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ABSTRACT 

The thesis entitled “Synthesis of Cyanuryl, 8-substituted Adeninyl PNA 

Analogues and Biophysical Studies of Their DNA/RNA Hybridisation Properties” is 

divided into three following chapters, as follows. 

Chapter-1: This introduces the background literature for undertaking the present 

research work. 

Chapter-2: This chapter describes synthesis of cyanuryl, 8-bromoadeninyl PNA 

monomers and the synthesis of cyanuryl, 8-bromodeninyl, and 8-aminoadeninyl PNA 

oligomers for hybridisational studies with complementary DNA. These PNA oligomers 

were characterized by HPLC and MALDI-TOF mass spectroscopy.  

Chapter-3: This chapter reports about the biophysical studies of cyanuryl PNA, 

8-bromoadeninyl PNA, 8-aminoadeninyl PNA with complementary DNA. The binding 

stoichiometry between modified 8-bromoadeninyl PNA monomer and 3',5'-di-O-

silyldeoxyribothymidine/thymidinyl PNA were studied through NMR titration 

experiment.   

Chapter 1: Introduction 

Employing the potential of DNA as antigene and antisense agent has led to the 

evolution and synthesis of a number of its analogues. Unmodified oligonucleotides suffer 

from poor resistance to cellular enzymes and the negative charge of the phosphodiester 

linkage affects its cell permeability as well the binding efficacy to the complementary 

sequences. Hence chemical modifications are needed to make oligonucleotides as 

effective therapeutic agents in biological systems and to understand the structural 

changes in the oligonucleotides incorporating them. Nucleobase, sugar ring and the 

phosphate backbone are the three possible chemical sites to induce modifications. 
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Figure1: DNA(RNA) and PNA structures 

Among the innumerable DNA mimics, PNA (peptide nucleic acid) (Figure 1) was 

found to mimic many of the oligonucleotide properties. The repeating unit of PNA 

consists of N-(1- aminoethyl)-glycine unit linked by amide bonds. The nucleobases are 

attached to the backbone through methylene carbonyl linkages. These make PNA neutral, 

achiral and homomorphous to DNA. PNA is also resistant to cellular enzymes (proteases, 

nucleases) and possesses strong affinity towards complementary DNA/RNA. PNA 

oligomers bind strongly to complementary DNA by Watson-Crick and Hoogsteen 

bonding to form duplexes and triple helices that are much more stable than the 

corresponding DNA-DNA hybrids. The unique character of PNA is to bind duplex DNA 

by strand invasion and form both parallel and antiparallel (N-terminus of PNA to 5' end 

of the DNA; C-terminus to 3' end respectively) complexes. In contrast to 

homopyrimidine sequences, mixed sequences of PNA bind to complementary DNA/RNA 

with 1:1 stoichiometry to form duplexes. 

 However, major limitations for the therapeutic application of PNAs are their poor 

aqueous solubility due to self aggregation, insufficient cellular uptake and ambiguity in 

orientation selectivity of binding. The possibility of rotamers due to tertiary amide 

linkage of nucleobase attachment to PNA backbone (Figure 2) leads to n-number of 

different conformations and among these, only a few are potent for hybridization with 

corresponding complementary oligonucleotide.  
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Figure 2. Structures (a) DNA, (b) PNA, and (b, c) rotamers of aeg PNA along tert. amide bond 

 

To overcome these drawbacks, several modifications have been attempted e.g. 

introduction of chirality in the PNA backbone to impart orientational preferences, 

attachment of polycationic ligands such as polylysine, spermine to the C-terminus of the 

PNA to improve solubility. Search for the functional synthetic PNA analogs remain a 

continuing area of research. This introduction section briefly reviews the recent 

advancements in the area of chemistry of peptide nucleic acids.  

Chapter 2: Synthesis and Characterization of Cyanuryl PNA, 8-

Substituted Adeninyl PNA  

To overcome the problems associated with PNA, there is considerable interest in 

chemical modifications of PNA. Much of the modifications of PNA are centered on 

changing the structure of backbone and new opportunities remain to be explored through 

modification of the heterocyclic base.  

A basic requirement for triplex formation is that the central base of the triad must 

be able to form hydrogen bonds form either the sides.5 Research has been carried out in 

this direction towards modified base to increase the hydrogen bonding sites on 

nucleobases.  

Cyanuric acid and 8-aminoadenine are well suited for such purposes as 

pyrimidine and purine mimics since, these have potential to form hydrogen bonding from 

both sides (Figure 3). Cyanuric acid, a six-membered cyclic imide with alternate 

arrangement of hydrogen bond donors and acceptors is potentially well suited for such a 

purpose (Figure 3).  This feature may lead them to form stable triplexes and duplexes. 
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Figure 3: The hydrogen bonding sites on N-alkyl cyanuric acid and N9-alkyl 8-aminoadenine 

(a=hydrogen bond acceptor, d=hydrogen bond donor) 

Introducing amino group at C-8 position of adenine increases the stability of triple 

helix due to combined effect of the gain of one Hoogsteen purine-pyrimidine hydrogen  

bond (Figure 4)  and the propensity of the amino group to be integrated into the ‘spine of 

hydration’ located in the minor-major groove of the triplex structure.  
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Figure 4: Hydrogen bonding in (i) adenine-thymine base pair and (ii) adenine-adenine-thymine   
base triad (iii) adenine: 8-amino adenine: thymine base triad 

2.1 Synthesis of cyanuryl PNA and 8-bromoadeninyl PNA monomers  

The above resume on cyanuric acid and 8-aminoadenine prompted the synthesis 

of cyanuryl PNA (Figure 5a) and 8-aminoadeninyl PNA. 8-Bromoadeninyl PNA (Figure 

5b) used as synthetic precursor for the synthesis of 8-aminoadeninyl PNA.  
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Figure 5: Structures of  (a) cyanuryl PNA monomer (b) 8-bromoadeninyl PNA monomer  
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Ethylenediamine was reacted with Boc2O with high dilution in THF at ice 

temperature yielded N-Boc-ethylenediamine 2, which upon alkylation with 

ethylbromoacetate in acetronitrile and triethylamine afforded ester 3. Compound 3 upon 

treatment with bromoacetyl chrolride in DCM, triethylamine yielded bromo derivative 4. 

 Cyanuric acid reacted with compound 4 in presence of K2CO3 in DMSO, 

followed by ester hydrolysis with aq. LiOH afforded respective cyanuryl PNA monomer  

5 (Scheme 1). Adenine reacted with compound 4 in presence of K2CO3 in DMSO, to give 

appropriated protected adeninyl aeg PNA monomer 6, which upon bromination with 

molecular bromine in dioxane and 10% Na2HPO4 yielded the required compound 7 with 

good yield (55%).  The hydrolysis of ester followed by neutralization yielded 8-

bromoadeninyl PNA monomer (8) (Scheme 1), which can be used for coupling in solid 

phase peptide synthesis.  
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adenine, K2CO3 , DMF; (v)(a)Br2, dioxane; 10% Na2HPO4; (b) aq. LiOH, methanol 
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2.2 Site specific incorporation of cyanuryl PNA monomer and 8-bromoadeninyl 

PNA monomer into PNA oligomers 

The protected PNA monomers of cyanuric acid (5) and 8-bromoadenine (8) were 

synthesized and incorporated at specific sites in aeg PNA-T8 using solid phase peptide 

synthesis protocols, on L-lysine derived  (4-methyl benzhydryl) amine (MBHA)  resin 

with boc chemistry strategy (Figure 6).15 Amination of 8-bromoadeninyl PNA (A) on 

solid support yielded 8-aminoadeninyl (a) PNA oligomers. The oligomers were cleaved 

from the solid support using trifluoromethanesulphonic acid (TFMSA) in the presence of 

trifluoroacetic acid (TFA) (“Low, High TFMSA-TFA method”), which yielded the 

oligomers with amides at their C-termini. All the cleaved oligomers were subjected to 

initial gel filtration, subsequently purified by HPLC and characterized by MALDI-TOF 

mass spectroscopy. 
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 Figure 6: Schematic representation of solid phase peptide synthesis and cleavage 
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2.3 Synthesis of 8-aminoadeninyl PNA oligomers 

 2.3.1 Attempts towards the synthesize of 8-aminoadeninyl PNA monomers 

The main objective of the work is synthesis of cyanuryl PNA and 8-

aminoadeninyl PNA. 8-bromoadeninyl PNA monomer (7) may be used as a synthetic 

precursor for the synthesis of 8-aminoadeninyl PNA monomer (Figure 7a), to avoid use 

of interfering protecting groups for amino group at C-8 position of 8-aminoadenine. 

 8-Bromoadeninyl PNA monomer 7, when treated with aq. ammonia, yielded 8-

aminoadeninyl PNA monomer with carboxy amide functionality 9, (instead of ester 

functionality) which is undesirable for present application (Scheme 2). 
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Reagents: (i) aq. ammonia, methanol 

As mentioned, the protecting group selection for the amino at C-8 position of 

adenine is fairly difficult, because of its gaunidinium character (Figure 7a). According to 

earlier reports16 amino at C-8 position can be protected as Schiff’s base with 

dimethylaminoformamide dimethylacetal (Me2N-CH(OMe)2) (Figure 7b) but this group 

is not compatible with solid phase peptide synthesis protocols, where 50% TFA in DCM 

is used for the deprotection of ‘boc’ group. 

   structure of (a) 8-aminoadeninyl PNA monomer  (b) protected 8-aminoadenosineFigure 7:
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2.3.2 Conversion of 8-bromoadeninyl PNA oligomers to 8-substituted adeninyl PNA 

oligomers 

Since problems occurred in finding a suitable protecting group for 8-amino 

function in 8-aminoadenine at monomeric level, the direct conversion of 8-bromoadenine 

PNA oligomers to 8-aminoadenine oligomers was attempted on solid support. 
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Reagents: NaNH2, Ag F, DMF, reflux, 10hrs.

N

NN

N

N
N

O
O

NH2

NH2

H

N
N

O
O

T

H

N
N

O
O

T

H
( )

m
( ) H

nMBHA-Lys

 

8-Bromoadeninyl PNA oligomer was reacted with sodamide/THF under reflux 

conditions to yield the corresponding 8-aminoadeninyl PNA oligomers. However, this 

reaction did not work satisfactorily with all PNA oligomers the containing 8-bromo 

adenine.  The reaction conditions were modified by addition of silver fluoride to facilitate 

the removal of bromine by silver and make it more labile for amination (Scheme 3). 

These reactions were carried out on the 8-bromoadeninyl PNA oligomers bound to the 

resin (Table 1) and the reaction completion was monitored by HPLC, after the PNA 

cleavage from the resin and confirmed by MALDI-TOF spectroscopy 

Table 1: Conversion of 8-bromoadeninyl PNA to 8-aminoadeninyl PNA 

Sl. 
No. 

8-bromoadeninyl PNA oligomer 
(Reactant) 

8-aminoadeninyl PNA 
oligomer (Product) 

1 HATTTTTTTLys-NH2 H-aTTTTTTT -Lys-NH2 
2 H-TTTTTTT ALys-NH2 H-TTTTTTTa-Lys-NH2 
3 H-TTTTATTT-Lys-NH2 H-TTTTaTTT-Lys-NH2 
4 H-ATTT ATTT-Lys-NH2 H-aTTTaTTT-Lys-NH2 
5 H-GTAGATCACT-Lys-NH2 H-GTaGaTCaCT-Lys-NH2 

A= 8-bromoadeninyl PNA; a= 8-aminoadeninyl PNA 

The diversity in the reaction of 8-bromoadeninyl PNA into different 8-

aminosubstituted adeninyl PNA on solid supported oligomers was explored. The MBHA 

resin supported 8-bromoadeninyl PNA oligomer PNA 60, was individually treated with       

1,2-diaminoethane and 1,3-diamino propane under reflux conditions (Scheme 4). 
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Reagents: Ethylenediamine or 1,3 diamino propane, reflux, 16 hr. 

These reactions were carried out on the 8-bromoadeninyl PNA oligomers bound 

to the resin and the reaction completion was monitored by HPLC, after the PNA cleavage 

from the resin and confirmed by MALDI-TOF mass spectroscopy 

All the purified PNA oligomers are characterized by MALDI-TOF mass spectroscopy.  

Table 2: HPLC and MALDI-TOF mass spectral analysis of synthesized PNAs 

Entry no. Sequence Calculated mass
(HRMS) Observed mass

PNA 69 H-TTTTTTTT-Lys-NH2 2273.93 2275.24 
PNA 70 H-CyTTTTTTT-Lys-NH2 2276.91 2300.64(M++Na)
PNA 71 H-TTTTTTTCy-Lys-NH2 2276.91 2276.62 
PNA 72 H-TTTTCyTTT-Lys-NH2 2276.91 2280.34 
PNA 73 H-CyTTTCyTTT-Lys-NH2 2279.88 2301.56(M++Na)
PNA 74 HATTTTTTTLys-NH2 2282.95 2281.32 
PNA 75 H-TTTTTTTALys-NH2 2282.95 2284.84 
PNA 76 H-TTTTATTT-Lys-NH2 2282.95 2305.27(M++Na)
PNA 77 H-ATTT ATTT-Lys-NH2 2291.96 2293.13 
PNA 78 HATTTTTTTLys-NH2 2360.85 2364.68 
PNA 79 H-TTTTTTT ALys-NH2 2360.85 2364.68 
PNA 80 H-TTTTATTT-Lys-NH2 2360.85 2363.88 
PNA 81 H-ATTT ATTT-Lys-NH2 2447.78 2452.79 
PNA 82 H-aTTTTTTT -Lys-NH2 2297.96 2300.84 
PNA 83 H-TTTTTTTa-Lys-NH2 2297.96 2297.68 
PNA 84 H-TTTTaTTT-Lys-NH2 2297.96 2300.11 
PNA 85 H-aTTTaTTT-Lys-NH2 2321.98 2320.91 
PNA 86 H-GTAGATCACT-Lys-NH2 2852.52 2856.08 
PNA 87 H-GCyAGACyCACCy-Lys-NH2 2861. 45 2863.28 
PNA 88 H-GTAGATCACT-Lys-NH2 3089. 85 3093.7 
PNA 89 H-GTaGaTCaCT-Lys-NH2 2897.6 2899.64 
PNA 90 H-TTTTA'TTT-Lys-NH2 2339.96 2338.39 
PNA 91 H-TTTTA'' TTT-Lys-NH2 2354.96 2360.09 
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A/G/C/T = PNA monomers of adenine/guanine/cytosine/thymine; Cya= cyanuryl PNA 
monomer; A = 8-bromoadeninyl PNA monomer, a = 8-aminoadeninyl PNA monomer,  
A'= 8-(aminoehtyl)aminoadeninyl PNA and A'' = 8-(3-amino ethyl) aminoadeninyl PNA 

 
Chapter 3: Biophysical Studies of Cyanuryl PNA and 8-Substituted 
Adeninyl PNA 

Biophysics is an interdisciplinary field in which the techniques from the physical 

sciences are applied to understand the biological structure and function. The biophysical 

techniques are useful in studying structure and properties of nucleic acids, proteins, 

peptides and their analogues. 

In this chapter, the binding selectivity and specificity of modified nucleobase 

containing PNAs towards complementary DNA has been investigated using the 

biophysical techniques Circular Dichroism Spectroscopy (CD spectroscopy) and 

temperature dependent UV-spectroscopy (UV-Tm studies). The stoichiometry of the 

PNA:DNA complexes was determined using Job’s method. The UV-melting studies were 

carried out with all modified PNA:DNA complexes and analyzed with respective to that 

of control PNA:DNA complexes. These give information on the stability of the 

complexes of modified PNAs with DNA.  

3.1 Determining the stoichiometry between 8-bromo/aminoadeninyl PNA and 

thymidine/thyminyl PNA  

The binding stoichiometry of PNA:DNA was determined by the continuous 

stoichiometry variation method. Keeping the total concentration constant, a series of 

mixtures having different relative molar equivalent amounts of PNA and DNA were 

generated and the CD spectra at different molar ratios showed an isodichroic point at 

around 265 nm (Figure 8A&B). This systematic changes in the CD spectral features upon 

variable stoichiometric mixing of PNA and DNA components was used to generate Job’s 

plot which indicated a binding ratio of 2:1 for the PNA:DNA complexes, confirming the 

formation of triplexes. 

The UV absorbance of each sample was recorded at 260nm. The stoichiometry of 

complexation is derived from absorbance with respect to mole fraction, from the obtained 
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minimum (Figure 8C). It was found that the stoichiometry of PNA: DNA complexation is 

2:1. 
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Figure 8: A) CD-curves for PNA 79, H-TTTTTTA-Lys-NH2 and the complementary DNA 93 
d(GCTA7CG) mixtures in the molar ratios of 0:100, 20:80, 40:60, 50:50, 60:40, 70:30, 80:20, 90:10, 
100:0 (Buffer, 10 mM Sodium phosphate pH 7.0, 100 mM NaCl, 0.1 mM EDTA), B) CD-Job plot 
corresponding to 255 nm, C) UV-job plot corresponding to above mixtures of different molar ratios, 
absorbance recorded at 260 nm. 

 

3.2 UV-Tm studies of PNA: DNA complexes 

The stoichiometry of the PNA: DNA complex was first determined using Job’s 

method, prior to investigate the binding selectivity towards complementary DNA. The 

UV- melting studies were carried out with all the synthesized oligomers and the melting 

temperature (Tm) data was compared with the control PNA:DNA complexes.  

 (i) UV-Tm studies of cyanuryl PNA-DNA complexes 

(ii) UV-Tm studies of 8-bromoadeninyl PNA-DNA complexes  

(iii)UV-Tm studies of 8-aminoadeninyl PNA-DNA complexes           

Various synthesized cyanuryl, 8-bromoadeninyl and 8-aminoadeninyl PNA 

olgomers (PNA 69-89) were used to investigate the binding efficiency towards 

complementary DNA. The UV-melting studies were carried out and the Tm data was 

compared with that of control aeg PNA-T8. The CD spectra of all PNA single strands and 

the corresponding complexes with complementary DNA were recorded. 

3.2.1 UV-Tm studies of cyanuryl PNA-DNA complexes 

The complexes of aeg PNA-T8 (PNA 69) with complementary DNA gave melting 

temperature of 44.6 oC. Among the modified oligomers of cyanuryl PNA, PNA 71 (C-

terminus modification) stabilized the PNA2:DNA triplex by 23.2 oC. (Entry 3), PNA 72 

(middle modification) stabilized the corresponding triplex by 19.5 oC, while PNA 70 (N-
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terminus modification) destabilized the triplex by 10.4 oC. Since PNA 72 having 

modification in middle stabilized the corresponding PNA2:DNA hybrid, PNA 73 having 

two modifications (with N-terminus and middle modification) still forms triplex with 

stability as good as the control PNA 69. 

Table 1: UV-Melting temperatures (Tm values in oC)a of cyPNA2:DNA triplexes 

Entry 
No 

Triplex (PNA2:DNA) 
Tm (0 C) 

PNA2:c DNA 
triplex 

 
∆Tm 
(0 C) 

∆Tm(0 C)/ 
modification 

1 PNA 69, H2N-Lys-TTTTTTTT- H  
DNA 92      5'CG-AAAAAAAA-GC3' 
PNA 69            H-TTTTTTTT-Lys-NH2 

44.6 -- -- 

2 PNA 70, H2N-Lys-TTTTTTTCya- H  
DNA 92      5'CG-AAAAAAAA-GC3' 
PNA 70,           H-CyaTTTTTTT-Lys-NH2 

34.2 -10.4 -5.2 

3 PNA 71, H2N-Lys-CyaTTTTTTT- H  
DNA 92      5'CG-AAAAAAAA-GC3' 
PNA 71,           H-TTTTTTTCya-Lys-NH2 

67.8 +23.2 +11.6 

4 PNA 72, H2N-Lys-TTTCyaTTTT- H  
DNA 92        5'CG-AAAAAAAA-GC3' 
PNA 72,             H-TTTTCyaTTT-Lys-NH2 

56.7 +12.1 +6.0 

5 PNA 73, H2N-Lys-TTTCyaTTTCya- H  
DNA 92        5'CG-AAAAAAAA-GC3' 
PNA 73,             H-CyaTTTCyaTTT-Lys-NH2

44.2 -0.4 -0.2 

Tm = melting temperature (measured in the buffer 10 mM sodium phosphate, 100 mM NaCl, pH = 7.3), 
PNA2-DNA complexes. Values in the ∆Tm indicate the difference in Tm with the control experiment PNA 
66. The values reported here are the average of 3 independent experiments and are accurate to ±0.5°C 
 

3.2.1a UV-Melting studies of cyanuryl PNA complexes with mismatch DNA  

 The sequence specificity of PNA hybridization was examined through studying 

hybridization properties of PNA with DNA  having single mismatch at middle, DNA 89 

(Figure 7). The PNA2:DNA complexes comprising control sequence (PNA 69: DNA 96) 

and the C- terminus modified cyanuryl PNA (PNA 71: DNA 96) were individually 

subjected for UV-melting (Figure 8). The control sequence PNA 69 formed triplex with 

single mismatch sequence (DNA 96) with Tm lower by 9.6oC (entry 2, Table 2), while C-

terminus modified cyanuryl PNA 71 exhibited destabilization by 13.2 oC. Cyanuryl PNA 
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thus showed a better sequence discrimination (entry 4, Table 2). The melting profiles 

were exhibited in figure 8. 

 

 
Table 2: UV-Melting temperatures (Tm values in oC)a of cyPNA2:DNA triplexes 

Entry 
No. Triplex (PNA2:DNA) 

Tm (0 C) 
PNA2:c 

DNA triplex 

 
∆Tm 
(0 C) 

∆Tm(0 C)/ 
modification 

1 PNA 69, H2N-Lys-TTTTTTTT- H  
DNA 92      5'CG-AAAAAAAA-GC3' 
PNA 69            H-TTTTTTTT-Lys-NH2 

44.6 

2 PNA 69, H2N-Lys-TTTTTTTT- H  
DNA 96      5'CG-AAAACAAA-GC3' 
PNA 69            H-TTTTTTTT-Lys-NH2 

34.4 

-10.2 -5.1 

3 PNA 71, H2N-Lys-CyaTTTTTTT- H  
DNA 92        5'CG-AAAAAAAA-GC3' 
PNA 71,           H-TTTTTTTCya-Lys-NH2 

67.8 

4 PNA 71, H2N-Lys-CyaTTTTTTT- H  
DNA 96      5'CG-AAAACAAA-GC3' 
PNA 71,           H-TTTTTTTCya-Lys-NH2 

54.5 

-13.3 -6.6 

Tm = melting temperature PNA2:DNA complexes (measured in the buffer 10 mM sodium phosphate, 100 
mM NaCl, pH = 7.3). Values in the parenthesis (∆Tm) indicate the difference in Tm with the control 
experiment PNA 69. 

 

3.2.2 UV-Tm studies of 8-bromo/aminoadeninyl PNA-DNA complexes  

Among the modified oligomers of 8-bromoadeninyl PNA (PNA 78-81), PNA 78 

(N-terminus modification) stabilized the corresponding triplex with 8.2 oC. PNA 79 (C-

terminus modification) and PNA 81 (N-terminus and middle modification) stabilized the 

PNA2: DNA triplexes by 4.8 oC and 7.7 oC respectively. However, PNA 80 with middle 

modification destabilized the hybrid by 10.0 oC.  

Among the modified oligomers of 8-aminoadeninyl PNA (PNA 82-85), PNA 83 

(C-terminus modification) and PNA 84 (middle modification) stabilize the derived triplex 

by +9.3 o C and +30.8 oC, respectively PNA 82 (N-terminus modification) Bis modified 

PNA 85 (N-terminus and middle modification) destabilized the triplex by 25.0 oC and 6.5 
oC respectively. 
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Table 3 UV-Tm s of adeninyl, 8-bromoadeninyl, 8-aminoadeninyl PNA oligomers with complementary 
DNA (according to modification position) 

Entry 
No. Triplex (PNA2:DNA) Tm (oC) 

PNA2:c DNA triplex ∆Tm(oC) ∆Tm(oC)/ 
modification 

 N-Terminus modifications    

1 
PNA 74  H2N-Lys-TTTTTTTA-H 
DNA 93         5'GCAAAAAAATCG3' 
PNA 74               HATTTTTTTLys-NH2 

60.0 --  

2 
PNA 78  H2N-Lys-TTTTTTTA-H 
DNA 93         5'GCAAAAAAATCG3' 
PNA 74               HATTTTTTTLys-NH2 

68.2 +8.2 +4.1 

3 
PNA 82  H2N-Lys-TTTTTTTa-H 
DNA 93         5'GCAAAAAAATCG3' 
PNA 82               HaTTTTTTTLys-NH2 

35.0 -25.0 -12.5 

 C-Terminus modifications    

4 
PNA 75  H2N-Lys-ATTTTTTT-H       
DNA 93       5'GCAAAAAAATCG3' 
PNA 75            H-TTTTTTTALys- NH2         

65.5 --  

5 
PNA 79 H2N-Lys-ATTTTTTT-H      
DNA 93       5'GCAAAAAAATCG3' 
PNA 79  H-TTTTTTTALys- NH2 

70.2 +4.7 +2.4 

6 
PNA 83H2N-Lys-aTTTTTTT-H           
DNA 93      5'GCAAAAAAATCG3' 
PNA 83           H-TTTTTTTaLys- NH2 

74.8 +9.3 +4.7 

 Middle modifications    

7 
PNA 76  H2N-Lys-TTTATTTT-H 
DNA 94        5'GCAAATAAAACG3' 
PNA 76          H-TTTTATTT-Lys-NH2 

44.4 --  

8 
PNA 80  H2N-Lys-TTTATTTT-H 
DNA 94        5'GCAAATAAAACG3' 
PNA 80          H-TTTTATTT-Lys-NH2 

34.4 -10.0 -5.0 

9 
PNA 84  H2N-Lys-TTTaTTTT-H 
DNA 94        5'GCAAATAAAACG3' 
PNA 84          H-TTTTaTTT-Lys-NH2 

75.2 +30.8 +15.4 

 Bi modifications    

10 
PNA 77 H2N-Lys-TTT ATTTA-Lys-H  
DNA 95        5'GCAAATAAATCG3' 
PNA 77             H-ATTT ATTT-Lys-NH2 

56.0 --  

11 
PNA 81 H2N-Lys-TTT ATTTA-Lys-H  
DNA 95        5'GCAAATAAATCG3' 
PNA 81            H-ATTT ATTT-Lys-NH2 

63.7 +7.7 +1.9 

12 
PNA 85 H2N-Lys-TTT aTTTa-Lys-H  
DNA 95        5'GCAAATAAATCG3' 
PNA 85             H-aTTT aTTT-Lys-NH2 

49.5 -6.5 -1.6 

A= adenine, A=8-bromoadenine and a=8-aminoadenine; All values are an average of at least 3 experiments and 
accurate within ±0.5°C, Buffer: Sodium phosphate (10 mM), and 100 mM NaCl, pH 7.2. 
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3.2.2a UV-Melting studies of adeninyl/8-bromoadeninyl/8-aminoadeninyl PNA 

complexes with mismatch DNA 

The sequence specificity of PNA hybridization was examined through studying 

hybridization properties of PNA with single mismatch containing DNA to examine the 

sequence specificity properties. 

The complex of control sequence PNA 75 formed triplex with single mismatch 

sequence (DNA 97) with Tm lower by 8.1 oC (entry 1&2, Table 5), while C-terminus 

modified 8-bromoadeninyl PNA 79 (entry 3&4, Table 5) exhibited destabilization by    

8.5 oC and C-terminus modified 8-aminoadeninyl PNA 83 (entry 5&6, Table 5) showed 

8.4 oC respectively. Thus 8-bromo/aminoadeninyl PNA showed sequence discrimination 

as good as the control sequence PNA 75. The functionality bromo or amino at C-8 

position of adenine were showed lower influence on sequence specificity over adeninyl 

PNA.  

Table 4 UV-Melting temperatures (Tm values in oC)a of adeninyl/8-bromoadeninyl/8-amino adeninyl 
PNA2:DNA triplexes 

Entry 
No. Triplex (PNA2:DNA) Tm (0 C) 

PNA2:c DNA triplex 
∆Tm(0 C) 

(match-mismatch) 
1 PNA 75           H-TTTTTTTALys- NH2 

DNA 93       5'GCAAAAAAATCG3' 
PNA 75 H2N-Lys-ATTTTTTT-H           

65.5 

2 PNA 75           H-TTTTTTTALys- NH2 
DNA 97       5'GCAAACAAATCG3' 
PNA 75 H2N-Lys-ATTTTTTT-H           

57.4 

8.1 

3 PNA 79             H-TTTTTTTALys- NH2 
DNA 93       5'GCAAAAAAATCG3' 
PNA 79  H2N-Lys-ATTTTTTT-H 

70.2 

4 PNA 79             H-TTTTTTTALys- NH2 
DNA 97       5'GCAAACAAATCG3' 
PNA 79  H2N-Lys-ATTTTTTT-H 

61.7 

8.5 

5 PNA 83            H-TTTTTTTaLys- NH2 
DNA 93     5'GCAAAAAAATCG3' 
PNA 83 H2N-Lys-aTTTTTTT-H 

74.8 

6 PNA 83            H-TTTTTTTaLys- NH2 
DNA 97     5'GCAAACAAATCG3' 
PNA 83 H2N-Lys-aTTTTTTT-H 

66.4 

8.4 

a Tm = melting temperature (measured in the buffer 10 mM sodium phosphate, 100 mM NaCl, pH = 7.3), 
PNA2-DNA complexes. Values in the parenthesis (∆Tm) indicate the difference in Tm of PNA with 
complementary sequence (DNA 93) and single mismastch sequence (DNA 97).  
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3.3 UV-Tm studies of cyanuryl/8-bromoadeninyl/8-aminoadeninyl PNA:DNA 

Duplexes (parallel/antiparallel) 

The mixed purine -pyrimidine sequence, PNA 86 was synthesized to examine the 

duplex stability. The cyanuryl PNA 87, was synthesized by replacing the thyminyl PNA 

units of PNA 86 with cyanuryl PNA unit, whereas 8-bromoadeninyl PNA 88 was 

synthesized by replacing the adeninyl PNA with 8-bromoadeninyl PNA and 8-

aminoadeinyl PNA 89 was synthesized by direct amination of solid supported 8-

bromoadeninyl PNA oligomer as mentioned in Chapter 2 (2.35.2). 

The control sequence PNA 86, showed 2.7 oC of sequence discrimination between 

parallel and antiparallel complementary DNA sequences, whereas corresponding 

cyanuryl PNA 87 showed 2.5 oC of discrimination in sequence orientation (antiparallel 

or parallel). The 8-bromoadeninyl PNA (PNA 88) and 8-aminoadeninyl PNA (PNA 89) 

showed better discrimination of 3.6 oC and 6.7 oC in sequence orientation respectively. 

Eventhough the modifications 8-bromo/aminoadeninyl PNAs may not enhance the 

binding strength with complementary DNA in duplexes, they discriminate the parallel 

and antiparallel sequences better than the control sequence PNA 86. 

Table 5 UV-Melting temperatures (Tm values in oC)a of PNA:DNA duplexes 

Entry 
No Duplex (PNA:DNA) 

Tm (0 C) 
PNA:DNA duplex 

 
∆Tm (0 C) (ap-p) 

1 PNA 86     H-GTAGATCACT-Lys-NH2 
DNA 98   5' AGTGATCTAC 3' 

51.3 

2 PNA 86     H-GTAGATCACT-Lys-NH2 
DNA 99  5' CATCTAGTGA 3' 

48.6 

2.7 
 

3 PNA 87  H-GCyAGACyCACCy-Lys-NH2 
DNA 98   5' AGTGATCTAC 3' 

48.2 

4 PNA 87   H-GCyAGACyCACCy-Lys-NH2 
DNA 99  5'CATCTAGTGA3' 

45.7 
2.5 

5 PNA 88 H-GTAGATCACT-Lys-NH2  
DNA 98   5' AGTGATCTAC 3' 

53.3 

6 PNA 88 H-GTAGATCACT-Lys-NH2  
DNA 99  5'CATCTAGTGA3' 49.7 

3.6 

7 PNA 89  H-GTaGaTCaCT-Lys-NH2 
DNA 99  5'CATCTAGTGA3' 

52.8 

8 PNA 89   H-GTaGaTCaCT-Lys-NH2 
DNA 98   5' AGTGATCTAC 3' 

46.1 
6.7 

Cy= cyanuryl, A= adenine, A=8-bromoadenine and a=8-aminoadenine a Tm is measured in the buffer 10 mM sodium 
phosphate, 100 mM NaCl, pH = 7.3. Values in the ∆Tm indicate the difference in the melting temperatures of the PNA:DNA 
98and DNA 99 The values reported here are the average of 3 independent experiments and are accurate to ±0.5°C 
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3.4 Binding stoichiometry of 8-bromoadeninyl PNA and 3′,5′-O-disilyl thymidine/ 

thymidinyl PNA monomers through NMR titrimetry 

In view of the variable results on PNA:DNA triplex/duplex stabilization in 

oligomers, it was thought worthwhile to understand difference in their base pairing 

properties at the monomer level. 

The specific association of purine and pyrimidine bases is fundamental to the 

function of nucleic acids. Forces that contribute to the stability of double stranded nucleic 

acids can be conceptually expressed as sum of base-base hydrogen bonding and stacking 

interactions. The hydrogen bonding between the base pairs adenine:thymine and 

guanine:cytosine was proposed by Watson-Crick in 1953. However complete 

understanding of physical basis for this observed complementarity has proved difficult.  

The binding stoichiometry was established through NMR titration between       

3',5' di-O-silyl thymidine (10) with 8-bromoadeninyl PNA (7) monomer. For this, control 

titration experiment was carried out with adeninyl PNA monomer (6). Similar experiment 

repeated for thyminyl PNA monomer (11): adeninyl PNA monomer (6), and thyminyl 

PNA monomer (11):8-bromoadeninyl PNA monomer (7) complexation. All experiments 

indicated a 1:1 binding stoichiometry.  
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  1.1 Nucleic Acids: Chemical Structure  

Nucleic acids are large biopolymers, dominating the modern molecular science 

after the Watson-Crick discovery of the double helical structure of DNA (Figure 1).1 

Their vital roles are fundamental for the storage and transmission of genetic information 

within the cells and contain all the information required for transmission and 

implementation of steps necessary to make proteins which are another important class of 

biopolymers, necessary  for cellular function.  

 

 
Figure 1: Model of DNA 

DNA is the basic genetic material, consisting of two complementary strands held 

together by Watson-Crick hydrogen bonds through the donor-acceptor sites of the four 
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nucleobases A, T, G and C (Figure 2).2 All biological functions of DNA take place via 

specific molecular recognition of nucleobases.  

i ii  
Figure 2: Base pair recognition by Watson-Crick Hydrogen bonding i) A:T base pair, ii) G:C 
base pair (a= hydrogen bond acceptor, d= hydrogen bond donar) 

The structure of the double-stranded DNA allows it to have a number of 

molecular interactions with other molecules such as proteins, drugs, metal ions etc. 

through electrostatic, intercalation3,4 and groove binding mechanisms5-7  (Figure 3) Such 

molecular recognition mediated by weak non-covalent interactions are important in 

regulating the biological functions. 

 
Figure 3 The three primary binding modes seen in DNA 

1.2 Oligonucleotide as therapeutic agents  

         The concept of `antisense oligonucleotides’ as potential therapeutic agents8   

introduced by Zamecnik and Stephenson9 has arouse much interest in search of potent 
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DNA mimics. Antisense oligonucleotides (Figure 4) recognize a complementary 

sequence on target m-RNA through Watson-Crick base pairing and form a duplex (RNA-

DNA hybrid) that is not processed by the protein synthesis machinery and hence would 

retard the expression of the corresponding protein. When target proteins are disease 

related, this will have a therapeutic value. 

DNA

mRNA
protein

Nucleus Cytoplasm
Cell membrane

a. Normal Cell

Antisense
Oligonucleotide

b. Antisense Inhibition

Antigene
Oligonucleotide

c. Antigene Inhibition

 
Figure 4: Mechanism of action of antisense and antigene oligonucleotides 

In another approach, the ‘antigene strategy’, (Figure 4) obstruction of gene 

expression can be achieved by binding of oligonucleotides to duplex DNA through 

Hoogsteen hydrogen bonds (Figure 5) leading to the formation of a triple helix.10 Thus 

the double stranded DNA itself can act as a target for the third strand oligonucleotides or 

their analogue, and the limitation for triplex formation is that it is possible only at 

homopurine stretches of DNA, since it requires purine to be the central base.10, 11  

A

A

T
G

G

C

N

NN

N

R

N
H H

O

NN

O

R
H

N

N
N

N

R

N
HH

N

N
N

N

R

N

O H

H

H
N

NN

O

R

H

H

N

NN

N

R

N

O
H

H

H

a b

W-C
W-C

Hoogsteen Hoogsteen

 

Figure 5: Watson-Crick (W-C) and Hoogsteen hydrogen bonds of A:A:T and G:G:C triads 
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The prime requisites for oligonucleotides to be effective as antisense/antigene 

oligonucleotides are (a) they should have high specificity to the RNA/DNA template, 

which is the target strand, (b) improved cellular uptake and (c) resistance to cellular 

enzymes such as nucleases and proteases.  

Natural oligonucleotides have exhibited both antisense and antigene properties in 

vitro.12 However, a serious drawback that limits the use of oligonucleotides as therapeutic 

agents is that they are rapidly degraded by nucleases in vivo.13 To overcome these 

drawbacks chemical (structural) modifications of oligonucleotides are needed. 

1.3 Chemical Modifications of DNA 

The different chemical modifications for applications as ‘antisense 

oligonucleotides’ corresponds to that of nucleobases, phosphate function, sugar and 

sugar-phosphate backbone (Figure 6). 

3' modification

O

B

O

O R

O
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O R
P

O

O
    Sugar
 phosphate
modification
    

5' modification

 

Heterocyclic base
modification

Sugar modification

2' modification
Phosphate modification

1' (α, β) modification

O

 
Figure 6:  Structurally possible various DNA modifications 
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1.3.1 Nucleobase modifications and duplex/triplex stability16, 17 

  Modification of the heterocyclic bases may enhance the binding affinity with the 

complementary DNA/RNA through the increased/enhanced hydrogen bonding via 

combined contribution of both Waston – Crick and Hoogsteen hydrogen bonding.  

The stability of duplex or triplex also depends on both  syn-anti conformations of 

nucleobase (Figure 7a&b) as well as endo-exo conformations of 5-membered sugar 

(ribose or deoxy ribose), which is signified as ‘ring puckering’ (Figure 7c&d) 

The stability of duplex/triplex also increases as the modified base interacts with 

natural bases present on the strands through π- π overlapping interactions. 
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Figure 7: Structures of different conformations of adenosine a) anti conformation b) syn 
conformation c) 2' endo 3' exo conformation and d) 3' endo conformation  

1.3.1a Stacking and Hydrophobicity Contributions 

The bases in the triplex orient in such a way that the π bonds of nucleobase of 

TFO (triplex forming oligonucleotide) overlaps with the adjacent base pair of duplex due 

to stacking and thus stabilize the triplex.  

1.3.1b Hoogsteen base pairing 

A Hoogsteen base pair is a type of base-pairing in nucleic acids, involving the 5-

membered ring of purines A and G, recognizing the third strand T and C respectively . In 
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this manner, two nucleobases on each strand can be held together by hydrogen bonds in 

the major groove through Watson-Crick pattern.  

Hoogsteen base pair formation involves the N-7 position (five membered ring of 

purine) and the functionality present at C-6 of purine (six membered ring), binding the 

the pyrimidine base or another purine base (Figure 8). The triplex forming 

oligonucleotide (TFO) recognizes the duplex (consisting Watson-Crick basepairs) 

through Hoogsteen hydrogen bonds and by winding around the duplex to form triple-

stranded helices eg. (poly(dA)•2poly(dT)). The stability of triplex enhances, as the 

number of Hoogsteen hydrogen bonds increase. 

(b) Pyrimidine motif
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Figure 8: (a) The ribbon model demonstrating the relative position of a triplex forming 
oligonucleotide (TFO) in the major groove of DNA. (b) The pyrimidine binding motif- the 
binding of a TFO in a parallel orientation (p) to the polypurine strand of DNA. The two canonical 
base triplets of this motif (a) involving protonated cytosine in the C+*G:C triplet and T*A:T. (c) 
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Triple helical stability is due to a combination of electrostatic and stacking 

interactions, Hoogsteen/reverse Hoogsteen hydrogen-bond formation, hydration forces 

and hydrophobic interactions. The relative contributions are difficult to evaluate in such a 

system.  

1.3.1c Modified nucleobases stabilize duplex/triplex: 

The modified nucleobase consisting of phenyl or biphenyl aromatic groups 

(Figure 9a& b), 18 or the intercalators (Figure 9c) 19 stabilize the duplex through π-staking 

interactions. The modifications of pyrimidines at an unpaired site (C6-postion is not 

involved in Watson-Crick hydrogen bonding) stabilize the syn- conformation and leads to 

duplex destabilization. The oligonucleotides containing modified nucleobases, which has 

fused aromatic system at C4 and C5, stabilize the derived duplex (Figure 9d).17  
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Figure 9: The Duplex-stabilizing modifications a) 6-phenyllumazine, b) 7-(4-biphenyl)lumazine, c) 
pyrimidine-C5-intercalator, d) 2-hydroxy quinoline 

 The pyrimidine nucleosides consisting of unsaturated substitutents at C-5 position 

in pyrimidine (Figure 10a, b)20 and 7-alkynyl-7-deaza-subsitituent in purines (Figure 10c-

f)21 have a pronounced influence on duplex stabilization. The triple bond stacks with the 

adjacent base pair and stabilizes the duplex.   
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Figure 10: The structures of a) 5-propynyl uracil, b) 5-propynyl cytosine c) 7-propynyl-7-deaza-
adenine, d) 7-propynyl-7-deaza-2,6-diamino purine, e) 7-propynyl-7-deaza-8-aza-adenine, f) 7-
propynyl-7-deazaguanine 

The modifications of pyrimidine ring consisting of planar aromatic groups such as 

thiazolyl or 5-methylthiazoyl at C-5 stabilize the oligonucleotide complexes through 

enhancing the base stacking interaction with adjacent base pairs of duplex (Figure 

11).22,23   
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a b  
Figure 11: The structures of modified pyrmidine bases having coplanar aromatic groups a) 5-
thiazolyl uracil, b) 5-methylthiazolyl uracil. 
 

1.3.1d Modifications that increase hydrogen bonding and staking interactions: 

Another kind of nucleobase modification involves making the pyrimidine or 

purine base into bicyclic or tricyclic heterocycles. These stabilize the duplexes through 

stacking interactions as well as increase the number of available hydrogen bonding sites. 

Most of the reported derivatives are cytosine analogues with fused aromatic ring at N4-C5 

(Figure 12a-c).24 These analogues bind guanine better than the natural unmodified 

cytosine. The oligonucleotides containing two adjacent modified tricyclic nucleobases, 
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form stable duplexes because of better π-π overlap between the two tricyclic nucleobases 

with adjacent base pairs in the duplex. The tetracyclic adenine derivative (Figure 12d) 

pairs with thymine.25 
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Figure 12: Duplex stabilizing bicylcic and tricyclic heterocyclics a) pyridopyrimidine, b) 
phenoxazine, c) phenothiazine, d) tetracyclic adenine 

1.3.1e Functionalities enhancing hydrogen bonding potentials: 

C5-Methyl group of pyrimidine stabilizes the duplex as in 5-methyl cytosine 

(Figure 13a). The alkyl groups have positive inductive effect, increasing the pKa through 

increased electron density on ring, thus enhancing the hydrogen bonding efficiency of the 

carbonyl at C-4.26 The 5-bromo group in bromo uracil (Figure 13b) with electron 

withdrawing effect, enhances the acidity of N3-H to participate in hydrogen bonding, 

thereby increasing the stability of the duplex.27 

1.3.1f Stabilization of triplex through electrostatic forces: 

Another kind of modified nucleobases stabilize duplexes through introducing 

positively charged functionalities as substituents in the major or minor groove and 
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Figure 13 : The structures of a) 5-methyl cytosine and b) 5-bromo uracil   
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interacting with negatively charged phosphate groups and by decreasing the anionic 

repulsions of both strands (Figure 14).17,28-30 
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Figure 14: The modified nucleobases containing positively charged functional groups a) spermine-
conjugated guanine, b) 5-methyl-N4-spermine-cytosine, c) triaminoalkylamido uracil, d) 7-(3-amino 
propynyl )-7-deaza adenine, e) 3-aminopropynyl uracil 

1.3.1g Modifications that form Hoogsteen hydrogen bonding:  

The incorporation of pseudouracil (Figure 15a) and alkylated pseudouracil 

(Figure 15b) containing (deoxy) nucleotides are isosteric to thymine analogues. 

Incorporation of these into oligomers enhances the stability of duplex, whereas 1,3-

dialkylpsuedouracil (Figure 15c) containing oligonucleotides destabilize the duplex.  The 

tautomerization in pseudoisocytidine (Figure 15d) has a negative impact on Watson-

Crick base pairing and decreases duplex stability.16,31-34 5-Aminouracil (Figure 15e) 

stabilizes triplex when present on central strand.35  
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Figure 15 : Structures of  a) pseudouracil, b) 1-methyl pseudouracil, c) 1,3-dimethyl pseudouracil, 
d) pseudoisocytosine, e) 5-aminouracil. 

In case of purine, the electron donating substituents such as amino, methylamino, 

N,N-dimethylamino, hydroxy at C-8, increase the electron density on N-7 of purine36 
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thereby enhancing its ability to participate as hydrogen bond acceptor in Hoogsteen base 

pairing (Figure 16).37-40  
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Figure 16: structures of a) 8-amino adenine, b) 8-(N-mehyl amino) adenine, c) 8-(N,N-dimehyl 
amino) adenine,  d) 8-hydroxy adenine, e) 8-oxo-adenine (keto form of 8-hydroxy adenine). 

1.3.2 Phosphate modified linkages 

In the first generation ‘antisense oligonucleotides’ (Figure 17) the phosphodiester 

backbone has been replaced by phosphorothioates (Figure 17a), phosphorodithioates 

(Figure 17b), methyl phosphonates (Figure 17c), hydroxymethyl phosphonates (Figure 

17d&e) and phosphoramidates (Figure 17 f&g). The backbone modifications displayed a 

greatly improved resistance towards nucleases41 and a therapeutic agent Vitravene, based 

on phosphorothioates has already been approved as a drug by US FDA to treat 

cytomegalovirus (CMV), affected eye patients.42 The chemical modifications also 

modulate the binding ability of analogs to complementary sequences.  

The boranephosphate diester (Figure 17h) is isoelectronic with phosphodiesters, 

isosteric with the methylphosphonate group and is chiral. 43 These oligos are highly water 

soluble, but are more lipophilic than DNA.  
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Figure 17: Phosphate modifications 

1.3.3 Sugar modifications  

Sugar modifications have also been used to enhance the stability and affinity for 

complementary strands. The (α-anomer of a 2'-deoxyribose sugar has the base inverted in 

configuration at C-1 with respect to the natural anomer. ODNs containing β-anomer 

sugars (Figure 18) are resistant to nuclease degradation and bind in a parallel mode to the 

RNA target.44 

R= 1. CH3

         2. CH2.CH2.CH3
      3. (CH2)4CH3
      4. CH2CH=CH2
      5. (CH2CH2O)CH3
      6. (CH2CH2O)3CH3
      7.  CH2CH(CH3)OCH3  

Figure 18: 2' modified oligonucleotides 

1.3.3a Sugar skeleton modifications  

 Apart from the 2' modifications of sugar moiety, other modifications related to 

sugar skeleton are hexitol nucleic acids (HNA), D-altriol nucleic acids (ANA), 
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pentapyranosyl and threofuranosyl (TNA).45a The (l)-(L-lyxopyranosyl-(4'→3')-

oligonucleotide system is a member of a pentopyranosyl oligonucleotide family 

containing a shortened backbone and is capable of cooperative base-pairing with DNA 

and RNA. In contrast, the corresponding (d)-D-ribopyransoyl-(4'→3')-oligonucleotides 

do not show base-pairing under similar conditions (Figue 19).45b          
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Figure 19: The family of four (4’→3’) penta pyranosyl and threo fuanoysl   oligonucleotides 

1.3.3b Carbocyclic nucleic acids  

In carbocyclic nucleic acids, the furanose ring is completely replaced by saturated 

cycloalkane or cycloalkene rings (Figure 20). The replacement of the furanose moiety of 

DNA by a cyclohexene ring gives cyclohexene nucleic acids (CeNA).46 
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Figure 20: Carbocyclic analogues 

Incorporation of cylcohexenyl nucleosides in a DNA chain increases the stability 

of a DNA/RNA hybrid. CeNA is stable against degradation by proteases in serum and a 
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CeNA/RNA hybrid is able to activate RNase H  of E. Coli, resulting in cleavage of the 

RNA strand.44  

1.3.3c Locked nucleic acids (LNA) 

 Locked Nucleic Acid (LNA) was first described by Wengel47 and Imanish48a et al 

as a novel class of conformationally restricted oligonucleotide analogues.  LNA is a 

bicyclic nucleic acid where a ribonucleoside is linked between the 2'-oxygen and the 4'-

carbon atom with a methylene unit (Figure 21). 
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O
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Figure 21: Locked Nucleic Acid (LNA)  

 The design and ability of LNA oligos to bind to supercoiled, double-stranded 

plasmid DNA in a sequence-specific manner has been described by Catchpole et al48b for 

the first time. LNA oligos are more stably bound to plasmid DNA than the similar 

peptide nucleic acid (PNA) `clamps' for procedures such as particle mediated DNA 

delivery.  

1.3.3d Morpholino nucleosides  

  So far, only a few attempts to replace the entire (deoxy) ribose phosphate 

backbone have been successful. One of this is the morpholino oligomer (Figure 22) 

wherein the monomers are linked through a carbamate linkage.49a The second generation 

of morpholino DNA with a phosphoramidate (Figure 22)49b linkage exhibited better 
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stability in in-vitro assay. To avoid the loss of bioactivity through major structural 

modifications and impart only the nuclease resistance, oligonucleotides having only 5’ or 

3’ terminal modifications have been studied. 

Figure  22: Morpholino nucleoside
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1.4 Peptide Nucleic Acid:  

1.4.1 Introduction  

PNA refers to peptide nucleic acid (Figure 23) invented by Neilsen et. al 199150 

with physical properties similar to DNA or RNA but differing in the composition of its 

"backbone." PNA is unnatural and is chemically synthesized for use in biological 

research and diagnostics.51 
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Figure 23: Chemical structure of DNA and PNA  

DNA and RNA have backbone containing deoxyribose and ribose sugars 

respectively, whereas the backbone of PNAs is composed of repeating N-(2-aminoethyl)-

glycine units linked by peptide bonds. The various purine and pyrimidine bases are linked 

to the backbone by methylene carbonyl bonds. PNAs are depicted like peptides, with 

representation of sequence from N-terminus (left) to C-terminus (right) (Figure 24).  
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C N CN
5' 3'5'3'

PNA 

DNA

PNA 

DNA
a b  

Figure 24: a) anti parallel  and b) parallel orientation of PNA in PNA:DNA duplex 

Since the backbone of PNA is uncharged, the binding between PNA/DNA strands 

are stronger than DNA/DNA strands, due to the lack of electrostatic repulsion during 

hybridization. Early experiments with homopyrimidine strands (strands with repeated 

pyrimidine bases) have shown that the Tm ("melting" temperature) of a 6-base thymine 

PNA/adenine DNA double helix was 31°C in comparison to an equivalent 6-base 

DNA/DNA duplex that denatures at a temperature less than 10 °C.52,56  

 Synthetic peptide nucleic acid oligomers have been used in recent years in various 

molecular biology protocols, diagnostic assays and for potential antisense therapeutics. 51 

Due to their higher binding strength, even shown PNA oligomers are opt for use in these 

roles, which otherwise need longer oligonucleotides (20-25 bases). PNA oligomers also 

show greater specificity in binding to complementary DNAs, with single PNA/DNA base 

mismatch being more destabilizing than a similar mismatch in a DNA/DNA duplex. This 

binding strength and specificity also applies to PNA/RNA duplexes. PNAs are resistant 

to enzyme degradation,53,54 and stable over a wide pH range. Finally, their uncharged 

nature should make them cross through cell membranes easier, improving their 

therapeutic value. 

1.4.2 Triplex formation with complementary DNA and RNA 

Homopyrimidine peptide nucleic acids are known to form highly stable and 

sequence specific triplexes upon binding to complementary homopurine sites of ssDNA 

and dsDNA.42 Displacement of the second, homopyrimidine strand takes place upon 
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binding of PNA to dsDNA, forming a so-called P-loop.55 The extremely high thermal 

stability of PNA2/DNA triplexes,56 is at least partly due to the charge neutrality of the 

PNA backbone, that excludes electrostatic repulsion from the DNA molecule, and the 

presence of additional hydrogen bonds between the Hoogsteen strand of the PNA and the 

oxygen atoms of the DNA backbone.57 A unique property of PNAs is their ability to 

displace one strand of a DNA double helix to form strand invasion complexes, which is 

absent in DNA or any other DNA analogues studied so far.  

1.4.3 Duplex formation with complementary DNA and RNA 

  PNAs obey Watson- Crick rules of hybridization with complementary DNA 

(Figure 25) and RNA. Antiparallel PNA-DNA hybrids are considerably more stable than 

the corresponding DNA-DNA complexes.50 Antiparallel PNA-RNA duplexes are even 

more stable than both DNA-RNA hybrids and PNA-DNA duplexes. Base pair 

mismatches result in reduction of the Tm value by 8-20 oC.52  

a
Triplex invasion Duplex invasionDouble duplex

invasion
Triplex

b c d

 
Figure 25: Schematic representation of PNA binding for targeting ds DNA, PNA (Thick line) 
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1.4.4 Structure of PNA complexes 

Till date, the three-dimensional structures of four PNA complexes have been 

established. The PNA-RNA57 and PNA-DNA58 duplex structures were determined by 

NMR methods, while the structures of a PNA2:DNA triplex59, PNA-PNA duplex60 and  

PNA-RNA duplexes were solved by X-ray crystallography (Figure 26).  

 
Figure 26: Structures of various PNA complexes shown in side view (upper panel) or top 
view (lower panel) 

1.4.4a Structure of PNA-DNA/PNA-RNA duplexes 

Almost complete structural information has been deduced from the NMR 

spectroscopic study of two antiparallel PNA-DNA duplexes.59 The DNA strand is in a 

conformation similar to the B-form, with a glycosidic anti-conformation, and the 

deoxyribose in C2'-endo form.  

A more recent NMR study58,61 showed that an octameric antiparallel PNA-DNA 

duplex contained elements of both A-form and B-form. The primary amide bonds of the 

backbone are in trans conformation and the carbonyl oxygen atoms of the backbone-

nucleobase linker point towards the carboxy-terminus of the PNA strand.  In case of 

RNA, the study revealed that the glycosidic torsion angle in the RNA strand indicates an 
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anti-conformation, and the ribose sugars are in the 3'-endo form. The RNA strand thus 

resembles an A-form structure.  

The CD spectra of antiparallel PNA-DNA complexes are similar to DNA-DNA 

spectra and indicate the formation of right handed helix.62 The CD spectra of antiparallel 

PNA-RNA duplexes also indicate the formation of a right-handed helix with geometry 

similar to the A- or B-form.   

1.4.4b Structure of PNA2-DNA triplexes  

The structure of PNA2-DNA triple-helix was resolved by the X-ray crystal 

structure analysis of the complex formed by bis-(PNA) and its complementary 

antiparallel DNA.59 The nucleobases of the PNA strand bind to the DNA through 

Watson-Crick pairing and Hoogsteen hydrogen bonding. The structure exhibited, both A-

form and B-form DNA, and forms a “P-helix” with 16 bases per turn. The DNA 

phosphate groups are hydrogen bonded to the PNA backbone amide protons of the 

Hoogsteen strand. These hydrogen bonds, together with additional Van der Waal contact 

and the lack of electrostatic repulsion are the main factors responsible for the enormous 

stability of the triplex. The deoxyribose sugar adopted C3'-endo conformation like A-

form and bases lie almost perpendicular to the helix axis, which is characteristic of B-

form DNA. The crystal structure is in agreement with the CD spectra of PNA2-DNA 

triple-helices measured in solution.62 The X-ray structure of self-complementary PNA-

PNA duplex bears a strong similarity to the P-form of PNA2-DNA triplex.59 

Several general conclusions can be drawn from these structural studies. Since 

PNA has flexible backbone, it exhibits the ability to adapt its partner’s conformation 

(DNA/RNA) in the complexes.  
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1.4.5 Disadvantages of PNA 

PNA has great ability to bind to complementary DNA/RNA forming stable 

duplexes or triplexes. It has an ability to discriminate complementary sequences with 

even single base mismatches. Besides these advantages, PNA suffers from few 

drawbacks such as low aqueous solubility, ambiguity in DNA binding orientation 

(parallel/antiparallel) and poor membrane permeability. 

1.4.6 Chemical Modifications of PNA 
 

The limitations of PNA restrict its ability to be used as a therapeutic agent. 

Chemical modifications of PNA are needed to overcome these drawbacks. Structurally, 

the analogues can be derived from modifications of ethylenediamine or glycine sections 

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

above. The strategic rationale behind the modifications63 (Dueholm et al., 1997) are (i) 

introduction of chirality into the achiral PNA backbone to influence the orientation 

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

conformational constraint to preorganize the PNA structure and to entropically drive the 

duplex formation(α- α'', β-β', β- α'' and α''- β'' of Figure 27 ), (iii) introduction of cationic 

functional groups directly into the PNA backbone, in a side chain substitution or at the N 

or C terminus of PNA, (iv) modulation of nucleobase pairing either by modification of 

the linker or the nucleobase itself and (v) conjugation with ‘transfer’ molecules for 

effective penetration into cells. In addition to improving the PNA structure for 

therapeutics, several modifications are directed towards their applications in diagnostics. 
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Figure 27:  Structurally possible various PNA modifications 

1.4.6a Introduction of cationic functional groups into the PNA  

Solubility in aqueous media was improved by introducing positive charges in the 

PNA monomers or by introducing ether linkages in the backbone. Charges were 

integrated into the PNA by replacing the acetamide linker with a flexible ethylene 

linker64 (Figure 28a) or by the attachment of terminal lysine residues65 (Figure 28c). 

Recently, a novel class of   cationic PNA (Figure 28b) (DNG/PNA) analogs has been 

reported.66  In these, alternating PNA /DNG chimeras, the O-(PO2)-O- linkage of 

nucleotide was replaced by strongly cationic guanidino [N-C(=N+H)-N] function. These 

analogs with neutral and positive linker showed high binding affinity with DNA/RNA 

targets.  
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Figure 28: Positively charged PNAs a) Flexible ethylene linker, b) Guanidium linkages, c) Lysine 
residues 
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Introduction of negative charges in the PNA backbone (Figure 29 a-g) improved 

aqueous solubility and showed good binding with both DNA and RNA. These 

modifications have been well studied and reviewed.67,68 However, many of these 

modified complexes were found to have less thermal stability compared to the 

unmodified PNA sequences. Ether linked PNAs (Figure 29 h&i) showed co-operative 

binding with complementary antiparallel RNA in a sequence specific manner.69,70  
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1.4.6b Construction of bridged structures   

The cis and trans rotamers arising from the tertiary amide linkage in each PNA 

unit lead to a variety of rotameric conformations that cause different PNA:DNA/RNA 
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hybridization kinetics in parallel and antiparallel hybrids. The high rotational energy 

barrier between cis and trans rotameric populations makes these rotamers non-

interdconvertible. Any favorable structural preorganization of PNA may activate a shift 

in equilibrium towards the preferred complex formation 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 aeg-PNA is reduced 

by bridging the aminoethyl/glycyl acetyl linker arms to give rise to cyclic analogs with 

preorganized structure. Such modifications also restrain the flexible domains of the aeg-

PNA (glycyl and ethylene diamine) in addition to introducing the chirality into PNA 

monomeric units. It also offers with the possibility of further fine-tuning the structural 

features of PNA to mimic DNA (Figure 30). The development in this area of research are 

described in recent reviews.71  
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Figure 30: Conformationally constrained PNA analogues 71b 

  1.4.6c Morpholino PNA 

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

between the morpholino nucleoside residues was synthesized (Figure 31).72 Preliminary 

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

complexes than the ester or the phosphonate linked oligomers. 
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1.4.7 PNA analogues with modified nucleobases 73 

1.4.7a Modified Nucleobases with larger surface area 

In order to increase the stability of complexes formed by PNA with target nucleic 

acids, bases that possess a larger surface area (for greater hydrophobic/stacking 

interactions), make additional H-bonds or that are positively charged have been prepared. 

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

formation have been studied (Figure 32).73-76  
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Figure 32: Structures of the a) 5-alkynyluracils, b) 5-(propargyl alcohol)uracil, c)5-(N-(4,5-dimethoxy-
2-Nitrobenzylprogargylcarbamate)uracil; d) 5-(p-methoxy-benzylthiopropargyl ether)uracil 

 Among the bicyclic derivatives of 1,8-Naphthyridin-2(1H)-derivative (Figure 

33), 7-chloro-1,8-napthyridin-2(1H)-one (7-Cl-bT) stabilize the duplex and triplex.77-78 

Thermodynamic analysis showed that the stabilization was due to enthalpic in origin due 

to increased stacking interactions. 



Chapter 1 27

fe

N

N

O

H
CH3

N

N

O

H

CH3 N

N

O

H

CH3

N

N

O

H

Cl
N

N

O

H

Cl

N

N

O

H

a b c d

Figure 33: Structures of 1,8-Naphthyridin-2(1H)-derivatives substituted with a) un substituted  b) 
5-methyl, c) 6-methyl, d) 7-methyl, e) 6-chloro and f) 7-chloro 1,8-Naphthyridin 

 Bicyclic analogs of thymine or cytosine stabilize the duplex/ triplex. The concept 

was extended to tricyclic analog (Figure 34), since the three rings with greater surface 

may give more extensive stacking interaction. The tricyclic analog of cytosine (Figure 

34b&c) gave better results over the tricylclic analogue of thymine (Figure 34a).79-81 
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Figure 34: Structures of a) phenazine, b) phenothiazine, c) phenoxazine. 

1.4.7b G-clamp as modified nucleobase 

In order to build in specific, additional bonding interactions with guanine, the G-

clamp base (Figure 35a) was developed. The phenoxazine (cytosine analog) derivative 

containing extended amine provides an additional H-bond to its complement, guanine on 

oligonucleotide chain (Figure 35b&c).82-84 The additional interaction is demonstrated in 

Figure 35 d. 
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1.4.7c Modified nucleobase with additional hydrogen bonding sites 

Modifications of the hydrogen bonding properties of nucleobases change their 

interactions and specificity for a complementary nucleobase. This concept has been used 

to increase the complex stability and sequence selectivity. In case of PNA the first 

example is the use of 2,6-diaminopurine (DAP), in place of adenine (Figure 36 a). The 

DAP having additional H-bonding sites for binding to thymine, increases the thermal 

stability of complexes by 4-6 ºC per substitution as well as showed better discrimination 

towards mismatch sequences.  

In triplexes the central nucleobase needs to form hydrogen bonding from both the 

sides to from stable triplexes and cytosine can form triplexes under acidic conditions 

only. The modified bases that can form hydrogen bonds from both the sides may form 

stable triplexes. Pseudoisocytosine, was the first mimic of this kind in PNA, which is 

termed the “J base” (Figure 36 b).85 The “J” base containing bisPNA, eliminated the pH-

dependence C-for formation of triplexes.86,87  
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Figure 36: Structures of a) 2,6-diamino purine, b) pseudoisocytosine (J-base), c) N7-guanine 

N7-guanine (Figure 36 c) incorporated in bisPNA was found to form triplex with 

G:C base pair through parallel or reversed-Hoogsteen bonding in preference, because 

N7G can mimic protonated cytosine in the pyrimidine motif forming stable triplexes at 

neutral pH with the recognition of G:C base pair.88-90 

The design of modified pyrimidine nucleobase, which can be the center base of a 

triplex traid, has been a challenging task. Thymine is the most difficult nucleobase to 

achieve such possbility, because the methyl group (C-5 position) does not allow 

Hoogsteen type of hydrogen bond formation.  

One of the pyrimidine modifications is E-base (3-oxo-2,3-dihydropyridazine) 

(Figure 37 a), which can form a triad with A:T base pair (Figure 37 c). The E-base binds 

to thymine more strongly than guanine. It even binds to uracil, more favorably than 

thymine.  Its derivative, the conformationally locked analog, the Eag base (Figure 37 b), 

binds to thymine less preferentially than the E base. It showed least preference for uracil. 
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structure of the 3-oxo-2,3-dihydropyridazine E:T:A triplet. 
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1.4.7d Fluorescent moieties used as modified nucleobases:  

It would be useful to have intrinsically fluorescent nucleobases that are 

complementary to the remaining natural nucleobases.  

2-aminopurine is a modified nucleobase (Figure 38 a), which has fluorescence 

property. Whenever this was used as a complementary base to thymine, successful 

hybridization can be detected through a decrease in the fluorescent intensity of 2-

aminopurine.91 5-Phenyl ethynyluracil (5-yne-U) (Figure 38b) and 6-

phenylpyrrolocytosine (pC) (Figure 38c), retain their selectivity for A and G, 

respectively. The oligomers respond to the state of hybridization, even though 5-phenyl 

ethynyluracil shows it weak fluorescence.92 
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Figure 38: Structures of a) 2-aminopurine, b) 5-phenylethynyluracil, c) 6-phenylpyrrolocytosine 

The phosphorescent PNA is useful for diagnostic applications. The chromophores 

having phosphorescence property were introduced into PNA through substitution of 

nucleobase. 2-Amido anthraquinone (AQ2) (Figure 39 a) is a phosphorescent moiety (an 

analogue of anthraquinone). The phosphorescence of 2-amido anthraquinone containing 

PNA was quenched, upon its hybridization with complementary nucleic acids.  
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Figure 39: Structures of a) 2-amido anthraquinone (AQ2) and b) 8-oxapsoralen 
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With the 8-oxapsoralen (Figure 39 b) as a modified nucleobase attached to PNA, 

it was observed that it stabilized the duplex at either the C- or N-terminal end, but the 

duplex is destabilized when the modification is incorporated  in the middle. Hybridization 

between the modified PNA oligomer and the complementary DNA can be detected 

through quenching of fluorescence by 43%.94 

Further development of this concept has led to application of intercalating 

nucleobase as a fluorescent probe. The positively charged thiazole orange (TO) was used 

as a modified base, since the positive charge would benefit the hybridization (Figure 40 

a).95 It undergoes a large fluorescence enhancement upon intercalation. The placement of 

the modified residue at a central position enforces intercalation regardless of the opposing 

base. Evaluation of the best linkage of the fluorophore to the PNA backbone and 

attachment of the TO via the quinoline ring, has produced the most responsive probes 

(Figure 40 b).96 
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Figure 40: Structures of  positively charged thiazole orange (TO) with attachment to PNA backbone 
through a) thiazole ring, b) quinoline ring 

1.4.7e Universal bases: 

 The design of unnatural nucleobases that do not contain hydrogen bonding 

acceptors or donors, but are capable of efficient base stacking, are highly pursued for use 

as “universal bases” (Figure 41). These universal bases show less discrimination among 

the natural nucleobases (A, G, C, T).97 The introduction of a universal base into PNA 

would expand the repertoire of its use as an antisense/antigene agent or diagnostic tool.  
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Figure 41: The structures of universal bases a) hypoxanthine, b) 3-nitropyrrole, c) 5-nitroindole 

Natural nucleobase mimic hypoxanthine (Figure 41 a) and unnatural heterocycles 

3-nitropyrrole ( Figure 41 b) and 5-nitroindole (Figure 41 c) have been used as potential 

universal bases in PNA.98 While these universal bases do show little base discrimination, 

they also destabilize the duplex nearly as much as a mismatch in oligonucleotides. 

1.4.7f Non-heterocyclic aromatic bases: 

Benzene and pyrene (Py) rings have been incorporated into PNA-like oligomers 

(Figure 42), designed as bis-intercalators. Unlike the heterocyclic aromatic modified base 

containing oligonucleotides, phenyl ring containing PNAs showed destabilization.  

ba
 

Figure 42: Aromatic groups, a) phenyl and b) pyrene replaced nucleobase in PNA 

PNAs containing 2,4-difluorophenyl, pentafluorophenyl and 2,4-difluoro-5-

methylphenyl 4-fluorophenyl (4-FPh), pentafluorophenyl (PFP), and β-heptafluoro- 

naphthalene (HFN) monomers were synthesized and incorporated into a PNA oligomers 

for studying the derived duplexes stability ( Figure 43).99  
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Figure 43: Fluro aromatics, a) 2,4-difluorophenyl, b) 2,4-difluoro-5-methyl phenyl, c) 4-
fluorophenyl (4-FPh), d) pentafluorophenyl (PFP), e) β-heptafluoro-naphthalene (HFN) replaced 
nucleobase in PNA 

1.4.7g Nucleobase replacement with non-aromatics 

The complete replacement of the nucleobase by a nonaromatic group has been 

reported, but this area of research hasn’t been explored enough. The α-acetyl-2- amino 

ethylglycine unit has been used as an abasic site in PNA (Figure 44a). Researchers 

incorporated either neutral (Figure 44 a) or positively charged (Figure 44 b) hydrophilic 

moieties into the termini of PNA as solubility enhancers.100a 

A combinatorial approach has been attempted towards the discovery of a 

synthetic protease for myoglobin with aptamer-like PNAs containing cyclen PNA 

monomer (Figure 44 c), which acts as a metal chelating ligand.100b 
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Figure 44: Structures of a) α-acetyl-2- amino ethylglycinyl PNA, b) N,N-dimethoxyethyl amino 
PNA , c)  cyclen PNA 

1.5 Present work  

The above sections describe the current literature on Peptide Nucleic Acids with 

reference to structural variations and duplex/triplex stabilization applications. The strand 
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invasion property along with its high affinity and specificity to complementary 

DNA/RNA has prompted it as a useful tool in therapeutics and biology. However, due to 

limitations like poor aqueous solubility, self-aggregation, poor cellular uptake, ambiguity 

in binding orientation and possibility of various conformations has limited further 

exploitation of PNA in practical applications. In order to circumvent these problems 

further modifications and the synthesis of newer PNAs to improve their properties, 

continue to elicit interest. To overcome the problems associated with PNA, there is 

considerable interest in chemical modifications of PNA.  

In this connection Chapter 2 deals with the synthesis and characterization of 

cyanruyl and 8-bromoadeninyl PNA monomers and their site specific incorporation into 

PNA oligomers. 8-Bromoadeninyl PNA monomers were converted into 8-aminoadeninyl 

PNA oligomers on resin bounded oligomer. The rationale behind the synthesis of 

cyanuryl and 8-aminoadeninyl PNA was to induce Hoogsteen hydrogen bonding to 

stabilize the triplex structures. 
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Figure 45: Structures of a) cyanuryl PNA, b) 8-bromoadeninyl PNA and c) 8-aminoadeninyl PNA 
(The sites of the molecule involve in hydrogen bonding are showed with arrows) 

Chapter 3 describes the biophysical studies of various cyanuryl, 8-bromo 

adeninyl and 8-aminoadeninyl PNA oligomers (octamers). The triplex formation of the 

modified PNA oligomers (cyanuryl/8-bromoadeninyl/8-aminoadeninyl) with 

complementary DNA was studied through circular dichroism spectroscopy (CD 
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spectroscopy) and UV-mixing curves. The stability of triplex was studied through UV-

melting experiments.  Studying on base pair complexation in PNA monomers have been 

attempted used NMR spectroscopy. 
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2.1 Introduction 

As described in Chapter 1, the search for effective antigene/antisense agents has 

led to the development of new classes of DNA/RNA analogues in the past few years, 1-8 

and the most prominent outcome of this search is the invention of peptide nucleic acids 

(PNA). 9-14 

In this class of compounds, the negatively charged sugar-phosphate backbone of 

DNA is replaced by a neutral and achiral polyamide backbone consisting of N-(2-

aminoethyl) glycine units. The nucleobase is attached to the backbone through a 

conformationally rigid tertiary amide linker (Figure 1). The inter-nucleobase distance in 

PNA is conserved, allowing its binding to the target DNA/RNA sequences with high 

sequence specificity and affinity. Moreover PNA is stable to cellular enzymes like 

nucleases and proteases.15 
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Figure1: DNA(RNA) and PNA structures 

However, major limitations for the therapeutic applications of PNAs are their 

poor aqueous solubility due to self-aggregation, insufficient cellular uptake, and 
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ambiguity in orientation selectivity16, 17 of binding (parallel/ antiparallel) with 

DNA/RNA. The tertiary amide linkage of nucleobase attachment to PNA backbone (syn-

anti) (Figure 2) leads to different rotameric conformations. Although X-ray structure in 

solid state indicates major portion of these are PNA (in oligomer) exhibits syn 

conformation,18a it is not certain that it is competent for hybridization with the 

corresponding complementary oliognuclotide in solution state.18b 

N
O B

HO
PO O

O

a b c
O

N
O

B
O

N
O

B

NH

 
Figure 2. Structures (a) DNA, (b) PNA, and (b, c) rotamers of aeg PNA along tert. amide bond 

In the past few years, significant attempts have been made to address these 

problems in an effective and rational manner. Introduction of chirality into PNA by 

linking chiral amino acids, peptides as well as other ligands as conjugates into PNA 

backbone were aimed at improving the orientation selectivity of binding, solubility and 

cell penetration. 19-22 

In view of these, there is considerable interest in chemical modifications of PNA. 

Although most of the modifications of PNA are centered on changing the structure of 

backbone, many new opportunities remain to be explored through modification of the 

heterocyclic base to influence the base pairing properties.  

To address the rotamer problem, introduction of a modified base, which can form 

hydrogen bonding from either side, could be a worthwhile concept.23 In case of 
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oligonucleotides some effort has been carried out in the direction of modified bases to 

increase the hydrogen bonding sites on purine bases eg. 2,6 diaminopurine etc.24,25 For 

pyrimidines Cyanuric acid (Figure 4) may well suit this purpose, since being symmetrical 

the potential of H-bonding  via increased number of sites is enhanced.  
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Figure 3: The structures of the rotamers along tertiary amide bond and along the C-N bond 
(along nucleobase attached to PNA backbone) The sites of the molecule involve in hydrogen 
bonding are showed with dashes. 

Nucleobase attached to PNA backbone through C-N single bond, has the ability to 

rotate along 360o and hence can assume various conformations and the tertiary amide 

bond through which base is attached to backbone can from both syn and anti 

conformations (Figure 3a&b). Hydrogen bonding in nucleic acid complexes is 

nucelobase orientation specific. The different rotameric and conformational structures of 

aeg PNA thymine monomer are shown in Figure 3. Among these only some may be 

productive for hydrogen bonding with the complementary neucleobase adenine 

depending on its rotameric orientation. This concept is similar to all PNA monomers 
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consisting of natural nucleobases that can recognize the complementary nucleobases in 

one specific direction only. The modified nucleobase, which can form hydrogen bonding 

from either sides, may therefore enhances the hydrogen bonding possibility by two folds. 

In such a case the conformation of rotamer may not matter, since the base can recognize 

the complementary nucleobase from either face through hydrogen bonding.  

Cyanuric acid and 8-aminoadenine are well suited for such purposes as 

pyrimidine and purine mimics since, these have potential to form hydrogen bonding from 

both sides (Figure 4). This feature may lead them to form stable triplexes and duplexes. 
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Figure 4: The hydrogen bonding sites on N-alkyl cyanuric acid and N9-alkyl 8-aminoadenine 

(a=hydrogen bond acceptor, d=hydrogen bond donor) 

2.2 Rationale design behind the work  

2.2.1 Importance of cyanuric acid as a modified nucleobase 

A basic requirement for triplex formation is that the central base of the triad must 

be able to form hydrogen bonds from either side. A vast literature exists in use of 

modified bases to increase the hydrogen bonding sites on nucleobases both pyrimidines 

and purines in olignucleotides for this purpose.23 However in PNA field such literature is 

lacking.  

Cyanuric acid is a six-membered cyclic imide with alternate arrangement of 

hydrogen bond donors and acceptors and it is potentially well suited for hydrogen 
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bonding from either side. In it’s free form, it is known to form a network of well-defined 

robust hydrogen-bonded system through self assembly leading to a molecular tape.26,27 

Each tape is formed by continuous formation of double hydrogen bonds in one direction, 

while the tapes are held together in the other direction by  single hydrogen bonds as 

shown in Figure 5a. Mono N-substitution of cyanuric acid perturbs this hydrogen-

bonding network, as shown for N-methylcyanuric acid, which forms a hexagonal 

network28a (Figure 5b), with the interaction of C-H---O bonds. Thus Cyanuric acid and N-

methylcyanuric acid show different supramolecular structures (Figure 5 a&b) with 

complete saturation of all H-bonding donor and acceptor sites.  
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Figure 5: Hydrogen bond arrangements in (a) cyanuric acid (b) N-methyl cyanuric acid 

Cyanuric acid (CA) and N-methylcyanuric acid (MCA) have close structural 

resemblance to uracil and form a variety of hydrogen-bonded base pairs.28b Adenine is 

the complementary nucleobase for uracil. The hydrogen bonding interaction between N9-

ethyladenine (EA) and N-methylcyanuric acid and with cyanuric acid studied 

independently.28c The arrangement of the molecular strips in two-dimensional sheets is 
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however unique with each strip containing molecules of both EA and MCA existing as 

pairs (Figure 6). There are two distinct types of hydrogen-bonded interactions in the 

complex of EA and MCA homomeric (MCA...MCA, EA...EA) and heteromeric 

(MCA...EA). Each strip consists of a polymeric chain made up of continuous hydrogen 

bonded networks of alternating homo and hetero dimers of methyl cyanuric acid and 

ethyladenine as, MCA...MCA...EA...EA...MCA...MCA..... In both cases, the N-H...O and N-

H...N hydrogen bonds form distinct cyclic rings. 
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Figure 6 Molecular strips showing homomeric and heteromeric arrangement of the molecules of 

MCA and EA in the complex MCA:EA. 

2.2.2 Biological relevance of cyanuryl nucleoside  

Cyanuric acid nucleosides have been shown to originate in radiation-exposed 

deoxyguanosine samples29 and DNA oligomers containing this base have been 
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synthesized.30 It has been observed that the cyanuric acid nucleoside-containing DNA 

oligomers are stable to base excision repair enzymes, formamidopyrimidine DNA N-

glycosylase (Fpg) and endonuclease III (endo III).  The presence of cyanuric acid 

nucleoside in DNA  also induces a total resistance to digestion by enzymes SVPDE (3’-

exo) and CSPDE (5’-exo).30 On the basis of these established facts, the objective was to 

prepare cyanuric acid containing  PNA oligomers to check their  ability to form 

complexes with complementary DNA and RNA. 

2.2.3 Importance of 8-aminoadenine as a modified nucleobase 

A simple purine analogue, which is capable of forming hydrogen bonds from 

either sides, can be designed by introducing suitable substitution at C-8 of purine. 

Introduction of amino group (-NH2) at C-8 position of adenine increases the stability of 

triple helix due to gain of one Hoogsteen purine-pyrimidine hydrogen bond31-33(Figure 7). 
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Figure 7 Hydrogen bonding in (i) adenine-adenine-thymine base triad (ii) adenine: 8-
aminoadenine: thymine base triad and (iii) adenine-8-ketoadenine:thymine base triad 

The propensity of the C-8 amino group located in major groove compared to       

normal motif in influencing the ‘spine of hydration’ affects the stability of the triplex 

structure. 31,33 8-Amino derivatives of purine class of modified bases are able to increase 

the stability of DNA hairpins.34 Theoretical studies have also supported the increased 
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triplex stability through introduction of the electron donating groups like bromo, 

hydroxyl or amino group at C-8 position of adenine.35a These enhance the H-bond 

accepting potential of  N-7, through delocalization of lone pair electrons on 8-NH2 group 

(Figure 8). 8-Keto group similarly enhances the H-bonding donor potential of 7-NH. 15N 

NMR experimental studies have shown increased electronic density on N-7 indicates that 

the structure-based predictions were correct and that 8-aminopurines can be used to 

obtain stable purine: purine: pyrimidine triplexes. 35b 
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Figure 8: structures of 8-bromoadenine, 8-aminoadenine and 8-oxoadenine 

The NMR study to calculate the binding stoichiometry and association constant 

between 8-amino-2’deoxyadenosine and 2’-deoxythymidine, evidenced the existence of 

non-WC base pairing in 8-amino-dA:dT complex and favored  Hoogsteen base pairing 

preferred in reverse mode, which  would involve both amines present at C-6 and C-8 

positions of adenine participate in base pairing (Figure 9).35c 
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Figure 9: Structures of i) dT:8-NH2-A:dT base triad and ii) dT:8-NH2-A base pair 



Chapter 2 

 

51

Binding of pyrimidine single strands by modified clamps containing 8-

aminopurines has been shown to have high affinity for model homopyrimidine 

sequences, resulting in the formation of very stable antiparallel triplexes at room 

temperature.36 

2.2.4 Biological relevance of 8-aminoadenosine 

Few reports on for 8-aminoadenosine have suggested it’s interesting effects in 

biological systems: the cyclic ADP ribose antagonist 8-NH2-cADP-ribose blocks 

cholecystokinin-evoked cytosolic Ca2+ spiking in pancreatic acinar cells37 and C-8 

modified ATP analogs inhibit the Saccharomyces cerevisiae Poly(A) polymerase.38 8-

aminoadenosine is a potential therapeutic agent for multiple myeloma,39aas it  induces 

dephosphorylation of p38 nitrogen-activated protein kinase, extracellular signal-regulated 

kinase 1/2 and Akt kinase, that have role in  induction of apoptosis in multiple 

myeloma.39b 

2.3 Objectives 

The above resume on importance of cyanuric acid and 8-aminoadenine prompted us 

to synthesize the cyanuryl and 8-aminoadeninyl PNA oligomers and examine the stability 

of their duplexes and triplexes with corresponding complementary DNA. 

Objectives of this chapter are  
 

1) Synthesis of cyanuryl PNA monomer (6) 

2) Synthesis 8-bromoadeninyl PNA monomer (26) 

3) Synthesis of aeg PNA monomers (T/C/A/G) (32, 34, 36, 38) 

4) Site specific incorporation of base modified PNA monomers into PNA oligomers 
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5) Conversion of the solid supported 8-bromoadeninyl PNA oligomers to  

8-aminoadeninyl PNA oligomers                                                                                   

6) Cleavage of the oligomers from solid support and purification followed by the 

characterization.  

6
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Figure 10: Structures of cyanuryl PNA and 8-bromoadeninyl PNA monomers  

2.3.1 Synthesis of cyanuryl PNA monomer 

The cyanuric acid can be prepared from urea and isocyanates. Urea was cyclized 

to cyanuric acid under solvent free conditions in the presence of ammonium chloride 

under vacuum at elevated temperatures.40a Isocyanates under catalysts (calcium acetate, 

potassium acetate, oxalic acid, triethylamine and others) undergoes trimerizartion and 

forms different cyanuric acid derivatives (Scheme 1). 40b 
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 The synthesis of cyanuryl PNA monomer through cyanuric acid ring construction 

was attempted as per the earlier report (Scheme 2).41c However poor yields in the scheme 

provoked us to search for new methods to synthesize cyanuryl PNA monomer. 

For the synthesis of cyanuryl PNA monomer, different routes were attempted. 

a. Cyanuryl ring construction followed by monomer synthesis 

b. Alkylation of cyanuric acid with ethylbromoacetate  

c. Alkylation of cyanuric acid with PNA backbone [Ethyl N-(2-Boc-aminoethyl)-

N-(1-haloacetyl) glycinate] 

2.3.1a Cyanuryl ring construction followed by monomer synthesis 

The reaction of biuret 41a with nitration mixture yielded nitrobiuret (1),41b followed 

by treatment with p-toluene suphonate (PTSA) salt of benzyl glycinate gave compound 2 

(Scheme 2).  Alkyl cyanuric acid 3 was formed by the carbonyl insertion-cyclization of 

alkyl biuret 2.41c Compound 3 was saponified to yield cyanuryl acetic acid 4 followed by 

HOBT mediated coupling with ethyl N-(2-Boc-aminoethyl)- glycinate to give the 

compound 5. The hydrolysis of ester function in compound 5, with aq LiOH followed by 

neutralization yielded the desired cyanuryl PNA monomer 6.  

The carbonyl insertion between two amides of compound 2 was tried with both 

carbonyl diimidazole (CDI) and triphosgene independently, but this reaction gave poor 

yields. Several conditions were employed using different bases, such as organic bases 

pyridine, triethylamine and inorganic bases NaHCO3 and K2CO3 were used in both 

nonpolar solvents like DCM and polar solvents such as acetone to improve the yield. 

However nothing worked out to satisfaction with yields limited to range 8-15% only 
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(Table 1). The carbonyl insertion between two nucleophilic functions (alcohols, amines 

or amino alcohols) is well known in the literature.42 However the carbonyl insertion 

between two amides is difficult because of the poor nucleophilicity of amide nitrogens. 

The poor yields obtained in this scheme 2 motivated us to change the scheme for higher 

yielding route. 
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Reagents: i) nitration mixture, 0 0C; ii) glycine benzyl ester toluene-4-sulfonate, Et3N, DMF, 
80°C, 6 h; iii) CDI, pyridine, reflux, 30 min; iv) KOH, aqueous MeOH, 60 min; iv) ethyl N-(2-
Boc-aminoethyl)-glycinate, HOBT, 0 °C, DCC, DMF. 

Table1: Experimental conditions employed to prepare benzyl (1-cyanuryl) acetate (4) 
 

 

 

 

 

2.3.1b Alkylation of cyanuric acid with ethylbromoacetate/bromoacetic acid  

An alternate method is the direct alkylation of the commercially available 

cyanuric acid to synthesize the target cyanuryl PNA monomer. 

Entry Condition Yield (%) 

1. CDI, Pyridine 10 

2. Triphosgene, triethylamine/DCM 15 

3. Triphosgene, Pyridine 8 

4. Triphosgene, NaHCO3, acetone 10 

5. Triphosgene, K2CO3, acetone 12 
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The problems involved with cyanuric acid alkylation are  

a. Poor solubility of cyanruic acid in organic solvents  

b. Possibility of multiple (mono, di and tri) alkylation  

c. Competition between N-alkylation and O-alkylation (Figure 11) 
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Figure 11: Structures of N-alkylated cyanuric acid (i) tautomers of O-alkylated cyanuric acid (ii & 
iii) and (iv) cyanuryl PNA monomer  

               Direct alkylation of cyanuric acid with ethylbromoacetate was attempted 

(Scheme 2). Under various conditions employed with different bases and solvents (Table 

2, entry 1&2), no reaction was observed at ambient temperatures, but upon rising the 

temperature, formation of multiple products was observed on TLC.  

            Cyanuric acid’s poor solubility in organic solvents seemed to be a major hurdle. 

To improve its solubility, it was intended to protect two imide nitrogens with benzyl 

groups to obtain the N,N-dibenzyl cyanuric acid derivative 9 and the remaining 

unprotected imide nitrogen could be then alkylated easily (Scheme 3). The alkylation of 

dibenzyl cyanuric acid 9 was attempted under different conditions, but all attempts were 

failed. Under room temperature conditions (Table 2, entry 3), no reaction was observed, 

but at higher temperature (Table 2, entry 4&5), multiple products were seen on TLC. 
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Alkylation with bromo acetic acid instead of ethylbromo acetate in polar solvents DMF 

or acetonitrile at high temperature like 80 oC or 100 oC also failed (Table 2, entry 6&7). 
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Scheme 3: Conditions employed to achieve ethyl (1-cyanuryl) acetate (8), ethyl (1-dibenzyl cyanuryl) 
acetate (10a) and (1-dibenzyl cyanuryl) acetic acid (10b)  

 

Table 2: Experimental conditions employed to achieve ethyl (1-dibenzyl cyanuryl) acetate (10) 

2.3.1c Alkylation of cyanuric acid with PNA backbone 

Entry 

no. 
Reactant Condition Result 

1 7 ehyl bromoacetate/K2CO3/DMF, 75 oC No reaction 

2 7 ethyl bromoacetate/NaH/DMF, 75 oC Multiple products

3 9 ethyl bromoacetate, K2CO3, acetonitrile No reaction 

4 9 ethyl bromoacetate and K2CO3/DMF Multiple products

5 9 ethyl bromoacetate, NaOH , DMF Multiple products

6 9 bromo aceticacid, DMF at 100 oC Multiple products

7 9 bromo aceticacid, acetonitile, reflux Multiple products
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While examining the cyanuric acid’s solubility in organic solvents, DMSO was 

found to be the preferable solvent. Cyanuric acid dissolves well in DMSO above 50 oC.  

The direct alkylation of cyanuric acid with Ethyl N-(2-Boc-aminoethyl)-N-(1-halo acetyl) 

glycinate was attempted in DMSO and K2CO3. The PNA backbone (N-(2-Boc-

aminoethyl)-N-(1-haloacetyl) glycinate) (14,15) was prepared from ethylene diamine 

according to the known procedure.43,44 Cyanuric acid is soluble in DMSO at high 

temperatures (>70 oC). The alkylation of cyanuric acid with compound 14 gave low 

yields and took longer hours for completion of reaction. But the alkylation of cyanuric 

acid with N-bromoacetyl compound 15 went to completion in 5 hours and compound 5 

was obtained with good yield (Scheme 4). The hydrolysis of ester function in compound 

5 followed by neutralization yielded the desired cyanuryl PNA monomer 6, with good 

yield and all the compounds are characterized through 1H/13C NMR. Compound 6 was 

used for coupling in solid phase peptide method to synthesize the cyanuryl PNA 

oligomers. 
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Et3N, DCM; iv) Bromoacetyl chloride, Et3N, DCM; v) Cyanuric acid, K2CO3, DMSO; vi) 2N 
LiOH, methanol. 
 
 

2.3.2 Synthesis of 8-bromoadeninyl PNA monomer 
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Figure 12: Structures of  (a) 8-bromoadeninyl PNA monomer (b) 8-aminoadeninyl PNA 
monomer 
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The objective of this part of work is the synthesis of 8-aminoadeninyl PNA. 8-

bromoadeninyl PNA monomer acts as a synthetic precursor to achieve 8-aminoadeninyl 

PNA monomer (Figure 12).  

8-Aminoadeninyl PNA monomer synthesis was proposed to be achieved via the 

bromination of adenine to get 8-bromoadenine (17), followed by amination to give 8-

amino adenine (18) (Scheme 5, path a). However, the first step of bromination of adenine 

failed. The bromination at C-8 of N9-benzyl adenine45 was reported in literature, 46 and 

was done accordingly. However, the hydorgenolysis for debenzylation yielded the 

debrominated product 19 as major product instead of the debenzylated product 17 

(Scheme 5, path b).  
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Bromine in dioxane/10%aq. Na2HPO4; vii) aq. LiOH in methanol; viii) Ethyl N-(2-Boc-
aminoethyl)-glycinate, HOBT, HBTU, DMF 

Adenine treated with ethylbromoacetate in presence of K2CO3 yielded compound 

21, which upon bromination afforded the corresponding 8-bromo compound 22 (Scheme 

5, path c). The hydrolysis of ester function in compound 22 yielded the 8-bromoadeninyl 

acetic acid (23). The coupling of compound 23 and the amine (Ethyl N-(2-Boc-aminoethyl)-

glycinate) (13) to yield 8-bromoadenine PNA monomer (25) gave poor yields. This 

motivated us to change the synthetic route.   

The bromination was carried out on N9-benzyladenine (19&21) to yield the 

corresponding 8-brominated products (20&22), which were obtained in good yields.  

Since bromination on N9-alkyladenine worked out well, it was thought to brominate 

adeninyl PNA monomer (24) (Scheme 5). The reaction was fruitful and yielded 8-

bromoadeninyl PNA monomer (25) with moderate yield of 55%.The hydrolysis of ester 

group in compound 25 with aq. LiOH, in methanol yielded the 8-bromoadeninyl PNA 

monomer acid (26) (Scheme 6), which was used for coupling in solid phase peptide 

synthesis to synthesize PNA oligomers.   
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Reagents: i) (Boc)2O, THF; ii) Ethylbromoacetate, Et3N, acetonitrile; iii) chloro acetyl chloride, 
NEt3, DCM; iv) adenine, K2CO3, DMF; v) Br2, dioxane; 10% aq. Na2HPO4; vi) LiOH, methanol 

2.3.3 Synthesis of aeg PNA monomers (Az/G/CZ/T) 

To study the influence of base modified aeg PNA monomers on hybridization 

properties of PNA oligomers, these were site specifically incorporated in aeg PNA 

oligomers along with the unmodified aeg PNA monomers, but the exocyclic amino group 

of cytosine (N4-H) and adenine (N6-H) need to be protected for its use in peptide 

synthesis. The benzyloxycarbonyl group is appropriate for this purpose.  

N4-benzyloxycarbonylcytosine43, 47 (28)  

 Cytosine was treated with benzyloxycarbonyl chloride in dry pyridine at ice 

temperature yielded N4- benzyloxy carbonylcytosine 47 (Scheme 7). 

N6-benzyloxycarobnyladenine43, 47 (30) 
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Adenine, upon treatment with sodium hydride in dry DMF gave sodium 

adenylate, which was in-situ treated with benzyloxycarbonyl chloride to give the N6- 

benzoyloxycarbonyladenine 30 (Scheme 7). 

The aeg PNA monomers, containing natural nucleobases (protected form in case 

of cytosine and adenine) were synthesized as described in Scheme 8. 
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Reagents: i) Benzyloxy carobonyl chloride, dry pyridine; ii) Benzyloxy carbonyl chloride, NaH, 
DMF 
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Reagents: i) (Boc)2O, THF; ii) Ethylbromoacetate, Et3N, acetonitrile; iii) Chloro acetyl chloride, 
Et3N, DCM; iv) Thymine, K2CO3, DMF; v) 2N LiOH, methanol vi) Cbz-Cytosine, K2CO3, DMF; 
vii) Cbz-adenine, K2CO3, DMF; viii) 6-chloro 2-amino purine, K2CO3, DMF. 

The synthesis of 14 was carried out as reported in literature43-44 starting from the 

readily available 1,2-diaminoethane (Scheme 8). The monoprotected derivative 12 was 
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prepared by treating a large excess of 1,2-diaminoethane (10 equivalents) with di-t-

butoxyanhydride in THF. High dilution and low temperature conditions minimize the 

formation of di-boc derivative. The di-boc compound being insoluble in water, it was 

removed by filtration through celite. The N1-tboc-1,2-diaminoethane was then subjected 

to N-alkylation using ethylbromoacetate and triethylamine as base in acetonitrile to give 

the ester 13, which was not stable for a longer time at room temperature, it was treated 

with chloroacetyl chloride in DCM, in presence of triethylamine to yield the chloro 

compound 14. The ethyl N1-(tboc-aminoethyl)-N-(chloroacetyl)-glycinate 14 was used as 

a common intermediate for the preparation of all the four PNA monomers.  

Alkylation with the ethyl N-(tboc-aminoethyl)-N-(chloroacetyl)-glycinate to 

thymine is regiospecific at N1 of thymine. Thymine was reacted with ethyl N-(tboc-

aminoethyl)-N-(chloroacetyl)-glycinate using K2CO3 as a base to obtain N-(tboc-

aminoethylglycyl)-thymine ethyl ester 31 in high yield. In case of cytosine, the exocyclic-

amine N4 was protected as Cbz (Scheme 7) to obtain 28, 17 which was used for alkylation 

employing K2CO3 as the base to provide the N1-substituted product 33. The exocyclic 

amine of adenine N6 was protected with Cbz (Scheme 7) to obtain 30, treated with K2CO3 

in DMF, followed by its reaction with ethyl N-(tboc-aminoethyl)-N-(chloroacetyl)-

glycinate to obtain N-(tboc-aminoethylglycyl)  (benzyloxy carbonyl)adenine ethyl ester 

35 in moderate yield. The alkylation of 2-amino-6-chloropurine with ethyl N-(tboc-

aminoethyl)-N-(chloroacetyl)-glycinate was facile with K2CO3 as the base and yielded 

the corresponding N-(tboc-aminoethylglycyl)-(2-amino-6-chloropurine) ethyl ester 37 in 

excellent yield. All compounds exhibited 1H and 13C NMR spectra consistent with the 

reported data.43-44  
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The ethyl esters except cytosine monomer were hydrolyzed in presence of 2N 

LiOH to give the corresponding acids 32, 36, 38 which were used for solid phase 

synthesis. In case of ester hydrolysis of the 2-amino-6-chloropurine monomer ester, the 

chloro group is also oxidized to keto group to give guanine monomer 33. Cytosine 

monomer is more susceptible to Cbz deprotection in strong basic conditions, and in this 

case, mild base 1N aq. LiOH was used for hydrolysis to afford the monomer acid 34. The 

need for the exocyclic amino group protection for adenine and guanine is eliminated, as 

they are found to be unreactive under the conditions used for peptide coupling. 

2.3.4 Site specific incorporation of base modified PNA monomers into PNA 

oligomers 

 2.3.4a Solid Phase Peptide Synthesis   

The solid phase peptide synthesis (SPPS) was devised by R. B. Merrifield in 

1959.49 In this method, the peptide is synthesized on an insoluble solid support. In 

contrast to solution synthesis, the solid phase method, offers great advantages. Here the 

C-terminal amino acid is linked to an insoluble matrix such as polystyrene beads (cross 

linked with divinyl benzene) having reactive functional groups, which also acts as a 

permanent protection for the carboxylic acid. The next N-protected amino acid is coupled 

to the resin bound amino acid either by using an active pentaflurophenyl (pfp) or 3-

hydroxy-2,3-dihydro-4-oxo-benzotriazole (Dhbt) ester or by an in situ activation with 

carbodiimide reagent. The excess amino acid was washed out and the deprotection 

followed by coupling reactions was repeated until the desired peptide is achieved. The 

need to purify intermediates at every step is thus obviated. Finally, the resin bound 
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peptide and the side chain protecting groups are cleaved in one step. The advantages of 

the solid phase synthesis are (i) all reactions are performed in a single vessel, minimizing 

the loss due to material transfer, particularly in minimum synthesis scale (ii) large excess 

of monomer carboxylic acid component can be used to drive reaction to high coupling 

efficiency, (iii) excess reagents can be removed by simple filtration and washing with 

appropriate solvent and (iv) the method is amenable to automation and semi micro 

manipulation. The different resins used for SPPS showed in Figure 13. 

Figure 13: 
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2.3.4b Protocols  

The aeg-PNA oligomers with modified bases (cyanuryl PNA monomer (6) and 8-

bromo adeninyl PNA monomer (26)) were site specifically incorporated into PNA 

oligomers using the standard Solid Phase Peptide Synthesis (SPPS)50 protocols, with 

‘boc-chemistry’ strategies. 
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The synthesis can be conveniently carried out from C-terminus to N-terminus, 

using suitably protected amino functionalities with the free carboxylic groups. The 

readily available MBHA (methyl benzhydryl amine) resin was chosen as the polymer 

matrix for building the cyanuryl, adeninyl and 8-bromoadeninyl PNA oligomers.  

Commercially available MBHA resin has a loading value of 2 meq/g, which is not 

suitable for oligomer synthesis. Since, at this level of loading, PNA oligomers aggregate 

there by decreasing the efficiency in successive coupling steps. Hence, it was necessary 

to lower the loading value to 0.25-0.35 meq/g to avoid the aggregation of growing 

oligomer. This was acheived by partial acetylation of the amine content with calculated 

amount of acetic anhydride (capping).51,52 The amount of free -NH2 on the resin available 

for coupling was estimated by the picrate assay, before starting the PNA synthesis.  

The first amino acid (linker) was attached via amide linkage to the resin which 

can be cleaved easily at the end of the synthesis either by acidolysis or aminolysis to get 

the free peptide with carboxyamide at C-terminus. The N-protecting groups employed in 

this process are generally Boc or benzyloxycarbonyl (Z) groups which are also removed 

while performing the cleavage. Although Merrifield used benzyloxycarbonyl group for 

the protection of α-amino group, it has the disadvantage of unwanted side reactions and 

cleavage of the oligomers from the solid support using trifluoromethane- sulfonic acid 

(TFMSA) in the presence of trifluoroacetic acid (TFA) (‘Low, High TFMSA-TFA 

method”).59 A milder and convenient protecting group tertbutoxycarbonyl has become 

very useful and can be used in combination with other protecting groups in differential 

(Boc/Cbz) as well as orthogonal strategies (Boc/Fmoc).  
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The solid phase synthesis is an efficient method although some problems arise 

due to side reactions occurring in peptide synthesis during the neutralization, leading 

sometimes to self capping of the growing PNA chain. In both Fmoc and Boc chemistry 

HOBt/HBTU activation coupling strategy was employed.53 Mainly, two types of self -

capping occur during synthesis: (i) N-terminal detachment of the monomer during N-

capping by uronium salt (Figure 14a) and (ii) transamidation derived from the primary 

amine i.e. acyl migration of the base linked acetyl segment (Figure 14b).  
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Figure 14: Possible side reactions in SPPS 
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In the present study, all the oligomers were built on MBHA resin using L-lysine 

as the C- terminal spacer amino acid linker employing boc chemistry. The PNA 
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oligomers were synthesized using repetitive cycles (Figure 15), each comprising of the 

following steps: 

 a) Deprotection of the N1-tert-butoxycarbonyl (boc) group using 50% TFA in DCM 

followed by DCM/DMF washings 

 b) Neutralization of the TFA salt to get the free amine using 5% DIPEA in DCM, 

followed by DCM/DMF washings 

c) Coupling of the amine with 3 to 4 equivalents of free carboxylic function of the    

incoming amino acid using HOBT/HBTU in DMF:NMP(1:1) as solvent. 

d) Capping of the unreacted amino groups using Ac2O / Pyridine in CH2Cl2 in case 

coupling does not go to completion.  
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Figure 15: Schematic representation of Solid Phase Peptide Synthesis (SPPS) 

Figure 15 represents a typical solid phase peptide synthesis cycle. The 

deprotection of the N-t-Boc protecting group and the coupling reactions were monitored 

by Kaiser’s test.55 Alternatively, chloranil assay56 and De Clercq tests57 are useful to 
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detect the secondary amine. The t-Boc-deprotection step leads to a positive Kaiser’s test, 

wherein the resin beads as well as the solution are blue in color (Rheumann’s purple). On 

the other hand, upon completion of the coupling reaction, the Kaiser’s test is negative, the 

resin beads remain colorless. 

2.3.4c Synthesis of cyanuryl/8-bromoadeninyl PNA oligomers 

The synthesis of PNA oligomers (PNA 50-PNA 64) was achieved by 

incorporating the modified base containing PNA monomers at specific positions in the 

oligomers done on solid support using boc chemistry to extend the oligomers (Table 3). 

T8-aeg PNA was used as the control sequence for comparison the properties of the 

cyanuryl PNAs (51-54), and Adeninyl PNAs (PNA 55-58) were used as control 

sequences for comparison of 8-bromoadeninyl PNA oligomers (PNA 59-62).  

Table 3: The PNA sequences synthesized 

 

 

PNA No Sequence PNA No Sequence 

PNA 50 MBHA-Lys-TTTTTTTT-NHboc PNA 59 MBHA-Lys-TTTTTTTA-NHboc 

PNA 51 MBHA-Lys-TTTTTTTCy-NHboc PNA 60 MBHA-Lys-TTTATTTT-NHboc 

PNA 52 MBHA-Lys-TTTCyTTTT-NHboc PNA 61 MBHA-Lys-ATTTTTTT-NHboc 

PNA 53 MBHA-Lys-CyTTTTTTT-NHboc PNA 62 MBHA-Lys-TTTATTTA-NHboc 

PNA 54 MBHA-Lys-TTTCyTTTCy-NHboc   

PNA 55 MBHA-Lys-TTTTTTTA-NHboc   

PNA 56 MBHA-Lys-TTTATTTT-NHboc   

PNA 57 MBHA-Lys-ATTTTTTT-NHboc   

PNA 58 MBHA-Lys-TTTATTTA-NHboc   

T= thyminyl PNA; Cy= cyanuryl PNA; A= adeninyl PNA; A= 8-bromoadeninyl PNA 
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2.3.5 Conversion of 8-bromoadeninyl PNA oligomers to 8-aminoadeninyl PNA 

oligomers 

One of the main objects of the present work is the synthesis of 8-aminoadeninyl 

PNA. For this 8-bromoadeninyl PNA monomer acts as synthetic precursor. It was 

planned to aminate the 8-bromoadeninyl PNA monomer. But under these reaction 

conditions, the ester which is susceptible for trans amidation was transformed to the 

corresponding 8-aminoadeninyl PNA monomer with carboxy amide functionality 

(Scheme 9). These are undesirable for the present application. 

As mentioned, the protecting group selection for the amino at 8th position of 

adenine is fairly difficult, because of its somewhat guanidinium character (Figure 16). 

According to earlier reports, amino function at C-8 position was protected as Schiff’s 

base (Figure 16b),58 but it is not stable under solid phase synthesis protocols of PNA, 

where 50% TFA in DCM is used for the deprotection of ‘boc’ group.  
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Figure 16 : Structures of  a) 8-aminoadeninyl PNA monomer b) protected 8-aminodeoxy adenosine 
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Since problems were encountered in finding a suitable protecting group for amino 

function in 8-aminoadenine at monomeric level, the direct conversion of 8-bromo 

adeninyl PNA to 8-aminoadeninyl PNA was attempted on the oligomer level.  
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Reagents: (i) NaNH2/AgF/DMF, reflux, 10 hr.  

8-Bromoadeninyl PNA oligomer (Table 4, entry 1-5) was reacted with 

sodamide/THF under reflux conditions to yield the corresponding 8-aminoadeninyl PNA 

oligomers. However, this reaction did not work satisfactorily with mixed PNA oligomers 

containing 8-bromoadenine.  The reaction conditions were modified by addition of silver 

fluoride to facilitate removal of bromine by silver and make it more labile for amination 

(Scheme 10). The reactions were carried out on the 8-bromoadeninyl PNA oligomers 

bound to the resin and the completion of the reaction was monitored by HPLC (Figure 

17) and MALDI-TOF spectroscopy (Figure 18). All results on the conversions of 8-

bromoadenine containing PNA oligomer into 8-aminoadenine containing PNA showed in 

Table 4. 

The oligomers were cleaved from the resin and initially purified with NAP 

column, followed by further purification done using HPLC. The retention time (Rt) value 

of 8-bromoadeninyl PNA was observed at ≈ 8.0 min, whereas the 8-aminoadeninyl PNA 

was observed between 9-9.35 min. The oligomers were characterized by MALDI-TOF 

mass spectrometry. The peaks indicate the mass of 8-bromoadeninyl PNA (2364.68, 
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2452.79) disappeared and the mass of 8-aminoadeninyl PNA were observed (2297.68, 

2320.91) and shown in figure 18.  

Table 4: Conversion of 8-bromoadeninyl PNA to 8-aminoadeninyl PNA 

Sl. 
No. 

8-bromoadeninyl PNA oligomer 
(Reactant) 

HPLC 
retention 

time 
8-aminoadeninyl PNA oligomer 

(Product) 
HPLC 

retention 
time 

1 PNA 78, H-ATTTTTTTLys-NH2 7.94 PNA 82, H-aTTTTTTT -Lys-NH2 9.2 

2 PNA 79, H-TTTTTTT ALys-NH2 7.71 PNA 83, H-TTTTTTTa-Lys-NH2 8.93 

3 PNA 80, H-TTTTATTT-Lys-NH2 7.82 PNA 84, H-TTTTaTTT-Lys-NH2 9.13 

4 PNA 81, H-ATTT ATTT-Lys-NH2 7.85 PNA 85, H-aTTTaTTT-Lys-NH2 9.14 

5 PNA 88, H-GTAGATCACT-Lys-NH2 9.2 PNA 89, H-GTaGaTCaCT-Lys-NH2 9.4 

A= 8-bromoadeninyl PNA; a= 8-aminoadeninyl PNA 

 

  

  
Figure 17: Crude HPLC profiles of (i) H-TTTTTTTA-Lys NH2 (PNA 79), (ii) H-TTTTTTTa-
LysNH2 (PNA 83), (iii) H-ATTTATTT-LysNH2, (iv) H-aTTTaTTT-LysNH2 (PNA 85) 

A= 8-bromoadeninyl PNA; a= 8-aminoadeninyl PNA 

PNA 83 (8-NH2-A PNA)
9.132 

PNA 85 (8-NH2-A PNA) 
9.137 

PNA 80 (8-Br-A PNA)
7.852 

PNA 79 (8-Br-A PNA)
7.936 
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Figure 18: The MALDI-TOF spectra of PNA 77, PNA 81, PNA 83 and PNA 85 

 

The diversity in the reaction of 8-bromoadeninyl PNA into different 8-

aminosubstituted adeninyl PNA on solid supported oligomers was explored. The MBHA 

resin supported 8-bromoadeninyl PNA oligomer PNA 60, was individually treated with       

1,2-diaminoethane and 1,3-diamino propane under reflux conditions (Scheme 11). 

The oligomers were cleaved from the resin and initially purified with NAP 

column, followed by further purification was done using HPLC to obtain 8-(2-

aminoethyl)aminoadeninyl PNA and 8-(3-aminopropyl)aminoadeninyl PNA. The 

retention time (Rt) value of 8-bromoadeninyl PNA (PNA 80) was observed between 

7.59-8.0 min, whereas the 8-(2-aminoethyl)aminoadeninyl PNA (PNA 90) and 8-(3-

aminopropyl)aminoadeniyl PNA (PNA 91)  were observed between 9.2-9.3 min (Figure 

19). The oligomers were characterized by MALDI-TOF mass spectrometry. The peaks 

PNA 79 (8-Br-A PNA)
Mass: 2364.68 

PNA 83 (8-NH2-A PNA)
Mass: 2297.68 

PNA 81(8-Br-A PNA) 
Mass: 2452.79 

PNA 85 (8-NH2-A PNA)
Mass: 2320.91 
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indicate the mass of 8-bromoadeninyl PNA (2363.88) disappeared and the mass of 8-(2-

aminoethyl)aminoadeninyl PNA (2338.39) and 8-(3-aminopropyl)aminoadeninyl PNA 

(2360.09) were observed and shown in Figure 20.  
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Reagents: Ethylenediamine or 1,3 diamino propane, reflux, 16 hr. 

Figure 19: Crude HPLC profiles of (i) H-TTTTATTT-Lys NH2( PNA 80),     (ii) H-TTTTA'TTT-
Lys-NH2 (PNA 90), (iii) H-TTTTATTT-Lys NH2, (iv) H-TTTTA'' TTT-Lys-NH2( PNA 91) 

Figure 20: The MALDI-TOF spectrums of PNA 90 and PNA 91 

PNA 90 
Mass: 2338.39

PNA 91 
Mass: 2360.09

PNA 90
9.207

PNA 91
9.286
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2.3.6 Purine-Pyrimidine Mix Sequences 

In order to study the duplex formation potential of cyanuryl, 8-bromoadeninyl, 

and 8-aminoadeninyl PNAs, it was necessary to synthesize mixed sequences containing 

both purines and pyrimidines. The cyanuryl PNA monomer (6) was incorporated into 

PNA oligomer (PNA 65) in place of the thyminyl PNA monomer and 8-bromoadeninyl 

PNA monomer (26) was used instead of the adeninyl PNA monomer. The 8-

bromoadeninyl PNA oligomer (PNA 66) converted into 8-aminoadeninyl PNA oligomers 

(PNA 67) using sodamide and silver fluoride on solid support as explained in section 

2.3.5 (page 70). The list of oligomer sequences before their cleavage from the solid 

support (MBHA resin) showed in Table 5.  

Table 5: The purine-pyrimidine PNA sequences synthesized 

S. No. PNA  Sequence 

1 PNA 65 MBHA-Lys-TCACTAGATG-NHboc 

2 PNA 66 MBHA-Lys-CyCACCyAGACyG-NHboc 

3 PNA 67 MBHA-Lys-TCACTAGATG-NHboc 

4 PNA 68 MBHA-Lys-TCaCTaGaTG-NHboc 

T= thyminyl PNA; Cy= cyanuryl PNA; A= adeninyl PNA; A= 8-bromoadeninyl PNA; 
a= 8-aminoadeninyl PNA 

2.3.7 Cleavage of the PNA oligomers from solid support, purification and 

characterization  

The PNA oligomers were cleaved from the solid support, using trifluoromethane- 

sulfonic acid (TFMSA) in the presence of trifluoroacetic acid (TFA) (‘Low, High 

TFMSA-TFA method”)59 which yields peptide oligomers blocked as amides at their C-

terminus. The synthesized solid phase bound PNA oligomers were cleaved from the resin 
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using this procedure to obtain sequences bearing lysine-amide at their C-termini. A 

cleavage time of 60-90 min at room temperature was found to be optimum. The side 

chain protecting groups were also removed during this cleavage process, after which, the 

oligomer was precipitated from methanol with dry diethyl ether. 

 All the oligomers were cleaved from the resin subjected to initial gel filtration to 

remove small molecular weight impurities. These were subsequently purified by reverse 

phase HPLC (high pressure liquid chromatography) on a semi-preparative C8 RP column 

by gradient elution using acetonitrile in water or by isocratic elution in 10% acetonitrile-

water on a semi- preparative HPLC RP C-4 column. 

 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.60 α-cyano-4-

hydroxycinnamic acid (CHCA) was used as the matrix and dry droplet method was 

employed in MALDI-TOF mass spectroscopic analysis.  Some representative HPLC 

profiles and mass spectra are shown in appendix of this chapter (Page 102-107 and 108). 

The purified PNA 69-91 sequences obtained are listed in Table 6.  
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Table 6: HPLC and MALDI-TOF mass spectral analysis of synthesized PNAs 

Entry no. Sequence 
HPLC 

retention 
time (min)

Calculated mass 
(HRMS) Observed mass

PNA 69 H-TTTTTTTT-Lys-NH2 7.95 2273.93 2275.24 

PNA 70 H-CyTTTTTTT-Lys-NH2 8.995 2276.91 2300.64(M++Na)

PNA 71 H-TTTTTTTCy-Lys-NH2 9.014 2276.91 2276.62 

PNA 72 H-TTTTCyTTT-Lys-NH2 9.007 2276.91 2280.34 

PNA 73 H-CyTTTCyTTT-Lys-NH2 9.144 2279.88 2301.56(M++Na)

PNA 74 HATTTTTTTLys-NH2 7.932 2282.95 2281.32 

PNA 75 H-TTTTTTTALys-NH2 7.936 2282.95 2284.84 

PNA 76 H-TTTTATTT-Lys-NH2 7.880 2282.95 2305.27(M++Na)

PNA 77 H-ATTT ATTT-Lys-NH2 7.992 2291.96 2293.13 

PNA 78 HATTTTTTTLys-NH2 7.932 2360.85 2364.68 

PNA 79 H-TTTTTTT ALys-NH2 7.936 2360.85 2364.68 

PNA 80 H-TTTTATTT-Lys-NH2 7.880 2360.85 2363.88 

PNA 81 H-ATTT ATTT-Lys-NH2 7.992 2447.78 2452.79 

PNA 82 H-aTTTTTTT -Lys-NH2 9.13 2297.96 2300.84 

PNA 83 H-TTTTTTTa-Lys-NH2 9.132 2297.96 2297.68 

PNA 84 H-TTTTaTTT-Lys-NH2 9.139 2297.96 2300.11 

PNA 85 H-aTTTaTTT-Lys-NH2 9.137 2321.98 2320.91 

PNA 86 H-GTAGATCACT-Lys-NH2 9.16 2852.52 2856.08 

PNA 87 H-GCyAGACyCACCy-Lys-NH2 9.11 2861. 45 2863.28 

PNA 88 H-GTAGATCACT-Lys-NH2 9.2 3089. 85 3093.7 

PNA 89 H-GTaGaTCaCT-Lys-NH2 9.4 2897.6 2899.64 

PNA 90 H-TTTTA'TTT-Lys-NH2 9.207 2339.96 2338.39 

PNA 91 H-TTTTA'' TTT-Lys-NH2 9.286 2354.96 2360.09 
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T= thyminyl PNA; Cy= cyanuryl PNA; A= adeninyl PNA; A= 8-bromoadeninyl PNA;              
a= 8- aminoadeninyl PNA; A'= 8-(aminoehtyl)aminoadeninyl PNA and A'' = 8-(3-amino 
ethyl) aminoadeninyl PNA monomers 

2.4 Synthesis of Complementary Oligonucleotides 

The oligonucleotides 92-99 (Table 7) corresponding to complementary DNA 

sequences were synthesized on Applied Biosystems ABI 3900 DNA Synthesizer using 

standard β-cyanoethyl phosphoramidite chemistry.61 The oligonucleotides were 

synthesized in the 3’ to 5’ direction on polystyrene solid support, followed by ammonia 

treatment. These were desalted by gel filtration, and their purity as ascertained by RP 

HPLC on a C-18 column was found to be more than 98%. They were used without 

further purification for the biophysical studies of hybridization with PNAs.  

Table 7: The oligonucleotides used 
 

 

 

 

 

 

 

 

 

 

 

 

 

Sl. No. DNA entry no. Sequence (5l-3l) HPLC 
retention time 

1 DNA 92 GCAAAAAAAACG 7.6 

2 DNA 93 GCAAAAAAATCG 7.1 

3 DNA 94 GCAAATAAAACG 7.6 

4 DNA 95 GCAAATAAATCG 7.5 

5 DNA 96 CGAAAACAAAGC 7.6 

6 DNA 97 CGAAAACAAATGC 7.9 

7 DNA 98 AGTGATCTAC 8.1 

8 DNA 99 CATCTAGTGA 8.0 

DNA 92

DNA 98 
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Figure 21: HPLC profiles of DNA 92 and DNA 98 

2.5 Conclusions: 

This chapter has described the various attempts for synthesis of cyanuryl and 8-

bromoadeninyl PNA monomer and oligomers. The modified PNA monomers were 

introduced site specifically into the PNA oligomers by solid phase synthesis using “boc-

chemistry”. To overcome the difficulty of finding suitable protecting group for the amino 

group present at 8th position of adenine in 8-aminoadenine, the novel conversion of 8-

bromoadeninyl PNA oligomers into 8-aminoadeninyl PNA oligomers was carried out. 

This conversion further explored to prepare 8-(2-aminoethyl)aminoadeninyl PNA and 8-

(3-aminopropyl)aminoadeninyl PNA. The PNA oligomers having cyanuryl, adeninyl, 8-

bromoadeninyl and 8-aminoadeninyl units were cleaved from the solid support resin. All 

the oligomers were purified through HPLC under standard conditions and characterized 

with MALDI-TOF mass spectrometry.  
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2.6 Experimental details: 

2.6.1 General 

All reagents were obtained from commercial sources and used without further 

purification. NaH was obtained from Aldrich as 60% suspension in paraffin oil and the 

paraffin coating was washed off with pet-ether before use. All the solvents were dried 

according to literature procedures. IR spectra were recorded on a Perkin Elmer 599B 

instrument. 1H NMR (200 MHz), 13C NMR (50 MHz) spectra were recorded on Bruker 

ACF200 spectrometer fitted with an Aspect 3000 computer. All chemical shifts are with 

reference to TMS as an internal standard and are expressed in δ scale (ppm). The values 

given are directly from the computer printout and rounded to the decimal place. TLCs 

were carried out on (E.Merck 5554) precoated silicagel 60 F254 plates and the spots were 

visualized with UV light and/or ninhydrin spray, followed by heating after exposing the 

HCl for the deprotection of the tert-butoxycarbonyl group. All TLCs were run in pet-

ether containing appropriate amount of ethyl acetate or dichloromethane containing 

appropriate amount of methanol to get the rf value 0.5. All compounds were purified by 

column chromatography using 100-200 mesh silica gel obtained from Sisco Research 

Laboratory. NMR spectra of PNA monomers show doubling of peaks due to the presence 

of rotameric mixtures, arising from the tertiary amide linkage. The ratio of major: minor 

is 80:20 unless otherwise mentioned. In cases, where minor isomer is <10% only the 
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peaks of major rotamer are reported. Melting points of the compounds reported are 

uncorrected. 

 

N4-Benzyloxycarbonyl cytosine (28) 

 Cytosine 27 (1 g, 9 mmol) was suspended in dry pyridine (15 mL) and cooled to  

0 oC and benzyloxycarbonyl chloroformate (3.0 mL, 18 mmol) was added drop wise over 

a period of 15 min. under nitrogen atmosphere. The reaction mixture was stirred for 10 

hrs.  The pyridine suspension was evaporated to dryness under vacuum. Water (10 mL) 

was added followed by the addition of 4N hydrochloric acid to bring the solution pH to 2. 

The resulting white precipitate was filtered off, washed with water and partially dried. 

The wet precipitate was boiled in absolute ethanol (25 mL) for 10 min. cooled to 0oC, 

filtered, washed thoroughly with ether, and dried, in vacuum to get 52 as a white solid. 

N

N
H

NH

O

O

O
 

1H NMR (DMSO D6): δ  7.85-7.70 (d, 1H, H6), 7.45-7.20 (m, 

5H, aromatic), 7.00-6.80 (d, 1H, H5), 5.15 (s, 2H, benzyl CH2). 

Mass (m/e) 245 (M+). 

N6-(Benzyloxycarbonyl) adenine (29).  

 Sodium hydride (6.07 g, 152 mmol, 60% dispersion in oil) was washed with 

petroleum ether (3x10ml). After cooling in an ice bath, anhydrous DMF (150 mL) was 

added, followed by adenine (5.00 g, 37.0 mmol) in small portions. The suspension was 

stirred vigorously for 3 min and then benzyl chloroformate (11.6 mL, 81.5 mmol, 97%) 

was added dropwise. After stirring for 4 h, the reaction mixture was poured into ice water 
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(300 mL) and the pH adjusted to 6.0 with 1 N aqueous HC1. The light yellow precipitate 

was collected by filtration and washed with water and then with ether to afford the crude 

product (8.46 g). Recrystallization from methanol/chloroform afforded two crops of 10 

(4.23 g, 44%) as a white solid 

N

N N
H

N

NH

O

O Ph

 

1H NMR (d6-DMSO): 12.4 ( br s, 1 H), 11.0 (br s, 1 H), 8.6 (s, 1 H), 

8.4 (s, 1 H), 7.5-7.3 (m, 5 H), 5.3 (s, 2 H) 

N1-(t-Boc)-1,2-diaminoethane (12):  

 1,2-diaminoethane (20 g, 0.33 mol) was taken in  THF (500 ml) and cooled in an 

ice-bath. Boc-anhydride (5 g, 35 mmol) in THF (150 ml) was slowly added with stirring. 

The mixture was stirred at ambient temperature for 16 hr. and the resulting solution was 

concentrated to 100 ml. The N1, N2-di-Boc derivative precipitated after the addition of 

water 100 ml and it was removed by filtration through celite. The corresponding N1-boc 

ethylene diamine was obtained by repeated extraction from the filtrate in DCM. The 

combined organic layers was kept on Na2SO4 and removal of solvent yielded the N1-boc 

ethylene diamine 37 (3.45 g, 63%, Rf = 0.25, DCM: MeOH= 9:1).  

1H NMR (CDCl3, 200 MHz): 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). 

 

Ethyl N-(2-Boc-aminoethyl)-glycinate (13):  
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The N1-(boc)-1,2-diaminoethane 12 (3.2 g, 20 mmol) was treated with ethyl 

bromoacetate (2.25 ml, 20 mmol) in acetonitrile (100 ml) in the presence of NEt3 (6.05 g, 

60 mmol) at 0 oC,  the mixture was stirred at ambient temperature for 12 h. The reaction 

mixture was concentrated to a gum and diluted with H2O (20 ml) and extracted with ethyl 

acetate (5 x 20 mL). The combined organic phases were dried on anhydrous Na2SO4 and 

evaporation of the solvent afforded 4.3 gm (83%) of 13 as oily liquid. 

 

1H NMR (CDCl3, 200 MHz): δ  5.02 (br s, 1H, NH), 4.22 
(q, 2H, J = 8Hz), 3.35 (s, 2H), 3.20 (t, 2H, J = 6Hz), 2.76 
(t, 2H, J = 6Hz), 1.46 (s, 9H), 1.28 (t, 3H, J = 8Hz). 

Ethyl N-(boc-aminoethyl)-N-(chloroacetyl)-glycinate (14):  

 The ethyl N-(2-boc-aminoethyl)-glycinate 14 (4.0 g, 14 mmol) was taken in 10% 

aqueous Na2CO3 (75 ml) and dioxane (60 ml). Chloroacetyl chloride (6.5 ml, 0.75 mmol) 

was added in two portions with vigorous stirring. The reaction was completed within 5 

min and 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 14 as a colorless oil in good yield 

(4.2 g, Yield, 80%; Rf = 0.3, ethyeacetate:petroleum ether; 2:8).  

13
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1H NMR (CDCl3, 200 MHz): δ  5.45 (br s, 1H), 4.1- 4.9 (S, 

2H), 4.00 (s, 2H), 3.53 (t, 2H), 3.28 (q, 2H), 1.46 (s, 9H), 

1.23 (t, 3H, J=8Hz). 

 

 

N-(Boc-aminoethylglycyl)-thymine ethyl ester (31):  

 Thymine (0.41 g, 3.25 mmol) dissolved in DMF (15ml) containing anhydrous 

K2CO3 (0.47 g, 3.4 mmol) and heated at 60 oC for 60 min and slowly cooled to by 0 oC. 

Ethyl N-(boc-aminoethyl)-N-(chloroacetyl)-glycinate 14 (1.0 g, 3.1mmol, in 10 ml DMF) 

was added dropwise and the reaction mixture stirred for 6 hrs. After completion of the 

reaction, DMF was evaporated under reduced pressure and extracted with ethylacetate 

(3x25ml). The combined organic phases were dried over anhydrous Na2SO4 and 

concentrated, followed by column chromatography to obtain the desired compound 31 in 

good yield. (1 g, Yield 83%; Rf = 0.2, MeOH:DCM; 5:95). 

 
1H NMR (CDCl3, 200 MHz): δ  9.00 (br s, 1H), 7.05 (min) & 

6.98 (maj) (s, 1H), 5.65 (maj) & 5.05 (min) (br s, 1H), 4.58 

(maj) & 4.44 (min) (s, 1H), 4.25 (m, 2H), 3.55 (m, 2H), 3.36 

(m, 2H), 1.95 (s, 3H), 1.48 (s, 9H), 1.28 (m, 3H) 

N-(Boc-aminoethylglycyl)-(N4-benzyloxycarbonyl cytosine)ethyl ester (33):  

14

31

N N 
O 

O E t H 

b o c 

O 

N 

N H 

O 

O 
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 A mixture of NaH (0.25 g, 6.2 mmol) and N4-benzyloxycarbonyl cytosine 17 

(1.24 g, 6.2 mmol) was taken in DMF and stirred at 60 oC till the effervescence ceased. 

The mixture was cooled and ethyl N-(boc-aminoethyl)-N-(chloroacetyl)-glycinate 14 (2.0 

g, 6.2 mmol) was added. Stirring was then continued to obtain the cytosine monomer, N-

(Boc-aminoethylglycyl)-(N4-benzyloxycarbonyl cytosine) ethyl ester 33, in moderate 

yield (1.75 g, 69%; ).  

N

N

N

O

H O

O

33
N

N
O

OEt
H

boc

O

 

1H NMR (CDCl3, 200 MHz): δ  : 7.65 (d, 1H,), 7.35 (s, 

5H), 7.25 (d, 1H), 5.70 (br s, 1H), 5.20 (s, 2H), 4.71 (maj) 

& 4.22 (min) (br s, 2H), 4.15 (q, 2H), 4.05 (s, 2H), 3.56 

(m, 2H), 3.32 (m, 2H), 1.48 (s, 9H), 1.25 (t, 3H). 

N-(Boc-aminoethylglycyl)-adenine ethyl ester (24):  

 NaH (0.25 g, 6.1 mmol) was taken in DMF (15 ml) and adenine (0.8 g, 6.1 mmol) 

was added. The mixture was stirred at 60 oC, then slowly cooled to 0 oC and ethyl N- 

Boc-aminoethyl)-N-(chloroacetyl)-glycinate 14 (2.0 g, 6.1mmol) added dropwise. The 

reaction mixture was stirred at ambient temperature for 6 hrs. The DMF was removed 

under vacuum and the resulting thick oil was taken in water and the product, extracted 

with ethyl acetate (3x25ml). The organic layer was dried using anhydrous Na2SO4 and 

concentrated to obtain the crude product, which was purified by column chromatography 

to obtain the pure N- (boc-aminoethyl glycyl) - adenine ethyl ester 24 with good yield. 

(Yield 75%; Rf = 0.2, MeOH:DCM; 5:95).  
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1H NMR (CDCl3, 200 MHz): δ  8.32 (s, 1H), 7.95 (min) & 

7.90 (maj) (s, 1H), 5.93 (maj) & 5.80 (min) (br, 2H), 5.13 

(maj) & 4.95 (min), 4.22 (min) & 4.05 (maj) (s, 2H), 4.20 (m, 

2H), 3.65 (maj) & 3.55 (min) (m, 2H), 3.40 (maj) & 3.50 

(min) (m, 2H), 1.42 (s, 9H), 1.25 (m, 3H). 

 

N-(Boc-aminoehtylglycyl)-(8-bromoadenine) ethyl ester (25): 

  N-(Boc-aminoethtylvglycyl)-adenine ethyl ester (24) (1g, 2.38 mmol) was 

dissolved in dioxane (5ml) and Na2HPO4 (0.85 g, 5.95 mmol) dissolved in 5ml water was 

added dropwise. The reaction mixture was stirred at 0 oC and liquid bromine (0.24ml, 

0.48 mmol) added dropwise and stirred at ambient temperature for 6h. Dioxane removed 

under vacuum, excess bromine was quenched with excess 1N Na2S2O5, by stirring for 4 

hrs and the reaction mixture extracted with ethyl acetate (3x50 ml), followed by drying 

over anhydrous Na2SO4. The organic layer was concentrated under vacuum, which was 

purified by column chromatography (hexane: Ethyl acetate) yielded N-(boc-

aminoehtylglycyl)-(8-bromoadenine) ethyl ester.  

N

NN

N

N

O
O

N
H

NH2

OEt

Br

boc 25  

1H NMR (CDCl3, 200 MHz): δ  8.32 (s, 1H), 5.93 (maj) & 5.80 

(min) (br, 2H), 5.13 (maj) & 4.95 (min), 4.22 (min) & 4.05 

(maj) (s, 2H), 4.20 (m, 2H), 3.65 (maj) & 3.55 (min) (m, 2H), 

3.40 (maj) & 3.50 (min) (m, 2H), 1.42 (s, 9H), 1.25 (m, 3H). 

13 C NMR (CDCl3): 169.30, 165.66, 155.99, 154.34, 152.61, 

151.21, 127.95, 119.23, 61.46, 48.81, 44.36, 38.40, 28.19, 

24
N

N

O

OEt
H

boc

N

N

N

N

NH2

O
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21.13. 

I. R: 757.97 (C-Br) 

N-(Boc-aminoehtylglycyl) cyanuryl ethyl ester (6): 

Cyanuric acid (1g) was dispersed in DMSO (50ml) and K2CO3 (1 g) added. The 

mixture heated at 55 oC for 1hr. and was slowly cooled to 0 oC and ethyl N- Boc-

aminoethyl)-N-(bromoacetyl)-glycinate 15 (2.0 g, 6.1mmol) added dropwise. The 

reaction mixture was stirred at ambient temperature for 10 hrs. Water (20ml) was added 

to the reaction mixture and extracted with diethyl ether for several times (until compound 

6 is not present in aqueous layer as confirmed by TLC). The combined ether layers were 

pooled and washed with water and brine solution several times to remove the DMSO 

dissolved in ether layer. The ether extracts were dried over anhydrous Na2CO3 and 

concentrated to obtain the crude product. This was purified by column chromatography to 

obtain the pure N- (boc-aminoethyl glycyl) cyanuryl ethyl ester 6 with good yield. (Yield 

75%; Rf = 0.2, MeOH:DCM; 5:95).  

5
N

N

O

OEt
H

boc

O

O

NH

N

NH

O

O

 

1H NMR (CDCl3, 200 MHz): δ  9.00 (br s, 1H), 8.81(br s, 

1H), 5.49 (maj) & 5.40 (min) (s, 1H), 4.63 (maj) & 4.48 (min) 

(s, 2H, Cy-CH2), 4.11(maj) & 4.03 (min) (m, 2H, OCH2), 3.95 

(m, 2H), 3.25 (maj) & 3.2(min) (m, 2H), 1.95 (s, 3H), 1.36 (s, 

9H), 1.20 (m, 3H).  
13C NMR (CDCl3): δ: 167.35, 164.77, 154.06, 147.46, 
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146.61, 145.97, 77.71, 60.07, 59.44, 46.72, 40.50, 36.64, 

26.21, 11.97, 12.2. 

N-(Boc-aminoethylglycyl)-2-amino-6-chloropurine ethyl ester (43): A mixture of 2-

amino-6-chloropurine (1.14 g, 6.8 mmol), K2CO3 (0.93 g, 7.0 mmol) and ethyl N-(Boc-

aminoethyl)-N-(chloroacetyl)-glycinate 14 (2.4 g, 7.0 mmol) were taken in dry DMF (20 

ml) and stirred at room temperature for 4 h. Solid K2CO3 was removed by filtration and 

the filtrate was concentrated under reduced pressure. The resulting residue was purified 

by column chromatography over silica gel to obtain the N-(boc-aminoethylglycyl)-2-

amino-6- chloropurine ethyl ester (37) in excellent yield (2.55 g, 90%; Rf = 0.25, 

MeOH:DCM; 5:95).  

37
N

N

O

OEt
H

boc

N

N

N

N

O

Cl

NH2

 

1H NMR (CDCl3, 200 MHz): δ  7.89 (min) & 7.85 (maj) (s, 

1H), 7.30 (s, 1H), 5.80 (br s, 1H, NH), 5.18 (br, 2H), 5.02 

(maj) & 4.85 (min) (s, 2H), 4.18 (min) & 4.05 (maj) (s, 2H), 

3.65 (maj) & 3.16 (min) (m, 2H), 3.42 (maj) and 3.28 (min) 

(m, 2H), 1.50 (s, 9H), 1.26 (m, 3H). 

 

Hydrolysis of the ethyl ester functions of PNA monomers (General method): 

 The PNA ester monomer was dissolved in methanol to which aq. LiOH  (2N) 

added and stirred for 2 hrs, TLC indicated that the reactant was consumed. Methanol was 

evaporated under reduced pressure, residue dissolved in water and the aqueous layer 

washed 3 times with ethyl acetate (to remove organic impurities). The resulting product 
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was neutralized with activated Dowex-H+ till the pH of the solution was 6.0-7.0. The 

resin was removed by filtration and the filtrate was concentrated to obtain the resulting 

Boc-protected acids (32/34/36/38) in excellent yield (>85%). In case of cytosine and cbz-

adenine, mild base 0.5 M LiOH was used to avoid deprotection of the exo cyclic amine-

protecting group by strong bases. 

32
N

N

O

OH
H

boc

O

N

NH

O

O

 

1H NMR (D2O, 200 MHz): δ  7.39 (s, 1H), 4.72 (maj) & 4.63 

(min) (s, 2H), 4.22 (maj) & 4.15 (s, 2H), 3.39 (m, 2H), 3.27 

(m, 2H), 1.91 (s, 3H), 1.45 (s, 9H). 

 

1H NMR (DMSO d6, 200 MHz): δ  : 7.65 (d, 1H), 7.35 (s, 

5H), 7.22 (d, 1H), 5.70 (br s, 1H), 5.17 (s, 2H), 4.71 (maj) & 

4.22 (min) (br s, 2H), 4.05 (s, 2H), 3.56 (m, 2H), 3.32 (maj) 

& 3.19 (min) (m, 2H), 1.43 (s, 9H). 

36

N
N

H

boc

O

OH

O
N N

N
H

N

N
H

O

O

Ph

 

1H NMR (DMSO d6, 200 MHz): 10.65 (br, 1 H), 8.60 (s, 1 

H), 8.32 (s, 1 H), 7.48-7.34 (m, 5 H), 5.23 (s, 2 H); 4.57 

(maj) & 4.41 (min) (s, 2H,); 3.95 (maj) & 3.90 (min) (s, 2H); 

3.40 (m, 2H), 3.15 (maj) &3.05 (min) (m, 2H), 1.39 (s, 9 H) 

N
N

H

boc

O

OH

O
N N

N
H

O

NH

NH2

38  

1H NMR (D2O, 200 MHz): 7.89 (min) & 7.85 (maj) (s, 1H), 

7.30 (s, 1H), 5.35 (min) & 4.98 (maj)(s, 2H), 4.35 (min) & 

3.87 (maj), (s, 2H), 3.65 (min), 3.45 (maj) (m, 2H), 3.25 (m, 

2H), 1.38 (s, 9H) 
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26

N
N

H

boc

O

OH

O
N N

N
Br

N

NH2

 

1H NMR (D2O, 200 MHz): 8.05 (min) & 8.00 (maj, 1H); 

5.35 (min) & 4.98 (maj)(s, 2H), 4.35 (min) & 3.87 (maj), (s, 

2H), 3.65 (min), 3.45 (maj) (m, 2H), 3.25 (m, 2H), 1.38 

&1.26 (s, 9H) 

N
N

H

boc

O

OH

O
N

NHNH

O

O

O

6  

1H NMR (D2O, 200 MHz): 4.58 (s, 2H), 4.02 (min) & 3.95 

(maj), (s, 2H), 3.50 (m, 2H), 3.29 (maj) (m, 2H), 3.19 (m, 

2H), 1.38 (s, 9H). 

2.6.2 Functionalization of MBHA resin 

  Commercially available MBHA resin (Jupiter Biosciences, West Marredpally, 

Hyderabad, India) has the loading value of (2meq/g) which is not suitable for oligomer 

synthesis and so it was required to minimize the loading value to 0.25-0.35 m eq/g to 

avoid the aggregation of the growing oligomer.  The dry resin was taken in solid phase 

funnel and swelled in DCM for 1 h. The solvent was drained off and the resin was treated 

with calculated amount of acetic anhydride in 5% DIPEA/DCM solution for about 15 

min, solvent was drained off, the resin was thoroughly washed with DCM and DMF to 

remove the traces of acetic anhydride and dried under vacuum.  The dried resin was taken 

in solid phase funnel and swelled in DCM for about 1h and functionalized with Nα boc- 

Nω Z-Lysine. 

2.6.3 Picric acid assay for the estimation of the amino acid loading   
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The functionalized dry resin (5 mg) was taken in a sintered funnel and swelled in 

CH2Cl2 for 1 h. The solvent was drained off and the resin was treated with 50% 

TFA/DCM for 15 min (1 mL x 2) each time (if the resin with boc functionalized amine 

only). The resin was thoroughly washed with CH2Cl2 and the TFA salt was neutralized 

with 5% diisopropyl ethylamine for 2 min (1 mL x 3). The free amine was treated with 

0.1 M picric acid in DCM for 10 min (2 mL x 3) each time. The resin was thoroughly 

washed with CH2Cl2 to remove the unbound picric acid. The picrate bound to amino 

groups was eluted with 5% diisopropyl ethylamine in CH2Cl2, followed by washing with 

CH2Cl2. The elutant was collected into a 10 ml volumetric flask and made up to 10 ml 

using CH2Cl2. An aliquot (0.2 ml) of picrate eluant was diluted to 2 ml with ethanol and 

the optical density was measured at 358 nm (picric acid λmax), and the loading value of 

the resin (0.35 meq/g) was calculated using the molar extinction coefficient of picric acid 

as ε358=14,500 cm-1 M-1 at 358 nm. 

2.6.4 Cleavage of the PNA oligomers from the solid support 

The cleavage of peptides from the MBHA resin by using 

trifluoromethanesulphonic acid (TFMSA) in the presence of trifluoroacetic acid (TFA) 

(“Low, High TFMSA-TFA method”), yields peptides with free amine at N-terminus and 

amide at their 'C' termini. 59 The synthesized PNA oligomers (Table 3, 4&5 page no. 25, 

28 and 29) were cleaved from the resin using TFA -TFMSA to obtain sequences bearing 

lysine free carboxylic amids at their 'C' termini (Table 6, page no. 30-31). After 

commencing the cleavage reaction, aliquots were removed after 60 min, the peptides 

isolated by gel filtration using Sephadex G 25 gel matrix (see in experimental section) 
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and then analyzed by HPLC. A cleavage time of ~ 2h at room temperature was found to 

be optimum for complete deprotection cleavage. The exocyclic amino groups of cytosine 

protected as benzyloxycarbonyl, was also cleaved during this process.  

2.6.5 Purification of the PNA oligomers 

 All the cleaved oligomers were subjected to initial gel filtration to remove low 

molecular weight impurities. These were subsequently purified by reverse phase HPLC 

(high pressure liquid chromatography) on a semi-preparative C8 RP column by gradient 

elution using an acetonitrile in water or by isocratic elution in 10% acetonitrile-water on a 

semi- preparative HPLC RP C4 column. In some cases, HPLC did not produce a clean 

single peak profile. Hence, the sample was heated at ~80 oC for 4-5 min to destroy any 

secondary structure that might exist before injection.  

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.31 Some 

representative HPLC profiles and mass spectra are shown in appendix of this chapter. 

The purified PNA 66-86 sequences obtained are listed in Table 6 (page no. 30-31). 
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HPLC profiles of PNA oligomers  
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Figure 38: HPLC profiles of PNA 69, 70, 71, 73, 75 and 77 
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 Figure 38: HPLC-Profiles of PNAs 82, 85 and 89 

 

PNA 82 

PNA 85 

PNA 89 
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MALDI-TOF mass spectra of synthesized PNA oligomers 
 

 Figure 33: MALDI-TOF spectra of PNA 70, 71 and 73 

 

PNA 70 
MCal 2276.91 
M Obs =2300.64 

PNA 71 
MCal: 2276.91 
Mobs: 2276.62 

PNA 73 
MCal: 2279.88 
Mobs: 2301.56 
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Figure 34: MALDI-TOF spectra of PNA 74, 76 and 77 

 

PNA 74 
Mcal: 2282.95 
Mobs: 2281.32 

 

PNA 75 
MCal: 2282.95 
Mobs: 2284.84 

 

PNA 77 
Mcal: 2291.96 
Mobs: 2293.13 
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Figure 35: MALDI-TOF spectra of PNA 78, 80and 81 

 

PNA 78 
MCal 2360.85 
M Obs =2364.68 

 

PNA 80 
MCal: 2360.85 
Mobs: 2363.88 

 

PNA 81 
MCal: 2447.78 
Mobs: 2452.79 
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Figure 36: MALDI-TOF spectra of PNA 82, 83 and 84 

PNA 82 
MCal 2282.95 
M Obs =2300.84 

 

PNA 83 
MCal: 2297.96 
Mobs: 2297.68 

PNA 84 
MCal 2447.78 
M Obs 2300.11 
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HPLC profiles of PNA oligomers 

 
 
 
 

Figure 37: MALDI-TOF spectra of PNA 85, 86 and 91 
 

 

PNA 85 
Mcal: 2321.98 
Mobs: 2320.91 

PNA 86 
Mcal: 2852.52 
Mobs: 2856.08 

PNA 91 
Mcal: 2354.96 
Mobs: 2360.09 
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Figure 39: HPLC profiles of DNA 93, 94 and 96 

HPLC profiles of DNA oligomers  

 

 

 

DNA 93 

DNA 94 

DNA 96 



 

CHAPTER 3 
 
Biophysical Studies  of Cyanuryl PNA and 8-
Substituted Adeninyl PNA 
 



Chapter 3 119

 3.1 Introduction to Biophysical techniques 

 Biophysics is an interdisciplinary field in which the techniques from the physical 

sciences are applied to understand the biological structure and function. The biophysical 

techniques are useful in studying structure and properties of nucleic acids, proteins, 

peptides and their analogues. 

In this chapter, the binding selectivity and specificity of modified nucleobase 

containing PNAs towards complementary DNA has been investigated using the 

biophysical techniques CD and temperature dependent UV-spectroscopy. The 

stoichiometry of the PNA:DNA complexes was determined using Job’s method. The UV-

melting studies were carried out with all modified PNA:DNA complexes and analyzed 

with respective to that of control PNA:DNA complexes. These give information on the 

stability of the complexes of modified PNAs with DNA.  

The following sections review the applications of biophysical techniques. 

3. 1.1 Circular Dichroism Spectroscopy (CD spectroscopy):  

CD spectroscopy belongs to a class of absorption spectroscopy that can provide 

information on the structures of many types of chiral biological macromolecules that 

possess UV-Vis absorbing chromophores. Circular dichroism is the difference between 

the absorption of left and right handed circularly-polarized light and is measured as a 

function of wavelength. The absence of chirality in a regular structure results in zero CD 

intensity, while an ordered chiral structure results in a spectrum which contains either 

positive or negative signals.  



Chapter 3 120

Although detailed structural information at atomic level as obtained from, X-ray 

crystallography or NMR spectroscopy is not available from CD spectra, it can provide a 

reliable determination of the overall conformational state of biopolymers and structural 

changes induced by modification when compared with the CD spectra of reference 

samples. In case of nucleic acids, the sugar units of the backbone possess chirality and 

the bases attached to sugars are the chromophores. CD spectroscopy has utility in 

recognizing DNA/RNA/PNA triplexes and duplexes, and complexes formed between 

protein-DNA1. 

3. 1.2 CD spectroscopy of PNA:DNA triplexes 

CD spectroscopy is a useful technique to monitor the structural changes of nucleic 

acids in solutions and for diagnosing whether new or unusual structures are formed by 

particular polynucleotide sequences. PNA is non-chiral and shows weak CD signature. 

CD is predominantly an effect of coupling between the transition moments of the 

nucleobases as a result of their helical stacking.  The reliance on CD spectroscopy to 

study nucleic acid conformations has stemmed from the sensitivity and the ease of CD 

measurements, the non-destructive nature and the fact that conformations can be studied 

in solution.  

In the CD spectrum of DNA, deep intensive negative band is observed between 

200-210nm, a high intensive positive band in the region 210nm-240nm, a low intensity 

negative band between 240-260nm and a moderately intensive positive band in the region 

260-300nm (Figure 1A).  
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PNA being achiral, shows insignificant CD signature. However being a 

polyamide, it can form left or right handed coil structures with equal facility. Due to these 

type of structures, very low intense negative signature band between 205-240nm is seen 

due to amide bonds present in PNA oligomer and no absorptions of consequence were 

seen in between 240-300nm range (Figure 1A). 
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Figure 1: The graph A) CD signatures of ssDNA, PNA and triplex B) the characteristic 
CD signature of triplex 

Even though PNA shows low profile CD signals inspite of its achiral nature, 

PNA:DNA complexes exhibit characteristic CD signature since, PNA adopts helicity 

when it binds to DNA and forms the chiral PNA-DNA complex (Figure 1A). In case of 

PNA2:DNA triplex, the CD pattern is observed with a negative band between 205-

210nm, followed by high intensity positive band in the region 210nm-240nm, low intense 

negative band between 240-255nm and a positive band in 260-300nm range. The 

PNA2:DNA triplex shows characteristic band between 260nm-285nm (Figure 1B). The 

elipticity of triplex in PNA2:DNA triplex in the region of 255-265 nm was more than 

both single stranded DNA and PNA.   
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3.1. Bidning Stoichiometry of PNA:DNA complexes: 

Binding stoichiometry is a quantitative relationship between the numbers of 

reactant molecules to form products complex in a association reaction (Scheme 1).  

mA+nB C
The stoichiometry of A and B in C is m:n

Scheme 1

 

Binding stoichiometry can be determined by the method of “Continuous 

Variation” also called Job's Method. To implement this method experimentally, a series 

of solutions (reaction mixtures) were prepared with gradual change in the molefractions 

of each component, keeping the total volume and concentration of each solution constant. 

The amount of complex obtained in each solution is calculated experimentally from the 

observable spectral parameters. The break in the plot between amounts of product formed 

in each solution (reaction) versus mole fraction of the variable component gives the 

binding stoichiometry. 

The complementary strands of PNA/DNA are mixed to form duplexes/triplexes. 

These in principle give rise to PNA:DNA (1:1) or PNA:DNA (1:2) complexes depending 

on the sequence, conditions in the medium and the binding ability of the two interacting 

oligomers.  

The stoichiometry of PNA:DNA complexes may be determined either by CD-

JOB’s plot2 and UV-mixing curves. Keeping the total concentration constant, a series of 

mixtures having different relative molar equivalent amounts of PNA and DNA were 

generated (0:100, 10:90, 20:80, 30:70, 40:60, 50:50, 60:40, 70:30, 80:20, 90:10 and 

100:0) and CD is recorded individually for all these mixtures, the CD plots of different 

molar ratios show an isodichroic point around 255 nm. The elipticity values of all the 
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mixtures at 258 or 260nm are plotted against mole fraction of PNA (Figure 2A).3,4 The 

elipticity of PNA readily increases, reaches a maximum and then decreases. The maxima 

at the intersection give the binding stoichiometry (Figure 2A).  

A B

Elipticity

Mole fraction of PNA

Absorbance
(260nm)

Mole fraction of PNA

 
Figure 2: Schematic representation of A) CD job’s plot, B)UV-mixing curves (UV job’s plot) 

3.1.4 Binding stoichiometry through UV-mixing curves (Job’s plot) 

The UV mixing experiments are carried out similarly by mixing the appropriate 

oligomers in different molar ratios keeping the total concentration constant. The 

stoichiometry of paired strands may be obtained from the mixing curves, in which the 

absorbance at a given wavelength is plotted against the mole fraction of each strand, to 

yield Job’s plot (Figure 2B).4 

In a UV-mixing curve experiment, the net absorbance at 260nm steadily decreases 

as PNA concentration increased until all the strands present are in complex formation due 

to the hypochromic effect. The absorbance then risen upon addition of excess ssPNA. 

The stoichiometry of complexation corresponds to minima in the plot of absorbance Vs 

to mole fraction (Figure 2B).  
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3. 1.5 UV-Spectroscopic study of PNA:DNA complexes 

Monitoring the UV absorption at 260 nm as a function of temperature has been 

extensively used to study the thermal stability of nucleic acid complexes and 

consequently, PNA:DNA/RNA hybrids was investigated by this technique. Increasing the 

temperature dissociates the complexes, inducing dissociation into individual components 

by disruption of hydrogen bonds between the base pairs.  This results in decrease of 

stacking between adjacent nucleobases leading to a loss of secondary and tertiary 

structure. This is evidenced by an increase in the UV absorption at 260 nm with 

temperature rise, termed as hyperchromicity. A plot of absorbance versus temperature 

gives a sigmoidal curve in case of duplexes/triplexes and mid point of transition gives the 

Tm (Figure 3A). In case of DNA triplexes, double transition sigmoidal curve is seen, the 

first transition corresponding to triplex melting to the duplex (Watson–Crick duplex), 

whereas the second transition is due to duplex dissociation into two single strands.5 In 

case of PNA:DNA complexes, the PNA2:DNA triplexes show single sigmoidal curve 

since the temperature difference between two transition states is too low to distinguish 

them independently.6 The melting temperature Tm can be obtained from the maxima of 

the first derivative plots (Figure 3B). This technique has provided valuable information 

regarding complementary interactions in nucleic acid hybrids involving DNA, RNA and 

PNA. 

  The fidelity of base-pairing in PNA:DNA complexes can be examined by 

challenging the PNA oligomer with a DNA strand bearing mismatches. Even a single the 

base mismatch leads to incorrect hydrogen bonding between the bases causing a drop in 

the melting temperature. A modification of the PNA structure is considered good if it 
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gives a much lower Tm with DNA sequences containing mismatches as compared to 

complexes of unmodified PNA.  
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Figure 3: Schematic repsentation of UV melting, A) Sigmoidal curve, B) Its corresponding first 
derivative curve. 
 

RESULTS AND DISCUSSION 

3.2 Biophysical studies of cyanuryl PNA 

3.2.1 Establishment of binding stoichiometry of cyanuryl PNA with cDNA 

The CD signature of 2:1 complex of cyanuryl PNA 71 with DNA 92 showed 

characteristic band with region 255-285nm expected for triplex. Various stoichiometric 

mixtures of cya-PNA 71 and DNA 92 were made by changing the relative molar ratios of 

cya-PNA 71:DNA 92 as follows: 0:100, 20:80, 40:60, 50:50, 60:40, 70:30, 80:20, 90:10, 

100:0, keeping  the same total  strand concentration 2 µM in each case. The solutions 

were made in sodium phosphate buffer (10 mM, pH 7.3), NaCl (100 mM). The ellipticity 

values at wavelength corresponds to 250-260nm used to compute the isodichoric point 

confirmed stochiometry of PNA:DNA complex as 2:1 triplex (Figure 4B). 

 The UV absorbance was recorded for all the samples individually at room 

temperature. The absorbance at 260m decreased from 0.15 to 0.07 then raised and 

reached to 0.12. The mole ratio at the minima of the curve confirmed the binding 

stochiometry of PNA:DNA complex be 2:1 as necessary for triplex formation (Figure 

4C). 
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Figure 4: A) CD-curves for PNA 71, H-TTTTTTTCya-Lys-NH2 and DNA 92 d(CGCA10CGC) 
mixtures in the molar ratios of 0:100, 20:80, 30:70, 40:60, 50:50, 60:40, 70:30, 80:20, 90:10, 100:0 
(Buffer, 10 mM Sodium phosphate pH 7.2, 100 mM NaCl, 0.1 mM EDTA), B) CD-Job’s plot 
corresponding to 255 nm, C) UV-Job’s plot corresponding to above mixtures of different molar 
ratios, absorbance recorded at 260 nm. 

3.2.2 UV-Melting studies of cyanuryl PNA2:DNA complexes 

NH

N

NH

O

O O

N

O
O

N
H  

Figure 5: Structure of cyanuryl PNA 

Hybridization studies of modified PNAs with complementary DNA sequences 

were done by temperature dependent UV-absorbance experiments. The stoichiometry for 

cyanuryl PNA:DNA complexation was established by UV absorbance mixing data at 260 

nm (Job’ plot) as 2:1 ratio (Figure 4). The thermal stabilities (Tm) of PNA2:DNA triplexes 

were obtained for different PNA modifications with both complementary DNA (DNA 92)  

(Figure 6, Table 1) and DNA having a single mismatch (DNA 96)  (Figure 7, Table 2).  

3.2.3 UV-Melting studies of cyanuryl PNA complexes with complementary DNA  

Table 1 shows the Tm values for PNA2:DNA complexes derived from various 

cyanuryl PNA (cya PNA) sequences of different degree or position of modifications. The 

first derivative plots of normalized absorbance with respect to change in temperature 
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(dA/dT), for PNA2:DNA triplexes indicated a single transition (Figure 6), characteristic 

of both PNA strands dissociating simultaneously from DNA in a single step.  

The control PNA2:DNA triplex derived from unmodified aegPNA-T8 (PNA 69) 

had a Tm of 44.6 oC (entry 1, Table 1), which was increased by 23.3 oC when cyaPNA 

unit was incorporated at C-terminus PNA 71 (entry 3, Table 1). However, when the 

cyaPNA unit was substituted at N-terminus (PNA 70), the PNA2:DNA triplex was 

destabilized by 10.4 oC (entry 2, Table 1). Interestingly, the substitution of cyaPNA unit 

in the middle of the sequence (PNA 72) stabilized the triplex by 12.1 oC (entry 4, Table 

1). PNA 73 (entry 5, Table 1) with two simultaneous modifications at N-terminus and 

middle, formed a triplex with stability as good as that from unmodified PNA 69, without 

much further stabilization. The stabilization by the center modification seems to negate 

the destabilization effects of N-terminus modification. All the above experiments were 

conducted with complementary DNA (DNA 92).  
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Figure 6. A) UV-Melting profiles of cyPNA2:DNA complexes. B) UV-Melting First derivative 
curves of PNA2:DNA complexes (aeg PNA 69, cyaPNA 70, 71, 72 and 73 with DNA 92), 
(Buffer, 10 mM Sodium phosphate pH = 7.3, 100 mM NaCl). 
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Table 1: UV-Melting temperatures (Tm values in oC)a of cyPNA2:DNA triplexes 

Entry 
No 

Triplex (PNA2:DNA) 
Tm (0 C) 

PNA2:c DNA 
triplex 

 
∆Tm 
(0 C) 

∆Tm(0 C)/ 
modification 

1 PNA 69, H2N-Lys-TTTTTTTT- H  
DNA 92      5'CG-AAAAAAAA-GC3' 
PNA 69            H-TTTTTTTT-Lys-NH2 

44.6 -- -- 

2 PNA 70, H2N-Lys-TTTTTTTCya- H  
DNA 92      5'CG-AAAAAAAA-GC3' 
PNA 70,           H-CyaTTTTTTT-Lys-NH2 

34.2 -10.4 -5.2 

3 PNA 71, H2N-Lys-CyaTTTTTTT- H  
DNA 92      5'CG-AAAAAAAA-GC3' 
PNA 71,           H-TTTTTTTCya-Lys-NH2 

67.8 +23.2 +11.6 

4 PNA 72, H2N-Lys-TTTCyaTTTT- H  
DNA 92        5'CG-AAAAAAAA-GC3' 
PNA 72,             H-TTTTCyaTTT-Lys-NH2 

56.7 +12.1 +6.0 

5 PNA 73, H2N-Lys-TTTCyaTTTCya- H  
DNA 92        5'CG-AAAAAAAA-GC3' 
PNA 73,             H-CyaTTTCyaTTT-Lys-NH2

44.2 -0.4 -0.2 

Tm = melting temperature (measured in the buffer 10 mM sodium phosphate, 100 mM NaCl, pH = 7.3), 
PNA2-DNA complexes. Values in the ∆Tm indicate the difference in Tm with the control experiment PNA 
66. The values reported here are the average of 3 independent experiments and are accurate to ±0.5°C 
 

3.2.4 UV-Melting studies of cyanuryl PNA complexes with mismatch DNA  

The sequence specificity of PNA hybridization was examined through studying 

hybridization properties of PNA with DNA  having single mismatch at middle, DNA 89 

(Figure 7). The PNA2:DNA complexes comprising control sequence (PNA 69: DNA 96) 

and the C- terminus modified cyanuryl PNA (PNA 71: DNA 96) were individually 

subjected for UV-melting (Figure 8). The control sequence PNA 69 formed triplex with 

single mismatch sequence (DNA 96) with Tm lower by 9.6oC (entry 2, Table 2), while C-

terminus modified cyanuryl PNA 71 exhibited destabilization by 13.2 oC. Cyanuryl PNA 

thus showed a better sequence discrimination (entry 4, Table 2). The melting profiles 

were exhibited in figure 8. 
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Figure 7: Mismatched PNA2:DNA complex

              T  T  T  T  T  T  T  T               PNA 
     G C  A  A  A C  A  A A  A C G    DNA 96
              T  T  T  T  T  T  T  T               PNA        
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Figure 8: A) UV-Melting profiles of cyaPNA2:DNA complexes. B) UV-Melting First derivative 
curves of PNA2:DNA complexes, PNA 66, cyPNA 68 with single mismatch DNA, DNA 91.  
 
 

Table 2: UV-Melting temperatures (Tm values in oC)a of cyPNA2:DNA triplexes 

Entry 
No. Triplex (PNA2:DNA) 

Tm (0 

C) 
PNA2:c
DNA 

triplex 

 
∆Tm(0 C) 

∆Tm(0 C)/ 
modification 

1 PNA 69, H2N-Lys-TTTTTTTT- H  
DNA 92      5'CG-AAAAAAAA-GC3' 
PNA 69            H-TTTTTTTT-Lys-NH2 

44.6 

2 PNA 69, H2N-Lys-TTTTTTTT- H  
DNA 96      5'CG-AAAACAAA-GC3' 
PNA 69            H-TTTTTTTT-Lys-NH2 

34.4 

-10.2 -5.1 

3 PNA 71, H2N-Lys-CyaTTTTTTT- H  
DNA 92        5'CG-AAAAAAAA-GC3' 
PNA 71,           H-TTTTTTTCya-Lys-NH2 

67.8 

4 PNA 71, H2N-Lys-CyaTTTTTTT- H  
DNA 96      5'CG-AAAACAAA-GC3' 
PNA 71,           H-TTTTTTTCya-Lys-NH2 

54.5 

-13.3 -6.6 

Tm = melting temperature PNA2:DNA complexes (measured in the buffer 10 mM sodium phosphate, 100 
mM NaCl, pH = 7.3). Values in the parenthesis (∆Tm) indicate the difference in Tm with the control 
experiment PNA 69. 
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3.3 Biophysical studies of adenine containing-PNAT8 (H-TnATm-LysNH2) 

3.3.1 UV-Melting studies of adenine containing PNA2:DNA complexes 

N

N
H

N

O
O

N
H

N

N

NH2

 
Figure 9: Structure of adeninyl PNA 

The PNAs (Figure 9) having adenine at different positions, were synthesized as 

control sequences for studies of modified PNAs consisting of 8-bromoadenine and 8-

aminoadenine. Thermal stability of the different adeninyl PNAs with complementary 

DNAs was studied to understand the effect of degree and position of modifications on 

thermal stability of the corresponding triplexes. The results of 8-bromo/amino adeninyl 

PNAs were compared with the results of corresponding adeninyl PNAs.  

Table 3 shows Tm values for PNA2:DNA complexes derived from various adenine 

containing PNA sequences. The melting profiles (Figure 10A) and the first derivative 

plots of normalized absorbance with respect to change in temperature (dA/dT) (Figure 

10B) for PNA2:DNA triplexes indicated a single transition, characteristic of both PNA 

strands dissociating simultaneously from DNA in a single step. The Tm data obtained 

from UV melting experiments of various adeninyl PNAs with their complementary DNA 

are summarized in the Table 3.  

The PNA 74 (N-terminus modified) (entry 1 of Table 3) showed melting 

temperature 60.0 oC, while PNA 75 (C-terminus modified) exhibited Tm of 65.5 oC (entry 

2 of Table 3), with complementary DNA 93. PNA 76 (middle modified) showed 44.4 oC 
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with complementary DNA 94 (entry 3 of Table 3), and PNA 77 (both N-terminus and 

middle modified) showed 56.0 oC of meting temperature of triplexes with complementary 

DNA 95 (entry 4 of Table 3). The melting transitions of adenine containing PNAs with 

corresponding complementary DNA are shown in Figure 10. 
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Figure 10: A) UV-melting profiles of (adeninylPNA)2:DNA complexes, B) UV-melting first derivative 
curves of PNA2:DNA complexes(Buffer, 10 mM Sodium phosphate pH = 7.3, 100 mM NaCl). 
 

Table 3: UV-Melting temperatures (Tm values in oC)a of adeninylPNA2:DNA triplexes

Entry No. Triplex (PNA2:DNA) 
Tm (0 C) 

PNA2:cDNA triplex 
1 PNA 74  H2N-Lys-TTTTTTTA-H 

DNA 93         5'GCAAAAAAATCG3' 
PNA 74               HATTTTTTTLys-NH2 

60.0 

2 PNA 75   H2N-Lys-ATTTTTTT-H   
DNA 93       5'GCAAAAAAATCG3' 
PNA 75               H-TTTTTTTALys- NH2 
 

65.5 

3 PNA 76  H2N-Lys-TTTATTTT-H 
DNA 94        5'GCAAATAAAACG3' 
PNA 76          H-TTTTATTT-Lys-NH2 

44.4 

4 PNA 77 H2N-Lys-TTT ATTTA-Lys-H  
DNA 95        5'GCAAATAAATCG3' 
PNA 77             H-ATTT ATTT-Lys-NH2 

56.0 

Tm = melting temperature  PNA2:DNA complexes (measured in the buffer 10 mM sodium 
phosphate, 100 mM NaCl, pH = 7.3).  
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3.4 Biophysical studies of 8-bromo/aminoadeninyl PNA 

N

N
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N

O
O

N
H

N

N

NH2

N

N
NH2

N

O
O

N
H

N

N

NH2

A B  
Figure 11: Structures of A) 8-bromoadeninyl PNA and B) 8-aminoadeninyl PNA 

3.4.1 Establishment of binding stoichiometry of 8-bromo/aminoadeninyl PNA with 
cDNA 

Various stoichiometric mixtures of 8-bromo/aminoadeninyl PNA (PNA 79/83) 

and DNA 93 were made with relative molar ratios of PNA 79/83:DNA 93 strands of 

0:100, 20:80, 40:60, 50:50, 60:40, 80:20, 90:10, 100:0, keeping the same total  strand 

concentration 2 µM in sodium phosphate buffer (10 mM, pH 7.3), 100 mM NaCl. The 

elliptic values at isodichoric point confirmed the stochiometry of PNA:DNA complex to 

be triplex (Figure 12B and 13B). 

Keeping the total concentration constant, a series of mixtures of PNA and DNA in 

different relative molar equivalents of PNA and DNA were constituted and the UV 

absorbance of each composition was recorded at 260nm. The net UV absorbance steadily 

decreased due to hypochromic effect upon complexation (as PNA concentration 

increased), until all the strands present were fully involved in complex formation. The 

absorbance then rose upon addition of excess PNA. The stoichiometry of 8-bromo/amino 

adeninyl PNA:DNA complexation was derived from the minimum in the plot of 

absorbance with respect to mole fraction (Figure 12C and 13C) and was found to be 2:1. 
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Figure 12: A) CD-curves for PNA 79, H-TTTTTTA-Lys-NH2 and the complementary DNA 93 
d(GCTA7CG) mixtures in the molar ratios of 0:100, 20:80, 40:60, 50:50, 60:40, 70:30, 80:20, 
90:10, 100:0 (Buffer, 10 mM Sodium phosphate pH 7.0, 100 mM NaCl, 0.1 mM EDTA), B) CD-
Job plot corresponding to 255 nm, C) UV-job plot corresponding to above mixtures of different 
molar ratios, absorbance recorded at 260 nm. 

200 220 240 260 280 300
-15

-10

-5

0

5

10
A

El
ip

tic
ity

Wavelength (nm)

 
0 20 40 60 80 100

0.40

0.45

0.50

0.55

0.60

68.22

B

El
ip

tic
ity

PNA mole fraction

0 20 40 60 80 100

0.08

0.10

0.12

0.14

0.16

68.8

C

Ab
so

rb
an

ce
 a

t 2
60

nm

Molefraction of PNA

Figure 13: G) CD-curves for PNA 83, H-TTTTTTa-Lys-NH2 and the complementary DNA 93 
d(GCTA7CG) mixtures in the molar ratios of 0:100, 10:90, 20:80, 30:70, 40:60, 50:50, 60:40, 
70:30, 80:20, 90:10, 100:0 (Buffer, 10 mM Sodium phosphate pH 7.0, 100 mM NaCl, 0.1 mM 
EDTA), H) CD-Job plot corresponding to 255 nm, I) UV-job plot corresponding to above 
mixtures of different molar ratios, absorbance recorded at 260 nm. 

3.4.2 UV-Melting studies of 8-bromo/aminoadeninyl PNA2:DNA complexes 

The UV- Tm studies of 8-bromo/aminoadeninyl PNA2:DNA triplexes was done to 

understand the effect on thermal stability in terms of the modified base and degree of 

modifications. The triplex formation of 8-bromoadeninyl PNA (Figure 21) and 8-

aminoadeninyl PNA (Figure 21) with complementary DNA were confirmed through 

Job’s plot (Figure 12 & 13). The triplex stability of various 8-bromo/amino adeninyl 

PNAs was compared with the melting temperatures of the corresponding adeninyl PNA 
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complementary DNA complexes. Summary of the Tm data obtained for UV melting 

experiments of various PNA2:DNA hybrids are tabulated in Table 5. 

Modification by position 

The stability of triplexes of different adenine containing PNAs with 

complementary DNA was monitored and the Tm of triplexes of 8-bromoadeninyl PNA 

and 8-aminoadeninyl PNA were compared according to site of modification (Figure 

14,15 and Table 4). 

The triplexes form N-terminus modified PNA [H-AT7-Lys] (PNA 74) with DNA 

93 showed a melting temperature of 60.0 oC (entry 1 of Table 4). N-terminus modified      

8-bromoadeninyl PNA [H-(8-BrA)T7-Lys], PNA 78 exhibited stabilization with Tm 68.2 

oC (entry 1 of Table 4),while the triplex from the corresponding 8-amino adeninyl PNA 

[H-(8-NH2A)T7-Lys], PNA 82 showed Tm of  35.0 oC with complementary DNA 93 

(entry 3 of Table 4). 

The triplexes of C-terminus modified adeninyl PNA [H-T7A-Lys] PNA 75 with 

complementary DNA 93 showed Tm  of 65.5 oC  (entry 4 of Table 4), whereas the triplex 

from 8-bromoadeninyl PNA [H-T7(8-BrA)-Lys] PNA 79  showed  Tm of  70.2 oC (entry 5 

of Table 4). The 8-aminoadeninyl PNA [H-T7(8-NH2A)-Lys] PNA 83 triplex with the 

complementary DNA 93 showed Tm of 74.8 oC  of melting temperature (entry 6 of Table 

4).  

The triplexes from middle modified adeninyl PNA [H-T4AT3-Lys] (PNA 76) 

exhibited a Tm of 44.4 oC (entry 7 of Table 4), triplexes of its corresponding 8-

bromoadeninyl PNA [H-T4 (8-BrA)T3-Lys] PNA  80 showed 34.4 oC (entry 8 of Table 4) 
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and that from 8-aminoadeninyl PNA [H-T4(8-NH2)AT3-Lys] PNA 83 showed 75.2 oC 

(entry 9 of Table 4), all  with the complementary DNA 94.  

The triplexes of double modified adeninyl PNA[H-AT3AT3-Lys] (both N- 

terminus and middle modified), PNA 77 showed Tm of 56.4 oC (entry 10 of Table 4), 

whereas triplex Tm  of triplex from 8-bromoadeninyl PNA [H-(8-BrA)T3(8-BrA)T3-Lys], 

PNA 81 was 63.7 oC (entry 11 of Table 4). The triplex derived from bis modified 8-

aminoadeninyl PNA [H-(8-NH2A)T3(8-NH2A)T3-Lys],  PNA 85 showed the Tm of  49.5 

oC (entry 12 of Table 4) with the complementary DNA 95.  

Modification by type 

The stability of triplexes of PNAs having adenine and complementary DNA was 

monitored and the results of PNAs having different derived adenine analogues (8-

bromoadeninyl PNA and 8-aminoadeninyl PNA) were compared according to site of 

modification (Figure 14,15 and Table 4). 

Among the unmodified adenine containing PNA:DNA triplexes, N-terminus 

modified, PNA 74  (Entry 1 of Table 4) showed triplex melting temperature of 60.0 oC, 

while C-terminus modified, PNA 75  exhibited Tm of 65.5 oC (entry 2 of Table 4), with 

DNA 93. The triplexes with middle modified PNA 76 showed Tm of 44.4 oC 

(complementary DNA 94, entry 3 of Table 4), and the bis modified PNA 77 (both N-

terminus and middle modified) showed Tm of 56.0 oC (complementary DNA 95, entry 4 

of Table 4).  

Among the triplexes derived from modified oligomers of 8-bromoadeninyl PNA 

(PNA 78-81), the N-terminus modification (PNA 78) stabilizes the corresponding triplex 

with 8.2 oC. Triplexes from PNA 79 (C-terminus modification) and PNA 81 (N-terminus 
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and middle modification) are stabilized by 4.7 oC and 7.7 oC respectively compared to 

unmodified triplexes. However triplexes from PNA 80 with middle modification 

destabilized the hybrid by 10.0 oC. The melting profiles showed in Figure 14. 

Among the triplexes of modified oligomers of 8-aminoadeninyl PNA (PNA 82-

85), those from PNA 83 (C-terminus modification) and PNA 84 (middle modification) 

stabilized the derived triplexes with corresponding complementary DNA 93/94 by 9.3 o C 

and 30.8 oC, respectively. The triplexes of PNA 82 (N-terminus modification) and Bis 

modified PNA 85 (N-terminus and middle modification) destabilized the triplex 

compared to unmodified triplexes by 25.0 oC and 6.5 oC respectively (complementary 

DNA 93/95). The melting profiles are shown in Figure 15. 
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Figure 14: A) UV-melting profiles of (8-bromoadeninylPNA)2:DNA complexes, B) UV-melting first 
derivative curves of (8-bromoadeninylPNA)2:DNA complexes (Buffer, 10 mM Sodium phosphate pH = 
7.3, 100 mM NaCl). 
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Figure 15: A) UV-melting profiles of (8-aminoadeninylPNA)2:DNA complexes, B) UV-melting first 
derivative curves of (8-aminoadeninylPNA)2:DNA complexes Buffer, 10 mM Sodium phosphate pH = 
7.3, 100 mM NaCl). 
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Table 4: UV-Tm s of adeninyl, 8-bromoadeninyl, 8-aminoadeninyl PNA oligomers with complementary 
DNA (according to modification position) 

Entry 
No. Triplex (PNA2:DNA) Tm (oC) 

PNA2:c DNA triplex ∆Tm(oC) ∆Tm(oC)/ 
modification 

 N-Terminus modifications    

1 
PNA 74  H2N-Lys-TTTTTTTA-H 
DNA 93         5'GCAAAAAAATCG3' 
PNA 74               HATTTTTTTLys-NH2 

60.0 --  

2 
PNA 78  H2N-Lys-TTTTTTTA-H 
DNA 93         5'GCAAAAAAATCG3' 
PNA 74               HATTTTTTTLys-NH2 

68.2 +8.2 +4.1 

3 
PNA 82  H2N-Lys-TTTTTTTa-H 
DNA 93         5'GCAAAAAAATCG3' 
PNA 82               HaTTTTTTTLys-NH2 

35.0 -25.0 -12.5 

 C-Terminus modifications    

4 
PNA 75           H-TTTTTTTALys- NH2 
DNA 93       5'GCAAAAAAATCG3' 
PNA 75 H2N-Lys-ATTTTTTT-H           

65.5 --  

5 
PNA 79             H-TTTTTTTALys- NH2 
DNA 93       5'GCAAAAAAATCG3' 
PNA 79  H2N-Lys-ATTTTTTT-H 

70.2 +4.7 +2.4 

6 
PNA 83            H-TTTTTTTaLys- NH2 
DNA 93     5'GCAAAAAAATCG3' 
PNA 83 H2N-Lys-aTTTTTTT-H 

74.8 +9.3 +4.7 

 Middle modifications    

7 
PNA 76  H2N-Lys-TTTATTTT-H 
DNA 94        5'GCAAATAAAACG3' 
PNA 76          H-TTTTATTT-Lys-NH2 

44.4 --  

8 
PNA 80  H2N-Lys-TTTATTTT-H 
DNA 94        5'GCAAATAAAACG3' 
PNA 80          H-TTTTATTT-Lys-NH2 

34.4 -10.0 -5.0 

9 
PNA 84  H2N-Lys-TTTaTTTT-H 
DNA 94        5'GCAAATAAAACG3' 
PNA 84          H-TTTTaTTT-Lys-NH2 

75.2 +30.8 +15.4 

 Bi modifications    

10 
PNA 77 H2N-Lys-TTT ATTTA-Lys-H  
DNA 95        5'GCAAATAAATCG3' 
PNA 77             H-ATTT ATTT-Lys-NH2 

56.0 --  

11 
PNA 81 H2N-Lys-TTT ATTTA-Lys-H  
DNA 95        5'GCAAATAAATCG3' 
PNA 81            H-ATTT ATTT-Lys-NH2 

63.7 +7.7 +1.9 

12 
PNA 85 H2N-Lys-TTT aTTTa-Lys-H  
DNA 95        5'GCAAATAAATCG3' 
PNA 85             H-aTTT aTTT-Lys-NH2 

49.5 -6.5 -1.6 

A= adenine, A=8-bromoadenine and a=8-aminoadenine; All values are an average of at least 3 experiments and 
accurate within ±0.5°C, Buffer: Sodium phosphate (10 mM), and 100 mM NaCl, pH 7.2. 
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3.5 UV-Melting studies of adeninyl/8-bromoadeninyl/8-aminoadeninyl PNA 

complexes with mismatch DNA 

 The sequence specificity of PNA hybridization was examined through studying 

the hybridization properties of PNA with single mismatch containing DNA. 

 The triplex from C-terminus modified adenine containing PNA 75, exhibited a 

melting temperature of 60.0 oC (entry 1, Table 5) with complementary DNA 93, whereas 

a melting temperature of 57.4 oC (entry 2, Table 5) was seen for triplex with single 

mismatch containing DNA 97. The triplex of C-terminus modified 8-bromoadeninyl 

PNA 79 (entry 3, Table 5), showed a triplex melting temperature of 70.2 oC  (entry 4, 

Table 5) with complementary DNA 93, while the Tm of triplex with single mismatch 

sequence DNA 97 was 61.7 oC  (entry 5, Table 5). The triplex from corresponding 

sequence of 8-aminoadeninyl PNA (C-terminus modified, PNA 80), showed a melting 

temperature of 74.8 oC (entry 5, Table 5) with complementary DNA 93, whereas its 

melting temperature was observed as 66.4 oC with single mismatch sequence DNA 97 

(entry 6, Table 5). All the melting profiles and corresponding first derivatives plots are 

shown in figure 16. 

 The complex of control sequence PNA 75 formed triplex with single mismatch 

sequence (DNA 97) with Tm lower by 8.1 oC (entry 1&2, Table 5), while the C-terminus 

modified 8-bromoadeninyl PNA 79 (entry 3&4, Table 5) exhibited destabilization by    

8.5 oC and C-terminus modified 8-aminoadeninyl PNA 83 (entry 5&6, Table 5) showed 

8.4 oC respectively. Thus 8-bromo/aminoadeninyl PNA thus showed sequence 

discrimination as good as the control sequence PNA 75. The 8-bromo or 8-amino 
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substitution of adenine thus show a lower influence on the sequence specificity compared 

to unmodified adeninyl PNA.  
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Figure 16: A) UV-melting profiles of (8-aminoadeninylPNA)2:DNA complexes, B) UV-melting 
first derivative curves of (8-aminoadeninylPNA)2:DNA complexes Buffer, 10 mM Sodium 
phosphate pH = 7.3, 100 mM NaCl). 
 
Table 5: UV-Melting temperatures (Tm values in oC)a of adeninyl/8-bromoadeninyl/8-amino 
adeninyl PNA2:DNA triplexes 

Entry 
No. Triplex (PNA2:DNA) Tm (0 C) 

PNA2:c DNA triplex 

 
∆Tm(0 C) 

(match-mismatch) 
1 PNA 75           H-TTTTTTTALys- NH2 

DNA 93       5'GCAAAAAAATCG3' 
PNA 75 H2N-Lys-ATTTTTTT-H           

65.5 

2 PNA 75           H-TTTTTTTALys- NH2 
DNA 97       5'GCAAACAAATCG3' 
PNA 75 H2N-Lys-ATTTTTTT-H           

57.4 

8.1 

3 PNA 79             H-TTTTTTTALys- NH2 
DNA 93       5'GCAAAAAAATCG3' 
PNA 79  H2N-Lys-ATTTTTTT-H 

70.2 

4 PNA 79             H-TTTTTTTALys- NH2 
DNA 97       5'GCAAACAAATCG3' 
PNA 79  H2N-Lys-ATTTTTTT-H 

61.7 

8.5 

5 PNA 83            H-TTTTTTTaLys- NH2 
DNA 93     5'GCAAAAAAATCG3' 
PNA 83 H2N-Lys-aTTTTTTT-H 

74.8 

6 PNA 83            H-TTTTTTTaLys- NH2 
DNA 97     5'GCAAACAAATCG3' 
PNA 83 H2N-Lys-aTTTTTTT-H 

66.4 

8.4 

a Tm = melting temperature (measured in the buffer 10 mM sodium phosphate, 100 mM NaCl, pH = 7.3), 
PNA2-DNA complexes. Values in the parenthesis (∆Tm) indicate the difference in Tm of PNA with 
complementary sequence (DNA 93) and single mismastch sequence (DNA 97). The values reported here are 
the average of 3 independent experiments and are accurate to ±0.5°C 
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3.6 UV-Tm studies of cyanuryl/8-bromoadeninyl/8-aminoadeninyl PNA:DNA 

Duplexes (parallel/antiparallel) 

The mixed purine -pyrimidine sequence, PNA 86 was synthesized to examine the 

stability of derived PNA:DNA duplexes. The cyanuryl PNA 87, was synthesized by 

replacing the thyminyl PNA units of PNA 86 with cyanuryl PNA unit, whereas 8-

bromoadeninyl PNA 88 was synthesized by replacing the adeninyl PNA with 8-

bromoadeninyl PNA and 8-aminoadeinyl PNA 89 was synthesized by direct amination of 

solid supported 8-bromoadeninyl PNA oligomer as mentioned in Chapter 2 (2.35.2). 

Entry 1 of table 6 indicates that PNA 86: DNA 98 antiparallel duplex showed Tm 

of 51.2 oC compared to Tm of duplex with DNA 99 (entry 1, Table 6) as 48.6 oC. 

Cyanuryl PNA 87 showed triplex of melting temperature (entry 2, Table 6), 48.2 oC with 

DNA 98 (antiparallel) and the melting temperature with corresponding parallel DNA 

sequence (DNA 99) was 45.7 oC (entry 2, Table 6).  

The Tm of triplex of 8-bromoadeninyl PNA 88 with antiparallel DNA 98 was 

53.3 oC (Entry 3, of Table 6), while the corresponding triplex with parallel DNA 99 was 

seen to be 49.7 oC (Entry 4, Table 7). In contrast, 8-aminoadeninyl PNA 89 showed 52.8 

oC of melting temperature of its triplex with DNA 98 (antiparallel) and corresponding 

triplex with parallel oriented DNA 99 was 46.1 oC. 

 The control sequence PNA 86, showed 2.7 oC of sequence discrimination between 

parallel and antiparallel complementary DNA sequences, whereas corresponding 

cyanuryl PNA 87 showed 2.5 oC of discrimination in sequence orientation (antiparallel 

or parallel). The 8-bromoadeninyl PNA (PNA 88) and 8-aminoadeninyl PNA (PNA 89) 
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showed better discrimination of 3.6 oC and 6.7 oC in sequence orientation respectively. 

Eventhough the modifications 8-bromo/aminoadeninyl PNAs may not enhance the 

binding strength with complementary DNA in duplexes, they discriminate the parallel 

and antiparallel sequences better than the control sequence PNA 86. 
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Figure 17: A) UV-melting profiles of PNA:DNA duplexes, B) UV-melting first derivative curves 
of PNA:DNA duplexes (Buffer, 10 mM Sodium phosphate pH = 7.3, 100 mM NaCl). 
 

Table 6: UV-Melting temperatures (Tm values in oC)a of PNA:DNA duplexes 

Entry 
No Duplex (PNA:DNA) 

Tm (0 C) 
PNA:DNA duplex 

 
∆Tm (0 C) (ap-p) 

1 PNA 86     H-GTAGATCACT-Lys-NH2 
DNA 98   5' AGTGATCTAC 3' 51.3 

2 PNA 86     H-GTAGATCACT-Lys-NH2 
DNA 99  5' CATCTAGTGA 3' 48.6 

2.7 
 

3 PNA 87  H-GCyAGACyCACCy-Lys-NH2 
DNA 98   5' AGTGATCTAC 3' 48.2 

4 PNA 87   H-GCyAGACyCACCy-Lys-NH2 
DNA 99  5'CATCTAGTGA3' 45.7 

2.5 

5 PNA 88 H-GTAGATCACT-Lys-NH2  
DNA 98   5' AGTGATCTAC 3' 53.3 

6 PNA 88 H-GTAGATCACT-Lys-NH2  
DNA 99  5'CATCTAGTGA3' 49.7 

3.6 

7 PNA 89  H-GTaGaTCaCT-Lys-NH2 
DNA 99  5'CATCTAGTGA3' 52.8 

8 PNA 89   H-GTaGaTCaCT-Lys-NH2 
DNA 98   5' AGTGATCTAC 3' 46.1 

6.7 

Cy= cyanuryl, A= adenine, A=8-bromoadenine and a=8-aminoadenine a Tm is measured in the buffer 10 mM 
sodium phosphate, 100 mM NaCl, pH = 7.3. Values in the ∆Tm indicate the difference in the melting temperatures of 
the PNA:DNA 99 and DNA 98. The values reported here are the average of 3 independent experiments and are 
accurate to ±0.5°C 
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3.7 Discussion: 

  In case of cyanuryl PNA, C-terminus, middle and bis modifications (N-terminus 

and middle modification) stabilized the corresponding triplex, whereas the N-terminus 

modified PNA destabilized the triplex. 

Among the PNA oligomers containing 8-bromoadenine at C-terminus modified 

(PNA 78), middle modified (PNA 80) and bis modified (PNA 81) stabilized the triplexes 

with corresponding complementary DNA, whereas N-terminus modified PNA (PNA 79) 

destabilized the corresponding triplex.   

Among the PNA oligomers containing 8-aminoadenine, C-terminus (PNA 83), 

middle (PNA 84) modified PNAs are stabilized the triplexes with the corresponding 

complementary DNA, whereas N-terminus (PNA 82) and bis modified (PNA 85) PNAs 

are destabilized the corresponding the triplexes.  

In comparison, the oligomers containing 8-bromo/aminoadenine at C-terminus 

(PNA 79 and PNA 83) stabilized the triplexes. In contrast to 8-bromoadenine PNA, the 8-

aminoadenine PNA (PNA 82) containing N-terminus modification destabilizes the triplex 

by 25oC and consequently PNA 85 with bis modifications at N-terminus and middle also 

destabilized the triplex by 8.6 oC. Interestingly the middle modified 8-aminoadeninyl 

PNA (PNA 84) stabilized the triplex with 30.8 oC. This may well support the hypothesis 

that 8-aminoadenine stabilized the triplex through simultaneous formation of both 

Watson-Crick and Hoogsteen hydrogen bonding.  
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3.8 Binding stoichometry of 8-bromoadeninyl PNA and 3′,5′-O-disilyl 

thymidine/ thymidinyl PNA monomers through NMR titrimetry 

In view of the variable results on PNA:DNA triplex/duplex stabilization in 

oligomers, it was thought worthwhile to understand difference in their base pairing 

properties at the monomer level. 

The specific association of purine and pyrimidine bases is fundamental to the 

function of nucleic acids. Forces that contribute to the stability of double stranded nucleic 

acids can be conceptually expressed as sum of base-base hydrogen bonding and stacking 

interactions. The hydrogen bonding between the base pairs adenine:thymine and 

guanine:cytosine was proposed by Watson-Crick in 1953.7 However complete 

understanding of physical basis for this observed complementarity has proved difficult.  

There have been several approaches to model the nucleic acid interactions. The 

properties of nucleic acid monomers have provided considerable insight into those of 

polymeric nucleic acids. The hydrogen bonding interaction in the low dielectric 

environment of the interior of polymeric nucleic acids can be modeled by soluble nucleic 

acid monomers in non-aqueous solvent such as chloroform and DMSO. Spectroscopic 

techniques such as NMR (1H and 13C) and IR are particularly useful to identify the 

hydrogen bonds in these complementary base pairs and characterization of important 

structural motifs such as Watson-Crick (WC) and Hoogsteen (HG) base pairing.8,9 While 

WC base pair domains were also observed between monomers G and C in low dielectric 
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medium, higher order structures such as C:G2 timers and (C:G)2 tetramers have also been 

seen to co-exist.8 

The effect of substituents on purine and pyrimidine bases, in particular, on their 

ability to form complementary hydrogen bonding pairs is not only important but also has 

practical relevance in designing new antisense agents. The substitution directly affects the 

delicate balance of electronic and geometric complementarity existing in the natural base 

pairing. It has been demonstrated from IR studies of model substituted bases that base 

substitution also determines the strength and extent of self association relative to the 

complementary base pairing.10 

3.8.2 Rationale design behind the work  

Peptide Nucleic Acids (PNAs) are an established field of nucleic acid mimics and 

are known to form duplex and triplex with complementary nucleic acids.11 PNA suffers 

from drawbacks such as self aggregation, poor cellular uptake and discrimination 

between DNA and RNA, which resists its application as an antisense agent.  To 

overcome these, a number of chemically modified PNAs have been synthesized.11b,12 

These chemical modifications include that of both the backbone and the bases. Several 

modified base containing peptide nucleic acids have been synthesized and examined for 

their hybridization properties with complementary DNA/RNA.12 Substitution at 8-

position of a purine ring is known to affect its base pairing properties through effecting 

the electron density changes on the 5 membered ring. 5,6 The PNA oligomers are known 

to form duplexes and triplexes with corresponding complementary nucleic acids, whereas 

the binding stoichiometry between PNA monomers and complementary nucleosides 

(protected) needs to be examined.  
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3.8.3 Complexation titrimetry for evaluation of binding constants through NMR 

studies: 

 The modified nucleobase containing PNA oligomers form triplex with 

complementary oligonucleotides, as confirmed through Circular Dichroism (CD) and UV 

Job’s plot. It was needed to investigate the binding stoichiometry of the modified 

nucleobase PNA monomer with the complementary nucleobases.  

The binding stoichiometry between the complementary nucleobase pair was 

determined through two sets of NMR experiments,  

i) The titration between 3',5'-di-O-silyldeoxyribothymidine (100) and adeninyl (24)/8-

bromoadeninyl PNA (25) monomer 

ii) The titration between thymidinyl PNA (31)  and adeninyl(24)/8-bromoadeninyl PNA 

(25) monomer 

The silyl derivative of nucleoside was used to make them soluble in CHCl3 in 

which the NMR titration experiments were done. 
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3.8.4 Experimental method of NMR titritimetry 

 The DNA-thymine component (100 or 31, 30 mM) in dry CDCl3 (600µl) was 

titrated with the PNA-adenine component (24 or 25) (30 mM in 120 µl in dry CDCl3). 

The titration was followed by NMR for each addition of 5 mM (100 µl) of prepared 

adenine component (24 or 25). The chemical shift of N3-H of thymine moves downfield 

progressively as it forms hydrogen bonding with adenine component. After the complete 

binding, the downfield shift of N-H δ reaches saturation. 

The N3-H of 3',5'-di-O-silyldeoxyribothymidine (100), showed δ value 8.33, and 

the addition of equimolar adeninyl PNA 24 in CDCl3, shifted it downfield to δ9.5, (∆δ≈ 

+1.2 ppm) and further addition of adeninyl PNA showed negligible increment of δ value 

of N3-H (Figure 19A & 22). 

The extent of base pairing in DNA:PNA complexes of monomers was also 

examined. 

The N3-H of 3',5'-di-O-silyldeoxyribothymidine (100), upon addition of equimolar 

8-bromoadeninyl PNA 25 in CDCl3, showed δ value to increase to 9.16 (∆δ= +0.8 ppm) 

and further addition of 8-bromoadeninyl PNA insignificantly changed δ value of N3-H 

(Figure 19B & 23). 

The N3-H of thymidinyl PNA 31, showed δ value 8.58, which increased to 9.7 

(∆δ= +1.12 ppm) upon addition of equimolar adeninyl PNA 24 in CDCl3. Further 

addition of adeninyl PNA showed only a small effect on the increment of δ value of N3-H 

(Figure 20A & 24). 
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The N3-H of thymidinyl PNA 31, upon addition of equimolar 8-bromoadeninyl 

PNA 25 in CDCl3, showed a downfield shifte to δ9.7 (∆δ= +1.12 ppm) (Figure 20B & 

25).  
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Figure 19:The NMR titration experiment curves of A) adeninyl PNA: dT, B) adeninyl PNA: 
thymidinyl PNA 
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Figure 20: The NMR titration experiment curves of A) 8-bromoadeninyl PNA: thymidinyl PNA 
and B) 8-bromoadeninyl PNA: thymidinyl PNA 

The incremental downfield shift of N3-H of thymine in various DNA:PNA 

complexes was plotted against the concentration ratios and in all plots, a breakpoint was 

observed at 1:1 ratio. This suggested that the binding stoichiometry between 8-

bromoadeninyl PNA with complementary disilyl thymidine to be 1:1. The binding 

stoichiometry between 8-bromoadeninyl PNA with thyminyl PNA monomer also 

established as 1:1, corresponds to a dimer. The corresponding studies could not be done 
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on 8-aminoadeninyl PNA monomer due to the synthetic difficulties in preparing the same 

(See chapter 2, section 2.3.5) 

(b)

N

NN

N

R

N
H H

O
NN

O

RH

H

T:A:T base triad

N
N

O

HO

R

(a) A : T basepair

N
N

N

N

R

N
H

H O

N
N

O R

H

H

H
1

234

5 6
7

8 9 1
2
3

4 5
6

A

T T

 
Figure 21: Hydrogen bonding in (a) Adenine-Thymine base pair and (b) Thymine-Adenine-
Thymine    base triad 

 The binding stoichiometry of unmodified adeninyl PNA and 3',5'-O-disilyldeoxy 

thymidine was studied through a titration of 3',5'-di-O-silyldeoxyribothymidine with 

adeninyl PNA. Besides of the expected downfield shift of N3-H of thymdine due to 

hydrogen bonding, slight upfield shift of the protons corresponding to adenine were 

observed. At lower concentration of adeninyl PNA, the signals corresponds to C8-H and 

C2-H were merged and appeared single peak at δ 8.15. As the concentration of adeninyl 

component increased both show different chemical shfits at 8.1 ppm and 8.2 ppm 

respectively corresponding to C8-H and C2-H of adenine. The exocyclic NH2 signal of 

adenine, which was downfielded at 8.5 ppm shifted to 7.7 ppm gradually as the 

concentration of adenine increases.  

This kind of pattern was even observed in the titration experiment between 

thymidinyl PNA Vs adeninyl PNA (Figure 24). The down field shift of N3-H of 

thymdinyl PNA, slight upfield shift of the protons corresponding to adenine were 

observed. At lower concentration of adeninyl PNA, the signals corresponds to C8-H and 

C2-H were merged and appeared as single peak at 8.25 ppm. As the concentration of 
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adeninyl component increased both show different chemical shfits at 8.2 ppm and 8.3 

ppm respectively corresponding to C8-H and C2-H of adenine. The exocyclic NH2 signal 

of adenine, which was upfielded from 8.7 ppm to 7.7 ppm gradually as the concentration 

of adenine increases.  

 This can be possibly explained as, at initial stages of titration experiment, 

adeninyl component in lower concentration, exists as T:A:T triad with both the protons of 

amine (H2N6) bounded to two thymine components (Figure 21b). As the concentration of 

adeninyl component increased, the equilibrium is shifted towards A:T dimer as seen by 

the binding stoichiomtry as 1:1(Figure 21a). Relaxation of hydrogen bonding NH2 from 

traid to diad will bring overall upfield shift of NH proton.  

But this pattern was not observed in the titration experiment between3',5'-

disilyldeoxyribothymidine/thymidinyl PNA Vs 8-bromo adeninyl PNA. C2-H proton 

consistently appeared at δ 8.2 throughout the titration experiment and the chemical shift 

of the exocyclic amine of 8-bromoadeninyl PNA did not change much from 6.2 ppm. 

This can be probably explained as, due the bulkier bromo atom in 8-bromoadeninyl PNA 

resists formation of T: ABr:T triad at lower concentration of 8-bromoadeninyl PNA and 

only ABr:T diad is formed even at lower concentrations.  
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3.8. 5 Calculation of Binding Constant Through NMR Titration Method13 

The association constant between two substrates can be calculated through NMR 

titrimetry. The titration between the components receptor (RH) and a substrate (S) lend to 

formation of complex (RH::S) with equilibrium (equation 1) and the association constant 

of complex is defined as in equation 2. 

RH + S RH::S (1)

Ka = [RH::S]
[RH] [ S]

(2)
 

The observed chemical shift of the corresponding proton (RH::S) is the average of 

the chemical shifts in two possible environments, one is unbound state (δS) and another is 

complex state (δRH::S). The observed chemical shift corresponds to the molefraction of the 

substrate in unbound and complex states. If the initial substrate concentration is So, then 

the equation 3 applies to calculate the δobs.  

(3)δ δ
obs

So-[RH::S]
=

So
s + δ

   [RH::S]
So

[RH::S]

 

The equation 3 can be rearranged as equation 4, as the difference in chemical 

shifts in two environments defined as ∆δ (∆δ= δRH::S - δS ). 

So

δ δobs = s + ∆δ
   [RH::S] (4)

 

The association constant can be calculated through the equation 5, provided initial 

concentration of receptors (So, Ro), δS and ∆δ are known.  

1
Ka2

δ δobs = s + So
+Ro+So- +Ro+So)2-4RoSo (5)1 1

Ka
(
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The ∆δ can be calculated if the chemical shift of saturated complex (100%) is 

known. Since, the saturation is not observed in the titration curves of either 3',5'-di-O-

silyldeoxy thymidine Vs adeninyl/8-bromoadeninyl PNA (Figure 19A and 20A) or 

thymidinyl PNA Vs adeninyl/8-bromoadeninyl PNA (Figure 19B and 20B), it is difficult 

to calculate the binding constant in this case. However, through computer programs, by 

assumption and iteration, it is possible to solve such equation (5), with two unknowns. 

However due to non availability of such program, we have been unable to compute the 

association constant (Ka) at present. 

3.9 General Experimental Procedure of Biophysical studies  

3.9.1 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 a 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. 

3.9.1 UV-Tm studies  

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 

7.3 to achieve a final strand concentration of either 0.5 or 1µM each strand. For the AT-

rich PNAs, antiparallel and parallel complexes were constituted by employing DNA.  
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The samples were heated at 85oC for 5 min. followed by slow cooling to room 

temperature for 7 hrs. 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 twice. The normalized absorbance at 260 nm 

was plotted as a function of the temperature. The Tm was determined from the first 

derivative plots of normalized absorbance with respect to temperature and is accurate to 

±0.50C. The concentration of DNA, RNA and PNA were calculated with the help of 

extinction coefficients, A= 15.4, T= 8.8, C= 7.3 and G= 11.7. 

3.9.2 Circular Dichroism 

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, at 10oC. 

The CD spectra of the single strands (PNA/DNA) and triplexes were recorded as 

an accumulation of 10 scans response of 1sec. from 320 to 200nm using a 1cm cell and a 

scan speed of 200nm/min. 

3.9.3 Job’s plot through Circular Dichroism 

Various stoichiometric mixtures of PNA and its complementary DNA were 

prepared with relative molar ratios of (PNA:DNA) strands of 0:100, 10:90, 20:80, 30:70, 

40:60, 50:50, 60:40, 70:30, 80:20, 90:10, 100:0 individually. The total strand 

concentration in all the samples is 2 µM in 2ml sodium phosphate buffer (10 mM, pH 7.2 

and contains 100 mM NaCl, 0.1 mM EDTA). The samples with the individual strands 

were annealed and the CD spectra of each sample were recorded.  



Chapter 3 157

The elipticity values of all the mixtures at 258 or 260nm were plotted against mole 

fraction of PNA. The elipticity values of the sample at this wavelength readily increased 

and reaches to maximum followed by gradually decreased. These values were plotted 

against molefraction of PNA. The maxima of intersect found to be the binding 

stoichiometric molar ratio. 

3.9.4 Job’s plot  through UV-mixing curves 

Absorbance spectra at 260 nm was also recorded for the mixtures of PNA:DNA in 

different proportions as mentioned above. A mixing curve was plotted, absorbance at 

fixed wavelength (lmax 260 nm) against molefractions of PNA. There is a drastic shift in 

the absorbance value readily decresed, when the molefraction of PNA in the mixtures 

increased 60 to 70, which further increases behind that proportions. The minima of 

intersect found to be the binding stoichiometric molar ratio. 

3.9.5 NMR titration experiment 

The 30 mM of thymine component (100 or 31) in 600µl of dry CDCl3 was taken 

in NMR tube and titrated with the adenine component (30 mM in 1200 µl of dry CDCl3). 

The titration was followed by recording NMR spectra for each addition of 100 µl or 5 

mM of prepared adenine component. The chemical shift of N3-H of thymine moves 

downfield progressively as it involves hydrogen bonding. After saturation, negligible 

increment of δ value of N3-H was observed with further addition of adenine component. 

The δ value of N3-H was plotted against the conc. adeninyl component/ con. thyminyl 

component provides an intersecting point express about the binding stoichiometry. 
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3.10 Conclusions: 

i) The modified PNA oligomers (cyanuryl PNA, 8-bromoadeninyl PNA and 8-amino 

adeninyl PNAs) formed stable triplex complexes with corresponding DNA strands 

confirmed by CD and Job’s plot. 

ii) In case of cyanuryl PNA, C-terminus, middle and bi modifications (N-terminus and 

middle modification) stabilized the corresponding triplex, whereas the N-terminus 

modified PNA destabilized the triplex. 

iii) 8-bromoadeninyl PNA oligomers with middle modification destabilized the triplex, 

whereas the C-terminus and bi modifications (N-terminus and middle modified) 

stabilized the corresponding triplexes. 

iv) 8-aminoadeninyl PNA oligomers with N-terminus modification destabilized the 

triplex and C-terminus, middle modified and double modified (N-terminus and 

middle modified) stabilized the triplexes. 

v) The sequence discrimination through studying the hybridization properties of the 

modified PNA oligomer with single mismatch sequence, established the better 

sequence selectivity of modified PNA oligomers over the control PNAs. 

vi) The duplex stability of the cyanuryl PNA, 8-bromoadeninyl PNA and 8-

aminoadeninyl PNA were studied. 

vii) Mix sequence of cyanuryl PNA (PNA 87) showed less stable duplex in comparison 

with control sequence PNA (PNA 86) and PNA 87 discriminates the parallel and 

antiparallel sequences as good as the control sequence PNA 86 
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viii) Eventhough the modifications, 8-bromo/aminoadeninyl PNAs (PNA 88&89) may 

not enhance the binding strength with cDNA, they discriminate the parallel and 

antiparallel sequences better than the control sequence PNA 86. 

ix) The binding stoichiometry at monomer level between adeninyl PNA:thymidine, 

adeninyl PNA: thymidinyl PNA, 8-bromoadeninyl PNA:thymidine, 8-bromoadeninyl 

PNA: thymidinyl PNA established as 1:1 through NMR complexation titrimetry at 

monomer level. 
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