, loss in enthalpy of 

binding is compensated by gain in entropy confirming the UV-Tm stabilization over 

unmodified aegPNA 5. The mixed purine-pyrimidine sequence, aepipPNA 6, shows 

less entropy-enthalpy compensation although larger UV-Tm stabilization has occurred 

as compared to aegPNA 7. This suggests that aepipPNA modification preorganizes 

the PNA backbone to hybridization competent conformation leading to stable 

complexes with DNA. 

In all aeg/aep/aepipPNAs the ∆G (free energy) value ranges from 44-47 

kcal/mol (except in fully modified PNA 10). Thermodynamic parameters also depend 

on the length of sequence. As fully modified 5-mer aepPNA 8, shows increase in 

enthalpy compensated by decrease in entropy. In contrast a fully modified 7-mer 

aepPNA 10, shows decrease in enthalpy compensated by increase in entropy. In case 

of single aep unit modification at different positions (PNA 12-14) showed decrease in 

enthalpy compensated by increase in entropy, confirming the larger UV-Tm 

stabilization compared to aegPNA.  
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5.5. CONCLUSIONS 

 It is demonstrated that isothermal titration calorimetry may be successfully 

employed to study the thermodynamic parameters of PNA:DNA complexes. The UV-

Tm stabilization of modified PNA (aepipPNA, aepPNA) over aegPNA confirms with 

the entropy-enthalpy compensation suggesting the preorganization of modified PNA.  
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SECTION II: NUCLEOSIDES BINDING ON KEGGIN NANOPARTICLES. 

5.6. PRESENT WORK: RATIONALE 

 DNA-based nanotechnology has generated considerable interest in a number 

of applications due to the specificity, programmability and reproducibility of DNA 

interaction with nanoparticles. Gold nanoparticles (Au-NPs) modified with DNA find 

use in diverse fields such as DNA chips,26 DNA sensors,27 drug/DNA delivery,28 

imaging,29 biodiagnostics30 and in the generation of structured nanoparticle 

assemblies in electronics.31 Significant efforts have focused on binding 

oligonucleotides to metal surfaces and colloids for a variety of important fundamental 

studies and applications, including the electron transfer through DNA32 and the 

development of novel DNA detection technologies.33     

Keggin ions form a subset of polyoxometalates and have the general formula 

(XM12O40)
(8-n), where M stands for W or Mo and X stands for heteroatoms such as P, 

Si, and Ge with n being the valency of X.34 They participate in catalytic redox 

processes as electron relays. Similar applications can be envisaged for the keggin ions 

interacting with DNA nucleosides. This Section presents the use of ITC to directly 

observe the energetics of interaction of the DNA nucleosides with keggin ions. The 

observed differential binding strengths of the four nucleosides may be useful to 

develop suitable strategies of designing oligonucleotides for interaction with ligands.    

N 

O 
N 

Keggin ions 

Nucleosides 

Figure 8. Schematic representation of binding of 
keggin ions and nucleosides. 
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5.7. RESULTS AND DISCUSSIONS 

 TEM images recorded from the Keggin-Cytosine, Keggin-Adenine and 

Keggin-Guanine nanoparticles are shown in Figure 9. The SEM images also recorded 

from the as prepared, Keggin-Cytosine, Keggin-Adenine, Keggin-Guanine and 

Keggin-Thymine nanoparticles. Further, the comparison of the SEM images shows 

that the morphology of the particles is different, for keggin-adenine spherical, 

Keggin-guanine square, for keggin-cytosine broom shaped and for keggin-thymine 

there is no particular morphology. The degree of aggregation of the particles is 

different in each of the experiments.  

A 

0.2µm 

B

50nm 

C

50nm 

Figure 9. (A), (B), and (C) TEM images from the keggin-Cytosine, keggin-Adenine and 
keggin-Guanine nucleosides respectively. 
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The upper panels in Figure 11 show the ITC calorimetric response recorded 

during titration of the different DNA nucleobases with an aqueous solution of 

phosphotungstic acid (10-3 mM) (H3PW12O40; obtained from Aldrich and used as-

received, PTA). In an ITC measurement, the heat evolved (exothermic reaction) or 

absorbed (endothermic reaction) is measured during each injection of the reactant 

(upper panels in Figure 11). Please note that the data shown here (and in all 

subsequent measurements) has been corrected for effects arising due to dilution of the 

nucleosides during titration (data in red).  

Integration of the heat evolved/absorbed during each injection plotted against 

the molar ratio of the reactants in the titration cell results in a ‘binding isotherm’ and 

as the binding sites available in the Keggin ions become progressively occupied 

during titration, the exothermicity of the peaks decreases and eventually saturates 

(upper panels in Figure 11). From Figure 11, it is observed that the calorimetric 

response is quite different in each case. Furthermore, the exothermicity of reaction 
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Figure 11. ITC response recorded during titration of DNA nucleosides with aqueous 
phosphotungstic acid solution. The upper panels in A–D correspond to raw ITC data for Keggin 
ion interaction with dC, dA, dG and dT respectively. The curves in red are ITC experiments of 
dilution of the nucleobases in water at pH 3. These measuremtns were performed in a Micro-Cal 
VP-ITC instrument at 25°C, wherein 300µl of 10-2mM aqueous solution of DNA nucleosides were 
injected in equal steps of 10µl into 1.47ml of 10-3mM Keggin ion solution.  
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with the first three nucleobases is quite different. The first injection data for some 

nucleobases is quite different and is conventionally neglected.35  

The heat pulses of all the injections can be summed up to define an integral 

heat. The ratio of the summed up heat (area) at the i’th injection divided by the total 

heat (area normalized to unity) gives the fractional loading of the total moles of the 

Keggin ions. From the fractional loading, the free ligand concentration may be 

computed using a transformation. The binding isotherm chosen in this work is the 

Michaelis-Menton-Langmuir type model where,  

φ = βKACA/ 1+ KACA   

φ = Fractional loading of keggin ions 

1-φ = Free unbound fraction of keggin ions 

β = geometric or capacity factor 

This provides an excellent fit in 3 cases, viz. dA, dG, dC (Figure 12A-C). For dT, 

Figure 12. The binding isotherms of different nucleosides with keggin ions obtained 
from raw ITC data which is fitted using Michaelis-Menton-Langmuir type model. 
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since the binding is rather weak, a linear isotherm is quite adequate (Figure 12D).  

Once the binding constants are known, the free energies are computed using 

standard thermodynamics. The molar integral heat of binding is computed from the 

slope of the linear integral heat vs fractional loading plot. All the thermodynamic 

parameters obtained from the fits shown in Figure 12 are presented in Table 4. The 

affinity spectrum for binding of the nucleosides follows the order : dA > dG > dC > 

dT. The contribution of entropy is significant and for two systems, viz., dA and dG 

the binding with Keggin ions is entropically driven.  

Table 4. Thermodynamic of nucleoside binding with Keggin ions. 
Nucleoside ∆∆∆∆G

a
 K (M

-1
) ∆∆∆∆H

a ∆∆∆∆S/R 

e.u. 

pKa* ββββ 

Cytosine -3.6233 (4.53 ± 0.52) 

x102 

-2.1815 2.4337 4.17 

(N-3) 

1.41 ± 

0.0761 

Adenine -4.8346 (3.50±  0.18) 

x103 

-0.3885 7.5048 3.52 

(N-1) 

1.32 ± 

0.0268 

Guanine -4.1701 (1.14 ±  0.79) 

x103 

-0.1131 6.8480 3.3 

(N-7) 

1.85 ± 

0.0742 

Thymine -2.4403 (6.15± 0.01) 

x101 

-0.0763 3.9897 9.93 

(N-3) 

1.00  

* Literature values (values in parentheses represents site of protonation). a∆H and  ∆G in kcal/mol. 
 

The pKa values of the sites of protonation in the DNA nucleosides are listed in 

Table 2, except for dA (which would be zwitterionic at pH 3), the other nucleobases 

are expected to be cationic under the pH of reaction with Keggin ions (pH = 3) and 

therefore, capable of electrostatic complextion with the Keggin anions. That there is 

no meaningful trend based on purely electrostatic considerations on the exothermicity 

of reaction clearly indicates that entropic effects may dominate the interaction of 

nucleobases with Keggin ions.  
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 Nucleosides contain two characteristic ligating regions which are capable of 

metal binding: (1) the heterocyclic ring N atoms and the exocyclic functional groups 

of the purine and pyrimidine bases, and (2) the hydroxy ‘O’ atoms of the deoxyribose 

sugar moiety. For nucleoside-transition metal complexes, X-ray structure studies have 

shown these two modes of binding to predominate.36 However, in the case of Keggin 

ion binding with DNA nucleosides, the binding sites could be much different from 

those observed in transition metal complexes. Fourier transform infrared spectroscopy 

studies were carried out on the nucleoside-Keggin ion complexes and indicate the 

absence of peaks in the range of 3300-3400 characteristic of N-H stretch vibrations in 

amine groups while other vibrational modes were unchanged relative to the pure 

nucleosides. This indicates that the nucleosides bind to Keggin ions through the amine 

groups in agreement with previous observations on the binding of alkylamines37 and 

amino acids38 with gold nanoparticles. The W- O, (W-O-W)imter and P-O vibrational 

modes characteristic of the Keggin structure in the range 800-1200cm-1 were also 

unaltered39 suggesting no change in the PTA ion structure consequent to binding with 

the nucleosides. 

   

5.8. CONCLUSIONS 

It is demonstrated that isothermal titration calorimetry may be successfully 

employed to study the interaction of nucleobases with inorganic complexes such as 

Keggin ions. The nucleobases interact differently with Keggin ions and suggest the 

exciting possibility of designing oligonucleotide sequences for formation of DNA-

based bionconjugates. One possibility could be to use the UV-switchable reducing 
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capacity of the Keggin ions in such bioconjugates to study electron trasnfer processes 

in DNA.  
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SECTION III: CHIRAL RECOGNITION OF DNA BY AMINO ACID-

MODIFIED GOLD NANOPARTICLES. 

5.9. PRESENT WORK: RATIONALE 

DNA-based nanotechnology has generated considerable interest in a number 

of applications due to the specificity, programmability and reproducibility of DNA 

interaction with nanoparticles. Gold nanoparticles (Au-NPs) modified with DNA 

finds use in diverse fields such as DNA chips,18 DNA sensors,19 drug/DNA delivery,20 

imaging,21 biodiagnostics22 and in the generation of structured nanoparticle 

assemblies in electronics.23 DNA is an attractive biomaterial for use as a template in 

programmed nanoparticle assembly. The ability to synthesize oligonucleotide 

sequences of predesigned shapes and composition, the versatile biocatalytic 

transformations that can be performed on DNA, for example, ligation, scission, or 

polymerization, enable “cut and paste” procedures to be carried out on the template 

DNA, thus enabling us to design and manipulate the DNA mold.40  

As part of ongoing investigation into the use of ITC in nanobioconjugate 

chemistry, this section addresses the following question: Can ITC differentiate 

between recognition interactions occurring on the surface of nanoparticles based on 

L-lysine/ D-lysine

chiral surface

gold nanoparticles

Figure 13. Schematic representation of chiral nanoparticles. 
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the chirality of the nanoparticle surface? A preferred handedness (chirality) on the 

surface of gold nanoparticles may be induced by modifying the surface of the 

nanoparticles through chiral capping ligands such as L or D-lysine (Figure 13). This 

section presents the interaction of chiral DNA templates with the L- and D-lysine 

modified gold nanoparticles by ITC and circular dichroism CD spectroscopy.  

 

5.10. RESULTS AND DISCUSSIONS 

Figure 14 shows the UV-visible spectra recorded from the gold nanoparticles 

with and without capped with L- and D-lysine. Curve 1 in the figure corresponds to 

the spectrum of the gold colloidal solution obtained by borohydride reduction of 

aqueous chloroauric acid; curve 2 is the superimposed spectra for gold colloidal 

solutions capped with L and D-lysine. A strong absorption in curve 1 at ca. 530nm 

observed corresponds to excitation of surface plasmon vibrations in the gold 

nanoparticles. When the gold nanoparticles are capped with L-lysine or D-lysine, a 
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Figure 14. UV-visible spectra recorded from dialysed borohydride reduced gold 
(curve 1), capped Au-L-lys and Au-D-lys (curve 2). 
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broadening and red shift of the surface plasmon band is observed (curve 2) which 

indicates surface-complexation of the amino acids and possibly some aggregation of 

the gold nanoparticles consequent to surface modification.  

The TEM images recorded from Au-L-lys-DNA and Au-D-lys-DNA 

nanoparticles, (at pH 7) are shown in Figures 15A-B respectively. A comparison of 

the images shows that DNA interaction with Au-L-lys and Au-D-lys is different 

consequent to surface modification of gold nanoparticles. 

The interaction between DNA single strand with gold nanoparticles capped 

with L-lysine and D-lysine were studied directly using isothermal titration calorimetry 

(ITC). Each negative peak in the heat signal curves from Au-L-lys-DNA and Au-D-

lys-DNA (Figure 16A, 16B) represents an exothermic process, corresponding to the 

heat released in injection of the aqueous DNA into the gold nanoparticles capped with 

L-lysine and D-lysine solution respectively as a function of time. While Figure 16A 

and 16B correspond to the raw calorimetric data obtained for titration of DNA 

solution with the aqueous gold nanoparticles capped with L-lysine and D-lysine. 

Figure 15. TEM images of lysine capped Au-NP interaction with DNA. Image A corresponds 
to L-lysine capped Au-NPs interaction with the DNA (5’-GCAAAAAAAACG-3’). Image B 
corresponds to D-lysine capped Au-NPs interaction with the DNA (5’-GCAAAAAAAACG-3’).
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Figure 16C and 16D are plots of the integrated enthalpies response obtained from the 

raw data plotted against the total volume. Please note that the data shown here (and in 

all subsequent measurements) has been corrected for effects arising due to dilution of 

the DNA during titration (data in red). It is well known that the calorimetric response 

during dilution of the injectant can be quite prominent and capable of obscuring the 

calorimetric response during reaction and must be carefully taken into account. Figure 

16C and 16D would thus correspond to binding isotherms of the DNA on the gold 

surface with different induced chirality.  

The exothermicity of the calorimetry peaks is believed to be due to the strong 

interaction between the gold nanoparticles capped with L-lysine and D-lysine and the 

Figure 16. Representative ITC titration data describing the interaction of DNA (5’-
GCAAAAAAAACG-3’) with gold nanoparticles capped with L-lysine and D-lysine at 
physiological pH. Panels A and B show the raw calorimetric data obtained during injection of 10-

6M aqueous DNA solution into the calorimetric cell containing 1.47ml of 10-6M gold 
nanoparticles capped with L-lysine and D-lysine, respectively. Panels C and D show the 
integrated enthalpies of the curves in panels A and B respectively plotted as a function of molar 
ratio of the DNA solution added to the reaction cell. 
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DNA. As the sites available on the surface of the gold nanoparticles capped with L-

lysine and D-lysine become progressively occupied during titration, the exothermicity 

of the peaks decreases and eventually saturates. In case of gold nanoparticles capped 

with D-lysine, the intense exothermic peaks indicate strong binding during injection 

of the DNA.  It is interesting to note that the intensity of binding of DNA with gold 

nanoparticles capped with L-lysine is less as compared to gold nanoparticles capped 

with D-lysine (Table 5). 

Table 5. Thermodynamic Parameters obtained from ITC studies of DNA binding with lysine 
capped Au 

-∆∆∆∆H (Kcal/mol) Entry DNA Sequence 

Au-D-

lys 

Au-L-

lys 

∆∆∆∆(∆∆∆∆H) 

1 5’-GCAAAAAAAACG-3’ 359.73 173.98 185.75 
2 5’-CCCCCCCCCCCC-3’ 537.44 191.88 345.56 
3 5’-CCCCCCCCCCCCCCCCCCCCCCCC-3’ 300.18 181.88 118.3 
4 5’-GCAAAAAAAACG-3’ 

3’-GCTTTTTTTTCG-5’  
177.02 131.05 45.97 

 

It is also found that ∆(∆H) is more for the interaction of single stranded DNA 

as compared to DNA duplex (entry 4) with lysine capped gold nanoparticles. Among 

the single stranded DNAs, it is interesting to note that, ∆(∆H) is more for the DNA 

containing cytosine bases (entry 2). But as the length of DNA containing cytosine 

bases increases, ∆(∆H) decreases. In contrast to DNA single strands, the interaction 

between DNA duplex and lysine capped gold naoparticles, ∆(∆H) is very less. 

Circular Dichroism (CD) is a well-established tool used to study the 

conformational aspects of nucleic acids.41,42 In comparison with reference samples, 

CD spectra can provide reliable and useful data concerning the conformational states 

of the system under study. However, CD does not give detailed structural data as 
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obtained from X-ray crystallography or NMR. Here it has been shown that upon 

complexation with aminoacids, which is a chiral molecule, Au-L-lys and Au-D-lys 

exhibit strong CD signals in the range of gold nanoparticle absorption. Since L and D-

lysine are enantiomers, their complexes with gold nanoparticles show opposite signals 

in the range of 480-580nm (Figure 17). Similarly complexes of Au-L-lys and Au-D-

lys with one of the represenative DNA (5’-GCAAAAAAAACG-3’) also exhibit 

opposite signals in CD spectroscopy. 

Thus, the complex formed as a consequence of the binding of achiral gold 

nanoparticles and chiral L and D-lysine leads to the formation of a chiral complex. 

CD thus, assumes importance in the characterization of such complexes.  

 

5.11. CONCLUSIONS 

It is demonstrated that isothermal titration calorimetry, a powerful technique 

normally employed to study biomolecular interactions in solution, may be used to 

monitor ligand-nanoparticle interactions. The study of the binding of DNA with gold 
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Figure 17. CD spectra of A: Au capped with L-lysine (a), Au capped with D-lysine (b), B: 
Complex of Au capped with L-lysine and DNA (5’-GCAAAAAAAACG-3’) (c) Complex of Au 
capped with D-lysine and DNA (5’-GCAAAAAAAACG-3’) (d). 
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nanoparticles capped with L-lysine and D-lysine shows the influence of chirality and 

biniding to be stronger in case of to gold nanoparticles capped with D-lysine.  
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SECTION IV: STUDY OF FUNGAL PROTEASE BINDING TO GOLD 

NANOPARTICLES. 

5.12. PRESENT WORK: RATIONALE 

Immobilization of biomolecules on different surfaces provides novel 

biomaterials that have useful applications in the areas such as immunosensors and 

biomedical devices.43,44 Such encapsulation protects the biomolecules e.g. enzymes 

against degradation, aggregation and deamidation while rendering the enzymes 

accessible to substrates and co-factors for biosensing and biocatalytic applications. 

Gold nanoparticles are biocompatible, bind readily to a range of biomolecules such as 

amino acids, proteins/enzymes, and DNA and expose large surface areas for 

immobilization of biomolecules. Gold nanoparticles are widely used in biological 

applications (Figure 18).45,46 

In this section ITC is used to measure interactions between the fungal protease 

(F-prot) in solution and gold nanoparticle bioconjugates with the substrate 

haemoglobin (Hb). It presents the interactions between the free enzyme as compared 

to the enzyme-gold nanoparticle conjugates and haemoglobin in solution. CD 

spectroscopy is used to monitor the changes in secondary structures of the F-prot in 

the bioconjugates as compared with the free enzyme in solution.  

Gold Nanoparticles 

Figure 18. Illustration of immobilization of enzyme on the gold nanoparticles and 
thereafter, interaction of substrate with gold nanoparticle bioconjugates.  

Gold Nanoparticle 
Bioconjugates 

Enzyme Substrate 

Nano-Bioconjugates 
with substrate 
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5.13. RESULTS AND DISCUSSIONS 

UV-vis spectroscopy studies. Figure 19 shows the UV-vis spectra recorded from the 

as-prepared gold colloidal solution obtained by borohydride reduction of aqueous 

chloroauric acid (curve 1) and after addition of the F-prot solution (overall F-prot 

concentration in the solution 10-6M) for 1h (curve 2) and 12 h (curve 3). A strong UV 

absorption observed in curve 1 at ca. 520nm corresponds to excitation of surface 

plasmon vibrations in the gold nanoparticles.36,47 On addition of F-prot, a broadening 

and red shift of the plasmon resonance to ca. 550nm is seen (curves 2 and 3), which 

indicates surface coordination of F-prot with the gold particles.  

The immobilization of the enzyme on the gold nanoparticles occurs via amine 

groups and cysteine residues in the proteins, which are known to bind strongly with 

gold colloids.48 Thus we believe that a similar mechanism is operative in the binding 

Figure 19. (A) UV-vis spectra recorded from the as-prepared colloidal gold solution (curve 
1), after addition of F-prot (overall concentration 10-6M) for 1h (curve 2) and 12h (curve 3). 
(B) Fluorescence spectra of F-prot in solution (10-6M) at pH 3 (curve 1) and supernatant 
after centrifugation of gold nanoparticles (curve 2). 
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of the F-prot molecules to the gold nanoparticles. The broadening of the plasmon 

resonance is also indicative of some degree of aggregation of the gold particles 

mediated by the protein molecules. 

 

Enzyme quantification in the bioconjugates. Fluorescence spectroscopy may be 

used to quantify the amount of enzyme bound to the gold nanoparticles in the F-prot 

gold nanoparticle bioconjugate material. Tryptophan residues in the enzyme were 

excited at 295nm and the emission band was monitored in the range 310 to 500nm. 

The decrease in the fluorescence intensity of the supernatant after centrifugation of 

the F-prot gold nanoparticle bioconjugate mixture (arising from π-π* transitions in 

tryptophan residues in proteins) was used to quantify the amount of F-prot bound to 

the gold nanoparticles. Figure 19B shows the fluorescence emission intensity of initial 

concentration (10-6M) of free F-prot in glycine-HCl buffer (0.05M, pH 3) (curve 1) 

and the supernatant after centrifugation and separation of bioconjugate (curve 2). The 

concentration of the enzyme in the bioconjugate was determined from a calibration 

curve of the fluorescence intensity of different concentrations of F-prot in 0.05 M 

glycine HCl buffer, pH 3 (data not shown). From the decrease in the fluorescence 

intensity of the enzyme in the supernatant, the amount of enzyme bound to 10ml of 

colloidal gold was found to be 120µg. 

 Bradford’s method can also be used for the estimation of unbound protein in 

the supernatant and has been used by us to estimate the amount of F-prot in the 

bioconjugate system. The amount of the enzyme estimated by this protocol is 

111µg/10ml of colloidal gold and compares favorably with the amount of enzyme 

estimated by fluorescence measurements. 
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TEM measurements. Figure 20A and B shows the low and high magnification of 

TEM micrograph of as-prepared colloidal gold. The average diameter of the gold 

nanoparticles is 3.5 ± 0.7nm. Figure 20C and D shows the TEM micrograph of F-prot 

gold nanoparticle bioconjugate system formed on a carbon-coated copper TEM grid 

as explained in the experimental section. It is observed from Figure 20C and D that 

the gold particles are ordered without the particles being in direct contact as is 

normally observed in TEM images of un-protected gold colloids. Furthermore, the 

separation between the particles appears to be fairly uniform indicating the 

stabilization of F-prot molecules between the gold particles, preventing their 

aggregation. This is important in retaining the biological activity of the enzymes and 

hence in enzyme immobilization protocols. 

Figure 20. (A), (B) and (C), (D) Representative TEM images of drop dried as-prepared colloidal 
gold and F-prot gold nanoparticle bioconjugate films on a carbon-coated TEM grid.   
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CD spectroscopy. CD spectroscopy was used to probe the secondary structure of F-

prot in free solution and in the immobilized form. The α-helix content is quantified by 

changes in ellipticity at 222nm. Figure 21 shows CD spectra of F-prot gold 

nanoparticles bioconjugate (circles) dispersed in glycine-HCL buffer (0.05M, pH 3) 

and were compared with the free enzyme in buffer. The concentration of the enzyme 

was same in all the experiments. Prior to the CD measurements, the F-prot gold 

nanoparticle bioconjugate were separated by centrifugation at 10000rpm to remove 

the free enzyme from the solution. The α-helix content of the F-prot in the solution 

and in bioconjugates was compared. The α-helix content of free F-prot undergoes a 

significant change after binding to the gold nanoparticles at pH 3. Such decrease in 

the α-helix content is observed for the enzyme lysozyme after adsorption on the 

surface of the silica nanoparticles.49  

Biocatalytic activity. The most significant aspect in enzyme-nanoparticle 

bioconjugate systems is retention of the enzyme activity after adsorption onto the 

nanoparticle surface. Biocatalytic activity measurements of the F-prot gold 

Figure 21. CD spectra of and F-prot (*) in buffer at pH 3 and F-prot gold nanoparticles 
bioconjugates (•) dispersed in buffer at pH 3. 
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nanoparticle bioconjugates were performed as explained in the experimental section 

and compared with an identical amount of the free enzyme in solution under similar 

assay conditions. The specific biocatalytic activity of free F-prot in solution was 

determined to be 65 U/mg and that of the F-prot gold nanoparticle bioconjugate was 

57U/mg (One unit of enzyme will produce a change in absorbance at 280nm of 0.001 

per minute at pH 3 and 37°C measured as acid-soluble products with Hb as the 

substrate). F-prot gold nanoparticle bioconjugates retains the ~88% of the biocatalytic 

activity as compared to the free enzyme in solution. The decrease in catalytic activity 

of the F-prot gold nanoparticle bioconjugate material may be a resultant of the change 

in the secondary structure of the enzyme induced by binding to the gold nanoparticles, 

as seen form the CD spectroscopy.  

Isothermal titration calorimetric (ITC) measurements were carried out to 

characterize the interaction between substrate Hb with the free enzyme in solution and 

in F-prot gold nanoparticles bioconjugate as described in the experimental section. 

Figure 22A shows the calorimetric data obtained during injection of 10-5M Hb 

solution prepared in glycine-HCl buffer (0.05M, pH 3) into the calorimetric cell 

containing 1.47ml of F-prot (120µg) in glycine-HCl buffer (0.05M, pH 3). The rate of 

heat generated by the enzyme during the reaction with the substrate Hb was 

equivalent to the decrease in instrumental thermal power (dQ1/dt). The negative 

deflection indicates that this reaction is exothermic. The substrate concentration was 

increased by the second injection of 10µl done after 300s, which increased the thermal 

power (dQ2/dt) data not shown). Figure 22A shows the raw data obtained during 

injection of 10µl of 10-5M Hb prepared in buffer into the titration cell containing 

1.47ml of F-prot (120µg). It is observed that during each injection cycle exothermic 
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reaction occurs, indicating strong interactions of the substrate with the enzyme present 

in the titration cell. During the initial injection cycles, the heat of reaction 

(exothermicity) is same indicating strong interactions between the enzyme and 

substrate molecules during these cycles. Further increase in the injections the heat of 

reaction decreases, this may be due to the less number of enzyme molecules available 

for the reaction. Such decrease in the heat of reaction is observed after few injections 

are due to the saturation of the available free sites of asphaltene aggregates with 

nonylphenol (NP).50   

Figure 22C shows the raw data obtained during injection of 10µl of 10-5M Hb 

prepared in buffer into the titration cell containing 1.47ml of F-prot gold nanoparticle 

bioconjugate. The amount of the enzyme present in the bioconjugates was 120µg 

(identical amount of enzyme present in earlier ITC measurements). It is seen that the 

Figure 22. ITC titration data describing the interaction of substrate Hb with free enzyme F-prot 
in solution and in immobilized form at pH 3. (A) and (C) show the calorimetric data obtained 
during injection of 10-5 M Hb solution prepared in glycine-HCl buffer (0.05M, pH 3) into the 
calorimetric cell containing 1.47ml of F-prot and F-prot gold nanoparticle bioconjugate in 
glycine-HCl buffer (0.05M, pH 3). (B) and (D) show the integrated enthalpies of the curves in 
panels A and C respectively plotted as a function of total molar ratio of the substrate Hb added 
to the reaction cell. 
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reaction of F-prot gold nanoparticles bioconjugate with the substrate is exothermic.   

However, the heat of reaction is less as compared to that of free enzyme in solution 

(Figure 22A). This indicates that the less number of substrate molecules are reacting 

with the immobilized enzyme on the surface of the gold nanoparticle as compared to 

the free enzyme in solution.  This may be the reason for the decrease in the 

biocatalytic activity of the enzyme in the immobilized form as seen earlier. Figure 

22B shows the binding isotherm where the total heat per injection (kilocalories per 

mole of Hb molecules injected) is plotted against the molar ratio of Hb molecules and 

free F-prot enzyme in the titration cell. These data having been analyzed using Origin 

(Microcal VP-ITC) software. By fitting the binding isotherm, the enthalpy change 

(∆H= -122.1kcal/mole) was estimated with the assumption of a two-site binding 

model for the formation of Hb-Fungal protease complex. Thus, the formation of the 

enzyme-substrate complex is driven by a large negative enthalpy change. As seen 

form Figure 22D the enthalpy change (∆H= -17.4kcal/mole) for the enzyme-substrate 

complex for the enzyme F-prot bound to the surface of the gold nanoparticles is 

considerably higher than that of the free enzyme in solution.  Hence, the formation of 

the enzyme-substrate complex when the enzyme is in immobilized form is driven by 

higher enthalpy change than that of the free enzyme in solution.  

This suggests that all the enzyme molecules in the bioconjugate are utilized for 

the biocatalytic reaction. This also confirms the decrease in the biocatalytic activity of 

the enzyme in bioconjugate is due to the decrease in the interactions with the substrate 

molecules as compared to the free enzyme in solution. 
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5.14. CONCLUSIONS 

It is demonstrated that the formation of F-prot gold nanoparticle bioconjugate 

under enzyme friendly conditions. F-prot gold nanoparticle bioconjugate showed 

marginal decrease in the biocatalytic activity. There is change in the secondary 

structure of the enzyme after immobilization on the surface of gold nanoparticles as 

confirmed by CD spectroscopy. ITC measurements confirm the decrease in the 

interactions between the substrate with the bioconjugates as compared to the free 

enzyme in solution. Hence there is decrease in the biocatalytic activity of the 

bioconjugates. 

 

5.15. EXPERIMENTAL  

5.15.1. Section I 

Chemicals. aepPNAs synthesized according to procedures described in chapter 2, 

aepipPNAs (chapter 2) and their complemetary DNA sequences are used for ITC 

studies. Melting curves were recorded in 10mM phosphate buffer (pH 7.3). 

Hybridizations and Melting Experiments. The PNA oligomers and the appropriate 

DNA oligomers were mixed together in stoichiometric amounts (2:1 PNA:DNA for 

oligothymine-T8 PNAs or 1:1 for the duplex forming PNAs, viz., the mixed base 

sequences) in 0.01M sodium phosphate buffer, pH 7.4 to achieve a final strand 

concentration of either 0.5 or 1µM each strand. The samples were heated at 85oC for 

5min followed by slow cooling to room temperature. They were allowed to remain at 

room temperature for at least half an hour and refrigerated overnight prior to running 

the melting experiments. Each melting experiment was repeated at least thrice. The 
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absorbance or the percent hyperchromicity at 260nm was plotted as a function of the 

temperature. The Tm was determined from the peaks in the first derivative plots and 

is accurate to ±1oC. 

Isothermal Titration Calorimetry. MicroCal VP-ITC instrument was used. A 

solution of PNA strands (about 1-2µM) was placed in the cell (volume of 1.47ml) and 

the titrant solution that is DNA (about 5-10µM) in a 300µl syringe, whose needle was 

designed as a paddle-shaped stirrer rotating at 300rpm. The syringe is controlled by a 

stepping motor, allowing precise injections ((0.1µl). Typically, 30 injections of 10µl 

each and 2min apart were made. The integrated peaks (pulses) of the heat production 

upon each injection were plotted against the molar ratio. With the built-in software, 

MicroCal Origin, the binding isotherms were fitted to a two-state/one-state binding 

model, giving numerical values of both the enthalpy of binding (∆H) and the binding 

constant (K). 

 

5.15.2. Section II 

In a typical experiment, 10ml of 10-3M aqueous solution of phosphotungstic acid 

[PTA, H3(PW12O40), obtained from Aldrich and used as received] was taken in a test 

tube. SEM measurements were carried out on a Leica Stereoscan-440 scanning 

electron microscope equipped with a Phoenix EDX attachment. EDX spectra were 

recorded in the spot-profile mode by focusing the electron beam onto specific regions 

of the film. Isothermal titration calorimetric (ITC) measurements were carried out to 

characterize the interaction between DNA nucleosides and phosphotungstic acid 

(PTA) in a MicroCal VP-ITC instrument at 298K. The calorimeter consists of two 

cells: a reference cell filled with pure solvent (water) and a sample titration cell filled 
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with 1.47ml of 10-3M aqueous phosphotungstic acid (PTA) solution. 10-2M aqueous 

DNA nucleosides solution was added from the syringe into the titration cell 

containing the PTA solution in small steps of 10µL. The heat evolved/absorbed 

during reaction of DNA nucleosides with PTA anions was measured, the time 

between successive injections of DNA nucleosides being 2min. Samples for 

transmission electron microscopy (TEM) analysis were prepared by solution casting 

films of the nucleosides-PTA solution on carbon-coated copper TEM grids, allowing 

the grid to stand for 2 min, following which the extra solution was removed using a 

blotting paper. The films of nucleoside nanoparticles thus obtained were subjected to 

TEM analysis on a JEOL model 1200EX instrument operated at an accelerating 

voltage at 120kV. 

 

5.15.3. Section III 

Reagents and Materials. Chloroauric acid (HAuCl4), sodium borohydride, L-lysine 

and D-lysine were obtained from Aldrich Chemicals and used as received. Dialysis 

membrane (12kDa cutoff), obtained from Aldrich Chemicals was used after boiling 

twice for 5min followed by thorough washing with deionized water. The DNA 

oligomer 5’-GCAAAAAAAACG-3’ having CG/GC locks at the ends to prevent 

slippage and other DNA oligomers (C12, C24, A8, T8) were synthesized on an 

automated DNA synthesiser using standard phosphoramidite chemistry51 and purity 

checked by C18 RPHPLC. 

Synthesis of Amino Acid-Capped Aqueous Gold Nanoparticles. In a typical 

experiment, aqueous gold nanoparticles were synthesized by borohydride reduction of 

chloroauric acid (10-4M of aqueous solution of HAuCl4) in a manner similar to that 
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described earlier.52 This procedure results in a ruby-red solution containing gold 

nanoparticles of dimensions 65 ± 7Å. The colloidal gold solution was dialyzed for 

24h in deionized water using dialysis membrane to remove the excess free 

borohydride ions and unreduced chloroaurate ions present in the solution, if any. The 

dialyzed colloidal gold particles were capped by addition of 5ml of an aqueous 

solution of 5 x 10-4M L-lysine and D-lysine to 20 ml of the dialyzed gold hydrosol 

separately. After addition of lysine and ageing the colloidal gold solution for 12h, this 

lysine-capped gold (Au-L-lys and Au-D-lys) solutions were again subjected to 

dialysis to remove uncoordinated lysine molecules. The borohydride reduced gold 

solution and amino acid-capped gold solutions were concentrated by rotavapping at 

72mm and 60ºC prior to further analysis in IR (Supporting information). 

Instrumental Methods and Characterization: The uncapped and amino acid-

capped gold hydrosols were characterized by Transmission electron microscopy 

(TEM), Isothermal titration calorimetry (ITC), CD-spectroscopy and FT-IR 

spectroscopy. TEM images of drop-coated films of the as-prepared borohydride 

reduced gold nanoparticles, Au-L-lys-DNA (5’-GCAAAAAAAACG -3’) and Au-D-

lys-DNA (5’-GCAAAAAAAACG-3’) (at pH 7) on carbon-coated Cu TEM grids 

were analyzed on a JEOL model 1200EX instrument operated at an accelerating 

voltage at 120kV. ITC experiments were performed using a Micro-Cal VP-ITC 

instrument at 10°C, wherein 300µl of 10–6M aqueous solution of DNA was injected in 

equal steps of 10µl into 1.47ml of dialyzed gold nanoparticles capped with L-lysine 

and D-lysine (10–6M).  
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5.15.4. Section IV 

Chemicals. Fungal protease (F-prot) and hemoglobin (Hb) were obtained from Sigma 

Chemicals and used without further purification. Chloroauric acid and sodium 

borohydride were obtained from Aldrich Chemicals and used as received. All buffer 

salts were from standard commercial sources and of the highest quality available. 

Colloidal Gold Synthesis. In a typical experiment, 100ml of 1.25 x 10-4M 

concentrated aqueous solution of chloroauric acid (HAuCl4) was reduced by 0.01g of 

sodium borohydride (NaBH4) at room temperature to yield a ruby-red solution 

containing 35 ± 7Å diameter gold nanoparticles.36 

Formation of F-prot-gold nanoparticle bioconjugates. A 10-4M standard solution 

of the enzyme, F-prot (molecular weight 37000, pI 9.5) was prepared in glycine-HCl 

(0.05M, pH 3) buffer. This standard solution was added to colloidal gold to yield an 

F-prot concentration of 10-6M in the conjugate solution. The pH of the colloidal gold 

solution was adjusted to 3 prior to addition of F-prot. This was done since F-prot 

shows optimum biocatalytic activity at pH 3. The solution was kept for a period of 

12h at 4°C and then centrifuged to remove uncoordinated F-prot. 

Fluorescence spectroscopy studies. Fluorescence spectroscopy is a powerful tool for 

studying the tertiary structure of proteins and enzymes.53 Enzyme quantitative 

analysis in the bioconjugates was done using a Perkin-Elmer Luminescence 

Spectrophotometer (model LS 50B). The tryptophan residues in the enzyme were 

excited at 295nm and the emission band was monitored in the range 310 to 500nm. 

The decrease in fluorescence intensity in the supernatant after centrifugation is 

proportional to the enzyme bound to the gold nanoparticles. From the calibration 

curve of fluorescence intensity at different concentrations of F-prot in solution, the 
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amount of enzyme in the bioconjugate was estimated. Since the amount of enzyme in 

the bioconjugate was known, specific activity was calculated. 

 Bradford’s method can also used for the estimation of amount of protein 

present in the supernatant and has been used by us to estimate the amount of F-prot 

enzyme in the bioconjugate system.54 

Transmission Electron Microscopy (TEM) measurements. TEM measurements 

were performed on a JEOL Model 1200EX instrument operated at an accelerating 

voltage of 120kV. Samples for TEM analysis were prepared by placing drops of the 

gold nanoparticles and the F-prot-gold nanoparticle bioconjugate on carbon-coated 

TEM copper grids. The mixtures were allowed to dry for 1min following which the 

extra solution was removed using a blotting paper. 

Isothermal titration calorimetric (ITC) studies.  Isothermal titration calorimetric 

(ITC) is the used to study the interaction between substrate and the enzymes.55 The 

interactions between the F-prot in solution and in the bioconjugates was studied with 

the substrate Hb in a MicroCal VP-ITC instrument at 310K. Since the enzyme shows 

the optimum biocatalytic activity at pH 3 and 310K, all the ITC measurements were 

performed under the identical conditions. The calorimeter consists of two cells: a 

reference cell filled with pure solvent (deionized water) and a sample titration cell 

filled with 1.47ml of free enzyme F-prot in glycine-HCl buffer (0.05M, pH 3). A 10-

5M Hb solution prepared in glycine-HCl buffer (0.05M, pH 3) was added from the 

syringe into the titration cell containing the free F-prot enzyme and F-prot gold 

nanoparticle bioconjugate in small steps of 10µL at an interval of 300s. In all the 

experiments the identical amount of the enzyme was taken in the ITC cell. The heat 
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evolved/absorbed during reaction of substrate with the enzyme was measured, the 

time between successive injections of Hb being 300s. 

CD spectroscopy. The far-UV CD spectra of F-prot in solution (glycine-HCl buffer, 

0.05M, pH 3) and F-prot-gold nanoparticle bioconjugate dispersed in buffer were 

recorded on JACSO J715 spectropolarimeter. The measurements were done at 25°C 

using cylindrical quartz cuvettes with a 1cm path length. Care was taken to remove 

the uncoordinated enzyme from the gold nanoparticle solution for CD experiments. In 

all the measurements the amount of the protein was 120µg in 0.8ml. At least ten CD 

spectra were acquired for each sample.  

Biocatalytic activity measurements. The biocatalytic activity of free F-prot in 

solution and of F-prot-gold nanoparticle bioconjugate in glycine-HCl buffer (0.05M, 

pH 3) was determined by reaction with 0.5% Hb at 37oC for 30min. In typical 

experiments to estimate the biocatalytic activity of the bioconjugate, a carefully 

measured amount of the F-prot-gold nanoparticle bioconjugate in buffer was 

incubated with 1 ml of 0.5% Hb solution at 37oC for 30min. After the incubation time, 

equal volume of 1.7M perchloric acid was added to the reaction solution to precipitate 

the residual Hb. After 1h, the precipitate was removed by centrifugation and the 

optical absorbance of the filtrate was measured at 280nm. F-prot digests Hb and 

yields acid soluble products (tryptophan and tyrosine residues), which are readily 

detected by their strong UV signatures at 280nm.25 The amount of F-prot in the 

bioconjugate material was quantitatively estimated during the preparation of the 

bioconjugate as briefly discussed earlier. For comparison, the biocatalytic activity of 

an identical concentration of the free enzyme in solution was recorded. In order to 

determine the confidence limits of the biocatalytic activity measurements, separate 
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measurements of 5 different F-prot gold nanoparticle bioconjugate solutions were 

performed. 

 

5.16. APPENDIX 

� IR spectra of keggin ion- nucleoside complexes (Section II) 

� The binding isotherms of keggin ion- nucleoside titrations (Section II) 
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Figure 1. Infrared Spectra of Keggin ions, complex of keggin ions-dG and dG 

Figure 2. The binding isotherms of different nucleosides with keggin ions obtained 
from raw ITC data, which is fitted using Michaelis-Menton-Langmuir type model. 
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Figure 3. The binding isotherms of different nucleosides with keggin ions obtained 
from raw ITC data, which is fitted using Michaelis-Menton-Langmuir type model. 
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