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Abstract of Thesis 

Chapter 1: Introduction: Nucleic acids in therapeutics 

Drugs consisting of oligonucleotide analogues capable of recognizing RNA through 

a Watson-Crick base-pairing mechanism, thereby arresting cellular processes at the tran-

scription level are known as antisense agents (AS-ONs). The potential of oligodeoxyribo-

nucleotides to act as antisense agents that inhibit viral replication in cell culture was dis-

covered by Zamecnik and Stephenson in 1978.
 
Efficient methods for gene silencing have 

been receiving increasing attention in the era of functional genomics, since sequence analy-

sis of the human genome and the genomes of several other organisms revealed numerous 

genes, whose function is not yet known. As Bennett and Cowsert pointed out in their re-

The thesis entitled “Design and synthesis of functionalised polyamide/polycarbamate-

based DNA analogues and their biophysical evaluation” is divided into four chapters: 

Chapter 1: Introduction: Nucleic acids in therapeutics 

Chapter 2: Synthesis of polycarbamate analogues of GNA/TNA and their biophysical 

Studies 

 Section A: Synthesis of R/S-GCNA monomers and oligomers 

Section B: Biophysical evaluation of R/S-GCNA carbamate oligomers 

Chapter 3: -bis-substituted PNA with configurational and conformational switch: 

binding studies with cDNA/RNA and their cellular uptake 

 

 

Section A: Synthesis of (R, R)/(S, S) -bis- hydroxymethyl /methox-

ymethyl aegPNA 

Section B: Biophysical evaluation of (R, R)/(S, S) -bis-hydroxymethyl 

/methoxymethyl substituted aegPNA incorporated oligomers 

Section C: Cell uptake experiments 

Chapter 4: Structural and functional evaluation of PNA and modified PNA as G- quad-

ruplex structure 
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view article, AS-ONs combine many desired properties such as broad applicability, direct 

utilization of sequence information, rapid development at low costs, high probability of 

success and high specificity compared to alternative therapeutic technologies and target 

validation. However, modification of AS-ONs is necessary for its survival and success in 

biological environment. Peptide Nucleic Acid (PNA) is one such milestone in the field of 

antisense research which has found its use in other fields like biosensing, PCR amplifica-

tion, diagnosis
 
and many more. PNA also has certain setbacks like poor aqueous solubility, 

low penetration inside the cells and ambiguity in distinguishing between parallel and anti-

parallel mode of binding. Modifications to overcome these difficulties have been discussed 

in this chapter. 

G-quadruplexes are higher-order DNA and RNA structures formed from G-rich se-

quences that are built around tetrads of hydrogen-bonded guanine bases. Potential quadru-

plex sequences have been identified in G-rich eukaryotic telomeres, and more recently in 

non-telomeric genomic DNA, e.g. in nuclease-hypersensitive promoter regions. Short PNA 

sequences are also known to form multimolecular G-quadruplex structures, but much needs 

to be explored using PNA backbone in the field of quadruplex structures. In this chapter we 

have also reviewed the PNA forming G-quadruplex. 

Chapter 2: Synthesis of polycarbamate analogue of GNA/TNA and their 

biophysical studies 

2A.1 Introduction 

TNAs [(L)-α-threofuranosyl oligonucleotides] are an important class of nucleic acid 

discovered in 1999 by Eschenmoser et al where it was observed that the nucleic acid de-

rived from tetrose sugar not only formed stable antiparallel duplexes with themselves but 

also cross paired with DNA/RNA. Inspired by Eschenmoser’s TNA structure, Glycol Nu-

cleic acid (GNA), a structurally simplified oligonucleotide mimic, was designed by Eric 

Meggers. The homoligomers of GNA were found to pair very well with themselves through 

Watson-Crick base pairing, but did not cross-pair with either RNA or DNA.  
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Figure 1: DNA, Threose Nucleic Acid (TNA), Glycol Nucleic Acid (GNA) 

 The study of carbamate linkages dates back to 1974 but was not fully exploited in 

the development of antisense oligomers. Earlier, pyrrolidinyl carbamate oligonucleotides
 

were reported by our group. The flexibility in the linker group led to destabilization of the 

complexes. In another report by our group, the internucleoside polyamide linkages in PNA 

backbone were replaced by carbamate linkages and the nucleobase linker was retained as in 

PNA to get polycarbamate nucleic acids (PCNA). Both R-PCNA and S-PCNA
 
formed more 

stable duplex with DNA. 

 

Figure 2: Chemical structures of pyrrolidine carbamate nucleic acid, R-PCNA and S-PCNA respective-

ly. 

2A.2 Rationale 

In this piece of work we simplify the PCNA structure based on GNA. The open 

chain GNA containing phosphodiester linkages could have been highly flexible and proba-

bly was unable to reorganize to bind to the DNA/RNA backbone. Our designed monomer 

comprised of 5-atoms in the backbone as in the case of GNA where the phosphodiester 

linkage was replaced by carbamate linkage. The carbamate linkage is uncharged like PNA, 

but more compact compared to phosphodiester linkage in GNA and can be synthesized eas-

ily from L-serine.  



                                                                                                                                                     Abstract of Thesis 

Ph.D thesis: Tanaya Bose, NCL                                                                                                                viii | P a g e  

 

 

 

Figure 3: Glycol Nucleic acid (GNA) and our designed Glycol Carbamate Nucleic acid (GCNA) 

The synthesis of both the stereochemistries of GCNA monomers was started from L-serine. 

Boc Strategy was chosen for the synthesis of oligomers. 

2A.3 Synthesis of R-GCNA monomers for Boc chemistry 

Naturally occurring L-serine was used as a starting material to synthesize both the 

enantiomers of GCNA as described in Scheme 1 and Scheme 2. 

.  

 
 

Scheme 1: Synthesis of R-GCNA monomer 
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2A.4 Synthesis of S-GCNA monomers 

 

Scheme 2: Synthesis of S-GCNA monomer 

The optical purity of the monomers 9, 10, 19, 20 was confirmed by chiral HPLC. 

2A.5 Solid phase carbamate Synthesis 

 The Solid Phase carbamate Synthesis of GCNA oligomers started with coupling of 

first monomer (synthesis starts from C-terminus to N-terminus) with lysine derivatized 

MBHA (4-methylbenzhydryl amine) resin. Boc-deprotection followed by coupling with 

activated GCNA monomer gave carbamate linked dimer unit. Stepwise deprotection and 

coupling yielded the resin supported oligomers. The oligomers was cleaved from the resin 

using TFA-TFMSA conditions, purified by HPLC and characterized by MALDI-TOF.  

Unlike the standard peptide chemistry, the monomer units do not require any addi-

tional activating reagents and also the excess monomer can be recovered at the end of each 

coupling. 
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2A.6 UV Job’s plot 

To find out the stoichiometry of binding of the pyrimidine and mixed-

pyrimidine/purine GCNA sequences to their complementary DNA sequences, absorbance 

at fixed wavelength (λmax 260 nm) was plotted against mole fraction of GCNA.
 
Experi-

ments show decrease in absorbance value when the concentration of R-GCNA-1 in the mix-

ture increased from 0-60 to 70%. Further increase in GCNA % resulted in increased ab-

sorbance, giving rise to an inflection point on the graph. The inflection point suggested that 

the polypyrimidine GCNA forms complex with DNA in 2:1 ratio. However, S-GCNA-1 

could not show any inflection point. Mixed purine and pyrimidine R/S-GCNA-2 sequences 

formed GCNA: DNA duplex in 1:1 stoichiometry. 

2A.7 UV-melting experiment 

The complex formation of GCNA was investigated initially using homothyminyl homochi-

ral sequences comprising (R)-and (S)-thymine units, namely, R-GCNA-1 and S-GCNA-1. 

S-GCNA-1 supported the observation of UV Job’s plot. 

 Table 1: UV melting of R-GCNA-1 complexes (10mM salt concentration) 

Sequences 
UV-Tm (°C) 

DNA-3 cRNA-3 

R-GCNA-1 tttttttt-Lys 35.3 29.0 

S-GCNA-1 tttttttt-Lys n.t. 32.1 
 

Mixed pu/py sequences R-GCNA-2 and S-GCNA-2 sequences were then employed for 

studying their thermal stability with DNA, RNA, mismatch DNA, Parallel DNA, and for 

self-pairing with GCNA. 
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Table 2: UV melting of R/S- GCNA-2 complexes with cDNA, RNA and complimentary GCNA 

 

Capital letters denote DNA/RNA sequences, small letters denote R/S-GCNA, DNA-4: 5’-AATTAATAATAT, p-cDNA-5: 5’-

TATAATAATTAA mmDNA-6: 5’-AATTATTAATAT, cRNA-4: 5’-UAUAAUAAUUAA. n.d.: not determined, n.t.: no sigmoidal 

transition. 

2.7 Circular dichroism (CD) spectra 

CD studies were carried out for the monomers 9 and 19.As expected the CD signa-

tures showed mirror image relationship between the enantiomers. 

                  

 

 

Sequences 

UV-Tm values º C 

SS 

10 mM 

DNA-4 

10 mM 

(100 

mM) 

p-

cDNA-5 

10 mM 

mmDNA

-6 

10 mM 

cRNA-4 

10 mm 

(100 

mM) 

R-GCNA-3 

aattaataa-

tat-Lys 

10 mM(10% 

DMSO) 

 

S-GCNA-3 

aattaataa-

tat-Lys 

10 mM(10% 

DMSO) 

 DNA-2: 5’-

ATATTATT

AATT 

n.t. (23.6) n.t. n.t. (22.2) n.d. n.d. 

R-GCNA-2: 

atattattaatt-

Lys 

n.t. 
40.8 

( 39.6) 
26.1 26.4 

29.6 

( 30.0) 
>80.0

c
 20.1

c
 

S-GCNA-

2:atattattaat

t-Lys 

20.07 
28.3 

( 27.5) 
n.t. 16.5 

26.5 

( 24.6) 
21.6

c
 >81.0

c
 

Figure 4: CD spectra of a) R-GCNA and S-GCNA monomers b) R-GCNA-2 ss and S-GCNA-2 ss 

a) b) 
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The CD plots of the single stranded R-GCNA-2 ss and isomeric S-GCNA-2 ss were oppo-

site in cotton effect at ~275 nm, showing differential stacking interactions in enantiomeric 

single strands. 

                  

Figure 5: CD spectra of a) R-GCNA-2: R-GCNA-3 complex b) S-GCNA-2: S-GCNA-3 complex 

Figure 5 shows the CD spectral properties of the enantiomeric duplexes R/S GCNA-2: R/S 

GCNA-3.The addition spectra of the individual oligomers were found to be distinctly dif-

ferent than that of the complexes, confirming the duplex formation. 

2.8 Conclusion 

In conclusion, these studies describe the synthesis of chirally homogeneous (R)- and 

(S)-Glycol Carbamate Nucleic Acids (GCNA) from naturally occurring L-serine. The chi-

rality of the monomers affected the binding properties while cross pairing with complemen-

tary DNA and RNA sequences. The highly stable homochiral homogeneous complexes dis-

played differently configured duplexes. 

 

 

 

a) b) 
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Chapter 3: -bis-substituted PNA with configurational and conforma-

tional switch: binding studies with cDNA/RNA and their cellular uptake 

3A Synthesis of (R, R)/(S, S) -bis- hydroxymethyl /methoxymethyl aegPNA 

3A.1 Introduction 

Peptide nucleic acid (PNA) is a promising class of nucleic acid mimic developed in 

the past two decades in which the naturally occurring sugar phosphodiester backbone is re-

placed with N-(2- aminoethyl) glycine units. PNA can hybridize to complementary DNA or 

RNA just as the natural counterpart, in accordance with the Watson-Crick base pairing 

rules, but with higher affinity and sequence specificity. Furthermore, PNA can invade se-

lected sequences of double-stranded DNA (dsDNA). The improvement in thermodynamic 

stability has been attributed, in part, to the non-ionic neutral PNA backbone devoid of elec-

trostatic repulsion in the backbone. The other contribution may come from counter ion re-

lease upon hybridization, as opposed to condensation taking place with DNA and RNA, 

resulting in an increase in the overall entropy of the system. Structural studies suggested 

that hydration may play a key role in rigidifying the backbone of PNA upon hybridization 

to DNA or RNA (or PNA), making it less accommodating to structural mismatches. Be-

sides hybridization properties, another appealing aspect of PNA is enzymatic stability.  

Inspite of many appealing features, PNA has some major setbacks as compared to 

other backbone modifications of DNA. Because of the charge-neutral backbone, PNA is 

only quite insoluble in water. Furthermore, it has tendency to aggregate and adhere to sur-

faces and other macromolecules in a nonspecific manner. Due to its achiral backbone, PNA 

also does not discriminate between parallel and antiparallel mode of binding with DNA. 

This inherent property posts a considerable technical challenge for the handling and pro-

cessing of PNA. Several approaches have been attempted to address this concerns, includ-

ing incorporation of charged amino acid residues, such as lysine at the termini
 
or in the inte-

rior part of the oligomer, inclusion of polar groups in the backbone,
 
carboxymethylene 

bridge, replacement of the original (aminoethyl) glycyl backbone skeleton with a negatively 

charged scaffold, conjugation of high molecular weight polyethylene glycol (PEG) to one 
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of the termini, fusion of PNA to DNA to generate a chimeric oligomer and redesign of the 

backbone architecture. These chemical modifications have led to improvement in solubility, 

but it is often achieved at the expense of binding affinity and/or sequence specificity, not to 

mention the requirement of an elaborate synthetic scheme and separation of enantiomers in 

some cases. Incorporation of cationic residues can improve water solubility, but it can also 

lead to nonspecific binding due to an increase in charge-charge interaction upon hybridiza-

tion to DNA or RNA. .  

3A.2 Rationale 

Literature reports suggested that introduction of hydroxymethyl (Figure 6b) unit in 

the γ position of the backbone of PNA (Figure 6a) induced chirality and thus selectively 

recognized complementary DNA. 

 

Figure 6: Chemical structure of a) aegPNA, b) γ- hydroxymethyl aegPNA, c) -bis- hydroxymethyl 

/methoxymethyl-substituted aegPNA 

 We envisioned that introduction of bis-hydroxymethyl/ methoxymethyl units on the 

backbone of PNA would enhance the solubility and make the oligomers viable for cellular 

uptake. Additionally, introduction of two chiral centres in a PNA unit may discriminate be-

tween parallel and antiparallel mode of binding. Thus, we designed bis-hydroxymethyl-

PNA monomers (Figure 6c and d). 
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3A.3 Synthesis of (R, R/S, S) -bis-hydroxymethyl /methoxymethyl-substituted ae-

gPNA monomers for Boc chemistry 

(R, R/S, S) -bis-hydroxymethyl /methoxymethyl-substituted aegPNA monomers 

8a1, 8a2, 8b1, 8b2, 9a1, 9a2, 9b1 and 9b2 were synthesized from D-tartaric acid and L-tartaric 

acid respectively following the synthetic steps given below. 

 

Scheme 3: Synthesis of (R, R/S, S) -bis-benzyloxymethyl/ methoxymethyl-substituted aegPNA mon-

omers 

3A.3 Synthesis, characterization and melting experiments of oligomers 

The Solid Phase Peptide Synthesis (SPPS) of PNA oligomers were undertaken by 

coupling of the first monomer with lysine derivatized 4-methylbenzhydryl amine (MBHA) 

resin using standard protocol. 
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3B Biophysical evaluation of (R, R)/(S, S) -bis hydroxymethyl/methoxymethyl sub-

stituted aegPNA incorporated oligomers 

3B.1 UV melting experiments 

 The thermal stability of modified oligomers was monitored by UV with comple-

mentary DNA, RNA, parallel complementary DNA and mismatch RNA. 

Table 3: UV- melting of of (R, R/S, S) -bis-hydroxymethyl/methoxymethyl modified aegPNA oligo-

mers with ap-cDNA, RNA, p-cDNA, mmRNA 

 

 

 

 

                                                       cDNA: 5’-CTGAAATCGGTT              Mismatch RNA: CUGAAUUCGGUU 
                   cRNA: 5’-CUGAAAUCGGUU              Parallel DNA: 5’-TTGGCTAAAGTC 

 

Sequence 

Code 

ap-cDNA 

 10mM(100mM) 

p-cDNA 

10mM 

cRNA 

10mM(100mM) 

mmRNA 

10mM 

PNA 1 58.3(53.7) 46.4 63.1(60.9) 46.3 

PNA 3a n.t.(n.t.) n.t. n.t.(n.t.) n.t. 

PNA 3b n.t.(n.t.) n.t. n.t.(n.t.) n.t. 

PNA 8a 51.5(49.7) 38.2 60.8(58.5) 47.8 

PNA 8b n.t.(n.t.) n.t. n.t.(n.t.) n.t. 

PNA 6a n.t.(n.t.) n.t. n.t.(n.t.) n.t. 

PNA 6b n.t.(n.t.) n.t. n.t.(n.t.) n.t. 

PNA 2 61.5(58.5) 49.5 66.6(62.7) 51.9 

PNA 4a 59.2(53.7) 38.5 64.7(59.9) 51.8 

PNA 4b 43.6(36.1) n.t. 51.7(44.3) 42.8 

PNA 5a 60.0(54.5) n.t. 66.3(63.9) 53.9 

PNA 5b n.t.(n.t.) n.t. n.t.(n.t.) n.t. 

PNA 10a 61.5(55.1) n.t. 68.5(63.1) 53.7 

PNA 9a 57.6(52.1) 38.5 63.2(61) 50.3 

PNA 9b 50.6(47) 36.2 57.3(50.4) 37.8 

PNA 7a 58.2(50.7) 38.8 61.7(57.3) 52.0 

PNA 7b 38.1(28.7) n.t. 49.2(41.9) 40.4 
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3B.2 Gel electrophoresis mobility assay 

Gel electrophoresis mobility assay confirmed the strong binding of sequence PNA 

4a to its complementary DNA and also that PNA 3a does not bind to its complementary 

DNA. 

 

Figure 7: Gel electrophoresis mobility assay 

3C Cell uptake experiments 

3C.1 Carboxyfluorescein attachment to the PNA sequences 

Carboxyfluorescein was attached to the synthesized PNA oligomers PNA 1, 2, 5a, 

10a for studying the internalization of the oligomers into cells. To synthesize carboxyfluo-

rescein attached PNA oligomers, couplings were carried out using PNA 1, 2, 5a, 10a on 

MBHA resin in presence of ten equivalents of 5(6)-carboxyfluorescein, HOBt, DIPCDI 

(diisopropylcarbodiimide) in DMF overnight. The oligomers were cleaved from solid phase 

in presence of TFA, TFMSA employing the regular protocol. The crude peptide was puri-

fied by semi preparative C18 column. 

3C.2 Cellular uptake studies 

HCT-116 cells were treated with CF-labeled PNAs at 1μM concentration and incu-

bated for 10h at 37°C. In order to remove the cell surface bound PNAs, the cells were 

washed with heparin (1mg/ml) before flow cytometric analysis. Thus, the fluorescent posi-
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tive cells that were obtained after FACS analysis were indicative of internalized PNAs and 

not associated with the cell membrane. 

 

Figure 8: Flow cytometric analysis of CF-conjugated PNA 1, 2, 5a, 10a in HCT-116 cell line 

In order to examine the ability of PNA [PNA (1, 2, 5a, 10a)-CF] to enter the cells 

without the help of transfection agent, we performed flow cytometry. The untreated cells 

(~5.5%) and unmodified PNA (PNA1-CF) showed ~5.4% fluorescent positive cells. The 

presence of bis-hydroxymethyl units in the sequence slightly improved the uptake to ~15%. 

Lysine residues are known to improve the cellular uptake of PNA. The unmodified PNA 2-

CF with four lysine residues improved internalization upto~35 %.The bis-hydroxymethyl 

modified PNA containing 4-lysine units (PNA10a-CF) was most efficiently internalized 

without the aid of transfection agent and ~ 57% fluorescent positive cells were observed.  

3C.2 Conclusion 

 In conclusion, these studies describe the synthesis of (S, S) and (R, R) bis-hydroxy-

methyl/methoxymethyl monomers from L(+) and D(-) tartaric acid respectively. The chiral-

ity of the monomers, substitution on the backbone as well as position of modification af-

fected the binding properties while cross pairing. A simple change in backbone from hy-

droxyl to methyl in (R, R)-bis-methoxymethyl PNA drastically changed the binding of the 

PNA oligomers with DNA and RNA. The sequence chosen for cell uptake experiment 

could invade the cells upto 57% in comparison to control (16%).  
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Chapter 4: Structural evaluation of PNA and modified PNA forming G-

quadruplex structure 

4.1 Introduction 

G-quadruplexes are polyguanylic acid gels
 
formed from stretches of contiguous 

guanines forming tetramers of planar hydrogen-bonded arrangements. They have been 

demonstrated to be stabilized by different cations. These include monovalent cations such 

as Na
+
, K

+
, Li

+
, Cs

+
, etc., and also divalent cations such as Ba

++
, Ca

++
, Sr

++ 
etc. In addition, 

non-metal cations such as NH4
+ 

have also been shown to result in stable G-quadruplexes. 

 

 

 

 

                      

                       

                      Figure 9: Structure of G-quadruplex 

4.2 Rationale 

Formation of G-quadruplex structures by Peptide Nucleic Acid has been reported 

earlier.
 
However, unimolecular G-tertads formed from PNA have not been investigated till 

date. For our preliminary study we have chosen the 15mer sequence [d(GGTTGGTGTGG 

TTGG)]. In this quadruplex sequence the thymine bases occupy the loops. 

The replacement of DNA backbone of TBA by PNA backbone has not yet been 

studied in literature. Here, we synthesized TBA sequence with PNA and modified PNA 

backbone. We also substituted the loop region (T3, T4 and T12, T13) with modified PNA 

monomer (bis-hydroxymethyl). 
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Figure 10: Structure of a) DNA-TBA G-quadruplex, b) amino acid modified PNA-TBA G-quadruplex 

We also replaced these loops by amino acid sequences considering that different 

amino acids sequences adopt different structure in three dimensional spaces. The side 

chains of the amino acids would be amenable for further utilization to get the desired arrays 

of the side chain functional groups in three dimensional spaces. Each thymine unit would 

be replaced by two amino acids to meet the requirement of loop length of the quadruplex. 

The (R, R)-PNA-β, γ-bis-hydroxymethyl monomers synthesized previously can also be in-

corporated in the sequence to find out its ability to form G-quadruplex. 

4.3 Synthesis of oligonucleotides 

The TT loop region of DNA-TBA sequence was modified with modified bis-

hydroxymethyl PNA monomers. In addition, several sequences were synthesized to replace 

the TT loops. The most simple, achiral amino acid glycine was used to study the effect of 

incorporation of amino acids on quadruplex structure. The TT loop regions were then modi-

fied with chiral amino acid L-alanine and D-alanine to study the induced chirality in the 

quadruplex. The PNA-TBA and modified PNA-TBA oligomers were synthesized using 

semi-automated microwave assisted peptide synthesizer following regular SPPS protocol. 

4.4 UV melting experiments 

The stability of the modified G-quadruplexes was followed by the change in the UV 

absorbance at 295 nm with temperature. The monovalent cations Na
+
 and K

+
 were neces-

sary for the stability of the quadruplex structure, K
+
 being most favored. PNA-TBA was 

a) b) 
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found to form unimolecular quadruplex. Using modified PNA monomer completely desta-

bilized the quadruplex structure. 

Table 4: UV melting experiment of unmodified PNA-TBA and DNA-TBA and modified PNA-TBA at 

295 nm  

 

Modifying the loop region with glycine and alanine changed the structure from 

unimolecular to multimolecular quadruplex which was evident from the hysteresis observed 

in melting and annealing curves in cases of modified PNA oligomers when monitored at 

295 nm wavelength. It is known in the literature that glycine is the most flexible prochiral 

amino acid whereas introduction of alanine may increase the propensity of formation of α-

helical peptide geometry. The studied quadruplexes with peptides containing glycine and 

alanine may not have induced the turns in the oligomers required for the unimolecular 

quadruplex and thus might be responsible for the formation of multimolecular quadruplex. 

4.5 Synthesis of PNA-TBA sequences containing hydroxyproline 

 Proline and its derivatives are known to induce turns in the peptide secondary struc-

tures and we therefore replaced the alanine amino acids in the loop region to get a uni-

molecular quadruplex of TBA sequence. Thus, hydroxyproline modifications were intro-

duced in the loop region to form unimolecular quadruplex . PNA-Val was also synthesized 

to observe the change on introduction of chiral amino acids like valine and threonine in the 

loop region of the PNA-TBA sequence. 

Sequence Code Tm water at 295 nm Tm
 
NaCl at 295 nm Tm

 
KCl at 295 nm 

Heat Cool Heat Cool Heat Cool 

DNA-TBA 20.45 20.2 22.6 22.6 50.0 49.7 

PNA-TBA 21.2 21.7 31.9 32.3 48.4 48.7 

(R,R)-PNA-β,γ-OH n.t. n.t. n.t. n.t. n.t. n.t. 

PNA-Gly 28.8 19.6 30.8 21.8 34.1 20.7 

PNA-L-Ala 27 19.1 26.9 20.7 45.3 35.5 

PNA-D-Ala 26.8 20.2 24.8 19.2 41.8 30.2 
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4.6 UV melting experiments 

Table 5: UV melting experiment of trans-hydroxyproline modified PNA-TBA oligomers at 295 nm 

The absence of hysteresis in melting pattern indicated that the introduction of hydroxypro-

line allows the formation of unimolecular quadruplex instead of multimolecular. 

Increase of salt concentration (K
+
, Na

+
) is known to enhance the stability of G-

quadruplex.
 
Hence, next we investigated the role of increased salt concentration in G-

quadruplex formation for synthesized PNA G-quadruplexes.  

Table 6: UV melting experiment of modified PNA oligomers at different salt concentrations 

 

On increasing the salt concentration there was indeed a rise in the melting temperature. 

This is indicative of electrostatic contribution to G-quadruplex stability due to the specifi-

cally bound Na+ or K+ ions. 

It is reported in the literature that increasing the oligomer concentration shows posi-

tive change in Tm for multimolecular quadruplex but remains unchanged for unimolecular 

quadruplex. Therefore, UV-melting experiments were performed at 10μM and 20μM oli-

gomer concentration to determine the influence of oligomer concentration on the sequenc-

es.  

Sequence Code Tm at 295nm  

(50mM NaCl) 

Tm at 295nm 

 (100mM NaCl) 

Tm at 295nm  

(150mM NaCl) 

Heat Cool Heat Cool Heat Cool 

DNA-TBA 19.2 19.5 22.6 22.6 22.7 23.3 

PNA -TBA 19.1 18.2 31.9 32.3 32.2 32.6 

PNA-L-Ala 22.6 19.7 26.9 20.7 28.2 22.9 

PNA-(L+D)-Hyp 25.2 24.8 29.5 28.9 33.08 32.2 

Sequence Code Tm water at 295 nm Tm NaCl at 295 nm Tm KCl at 295 nm 

Heat Cool Heat Cool Heat Cool 

PNA-L-Hyp n.t. n.t. n.t. n.t. 35.3 34.9 

PNA-D-Hyp n.t. n.t. n.t. n.t. 34.9 34.3 

PNA-(L+D)-Hyp n.t. n.t. 29.5 28.9 38.2 38.8 

PNA-Val n.t. n.t. 24.8 25.4 33.2 33.8 
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Table 7: UV melting experiment of modified PNA oligomers at different oligomer concentrations 

 

 

 

 

 

 

The PNA-TBA, PNA-L-Hyp, PNA-D-Hyp, PNA-(L+D)-Hyp, PNA-Val sequences 

did not show any increase in Tm whereas the alanine and glycine modified sequences 

showed an increase on increasing the oligomer concentration. 

A thermal difference spectrum (TDS) is obtained for the quadruplexes by simply re-

cording the ultraviolet absorbance spectra of the unfolded and folded states at temperatures 

above and below its melting temperature (Tm). The difference between these two spectra is 

the TDS. The TDS has a specific shape that is unique for each type of nucleic acid struc-

ture. Characteristic TDS was observed for PNA and modified PNA oligomers as reported 

by Jean-Louis Mergny. 

 A plot of Thermal Difference Spectra Factor 
 
further confirms our finding that the 

quadruplexes having glycine and alanine in the loop region forms parallel quadruplex while 

unmodified PNA and the PNA-L-Hyp, PNA-D-Hyp, PNA-(L+D)-Hyp, PNA-Val forms an-

tiparallel quadruplex. 

4.7 Synthesis of sulphated Oligomers 

 DNA-TBA is known to bind thrombin in positively charged exosite I or exosite II 

via hydrogen bonding, electrostatic or nonpolar interactions in the loop regions of the quad-

ruplex structures. Sulphated heparin having highest negative charge density also binds 

thrombin via electrostatic interactions. The PNA-TBA sequence although formed uni-

molecular quadruplex structure did not have the charged backbone to interact with the posi-

Sequence Code 5μM 10μM 20μM Composition 

DNA-TBA 50.0 49.6 48.2 unimolecular 

PNA-TBA 48.4 46.8 47.8 unimolecular 

PNA-Gly 34.1 39.8 65.3 multimolecular 

PNA-L-Ala 45.3 48.2 61.6 multimolecular 

PNA-D-Ala 41.8 53.8 63.5 multimolecular 

PNA-L-Hyp 35.3 32.8 36.9 unimolecular 

PNA-D-Hyp 34.9 36.8 38.1 unimolecular 

PNA-(L+D)-Hyp 38.2 36.5 34.6 unimolecular 

PNA-Val 33.2 32.8 35.6 unimolecular 
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tively charged binding sites of thrombin. In view of this, we thought of sulphating the hy-

droxy groups available on the designed modified PNA of the present study. The sulphated 

oligomers were synthesized
 
post-synthetically in solution phase after the cleavage of pep-

tide from solid support. 

 

Scheme 4: Sulphation of hydroxyl groups of hydroxy proline in modified PNA oligomers 

 

The synthesized oligomers were purified by HPLC and characterized by MALDI-TOF. 

4.8 UV melting of sulphate oligomers 

 The melting studies showed that the synthesized sulphated oligomers did not form 

the quadruplex structures. 

Table 8: UV melting experiment of sulphate modified PNA oligomers 100mM KCl concentration 

 

 

 

4.9 Conclusion 

 16-mer PNA and 20-mer modified PNA oligomers were synthesized on solid sup-

port using semi-automated microwave peptide synthesizer. 

 The presence of peptides in the loop region determines the structure of quadruplex. 

Seq code 
Tm in 100 mM KCl at 295 nm 

Heat Cool 

PNA-L-Hyp Sulphate n.t. n.t. 

PNA-D-Hyp Sulphate n.t. n.t. 

PNA-(L+D)-Hyp Sulphate n.t. n.t. 

PNA-Val Sulphate n.t. n.t. 
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1.1  Introduction 

"Life" on Earth manifests itself in innumerable diverse forms and complexities in terms 

of shape, size etc. ranging from the microscopic viruses to gigantic blue whales, from the 

simple cellular organisms of deep dark ocean-depths to the sunlight-harvesting plants. All 

life on Earth is based on nucleic acids (DNA and RNA) and proteins, which synchronizes 

together based on the central dogma of molecular biology
1
 (Figure 1.1). DNA carries infor-

mation that is transcribed into RNA, which then acts as a template for protein production. 

Proteins are cell’s workhorses, which serve as important structural elements in tissues. The 

DNA and RNA are collectively known as nucleic acids. 

 

Figure 1.1: Central Dogma of cell displaying the flow of genetic information from DNA to protein 

 

1.2  Nucleic acid structure 

1.2.1 Structure of DNA/RNA 

Copernican discovery by James Watson and Thomas Crick of the double-helical 

model of DNA structure
2
 marked a milestone in the history of science, which gave rise to 

modern molecular biology. It was then that disparate findings by other eminent scientists of 

that era cohered into the complete structure of DNA/RNA, which forms the basis of mod-

ern genetic theory. Nature’s simplest and elegant molecular recognition event is the base-

pairing of nucleic acids, which certifies the storage, transfer and expression of genetic in-

formation in living systems.  
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Nucleic acids have three main components i) Pentose sugar ring (D- Ribose for 

RNA and 2-deoxyribose in DNA), ii) Nucleobase attached to sugar by -glycosidic link-

age, iii) 3’-OH group of one unit linked to 5’-OH group of neighboring unit through phos-

phate linkage. The nucleobase may be purine (adenine and guanine) or pyrimidine (cyto-

sine, thymine in case of DNA and uracil in case of RNA).  

 

      

 

Figure 1.2: Chemical structure of DNA and RNA 

 Some other pseudo-nucleobases viz inosine, hypoxanthine, xanthine, 7-methylguanine are 

also present in tRNA. The presence or absence of 2’-OH group in DNA or RNA respec-

tively dictates structural difference as well as their chemical behavior. DNA is primarily 

double stranded structure with two strands in opposite directions i.e. antiparallel to each 

other. RNA being single stranded is susceptible to formation of bulges, loops, hairpins etc. 

RNA is also known to function as enzyme and is vulnerable to hydrolysis due to neighbor-

ing group participation.  

 

Nucleobases (B) 

 

DNA/RNA (R= H/OH) 
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1.2.2 Base pairing via Hydrogen bonding 

 The N-H groups of nucleobases are powerful hydrogen bond donors, while the sp
2
- 

hybridized electron pairs on the oxygen of the carbonyl groups and that on the ring nitro-

gen are hydrogen bond acceptors. Consequently, adenine forms two hydrogen bonds with 

thymine/uracil while guanine binds to cytosine by three hydrogen bonds. Such type of base 

pairing is known as Watson-Crick base pairing
2
 (Figure 1.3) while other significant types are 

Hoogsten,
3
(Figure 1.4) reverse-Hoogsten and Wobble

4
 base pairing. 

                          

Figure 1.3: Watson-Crick hydrogen- bonding between A:T and G:C base pair 

In Hoogsten base pairing, the purine rotates 180º with respect to the helix axis and adopts 

syn conformation.In addition to Watson-Crick (N3-C4) hydrogen bond of the pyrimidines, 

the C6-N7 face of purines are also involved in hydrogen bonding with another strand of 

DNA/RNA in Hoogsten mode. Such type of base pairing permits formation of triple helix. 

                                             

Figure 1.4: Hoogsten hydrogen- bonding between A:T and G:C base pair 

 



Chapter 1                                                                                                          Nucleic acids in therapeutics 

4 | P a g e  

  
Ph.D thesis: Tanaya Bose, NCL 

 

1.2.3 Sugar puckering in nucleos(t)ides 

A planar conformation is energetically adverse for the pentafuranose sugar moiety 

of nucleotide, which results in eclipsing of all the substituents attached to carbon atoms. 

Consequently, the system relieves itself from the strain by puckering. The effect of non-

bonded interactions between substituents at the four ring carbon atoms gives rise to the ring 

puckering. The energetically most stable conformation for the ring has all substituents as 

far apart as possible. This ‘puckering’ is described by recognizing the major displacement 

of the carbons C2′ and C3′ from the median plane of C1′-O4′-C4′. Thus, if the endo-

displacement of C2′ is higher than the exo-displacement of C3′, the conformation is called 

C2′-endo and so on for other atoms of the ring.
5
 The endo-face of the furanose is on the 

same side as C5′ and the base; the exo-face is on the opposite face to the base (Figure 1.5).  

 

Figure 1.5: N-type and S-type sugar puckering 

The concept of pseudorotation has been introduced to describe the conformation of ribose 

and deoxyribose rings in nucleotides with two variable parameters, the pseudorotation 

phase angle P and the puckering amplitude νmax.
6
 The parameters P (P = (v4+v1)-(v3+v0)/2v2 

(sin36º+sin72º)) and νmax (νmax = v2/cos P) depends upon the furanose ring torsion angle v0 

to v4. Under physiological conditions, the deoxyribofuranosyl sugars in DNA adopt prefer-

entially 3′-exo, 2′-endo twist form (often referred to as South or S-type conformation), 

whereas ribofuranosyl sugars in RNA are in 3′-endo, 2′-exo twist form (often referred to as 

North or N-type conformation). Interestingly the conformation predominantly adopted by a 

nucleoside/nucleotide is not always present in a oligonucleotide double helix. In solution, 

N-type and S-type conformations are in rapid equilibrium and are separated by a low ener-

gy barrier (Figure 1.5). 
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1.2.4 Higher order structures of Nucleic acids 

 Higher order nucleic acid structures such as triplex
7
 and quadruplex

8 
are formed 

involving Hoogsten mode of binding. Triplexes are prevalent when pyrimidine or purine 

bases occupy the major groove of DNA double helix forming Hoogsten base pairs with pu-

rines of Watson–Crick base pairs. Quadruplexes are formed from four strands and are 

mainly of three types depending on the type of nucleobases: i) G-quadruplex ii) i-motif iii) 

Holliday junction. Holliday junctions
9
 (Figure 1.6) are four stranded structures, which serves 

as key intermediate in DNA recombination enabling exchange of genetic information. G 

quadruplexes are guanine rich sequences forming planar G-quartets
10 

(Figure 1.6) present in 

telomere region, while i-motifs 
11

(Figure 1.6) are formed from intercalated cytosine and pro-

tonated cytosine of opposite strands of tetraplex. 

                                         

         Triplex                           Holliday junction                         G-quadruplex                         i-motif 

Figure 1.6: Representative figure of higher order structures of nucleic acid  

1.3 Antisense approach for therapeutics 

The small organic molecules available as drugs in the market targets the protein 

produced after transcription and translation. A deep structural knowledge of the binding 

site and the binding forces is required for drug designing of simple organic molecules 

against classical drug target proteins. Since very little is known about the process of protein 

folding, discovery of such drugs has various setbacks. In contrast, the nucleotide sequence 
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in RNA and DNA is universal and the understanding of their structure is facile. Conse-

quently, targeting nucleic acid for therapeutics is enticing. In order for the sequence specif-

ic recognition to happen, the drug should contain nucleobases that are fundamental units of 

nucleic acid recognition. Two innovative strategies are being tested for inhibiting the pro-

duction of disease related proteins using such sequence specific DNA fragments as gene 

expression inhibitors. (Figure 1.7) 

a) Antisense mechanism    b) Antigene mechanism 

 

 

Figure 1.7: Principle of action of antigene and antisense therapy 

 

A.  Antisense therapy 

 Drugs consisting of oligonucleotide analogues capable of recognizing RNA through 

a Watson-Crick base-pairing mechanism, thereby arresting cellular processes are known as 

antisense agents (AS-ONs).
12

 The basis for antisense method of gene regulation mechanism 

is to selectively impede the translation process.
13

 The sequences of the bases along a mes-

senger RNA (mRNA) molecule spell out the series of amino acids that must be strung to-

gether to make a protein. To obtain a molecule, which binds to the sense strand, one must 

construct a string of nucleotides having complementary ˋantisenseˊ sequence. This upon 

binding to the complementary region on mRNA sterically inhibits the protein synthesis 

machinery (Figure 1.7a). As Bennett and Cowsert pointed out in their review article,
14

 AS-

ONs combine many desired properties such as broad applicability, direct utilization of se-

quence information, rapid development at low costs, high probability of success and high 

Antisense Oligonucleotide Antigene Oligonucleotide 

 

Traditional drug 
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specificity compared to alternative technologies for gene functionalization and target vali-

dation. 

B. Antigene therapy 

Antigene strategy or the triplex approach for controlling gene expression aims to 

stall the production of undesired protein by selectively inhibiting the transcription of corre-

sponding gene (Figure 1.7b). In this method, the oligonucleotide targets the major groove of 

DNA where it winds around the double helical DNA to form a triplex. Thus the double 

stranded DNA itself can act as a target for the third strand oligonucleotides or their ana-

logue but 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. 

1.3.1 Antisense mechanism 

Antisense therapy works by various mechanisms. Oligonucleotides acts by blocking 

targeted RNA without inducing its degradation, the outcome of which includes modulation 

of splicing when pre-mRNA is targeted , blocking of mRNA translation or RNA folding 

and external guide sequence (EGS)-directed mRNA degradation by a tRNA-processing ri-

bozyme, RNase-P. They can also be used to block toxic RNAs that would otherwise seize 

protein factors at their expanded triplet repeats. The mechanism can be broadly categorized 

into two categories a) Disruptive antisense approach b) Corrective antisense approach. 

1.3.1.1 Disruptive antisense approach 

 The AS-ONs can disturb the translation processes at mRNA level, thus causing the 

disruption or down-regulation of the synthesis of disease-causing functional proteins.
15

 

This is known as disruptive antisense approach and works via various mechanisms. 

A. Antisense oligonucleotides can be used to inhibit translation by steric blockage of the 

ribosomes. They block the mRNA and in turn hinders the process of translation and protein 

formation. (Figure 1.8) 
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B. A natural enzyme called RNase H is frequently used to degrade the target mRNA. When 

the antisense oligonucleotides bind to the target mRNA, this enzyme cleaves the mRNA 

strand of a RNA-DNA hetero duplex thus preventing the translation process. (Figure 1.8B) 

C. Ribozymes function by binding to the target RNA moiety through base pairing and in-

activate it by cleaving the phosphodiester backbone at a specific susceptible end.
16

 The var-

ious types of reactions performed by ribozymes are based on trans esterification, which in-

cludes splicing, oligonucleotide chain extension, RNA ligation, endonuclease action and 

phosphatase action. The ribozyme action is generated by formation of particular secondary 

and tertiary structures that create active sites. (Figure 1.8C) 

 

 

Figure 1.8: Disruptive antisense approach 

D. RNA interference
15c

 or RNAi is another approach for antisense mechanism. This mech-

anism works by two different pathways namely a) small interfering RNA (siRNA) b) micro 

RNA (miRNA).  

A. B. C. D. 
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The mechanism involving small interfering RNA or siRNA targets the mRNA se-

quence. The siRNA molecules binds to a protein complex termed as RNA-induced silenc-

ing complex (RISC), which unwinds the two RNA strands allowing the antisense strand to 

bind to target RNA.
17

 Further RISC also contains an endonuclease activity, which hydro-

lyses the target RNA.
18

 (Figure 1.8D) 

MicroRNAs (miRNAs)
19

 are a class of non-protein-coding RNAs that regulate gene 

expression post-transcriptionally. They are single-stranded RNAs of ~19-25 nucleotides in 

length, generated from endogenous hairpin transcript.
20

 miRNAs regulate the gene expres-

sion by base pairing to partially complementary sites on the target messenger RNAs 

(mRNAs), usually in the 3’-untranslated region(UTR). Binding of a miRNA to the target 

mRNA typically leads to translational repression and exonucleolytic mRNA decay, alt-

hough high complementary targets can be cleaved endonucleolytically. miRNAs have been 

found to regulate more than 30% of mRNAs and have roles in fundamental processes like 

development, differentiation, cell proliferation, apoptosis and stress responses.  Both loss 

and gain of miRNA function contribute to cancer development through an array of differ-

ent mechanisms.
21

 

1.3.1.2 Corrective antisense approach 

 Regulation of RNA processing or RNA splice correction is another efficient mech-

anism in which oligonucleotides can be utilized to regulate gene expression.
22

 The discov-

ery of splicing augured a new era in the study of the molecular biology of eukaryotic gene 

expression. The molecular machinery that assembles a complimentary copy of mRNA from 

the set of instructions in DNA is not just carbon paper but also a pair of scissors and sticky 

paste. The separation and pasting together of the exons is all part of a complex editing pro-

cess called splicing, and is one of the most important stages in the journey from DNA to 

protein. In this approach, the antisense ONs can help restoring the viable protein produc-

tion by acting on pre-mRNA for splice corrections or to yield mRNA that is translated into 

viable proteins (Figure 1.9). The disruptive antisense effects involve non-antisense and non-

stop interaction leading to stimulation of immune response but corrective antisense de-

pends upon specific and stable interaction with mRNA for the desired corrective action. A 
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promising feature of this approach is that in patients, the antisense oligonucleotides restore 

the correct splicing of pre-mRNA, which remains in its natural chromosomal environment. 

This precludes the possibility of over-expression or inappropriate expression of mRNA and 

protein. These oligonucleotides do not remove the mutation and therefore requires periodic 

administrations. This approach is, thus, more akin to a pharmacological treatment than to 

gene therapy. 

 

 

 

Figure 1.9: Corrective antisense approach 

 

1.3.2 Antisense oligonucleotides from primitive to modern 

Chemical modifications of natural DNA/RNA are a prime requisite to augment the 

properties of oligonucleotides. The key hurdles that need to be addressed are: hybridization 

to its complementary DNA/RNA, toxicity, potency and nuclease resistance. A number of 

such chemically modified oilgonucleotides addressing these hindrances are under clinical 

trial.
23

The first generation antisense oligonucleotides emerged the phosphorothioates
24

 in 

which non-bridging oxygen atom in the phosphodiester linkage was replaced by sulphur 

atom. They were easy to synthesize and exhibited acceptable pharmacokinetic property. 

Vitravene
25

, a phosphorothioate modified oligonucleotide was the first antisense oiligonu-

cleotide to reach the stage of clinical trial which blocks translation of viral mRNA and con-

fers greater resistance to nuclease degradation. However, these oligomers have a tendency 

AS-ON 
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to induce non-specific effects, through binding to extra cellular and cellular proteins as well 

as cleavage of non-target mRNA which are only partially complimentary. 

The next generation of antisense therapy introduced C2’ modified analogues. The 

only chemical difference between DNA and RNA is the 2’ substitution in the sugar ring. 

RNA: RNA duplexes are known to be thermally more stable in comparison to DNA: DNA 

duplexes. RNA exists in C3’ endo conformation and introduction of electronegative sub-

stituent shifts the ribose conformational equilibrium to C3’ endo pucker.
26 

Thus 2’-O-Me,
27

 

2’-O-methoxyethyl,
28 

2’-F modifications
29

 and various other modifications were reported in 

this era of antisense therapy. These analogues were slightly less toxic and showed higher 

thermal stability towards complementary RNA. Mipomersen, a drug based on 2’- O-

methoxymethyl modification of phosphorothioates has been approved by United States 

FDA for treatment of homozygous familial hypercholesterolemia.
30

  

 

 

Figure 1.10: Generations of antisense therapy 

 

The next generation of antisense oligonucleotides surfaced other modifications viz 

Locked Nucleic Acid (LNA),
31

 Phosphorodiamidate Morpholino Oligomer (PMO),
32

 2’, 4’ 

Bicyclic Nucleic Acid (BNA).
33

 Among these, BNA/LNA showed dramatically improved 

hybridization properties and nuclease resistance. Threose Nucleic Acid (TNA)
34

 discovered 

Antisense Therapy 
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by Albert Eschenmoser has a backbone structure composed of repeating threose sugars 

linked together by phosphodiester bonds. TNA was found to be capable of forming antipar-

allel duplexes by self-pairing and was able to cross-pair with cDNA and RNA. Henceforth, 

TNA was believed to be an evolutionary pathway to RNA.
35

 Inspired by Eschenmoser’s 

TNA structure Eric Meggers reported Glycol Nucleic Acid (GNA)
36

 an open chain ana-

logue of TNA, which formed highly stable antiparallel duplex. One of the distinguished 

discoveries in the field of antisense therapy during this period was Peptide Nucleic Acid 

(PNA)
37 

where the sugar-phosphate backbone was replaced by neutral, achiral aminoethyl 

glycyl backbone. They were found to form strong complex with complementary DNA 

/RNA. Other notable modifications reported in this period of antisense are cyclohexene nu-

cleic acids (CeNA),
38 2ˊ-Deoxy-2ˊ-fluoro-β-D-arabino nucleic acid (FANA)

39 
to name a 

few. 

The approval of Vitravene, Mipomersen and Macugen by the FDA has flared up re-

search on antisense-based therapeutics. Furthermore, with persistent promising clinical tri-

als involving these modified oligonucleotides, it can be predicted that more new potent an-

tisense drugs may appear in the near future. 

1.4 Charge neutral backbone modifications of DNA 

The necessity of synthesizing charge neutral backbone modified DNA rose from the 

fact that these oligomers will be nuclease resistant as well as will overcome the electronic 

repulsion emerging due to phosphate backbone.
40

 Phosphorodiamidate morpholino oligo-

mer (PMO)
41

 (Figure 1.11A) are nonionic DNA analogs, in which the ribose is replaced by a 

morpholino moiety and phosphoroamidate intersubunit linkages are used instead of phos-

phodiester bonds. PMOs do not activate RNase H, however, if inhibition of gene expres-

sion is desired, they should therefore be targeted to the 5ˊ-untranslated region or to the first 

25 bases downstream of the start codon to block translation by preventing ribosomes from 

binding. Because their backbone is uncharged, PMOs are unlikely to form unwanted inter-

actions with nucleic acid-binding proteins. Their target affinities is similar to that of iso-

sequential DNA ONs, but lower than the strength of RNA binding achieved with many of 

the other modifications.  

https://en.wikipedia.org/wiki/Threose
https://en.wikipedia.org/wiki/Phosphodiester_bond
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Another type of charge neutral backbone reported possible, to replace the phosphate 

backbone of DNA is the carbamate linkage. In 1974, Michael J. Gait et al 
42

 utilized these 

linkages to form DNA mimics, where a dinucleotide analogue containing the oxyformam 

ido-linkage, thymidinylformamide-[3’(O) 5’ (C)]-5’- deoxythymidine (Figure 1.11 B) was 

synthesized. A number of attempts have been made since then to synthesize different car-

bamate analogues, as these linkages are stable under physiological conditions and are re-

sistant to nuclease action.  

Among all the non-ionic backbones of DNA the modification worth special men-

tion is Peptide Nucleic Acid (PNA) (Figure 1.11C) first introduced by Nielsen et al in 1991 

where the sugar phosphate backbone has been replaced by polyamide linker composed of 

N-2-aminoethylglycine repeating units, covalently linked to nucleobases through a carbox-

ymethyl spacer.
43

 Details about Peptide Nucleic Acids (PNAs) have been elaborately dis-

cussed in the following sections. 

 

Figure 1.11: A) Phosphorodiamidate modified oligomer (PMO), B) Carbamate modified oligomer, C) 

Peptide modified oligomer (PNA)   

1.5 Peptide Nucleic Acids (PNA) 

 Peptide Nucleic Acids (PNAs) are DNA analogues first introduced by Nielsen et al 

in 1991
37

 where the sugar phosphate backbone has been replaced by polyamide linker 



Chapter 1                                                                                                          Nucleic acids in therapeutics 

14 | P a g e  

  
Ph.D thesis: Tanaya Bose, NCL 

 

composed of N-2-aminoethylglycine repeating units, covalently linked to nucleobases 

through a carboxymethyl spacer.
43

 They bind through Watson-Crick base pairing with their 

complementary DNA/RNA.
44

  The neutral achiral backbone of PNA confers extra stability 

with complementary DNA/RNA in comparison to the natural counterpart in parallel as well 

as antiparallel fashion.
45

Due to high hybridization properties,
46 

 chemical and biostability,
47

 

PNA emerged as a successful lead for antisense therapy,
48

 biosensors,
49

 molecular biolo-

gy,
50

 diagnostic markers
51

 and
 
PCR amplification.

52
 

 

Figure 1.12: Chemical structure of DNA and PNA 

1.5.1 Important properties of PNA 

PNA has several properties to prove itself as a promising antisense or antigene 

drug, such as stable and highly sequence specific binding to the complementary mRNA or 

dsDNA gene target, high biological and chemical stability. The easy synthetic accessibility 

of PNA allows further optimization of the structure, especially with regard to bioavailabil-

ity and pharmacokinetic properties. Thus, it is not surprising that the drug aspects together 

with the utility as a molecular biology tool of PNA technology is being actively pursued, 

and the results so far are very encouraging. 

1.5.1.1 Duplex formation with complementary oligonucleotides 

PNAs were originally conceived as mimics of triple helix forming oligonucleotides 

designed for sequence specific targeting of double stranded DNA via major groove recog-

nition. Nevertheless, later on it was found that PNA is indeed a very potent structural mim-

ic of DNA, capable of forming Watson-Crick base pair dependent double helices with se-
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quence complementary to DNA, RNA or PNA.
53

 Unlike DNA or other DNA analogues, 

PNAs do not contain any pentose sugar moieties or phosphate groups. They are depicted as 

peptides from the N-terminus to the C-terminus, corresponding to the 5ˊ to 3ˊ direction as 

in DNA. Since all intramolecular distances and the configuration of the nucleobases are 

similar to those in natural DNA molecules, specific hybridization occurs between PNA and 

DNA or RNA sequences by hydrogen bonding. Though in DNA: DNA duplexes, the two 

strands are always in antiparallel orientation (with the 5ˊ-end of one strand opposed to the 

3ˊ-end of the other), PNA: DNA adducts can be formed in two different orientations, arbi-

trarily termed parallel and antiparallel. Both adducts are formed at room temperature, with 

the antiparallel orientation showing higher stability. This creates the possibility for PNAs 

to bind two DNA tracts of opposite sequence. The stability of DNA: DNA hybrids were 

shown to increase with increasing salt concentration, whereas in case of PNA: DNA duplex 

the stability remains same.
54

 The contrasting effect of ionic strength on duplex formation 

can be explained by the association of counter ions in case of DNA: DNA duplex for-

mation and by displacement of counter ions in the case of PNA: DNA duplex formation. 

One of the most important features of the PNA: DNA duplex is that their stability is highly 

sensitive to the presence of a single mismatched base pair. Thus, PNA probes are very se-

quence-selective and are superior to DNA probes in recognizing single-base mispairing. 

1.5.1.2 Antigene properties 

Four modes of binding for sequence-specific targeting of double-stranded DNA by 

PNA have been identified (Figure 1.13). Three of these modes involve invasion of the DNA 

duplex by PNA strands.  

 

Figure 1.13: Various structural modes of binding of PNA oligomers to sequence complementary targets 

in dsDNA 
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It is possible either for a single PNA (homopurine) strand to invade ('duplex invasion') via 

Watson-Crick base pairing, or alternatively, invasion may be accomplished by two pseudo-

complementary PNA strands, each of which binds to one of the DNA strands of the target 

('double duplex invasion'). These pseudo complementary PNAs contain modified adenine 

and thymine nucleobases that do not allow stable hybridization between the two sequence 

complementary PNAs, but do permit good binding to the DNA. In order to obtain efficient 

binding in double duplex invasion of pseudo-complementary PNAs, the target and thus the 

PNAs, should contain at least 50% AT (no other sequence constraints), and in the PNA oli-

gomers, all A/T base pairs are substituted with 2,6-diaminopurine/ 2-thiouracil 'base pairs'. 

This base pair is very unstable due to steric hindrance. Therefore, the two sequence-

complementary PNAs will not be able to bind each other, but they bind their DNA com-

plement very well. The third invasion ('triplex invasion') requires a homopurine DNA tar-

get and complementary homopyrimidine PNAs that bind the purine DNA strand through 

combined Watson-Crick and Hoogsteen base paring (Figure 1.13) via formation of a very 

stable PNA2:DNA triplex. For most applications, the two PNA strands are connected in a 

bis-PNA designed such that the one strand is antiparallel (W-C strand) and the other strand 

is parallel (H-strand) to the DNA target. The most efficient binding at physiological pH is 

obtained when cytosine in the PNA H-strand is replaced by pseudo-isocytosine, which 

mimics N3-protonated cytosine. 

1.5.1.3 Thermal stability of PNA and its hybrid complexes 

PNA oligomers have properties favorable to many molecular biological applica-

tions. One of the most impressive is the higher thermal stability of PNA/DNA and PNA/ 

RNA duplexes compared with DNA/DNA and DNA/RNA duplexes.
55 

This stronger bind-

ing is attributed to the lack of charge repulsion between the neutral PNA strand and the 

DNA or RNA strand. Typically, the melting temperature (Tm) of a 15-mer PNA/DNA du-

plex is ~70°C, whereas the corresponding DNA/DNA duplex exhibits a Tm of ~55°C (pH 

7, 100mmoldm
−3

 NaCl). PNA also forms very stable duplexes with RNA with a similar 

increase in Tm. As a general trend, Tm of a PNA/DNA duplex is 1°C higher per base pair 

than Tm of the corresponding DNA/DNA duplex (in 100mmoldm
−3

 NaCl). 
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1.5.1.4 Greater specificity of interaction 

PNA also shows greater specificity in binding to complementary DNA.
56

 A 

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

gle mismatch in mixed PNA/DNA 15-mers lowers Tm by 8-20°C (15°C on average). In the 

corresponding DNA/DNA duplexes a single mismatch lowers Tm by 4-16°C (11°C on av-

erage). 

1.5.1.5 Strand invasion 

PNA oligomers that contain only thymine and cytosine (pyrimidines) often bind 

with a PNA2: DNA stoichiometry, resulting in PNA: DNA: PNA triplex formation.
57

 The 

triplex comprises a PNA: DNA double helix (formed by Watson–Crick hydrogen bonds) 

with a second PNA strand lying in the major groove of the duplex (held by Hoogsteen hy-

drogen bonds). The stability of these triplexes are so great (Tm > 70°C for a 10-mer) that 

‘strand invasion’ of DNA: DNA is possible, binding of the PNA results in the formation of 

a D-loop in the double-stranded DNA, where the PNA displaces one of the DNA strands. 

This characteristic may potentially be used to manipulate gene expression at the transcrip-

tional level. 

1.5.1.6 Stronger binding independent of salt concentration 

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

PNA/DNA duplexes are practically independent of salt concentration. This is in sharp con-

trast to the Tm values of DNA/DNA duplexes, which are highly dependent on ionic 

strength.
54

 At low ionic strength, PNA can bind to a target sequence at temperatures where 

DNA hybridization is strongly inhibited. Hybridization of PNA can also proceed in the ab-

sence of Mg
2+

, a factor that further inhibits DNA/DNA duplex formation. Adjusting the 

ionic strength can therefore be very useful in designing procedures where competing DNA 

or RNA is present in the sample or where the nucleic acid being probed contains a high 

level of secondary structure. 
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1.5.1.7 Resistance to nucleases and proteases 

PNAs with their peptide backbone bearing purine and pyrimidine bases are the mo-

lecular species that are not easily recognized by either nucleases or proteases.
58

 Therefore, 

the lifetime of these compounds is extended both in vivo and in vitro. 

1.5.1.8 Insolubility of PNA and cellular uptake 

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

pared with DNA. Neutral PNA molecules have a tendency to aggregate to a degree that is 

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

the oligomer and to the purine/pyrimidine ratio.
54

Some recent modifications, including the 

incorporation of positively charged lysine residues (carboxyl-terminal or backbone modifi-

cation in place of glycine), have shown improvements in solubility. Negative charges may 

also be introduced, especially in PNA/DNA chimeras, which will enhance the water solu-

bility. Poor solubility of PNA and cell wall impermeability are the major roadblocks for 

them to be used for therapeutic purpose. Thus efficient cellular delivery systems for PNAs 

are required if these are to be developed into antisense and antigene agents. 

1.5.2 Chemical modifications of PNA 

 Since the discovery of PNA, many modifications has been reported to overcome the 

shortcomings of PNA i) selectivity between parallel and antiparallel mode of binding ii) 

improved solubility and cell internalization. Various attempts have been made to conquer 

these problems. Some of these attempts have been elucidated below. 

1.5.2.1 Preorganization through conformational constraints 

 Contrary to DNA, PNA binds to DNA and RNA in both parallel and antiparallel 

fashion. This brings in the necessity of modification to selectively bind to a particular se-

quence in particular orientation. Selectivity between parallel and antiparallel mode of bind-

ing can be consummated by preorganization which can be achieved either by  

A. inserting substituents atβor carbon 
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B. inserting aminoethyl group in cyclic structures  

C. cyclization of the PNA backbone 

 

Figure 1.14 Strategies for inducing preorganization in monomer of PNA 

A. Control of helix handedness 

Preorganization of the PNA backbone has been endeavored by insertion of different 

functional groups at 2’ or 5’ position or both or at 3’ position.
59

 These functional groups 

included hydrophobic, hydrophilic or charged at α, β, γ position. Modifications like N-(2-

aminoethyl)-β-Alanine,
60

(Figure 1.15A) N-(3-aminopropyl)-Glycine
61

(Figure 1.15B) and eth-
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ylene carbonyl linked nucleobases
62

(Figure 1.15C) were reported to improve the sequence 

specificity for directional preference. Nevertheless, these subtle alterations proved detri-

mental to UV-melting temperature. Incorporation of chiral monomers i.e. L/D- alanine
63

 

retained the hybridization properties though less efficiently with D-alanine being slightly 

better in comparison to L-alanine (Figure 1.15D). Among various other modifications report-

ed, D-lysine (Figure 1.15E) exhibited thermal stability as good as that of PNA. The incorpo-

ration of chirality on the backbone did induce sequence selectivity of PNA oligomers in 

hybridization maximizing the effect for D-glutamic acid and D-lysine substitutions. In gen-

eral, the different substituents caused equal or lower destabilization of PNA: RNA hybrids 

as compared to PNA: DNA hybrids. Reductive amination was the most used procedure to 

obtain an α-chiral backbone of PNA from amino acids.
64

 

However, on substituting the β position of PNA monomer with alkyl groups
65

 hav-

ing S-configuration (derived from L-alanine) (Figure 1.15F) showed hybridization with com-

plementary DNA while R-isomer (derived from D-alanine) did not. Thus, the stereochemis-

try of the β-carbon of the PNA backbone was critical to the hybridization ability of PNA 

and strictly limited to S-configuration. This contrasts α-PNAs in which stereochemistry of 

the α-carbon arising from a methyl group hardly affected the DNA binding ability. 

 

 

 

Figure 1.15: PNA modifications to achieve preorganization through control of helix handedness 

 

 

E. 
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B. Ring closure on glycine residue 

Some of the relatively successful conformationally preorganized modifica-

tions
66,67,68

so far are based on introduction of methylene/ethylene groups to bridge the 

methylene carbonyl side chain to generate diverse five or six membered nitrogen heterocy-

clic analogues. The cyclic analogues where the nucleobases are directly attached to the ring 

have defined nucleobase orientation, overcoming the rotamer problem. It also collateraly 

introduces chiral centres introducing directional selective binding of PNA with comple-

mentary DNA/RNA. Ring closure on glycine residue with five membered ring generated 

aminoethylprolyl PNA (aepPNA),
69

(Figure 1.16A) capable of forming highly stable triplex-

es. The aminoethylprolyl-5-one thymine monomers
70

 (Figure 1.16B)
 
were synthesized and 

incorporated in aegPNA-T8 backbone at different positions. The aeponePNAs showed 

marvellous hybridization of PNA to DNA triplexes compared to aegPNA. Six membered 

ring on the glycine residue namely (2S, 5R) aminoethyl pipecolic PNA (Figure 1.16C) was 

also reported
71  

where  aminoethyl pipecolic PNA was found to form stable DNA triplexes 

which is possible only in case of favorable pre-organization of PNA. 

 

 

Figure 1.16: PNA modifications with ring closure on glycine residue 

C.  Ring closure on aminoethyl residue 

Ring closure on aminoethyl residue can also impart preorganization of PNA back-

bone. Number of modifications involving ring closure of methylene carbonyl side chain 

has been reported till date. A wide variety of such chiral, constrained and structurally or-

ganized PNAs have been synthesized from naturally occurring trans-4-hydroxy-L-proline. 

An example of such modification is N-(thymin-1-yl-acetyl)-4-aminoproline, all possible 

monomers were synthesized and the L- trans-4-aminoprolyl isomer, was shown to bind to 

DNA with higher affinity, while the L-cis isomer and the D-trans which could not adopt 

A. B. C.  

66-68
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the same spatial arrangement and showed reduced binding preferences.
72

 PNAs derived 

from piperidone
73

 were also reported, though the rigidity of the ring and their particular 

geometry led to a decrease of PNA: DNA duplex stability. However, among all the iso-

mers synthesized (3R, 6R)-isomer, which is in line with proper group arrangement 

emerged as the best modification.  

 

 

Figure 1.17: PNA modifications with ring closure on aminoethyl residue 

D. Rigidification of aminoethyl residue 

Suitable substitutions may also lead to generation of cyclic structures with 1, 2-

cyclohexylamino,
74

(Figure 1.18A, B, C)
 
1,2-cyclopentylamino

75
( Figure 1.18D, E) and spirocy-

clohexyl
76 

rings in monomers. The transcyclopentane (tcyp-PNA) modified PNA structure 

which is equivalent to freezing the aminoethyl glycyl backbone was also reported to pro-

vide high level of mismatch discrimination
75b

 and was utilized as a target capture strand to 

improve detection limit of known DNA detection assay. On the other hand, cis-(1R, 2S) 

cyclopentyl PNA hybridized to DNA/RNA without much discrimination due to sugar 

puckering. Certain modifications like introduction of methylene/ethylene groups to bridge 

the aminoethyl glycyl backbone and methylene carbonyl side chain generated six or five 

membered ring, which introduced chiral centre as well as concomitantly directed the nu-

cleobase solving the rotamer problem. Trans -4-hydroxy-L-proline is a versatile commer-

cially available compound for the synthesis of different analogues of modified PNA viz N-

(thymin-1-yl-acetyl)-aminoproline
77

 all stereoisomers were synthesized. L- trans (Figure 

1.18F)
 
 isomer showed enhanced binding affinity with DNA while L-cis and D- trans 

showed reduced hybridization performance. 
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Figure 1.18: 1, 2-cyclohexylamino substituted Peptide Nucleic Acid A) (1R, 2R) B) (1S, 2S) C) (1R, 2S 

/1S, 2R); 1, 2-cyclohexylamino substituted Peptide Nucleic Acid D) (1S, 2S) E) (1R, 2S/1S, 2R); F) (2S, 

4R)-amino-N
α
-(substituted acetyl) - proline Peptide Nucleic Acid 

1.5.2.2 Chemical modifications to enhance cellular uptake of PNA 

PNA binds to both DNA and RNA with superior affinity. However, the biggest 

hurdle which does not allow the usage of PNA for therapeutic use is its poor aqueous solu-

bility and hence poor cellular uptake and endosomal entrapment.
78

 Current methods to en-

hance the cellular uptake of PNA are a) chimera of PNA and DNA b) conjugating cell-

penetrating peptides (CPP)
79

 c) introducing charged or polar groups on the backbone of 

PNA.  

A.  PNA DNA chimera 

DNA comprises of a negatively charged phosphate group, which makes it highly 

soluble in water. Generating a chimera would be synergistic in terms of overpowering the 
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limitations of PNA as well as DNA. Some types of chimera reported are i)5’-DNA linker 

X-PNA- pseudo-3’
80 

ii) pseudo 5’-DNA linker X-DNA- 3’
81 

iii) pseudo 5’-PNA linker X-

DNA-3’
76

Synthetic protocols have been developed with protecting groups compatible for 

carrying out on-line synthesis of both PNA and DNA to generate the chimeras. Several in-

teresting properties were noticed in such covalent hybrids such as co-operative stabilizing 

effects against proteases and nucleases, enhanced water solubility and duplex/triplex stabil-

ities dependent on the structure of chimerae and the linker.  

 

Figure 1.19: PNA DNA chimeras 

B. Conjugation of PNA with cell penetrating peptides 

Various efforts have been made to equip PNAs with a hydrophilic group that would 

confer cell permeation. PNAs having neutral backbone do not associate with delivery vehi-

cles based on cationic lipids. Hence, to use lipofectamine (cationic lipid), PNA needs to be 

hybridized to complementary oligodeoxynucleotides that aids complexation with the li-

pid.
82 

But the most popular approach to enhance cellular delivery has been conjugation of 

PNA to cell penetrating peptides that deliver the conjugate through endocytotic pathway.
83
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However, the low ability of PNA-CPP conjugates to escape from endosome has been the 

bottleneck of this approach. Various endosomolytic compounds have been explored, but 

unfortunately proved to be too toxic for in vivo applications.
79a

 Conjugates with arginine-

rich peptides have shown promising activity in HeLa cells in the absence of endosomolytic 

agents.
84

 However, certain peptides are internalized very efficiently by cells.
85

 The remark-

able uptake properties of HIV-1 Tat transduction domain is the result of short basic se-

quences of (GRKKRRQRRR). They are amphiphatic-helices with high content of basic 

amino acid residues (Lys, Arg). These peptides are conjugated to one or both the ends of 

PNA by an amide or disulfide linker.
86

 However, CPPs are relatively large peptides which 

complicates the preparation of PNA-CPP conjugate. The groups Corey
87

 and Gait
88

 showed 

that conjugation of PNA with short oligolysine enabled efficient delivery in fibroplast and 

various cancer cell lines. 

 

Figure 1.20: Conjugation of PNA with short oligolysine improves cellular uptake 

As few as four lysine residues achieved similar efficiency as CPP previously optimized for 

cellular delivery of PNA.
80

 Use of short oligolysine instead of CPP reduces the complexity 

and effort to deliver the PNA into the cells. Most recently, Gait and coworkers showed that 

introduction of a terminal Cys residue further increases the cellular uptake of Cys-Lys-

PNA-Lys conjugate.
89

 

 

 



Chapter 1                                                                                                          Nucleic acids in therapeutics 

26 | P a g e  

  
Ph.D thesis: Tanaya Bose, NCL 

 

C. Introduction of charged or polar groups on the backbone 

Charged or polar functional groups can amplify the solubility of any organic mole-

cule. This idea afforded fusion of positively charged lysine at the termini
90 

or in the interior 

part of the oligomer, inclusion of polar groups in the backbone,
91

 replacement of the origi-

nal (aminoethyl) glycyl backbone skeleton with a negatively charged scaffold
92 

or
 
conjuga-

tion of biocompatible polyethylene glycol (PEG) to one of the termini
93

 rendering solubili-

ty of the PNA molecule.
94

 Incorporation of cationic residues can enhance hydrophilicity, on 

the other hand can also lead to nonspecific binding due to an increase in electrostatic inter-

action upon hybridization to DNA or RNA. Ly and coworkers synthesized guanidine 

groups at α-
95

(Figure 1.21A) and γ-position 
96

(Figure 1.21B) of PNA’s backbone. The α-

guanidine-modified PNA, GPNA derived from D-arginine had higher affinity for comple-

mentary DNA
97

 and RNA.
98

 GPNA was readily assimilated by several cell lines (HCT116, 

human ES, and HeLa), which was associated with the cationic guanidine modifications. 

GPNA being less toxic to cells than a PNA-polyarginine inhibited E-cadherin in A549 

cells.
99

 Englund and Appella reported that the S-isomer of γ-modified PNA (derived from 

the natural L-lysine) (Figure 1.21C) could hybridize better with complementary DNA in 

comparison to the R-isomer.
100

 Manicardi et al
101

 used both α- and γ-modified GPNA 15-

mers to inhibit microRNA-210 in K562 cells.
97

 Mitra and Ganesh recorded identical obser-

vation on DNA binding and cellular uptake of α- and γ-aminomethylene PNA (am-

PNA).
102, 103

 The aminomethylene modification boosted PNA binding to DNA, with γ-

(S)am- PNA (Figure 1.21E) being significantly superior than α-(R)am-PNA (Figure 1.21D), 

which, in turn, was better than α-(S)am-PNA (Figure 1.21F).
102 

Polar groups like –OH, -SH, -OSO3, miniPEG were introduced on the backbone of 

PNA to increase the solubility and pharmacokinetic properties of PNA. While, γ -

thiomethyl PNA
104 

(Figure 1.21G) were utilized for synthesizing long PNA sequences for 

intracellular activities by native chemical ligation, γ -hydroxymethyl PNA
105 

(Figure 1.21H)
 

reported by Pensato et al successfully invaded the duplex. PNA bearing a sulfate group
106

 

(Figure 1.21I) was reported by Romanelli et al, which targeted at making PNAs more like 

DNA in terms of polarity and charge resulting in destabilized duplex. This destabilization 

was rationalized by electrostatic repulsion between the negatively charged sulphate of the 
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modified PNA and phosphate of DNA. The modified PNA was successfully lipofected into 

human breast-cancer (SKB3) cells exhibited antigene activity against ErbB2 gene. Minipeg 

group at the γ position of PNA reported by Sahu et al
107

 (Figure 1.21J) was not only easy to 

synthesize but also boosted the solubility as well as hybridization properties of PNA. 

 

Figure 1.21: Modifications reported to enhance the solubility of PNA 

1.5.2.3 Nucleobase modifications 

Only a few ‘non-Watson-Crick’ nucleobases have been studied in ‘PNA context’ 

(Figure 1.22). However, one of them, pseudoisocytosine, which mimic N3-protonated cyto-

sine, is indispensable for pH-independent recognition of DNA guanine in the Hoogsteen 

mode of triplex forming bis-PNAs,
108

 and is routinely used in bis- PNAs for recognition of 
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double stranded DNA. Another useful substitution is to use diaminopurine in place of ade-

nine as it improves the Tm of the PNA/nucleic acid duplex by up to 4°C per substitution.
109

 

2-Aminopurine hydrogen bonds with U and T in reverse Watson-Crick mode and has the 

advantage of being inherently fluorescent to enable study of kinetic events associated in 

hybridization. Expanding the repertoire of bases recognized by Hoogsteen bonding beyond 

the purines, especially thymine, has been an extraordinary challenge because of the steric 

clash presented by the 5- methyl group projecting from the Hoogsteen face of the nucleo-

base. The base was rationally designed for recognition of A: T base pair in the major 

groove and form a stable triad with T in the central position. It demonstrated good mis-

match discrimination and bound to thymine better than guanine did. 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. Wide varieties of 5-substituted uracils were 

synthesized and their ability for triplex formation has been studied. The G-clamp base was 

developed to build in specific, additional bonding interactions with guanine. Unnatural het-

erocyclic 3-nitropyrrole has been used as potential universal bases in PNA. The synthesis 

of cyanuryl PNA monomer containing cyanuric acid as the base was achieved by direct N-

monoalkylation of cyanuric acid with N-(2-Boc-aminoethyl)- N′-(bromoacetyl)glycyl ethyl 

ester.
110 

The monomer was incorporated as a T-mimic into PNA oligomers and biophysical 

studies on their triplexes/duplex complexes with complementary DNA oligomers indicated 

unusual stabilization of PNA: DNA hybrids when the cyanuryl unit was located in the mid-

dle of the PNA oligomer. 
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Figure 1.22: Non-standard nucleobases used in PNA oligomers 

1.6 Quadruplex forming DNA and their application in therapeutics 

 The observation of polycrystalline gels by a medical doctor/clinical laboratory sci-

entist Ivar Christian Bang (1869-1918)
111,112

 had stirred up the scientific community.
113

 

Rigorous diffraction studies and UV melting experiments of the polyguanylic acid gels 

proved that stretches of contiguous guanines formed tetramers of planar hydrogen-bonded 

arrangements, called G-quadruplexes.  

 

Figure1.23: Proposed arrangement of bases in G-quadruplex 

 The ability of DNA and RNA G-rich sequences to self-associate in forming novel 

higher ordered structures received much attention when they were identified to play a ma-
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jor role in structural and regulatory maintenance of telomeres present at the end of human 

chromosomes.
114

 Blackburn, Greider and Szostak, were awarded the Nobel prize in 2009 

for their work on telomerase and telomere maintenance. G-quadruplexes are sprinkled 

throughout the human genome
115

 and their ability in regulating gene expression has wide 

scope in the field of quadruplex cancer therapeutics.  

 The central void of G-quadruplexes can accommodate different cations of different 

radii, which determine the topology, as well as stability of quadruplexes (Figure 1.23). Po-

tassium and sodium were found to be optimal in increasing the G-quadruplex stability. The 

G-stretches are held together by hydrogen-bonding between the Watson-Crick face of each 

guanine with the Hoogsten face of adjacent guanine creating a cyclic arrangement of four 

guanines. The tetrads are stacked in a right handed helical motif,
114

 with a helical twist of 

30º and a diameter of 25Ǻ. 

The phosphate backbone generates four grooves, which accommodate well-defined 

network of water molecules. Unlike duplex DNA/RNA, G-quadruplexes exist when the 

strands of DNA/RNA are parallel as well as antiparallel. The linkers between the G-runs 

forms three different types of loops (Figure 1.24) i) lateral loops, joining adjacent antiparal-

lel phosphate backbone on the same quadruplex ii) diagonal loop, connecting the opposite 

antiparallel strands iii) propeller loop, fastening adjacent parallel strand. 

                  

Figure 1.24: G-quadruplex linker orientation 

 This linker length is instrumental in defining the final topology and stability of the quad-

ruplex, and also determines if the resulting quadruplex will be intra or inter molecular.
116
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Balasubramanian et al 
117 

designed G-rich DNA libraries and used UV-Tm and CD to com-

pare the properties of 21 DNA quadruplex libraries. 

1.6.1 Types of quadruplex structures 

 G-quadruplexes have been reported till date to form more than 100 types of struc-

tures. This variety arises from introduction of different cations, salt concentration, loop 

length, nucleobases in the loop, strand concentration, strand polarity etc. 
118

 Some of the 

extensively found varieties of G- quadruplexes are depicted below. 

 

 

Figure 1.25: Structure of i) tetramolecular parallel quadruplex, ii) bimolecular antiparallel quadruplex 

with adjacent parallel Strands, iii)tetramolecular antiparallel quadruplex with adjacent antiparallel 

strands, iv) bimolecular antiparallel quadruplex with adjacent parallel Strands v) Basket type 

intermolecular quadruplex vi) chair type intramolecular quadruplex  

1.6.2 G-quadruplex in aptamers 

Aptamers are single-stranded DNA or RNA, peptides or modified nucleic acids pro-

ficient in binding to specific targets with selectivity, specificity and affinity folding into 

specific three-dimensional structures. In 1990 Joyce,
119 

Szostak,
120 

and Gold
121 

inde-

pendently reported on the development of an in vitro selection and amplification technique 

for the isolation of oligonucleotides able to bind non-nucleic acid targets with high affinity 

and specificity. Several of these aptamers were found to be G-rich with an ability to form 

G-quadruplex structures. The enhanced resistance to nuclease degradation and increased 

cellular uptake are advantageous in the development of G-quadruplexes as drug candi-

dates.
122

 Number of such aptamers have been designed successfully viz HIV protein tar-

gets,
123 

 bovine prion proteins,
124

 anticancer targets such as nucleolin,
125

 Thrombin Binding 

i) ii) iv) v) vi) iii) 
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Aptamer (TBA)
126

 targeting human α-Thrombin amid which Thrombin Binding Aptamer 

has been studied widely. 

1.7 Tools and techniques for structural studies of nucleic acid complexes 

1.7.1 UV-Visible spectroscopy 

The absorbance of polynucleotide is the resultant of the sum of absorbances of the 

individual nucleotides and interaction between them. The interaction between the bases re-

sults in decrease of absorbance due to coupling of transition dipoles between neighboring 

stacked bases
127

 and hydrogen bonds between base pairs hindering the involvement of nu-

cleobases in hydrogen bonding.
128

 Increasing temperature perturbs this system, inducing a 

structural transition by causing disruption of hydrogen bonds between the base pairs, di-

minished stacking between adjacent nucleobases and larger torsional motions in the back-

bone leading to a loss of secondary and tertiary structure. This is evidenced by an increase 

in the UV absorption at 260nm, termed as hyperchromicity. The DNA melting can be read-

ily monitored by measuring its absorbance at a wavelength of 260nm. A plot of absorbance 

vs. temperature gives a sigmoidal curve in case of duplexes/triplexes and the midpoint of 

the transition gives the Tm or melting temperature. 

A. Duplex melting 

The UV absorbance value at any given temperature is the average of the duplex and 

single strands according to the “all-or -none” model. Thus, the melting temperature of du-

plex is a state when half of the strands are in single strand form and half bound to its com-

plimentary DNA. The hyperchromicity observed in duplex melting is about 10-20%. 

B. Triplex melting 

  DNA triplex melting monitored at 260nm wavelength gives a double sigmoidal 

curve. The first dissociation leads to the triplex (Hoogsteen strand) transition to duplex and 

the second corresponds to duplex dissociation (Watson-Crick duplex) at higher temperature 
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into two single strands.
129

 The hyperchromicity observed in triplex melting is about 30-

35%. 

C. Quadruplex melting 

Quadruplex meltings can also be monitored at 260nm. G-quartet dissociation rec-

ords smaller variation (4%) of absorbance. However, the stability of the modified G-

quadruplexes can be followed by the change in the UV absorbance at 295nm with increase 

in temperature.
130 

Maximal hyper/hypo chromic shift is observed at this wavelength be-

tween folded and unfolded states.  

A non-sigmoidal transition with low hyperchromicity is a consequence of non-

complexation (non-complementation). In many cases, the transitions are broad and the ex-

act melting temperature is obtained from the peak in the first derivative plots. This tech-

nique has provided valuable information regarding complementary in nucleic acid hybrids 

involving DNA, RNA and PNA. 

D. Stoichiometry of binding 

The binding stoichiometry of oligonucleotides with complementary DNA/RNA can 

be determined by UV-titration monitored at 260nm known as Job’s plot.
131

 The oligonu-

cleotides and DNA are mixed in different 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 and their absorbances are recorded at the particu-

lar molar ratio. Increase in complexation causes reduction in absorbance, reaching minima, 

beyond which the absorbance keeps on increasing. This inflection point helps in determin-

ing the stoichiometry of binding. For example- inflection at 50:50 indicates 1:1 complex 

while 70:30 indicates 2:1 complex.  

 1.7.2 Circular Dichroism 

Circular Dichroism is a spectroscopic technique used for elucidating the secondary 

structure of chiral molecules and biomolecules like proteins and nucleic acids.
132

 It helps in 

understanding the structural, kinetic and thermodynamic properties of such macromole-

cules. Measurements carried out in the visible and ultra‐violet region of the elec-
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tro‐magnetic spectrum monitors electronic transitions, of molecule comprising of chiral 

chromophores, giving rise to non-zero CD signal. CD is measured in millideg indicated by 

θ. The ellipticity θ is usually converted to the molar ellipticity for comparison with other 

data. This is represented by symbol [θ] (with units of degrees.cm squared.per deci-

mole).Thus, [θ] = θ / (100 x c x l) where c is the Molar concentration of the sample 

(mole/L) and l is the pathlength in cm, factor 100 converts the pathlength to metres. 

In the nucleic acids, the heterocycle bases are principal chromophores. As these ba-

ses are planar, they donot have any intrinsic CD. CD arises from the asymmetry induced by 

linked sugar group. when the bases are linked together in polynucleotides, they give rise to 

many degenerate interactions and gain additional characteristics associated with asymmet-

ric feature of secondary structure of nucleic acids.  

1.7.3 Fluorescence Spectroscopy 

 Nucleic acids can be studied by tagging them with fluorophores, which enables 

them in studying with fluorescence spectroscopy. They can be studied for their delivery in 

cells, intracellular activity. However, G-rich quadruplexes exhibit significantly higher in-

trinsic fluorescence at room temperature in comparison to homologous sequence with Gua-

nine. 
133, 134

 Hence, labeling of such sequence is not required for studying G-quadruplex 

sequence. 

1.7.4 Polyacrylamide Gel Electrophoresis 

Polyacrylamide gel electrophoresis (PAGE), describes a technique widely used 

in biochemistry, forensics, genetics, molecular biology and biotechnology to separate bio-

logical macromolecules, usually proteins or nucleic acids, according to their electrophoretic 

mobility. Mobility is a function of the length, conformation and charge of the molecule. 

Native PAGE can be used to differentiate molecules according to the their size and shape. 

Thus, duplexes, triplexes and quadruplexes can be differentiated from their single strand on 

polyacrylamide gel. Duplexes having higher molecular weight are retained on gel in com-

parison to the same single strand. G-quadruplexes are retained on polyacrylamide gel due 

https://en.wikipedia.org/wiki/Biochemistry
https://en.wikipedia.org/wiki/Forensic_chemistry
https://en.wikipedia.org/wiki/Genetics
https://en.wikipedia.org/wiki/Molecular_biology
https://en.wikipedia.org/wiki/Biotechnology
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to its folded structure in comparison to its unfolded structure. Further association of G- 

quadruplex to dimer or higher multimer can be demonstrated with PAGE.
135

 

1.7.5 Nuclear Magnetic Resonance Spectroscopy 

NMR spectroscopy is a powerful experimental technique that is useful for confir-

mation of the formation and topology of complexes of DNA and RNA such as duplexes, 

triplexes and quadruplexes. It can also be used to study hydrogen bonding between nucleo-

bases. The information obtainable includes sugar pucker characterization, backbone con-

formations and also local architecture. In case of G-tetrad formation, 1D proton NMR spec-

tra provides characteristic imino, amino and aromatic peaks indicating the presence of 

Hoogsten and Watson-Crick base-pairing. Further structure elucidation, of course, necessi-

tates the use of more specialized techniques such as NOESY, TOCSY, HSQC-COSY etc. 

This technique has clearly dominated the structure elucidation research of quadruplex fold-

ing and topology. 

1.8 Present Work 

Chapter 2: Synthesis of polycarbamate analogue of GNA/TNA and their biophysical 

Studies 

This chapter is divided into two sections: 

Section A: Synthesis of R/S-GCNA monomers and oligomers  

The synthesis of polycarbamate analogues of GNA/TNA is described in this sec-

tion. Oligomers containing these modified units were then synthesized on solid phase, puri-

fied by HPLC and characterized by MALDI-TOF. 

Section B: Biophysical evaluation of R/S-GCNA carbamate oligomers 

Biophysical experiments were performed to study the effects of these modifications 

on the stability of complexes with target DNA/RNA.   

Chapter 3: -bis-substituted PNA with configurational and conformational switch:  

binding studies with cDNA/RNA and their cellular uptake 

This chapter is divided into three sections: 
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Section A: Synthesis of (R, R)/(S, S) -bis- hydroxymethyl /methoxymethyl aegPNA 

This section describes the rationale of designing and synthesis of (R, R/S, S) -bis- 

hydroxymethyl /methoxymethyl substituted aegPNA from (D/L) tartaric acid respectively. 

Oligomers with modified monomers incorporated at desired position were then synthesized 

on solid phase. The oligomers were purified by HPLC and characterized by MALDI-TOF 

TOF mass spectrometry. 

Section B: Biophysical evaluation of (R, R) /(S, S) -bis- hydroxymethyl /methoxym- 

ethyl substituted aegPNA incorporated oligomers 

This section describes the biophysical evaluation of modified oligomers. The effect 

of such modification on binding with target DNA and RNA is studied using temperature 

dependent UV-Tm experiments. Electrophoretic Gel mobility assay was also performed to 

discriminate between the binding of -bis-hydroxymethyl /methoxymethyl substituted 

PNA with cDNA. 

Section C: Cell uptake experiments 

This section illustrates the ability of the sequences chosen after biophysical evalua-

tion for cell uptake experiments and the results were compared with control PNA. 

Chapter 4: Structural and functional evaluation of PNA and modified PNA as G 

quadruplex structure 

This part of the work elucidates the synthesis of PNA G-quadruplex and peptide 

modification of the G-quadruplex sequence. The synthesized oligomers were meticulously 

studied for their structural properties. 
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Section A 

Synthesis of R/S-GCNA monomers and oligomers 

2A.1 Introduction 

Key inputs from Eschenmoser’s group in solving the mystery of chemical etiology 

of nucleic acid structure has established that Watson-Crick base pairing can be supported 

by sugars in the backbone that differ from the naturally selected ribose/deoxyribose RNA 

or DNA (Figure 2.1A).
1
Amongst several possibilities studied, an interesting example is that 

of Tetrose Nucleic Acid (TNA) in which the pentose sugar in DNA/RNA is replaced by an 

atom-edited cyclic form of tetrose sugar (Figure 2.1B).
2
 TNA was found to be capable of 

forming antiparallel duplexes by self-pairing and were also able to cross-pair with cDNA 

and RNA.
3
 Inspired by Eschenmoser’s TNA structure, Eric Meggers further structurally 

simplified TNA to an atom economic novel nucleic acid analogue (an acyclic version of 

TNA), known as Glycol Nucleic Acid (GNA)
4,5

 (Figure 2.1C, D). Although strong self-

pairing of complementary GNA duplexes was observed, only S-GNA could form cross-

paired duplexes with complementary RNA but with much less stability than the natural 

DNA: RNA duplex.  

 

 

Figure 2.1: DNA, Threose Nucleic Acid (TNA), Glycol Nucleic Acid (GNA) 

 

Other glycerol based nucleic acid analogues in which the base attachment is three 

bonds away (FNA)
6
 (Figure 2.2A)

 
or one bond away (isoGNA)

7 
(Figure 2.2B) compared to 

GNA were also studied but were found incompatible for self-pairing or cross-pairing. In-
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spired by GNA, acyclic threoninol nucleic acids (aTNA)
8
 (Figure 2.2C) and serinol nucleic 

acids (SNA)
9
 (Figure 2.2D) were reported by Asanuma et al. They found that SNA as well as 

aTNA formed stable homo duplex and SNA was able to cross-pair with both DNA and 

RNA. 

 

 

Figure 2.2: Framework of FNA, isoGNA, SNA, aTNA 

 

A number of modifications on the backbone have been reported in literature but a 

pioneering report was made by Nielsen et al
10

 which dates back to 1991. In PNA, nucleo-

bases are attached to the polyamide backbone through conformationally rigid tertiary acet-

amide linker.
11

 PNA formed a strong and sequence specific binding to both complementary 

DNA and RNA. Despite having several advantages such as resistance to cellular enzymes
12

 

(proteases and nucleases), the major limitations confounding its application are, (1) poor 

aqueous solubility (2) inefficient cellular uptake and (3) ambiguity in DNA/RNA recogni-

tion arising from its almost equally facile binding in both parallel and antiparallel orienta-

tion with the complementary nucleic acid sequences.
13

 The other non-ionic modification 

reported involves replacement of phosphodiester linkage with carbamate linkage. These 

linkages were earlier utilized to form DNA mimics by some groups. First reports were 

made in 1974 by Gait et al,
14

 (Figure 2.3A) where a dinucleotide analogue containing the 

oxyformamido-linkage, thymidinyl formamido-[3’(O) 5‘(C)]-5’-deoxythymidine was syn-

thesized. A number of attempts were made to synthesize polymers containing the ox-

yformamido-linkage, but without success. These linkages are stable under physiological 

conditions and are resistant to nuclease action.
15

 

Earlier, pyrrolidinyl carbamate oligonucleotides
16 

(Figure 2.3B) were reported by our 

group. The flexibility in the linker group led to destabilization of the complexes. In another 
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report by our group, the internucleoside polyamide linkages in PNA backbone were re-

placed by carbamate linkages and the nucleobase linker was retained as in PNA to get pol-

ycarbamate nucleic acids (PCNA). Both R-PCNA
17 

(Figure 2.3C) and S-PCNA
18 

(Figure 2.3D) 

formed more stable duplex with DNA than RNA. 

 

Figure 2.3: Carbamate analogues reported 

2A.2 Rationale 

In the present work, keeping acyclic GNA backbone unaltered, the phosphodiester 

linker in GNA was replaced by carbamate, changing secondary hydroxyl group in GNA to 

amino-group and was named Glycol Carbamate Nucleic Acid (GCNA, Figure 2.4 D, E) be-

cause of the structural similarity to GNA (Figure 2.4 B, C).  The proposed atom-edited 

GCNA backbone was shorter than the acyclic PCNA, both in linker to the nucleobase and 

the repeating bonds in the backbone. Carbamate linkages are slightly shorter and rigid 

compared to the phosphodiester linkages but more flexible than the amide linkers.
19, 20 

The 

rigidity in cyclic tetrose sugar-phosphate backbone in TNA (Figure 2.4 A) allows self-pairing 

as well as cross-pairing with either DNA or RNA. X-ray studies have pointed out that the 

higher stability of TNA: RNA duplexes is due to the reduced P…P distance in cyclic TNA 

which is compatible for A-form duplex with RNA.
3
 While forming duplex with TNA, DNA 

has to adopt conformation (like RNA) compatible to TNA and hence the stability of 

TNA:DNA duplexes is less pronounced.
3
 We envisaged that the shorter, rigid carbamate 

linker replacing phosphodiester linkage in acyclic GNA may impart the oligomers structur-

al features that would give incremental benefit for cross-pairing with RNA.
11
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Figure 2.4: Rational design of proposed R-GCNA and S-GCNA in the present work 

Robust RNA pairing is the most important attribute for applications of modified nu-

cleic acids. The charge neutral nature of the oligomers may also show better self-pairing 

and cross-pairing ability with cDNA/RNA in the absence of charge-charge repulsions.  

2A.3 Synthesis of monomer units 

The naturally occurring L-Serine was versatile starting material for the synthesis of 

R- monomer. However, S- monomer could also be synthesized by simple manipulation of 

the protecting groups. The hydroxyl group in L- Serine could be easily implemented for 

activation with p-nitrophenyl chloroformate to obtain the activated carbonate monomer in 

case of R- while for S- the acid could be reduced to alcohol to achieve hydroxyl functionali-

ty. 

2A.3.1 Synthesis of R- monomer units 

The R- monomer units were easily synthesized starting from naturally occurring L- 

serine as depicted in Scheme 2.1. The hydroxy group in N-(tert-Butoxycarbonyl)-L-serine 

methyl ester was protected as silyl ether to get compound 2 using TBS-Cl. Reduction of the 

ester group in protected L-serine derivative 2, produced alcohol 3 using NaBH4 in MeOH. 

Mitsunobu reaction was employed for the attachment of protected nucleobases (N3-benzoyl 

thymine and N
6-

Cbz adenine) to give the monomer precursors 4 and 5. The TBS group was 

deprotected using TBAF in THF to get the R-monomeric units 6, 7. Compound 6 was 

debenzoylated using 1:1 dioxane: aq. ammonia to yield 8. Monomers 7 and 8 were then ac-

A. B. C. D. E. 
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tivated using p- nitro-phenyloxycarbonyl chloride yielding 9 and 10, respectively in good 

overall yield. 

 

Scheme 2.1: Synthesis of R-GCNA monomer units 

2A.3.2 Synthesis of S- monomer units 

Alternatively, the (S)-enantiomers were obtained from Garner’s alcohol (Compound 

11), which was synthesized from L-Serine derivative 1 according to literature reports.
21 

Compound 12 was obtained by TBDPS protection of Garner’s alcohol. Mitsunobu reaction 

with nucleobases (N3-benzoyl thymine and N
6-

Cbz adenine) yielded compounds 14 and 15, 

respectively. Removal of TBDPS group was achieved using TBAF in THF to give S-

monomer units 16, 17. Debenzoylation of 16 gave 18 in quantitative yield. Monomers 17, 

18 were activated using p- nitro-phenyloxycarbonyl chloride to yield 19 and 20, respective-

ly. The activated monomers 9, 10 and 19, 20 could be directly used for solid phase oligo-

carbamate synthesis. All the new compounds were adequately characterized by 
1
H, 

13
C 

NMR and HR-MS analysis. 
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 Scheme 2.2: Synthesis of S-GCNA monomer units 

Optical purity of compounds 7, 17 and 8, 18 was ascertained by Chiral HPLC. Chiral 

HPLC was accomplished on Kromasil 5-Amycoat (4.6x250mm) column in mobile phase 

isopropyl alcohol: Petroleum ether (50:50). 

2A.4 Synthesis, purification and characterization of oligomers 

2A.4.1 Solid Phase Carbamate Synthesis (SPCS) 

2A.4.1.1 General principles of Solid Phase Synthesis 

In disparity to the solution phase method, the solid phase peptide synthesis strategy 

implemented by Merrifield,
22

 offers great advantage. In this method, the C- terminal is at-

tached to an insoluble matrix such as polystyrene beads having reactive functional groups, 

which also act as a permanent protection for the carboxylic acid (Figure 2.5). The next N
α
 –

protected amino acid is coupled to the resin bound amino acid either by using an active 

pentafluorophenyl (pfp) or 3-hydroxy-2,3-dihydro-4-oxobenzotriazole (Dhbt) ester or by an 

in situ activation with carbodiimide reagents along with HOBt, to drive the reaction to 

completion (>95%). The unreacted reagents are then washed out and the deprotection, cou-
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pling reactions and washing cycles are repeated until the desired peptide is achieved. The 

need to purify the coupling at every step is obviated. Finally, the resin bound peptide and 

the side chain protecting groups are cleaved in one step. Solid phase carbamate synthesis 

proposed in the present studies has a major advantage over solid phase peptide synthesis. 

As the Boc-amino alcohol is already activated by p- nitrophenylchloroformate, expensive 

coupling reagents are not required for the synthesis of oligomers, therefore excess mono-

mers can be recovered at the end of each coupling. 

Solid phase peptide/carbamate synthesis can be carried out either via Boc or Fmoc 

chemistry. The difference between the two synthesis lies in choice of protected monomers 

employed for solid phase. Boc and Fmoc protecting groups of amine are orthogonal to each 

other i.e. while Boc group is deprotected under acidic conditions, Fmoc group requires 

basic condition for deprotection. The choice of resin therefore depends on the chemistry of 

solid phase synthesis.  

 

                   

                    Merrifield Resin                                          Wang Resin 

 

            MBHA Resin                 Rink Amide Resin                   Novasyn TGR Resin 

Figure 2.5: Representative structures of resin in SPPS/SPCS  

Cleavage of peptides from resins like Merrifield, MBHA requires harsh conditions 

of TFMSA, TFA, while Wang, Rink amide and Novasyn TGR requires only TFA for 

cleavage. Oligomers susceptible for degradation under harsh conditions can therefore be 

synthesized via Fmoc chemistry. Structures of reactive functional groups of some of the 

commonly used resins are shown above (Figure 2.5). 
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The advantages of solid phase synthesis are (i) all the reactions are performed in a 

single vessel minimizing the loss due to transfer, (ii) large excess of monomer component 

can be used resulting in high coupling efficiency (iii) avoids purification step after each 

coupling reaction .These properties of solid phase synthesis makes the process of synthesis 

of oligomers easier and faster in comparison to solution phase synthesis. 

2A.4.1.2 Functionalization and picric acid estimation of the MBHA [(4-methyl ben-

zhydryl) amine] Resin  

 The loading value of MBHA resin was reduced to 0.3mmol/g, by coupling di-

protected L-lysine carboxylic group (N
α
-amino group protected with Boc and N

ω
- amino 

group by Cl-CBz) to the free amines on the resin using coupling reagents followed by cap-

ping with acetic anhydride.
23

 Then the final loading value of the functionalized resin was 

estimated using picric acid.
24

  

 L-lysine loaded MBHA resin was taken in two different solid phase vessels 

and their exact weight was recorded. They were then swelled in DCM for half hour to ex-

pose the free amines. The Boc protecting group was deprotected using TFA and the tri-

fluoroacetate salts of amine were neutralized with 5% DIPEA in DCM. To the resin 0.1M 

picric acid solution in DCM was added. After 10 mins, the solution was flushed out from 

solid phase flask and the procedure was repeated again. The resin was washed properly 

with DCM. The resins were then washed with 5% DIPEA in DCM when the picric acid 

eluted as amine salt. This process was repeated again and all the washings were collected in 

a volumetric flask of 10mL and the volume adjusted to 10 mL. This entire process was re-

peated for another flask containing weighed amount of resin. The absorbances of the picrate 

solutions were recorded at 358nm. Loading value of the MBHA resin was calculated from 

the absorbance applying the formula given below. 

 

 

 

 

(Forthe resin) 
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2A.4.1.3 Kaiser’s Test 

Kaiser’s test
25

 was used to monitor the t-Boc-deprotection and coupling steps in the 

solid phase synthesis. A few beads of the resin from solid phase flask were taken in a test 

tube. To the test tube, 3-4 drops of each of the following solutions (A, B, C) were added. 

A. 0.7mg of KCN in 1mL of water and 49mL of pyridine. 

B. 1.0 g of ninhydrin in 20 mL of ethanol. 

C. 40 g of phenol in 20 mL of n-butanol.  

The test tubes were heated at 110°C for 5minutes and the colour of the beads was noted. A 

blue colour on the beads, which slowly comes into solution, indicated successful deprotec-

tion, while colorless beads and the solution confirmed the completion of the coupling reac-

tion. 

2A.4.1.4 Cleavage of the GCNA oligomers from the solid support 

The resin bound GCNA oligomer (5mg) was kept in an ice bath with thioanisole (10 

μL) and 1, 2-ethanedithiol (4μL) for 10 min. TFA (80μL) was added and shaken manually 

and kept for another 10min. TFMSA (8μL) was added and and the mixture was allowed to 

stand for 2h. The reaction mixture was filtered through a sintered funnel. The residue was 

washed with TFA (3x2mL) and the combined filtrate and washings were evaporated under 

vacuum. The residue was precipitated using dry diethyl ether and centrifuged. The diethyl 

ether was decanted and the solid part was redissolved in 1:1 ACN: Water. 

2A.4.2 Reverse Phase-HPLC 

The crude GCNAs were purified on a semipreparative C18 column attached to a 

Waters HPLC system. A gradient elution method contained A = 5% Acetonitrile in water + 

0.1% trifluoroacetic acid and B = 50% Acetonitrile in water + 0.1% trifluoroacetic acid (A 

to B = 100% in 20 min with a flow rate of 1.5 mL/min), and the eluent was monitored at 

260 nm. The purity of the oligomers was further assessed by an RP-C18 analytical HPLC 

column. The purity of the purified oligomers were found to be >98%.  
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2A.4.3 MALDI-TOF mass Spectrometry 

Literature reports the analysis of PNA oligomers by MALDI-TOF mass spectrome-

try in which several matrices have been explored, viz. Sinapinic acid (3, 5-dimethoxy-4- 

hydroxycinnamic acid),
26

 CHCA (cyano-4-hydroxycinnamic acid)
27

 and DHB (2,5-

dihydroxybenzoic acid). Out of these, CHCA was found to give the best signal to noise ra-

tio. 

 For all the MALDI-TOF spectra recorded for the R/S-GCNA oligomers reported in 

this chapter, CHCA (α-Cyano-4-hydroxycinnamic acid) was used as the matrix. The 

MALDI-TOF spectras were recorded on AB SCIEX 5800 MALDI TOF TOF instrument.  

Table 1: GCNA sequences synthesized and characterized 

 

t =Thymine, a=Adenine monomers of R/S-GCNA as indicated in the code 

2A.5 Summary 

 A method was developed successfully for the synthesis of chirally homogeneous 

(R)- and (S)-  Glycol Carbamate Nucleic Acids (GCNA) from naturally occurring L-

serine. The carbamate oligomers were synthesized by solid phase synthesis using 

these activated carbonates. 

 Solid phase synthesis of oligocarbamates did not require any expensive coupling re-

agents like TBTU, HBTU/HOBt which made synthesis of these oligomers econom-

ical. Moreover the excess unreacted activated monomers were easily recovered dur-

ing solid phase synthesis. 

Code Sequences 
HPLC tR 

(min) 

MALDI-TOF mass 

Calcd.  Obsvd. 

R-GCNA-1 tttttttt-Lys 13.1 1946.81 1951.19 

S-GCNA-1 tttttttt-Lys 13.0 1946.81 1952.84 

R-GCNA-2 atattattaatt-Lys 11.3 2891.07 2918.26(M+Na) 

S-GCNA-2 atattattaatt-Lys 11.2 2891.07 2918.14(M+Na) 

R-GCNA-3 aattaataatat-Lys 9.4 2909.10 2929.2053(M+Na) 

S-GCNA-3 aattaataatat-Lys 9.3 2909.10 2929.22(M+Na) 
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 The simplicity of the proposed backbone with minimum synthetic efforts to access 

both the isomeric GCNA forms from natural L-serine in this work is worth a men-

tion.  

2A.6 Experimental 

(S)-methyl 2-((tert-butoxycarbonyl)amino)-3-((tert-butyldimethylsilyl)oxy) propanoate 

(2):  (S)-methyl 2-((tert-butoxycarbonyl)amino)-3-hydroxypropanoate (2g, 9.12mmol), im-

idazole (1.9g, 27.36mmol), tert-butyl dimethylsilyl chloride (1.6g, 

10.95mmol) were dissolved in minimum amount of dry DMF and 

stirred for 6h. On completion of the reaction the DMF was re-

moved under vacuum and redissolved in EtOAc. The organic layer was washed with water 

(3 x 50mL) and then brine (2 x 30mL). The organic layer was kept over anhydrous Na2SO4 

and evaporated to dryness to get the crude compound. The compound was purified by col-

umn chromatography (5% EtOAc in petroleum ether) to yield compound 2 (2.9g, 96%) as 

colorless oil. [α]D
20  

+14.7° (c 0.03, CHCl3); 
1
H NMR(200 MHz, CDCl3): δ (ppm) 0.02-

0.04(d, 6H, J=2.65Hz, Si-(CH3)2), 0.086(s, 9H, s, 9H, Si-C(CH3)3), 1.46(s, 9H, tBoc), 

3.74(s, 3H, -COOCH3), 3.76-3.85 (dd, 1H, J=3.16 Hz, J=6.94 Hz, -OCH2-C), 4.01-4.07(dd, 

1H, J=2.65 Hz, J= 7.32 Hz, -OCH2-C), 4.32-4.38 (m, 1H, -CH(CO)NH(CH2)), 5.33-5.37 

(s, 1H, br s,-NHBoc); 
13

C NMR (200 MHz, CDCl3) δ (ppm): -5.52 Si-(CH3)2, 18.20 (Si-

C(CH3)3), 25.71(tBoc), 28.34(Si-C(CH3)3), 52.28(-COOCH3), 55.60(-OCH2-C), 63.79(-

CH(CO)NH(CH2), 79.93(tBoc), 155.49(-CO tBoc), 171.32 (-COOCH3); HRMS calcd. for 

C15H31O5NNaSi: 356.1864, Observed mass: 356.1860 

 (R)-tert-butyl (1-((tert-butyldimethylsilyl) oxy)-3-hydroxypropan-2-yl)carbamate (3) 

A solution of (S)-methyl 2-((tert-butoxycarbonyl) amino)-3-((tert-butyldimethylsilyl) oxy) 

propanoate 2 (29g, 87.1 mmol) in methanol (250mL) was cooled to 0°C in 

an ice bath. Solid NaBH4 (4.9g, 130.63mmol) was added in portions for a 

period of 30mins. The reaction mixture was stirred for a period of 3 h and 

finally quenched using NH4Cl solution till pH was neutral. Methanol was removed under 

reduced pressure and the residue was extracted with EtOAc (4x100mL), washed with water 

and brine. The organic layer was dried over anhydrous Na2SO4 and solvent was removed 
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under reduced pressure. The residue was purified by column chromatography (20% EtOAc 

in petroleum ether) affording compound 3 (24.1g, 83%) as colorless oil: [α]D
20  

+16.2° (c 

0.021, CHCl3); 
1
H NMR(200 MHz, CDCl3): δ (ppm) 0.08(s, 6H, Si-(CH3)2), 0.9 (s, 9H, Si-

C(CH3)3), 1.45 (s, 9H, tBoc), 3.61–3.87 (m, 5H 2-CH2, 1-CH, 2-CH2), 5.15(br s, OH); 
13

C 

NMR (200 MHz, CDCl3) δ (ppm): -5.56 (Si-(CH3)2), 18.21 (Si-C(CH3)3), 25.84 (Si-

C(CH3)3), 28.38 ( O-C(CH3)3), 52.54(CH), 64.06(CH2), 79.64(O-C(CH3)3), 156.06 (NHC 

OO-); HRMS calcd for C14H31NO4Si Na: 328.1911 , Observed mass: 328.1915 

(R)-tert-butyl(1-(3-benzoyl–thyminyl-)-3-((tert-butyldimethylsilyl)oxy)  

propan-2-yl) carbamate (4)  

N3- benzoylthymine (0.9g, 3.92mmol) and triphenyl phosphine (1 

g, 3.92mmol) were dissolved in 40mL dry THF and the solution 

was cooled to 0 °C. At this temp compound 3 (1g, 3.27mmol) dis-

solved in 10mL dry THF, was added to the stirred solution fol-

lowed by dropwise addition of DIAD (1mL, 4.91mmol). The so-

lution was gradually allowed to reach the room temperature and 

stirring was continued overnight at room temperature. The solvent was removed under 

pressure and the residue was extracted with EtOAc (4x100mL), washed with water and 

brine. The organic layer was dried over anhydrous Na2SO4 and solvent was removed under 

reduced pressure. Compound 4 was used as such for the next reaction without further puri-

fication. 

(R)-tert-butyl(1-(6-benzyloxycarbonyladeninyl -)-3-((tert-butyl dimethyl 

silyl) oxy)propan-2-yl)carbamate (5)  

N
6
- benzyloxycarbonyladenine (1.1 g, 3.93 mmol) and triphenyl 

phosphine (1 g, 3.92 mmol) were dissolved in 40mL dry THF and 

the solution was cooled to 0°C. At this temp. compound 3 (1 g, 

3.27mmol) dissolved in 10mL dry THF was added to the stirred 

solution followed by dropwise addition of DIAD (1mL, 4.91 

mmol). The solution was gradually allowed to reach the room temperature and stirring was 

continued overnight at room temperature. The solvent was removed under pressure and the 

residue was extracted with EtOAc (4x100mL), washed with water and brine. The organic 
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layer was dried over anhydrous Na2SO4 and solvent was removed under reduced pressure. 

Compound 5 was used as such for the next reaction without further purification. 

(R)-tert-butyl (1-(3-benzoyl-thyminyl)-3-hydroxypropan-2-yl) carbamate (6)  

(S)-tert-butyl (1-(3-benzoyl-thyminyl)-3-hydroxypropan-2-yl) carbamate (16)  

0.5g (0.97mmol) of the compound 4 was dissolved in 3 mL of dry 

THF. To this TBAF (1.5mL of 1M TBAF, 1.45mmol) was added 

slowly and with constant stirring. The reaction was allowed to stir 

for 2.5h. THF was removed under vacuum and the residue was ex-

tracted with DCM (2x100mL), dried over Na2SO4. The solvent was 

evaporated under vacuum and the crude compound was purified by 

column chromatography (2% MeOH in DCM) furnishing compound 6, 16 (0.45g, 68% 

from 3 to 6/13 to 16) as colorless solid. [α]D
20  

+95.2(c 0.015, MeOH)
 
for 5a; [α]D

20  
-95.3(c 

0.015, MeOH) for 5b;
 1

H NMR(200 MHz, CD3OD) δ (ppm): 
 
1.33 (s, 9H, tBoc), 1.80 (s, 

3H, =C(CH3), 3.23-3.50 (m, 3H, CH2, CH), 3.92-4.17(m, 2H, CH2), 7.41-7.48 (m, =CHN, 

Ph para to CO), 7.59-7.66 (t, Ph meta to CO, J=7.2 Hz, J=7.58 Hz), 8.01-8.05 (d, Ph ortho 

to CO, J=7.57 Hz);
 13

C NMR (50 MHz, CD3OD) δ (ppm): 12.42(=C(CH3)), 28.83( O-

C(CH3)3), 51.76(N-CH2-CHN), 52.55 (N-CH2-CHN), 62.94 (O-CH-CHN), 80.42(O-

C(CH3)3), 110.17(=C(CH3), 130.28 (Ph-ortho to CO), 131.93 (Ph-meta to CO), 133.11(Ph 

to CO), 136.27(Ph para to CO), 144.34(CHN), 151.60(N-CO-N), 158.09 (NHCOO-), 

165.43(C-CO-N), 170.56 (N-CO-Ph); HRMS calculated for C20H25O6N3Na: 426.1636, Ob-

served mass: 426.1634 

(R)-tert-butyl (1-(6-benzyloxycarbonyl adeninyl -)-3-hydroxypropan-2-

yl) carbamate (7)  

(S)-tert-butyl (1-(6-benzyloxycarbonyl adeninyl -)-3-hydroxypropan-2-

yl) carbamate (17)  

 0.6 g (1.08mmol) of the compound 5 and 15 was dissolved in 3mL of dry THF. To this 

TBAF (1.6mL of 1M TBAF, 1.62 mmol) was added slowly and with constant stirring. The 

reaction was allowed to stir for 2.5h. THF was removed under vacuum and the residue was 

extracted with DCM (2x100mL), dried over Na2SO4. The solvent was evaporated under 

vacuum and the crude compound was purified by column chromatography (2% MeOH in 
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DCM) furnishing compound 7 and 17 (0.59 g, 73% from 5 to 7 and 15 

to 17) as colorless solid; [α]D
20 

+35.3 (c 0.0102,MeOH)
 
for 6a; [α]D

20 
-

35.3 (c 0.0103,MeOH) for 6b; 
1
H NMR(200 MHz, CD3OD): δ (ppm) 

1.21 (s, 9H, tBoc), 3.57-3.62(m,2H,CH2), 4.04-4.08(m, 1H,CH), 4.27-

4.29(dd,1H,CH2),4.50-4.57(dd,1H,CH2),5.20 (s, 2H, OCH2Ph), 7.26-

7.38 (m, 5H, Ph), 8.14 (s, 1H, N-CH=N), 8.50 (s, 1H, N=CH-N);
 13

C NMR (125 MHz, 

DMSO-d6) δ (ppm): 27.86( O-C(CH3)3), 52.02(N-CH2-CHN), 62.79(N-CH2-CHN), 

67.34(N-CH2-CHN), 68.74(N-CH2-CHN), 77.77(O-C(CH3)3), 123.02(-N=C(C)-N) 

,127.47(-OCH2Ph ortho to CH2), 128.00(-OCH2Ph para to CH2), 128.58 (-OCH2Ph meta to 

CH2), 149.22(-N=C(N)-C), 151.24(-NCH=C), 154.27(-NHCOOCH2Ph), 154.85(-

NHCOOCt-Bu); HRMS calculated for C21H26N6O5Na: 465.1857, Observed mass: 465.1857 

(R)-tert-butyl 1-thyminyl-3-hydroxypropan-2-yl carbamate (8)  

(S)-tert-butyl 1-thyminyl-3-hydroxypropan-2-yl carbamate (18)  

0.89g (2.21mmol) of 6, 16 was treated with 20mL 1:1 ammonia: di-

oxane and allowed to stir for 3h. The solvent was then removed completely 

and the compound was purified by column chromatography (4% MeOH in 

DCM) to yield 8, 18 as pure white solid (0.63g, 85%): [α]D
20  

+42.48 (c 

0.025, MeOH) for 8; [α]D
20  

-42.6 (c 0.03, MeOH) for 18; 
1
H NMR(200 

MHz, CD3OD)δ (ppm): 1.37 (s, 9H, tBoc), 1.86 (s, 3H, =C(CH3), 3.51-3.59 (m, 3H, CH2, 

CH), 3.96-4.12(m, 2H, CH2), 7.35(s,  =CHN) ;
 13

C NMR (50 MHz, CD3OD) δ (ppm): 

12.41(=C(CH3)), 28.70( O-C(CH3)3), 51.17(N-CH2-CHN), 52.33 (N-CH2-CHN), 62.95(O-

CH2-CHN), 80.38(O-C(CH3)3), 110.48(=C(CH3)), 143.92(CHN), 153.23(N-CO-N), 157.94 

(NHCOO-),167.07(C-CO-N); HRMS calculated for C13H21O5N3 Na: 322.1370, Observed 

mass: 322.1373 

(R)-tert-butyl (1-(6-benzyloxycarbonyl adeninyl -)-3-(((4-nitrophenoxy) 

carbonyl) oxy) propan-2-yl) carbamate (9)  

(S)-tert-butyl (1-(6-benzyloxycarbonyl adeninyl -)-3-(((4-nitrophenoxy) 

carbonyl) oxy) propan-2-yl) carbamate (19)  

Compound 7, 17 (1g, 2.26mmol) was taken in dry DCM (10mL) and cooled to 0 °C 

in an ice bath. Dry pyridine (0.8 mL, 6.78 mmol), dry triethylamine(0.2mL,1.12mmol) was 
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added and allowed to stir for 10–15min. p- nitrophenyl chloroformate (1.14g, 5.64mmol) 

dissolved in DCM (3mL) was added and the reaction 

was allowed to stir at room temperature for 2h. After 

completion of the reaction, the reaction mixture was 

concentrated and the required compound was purified 

by column chromatography (70% EtOAc in petroleum 

ether) to get 9, 19 (1.04 g, 76%): [α]D
20  

 +48.4 (c 0.006, CHCl3) for 9; [α]D
20  

-48.4 (c 

0.006, CHCl3) for 19
 
;
1
H NMR(400 MHz, CDCl3) δ (ppm): 1.26(s, 9H, tBoc), 3.56-3.74(m, 

1H,-N-CH2-CH), 4.39-4.71(m, 4H,-CH2-CHN,-OCH2-CHN, -N-CH2-CH), 5.32(s, 2H,-

OCH2Ph), 7.30-7.39(m, 7H, -OCH2Ph ,-OCOO-Ph ortho to –COO), 8.20-8.29(m, 4H, 2 -

N=CN, Ph meta to –OCOO); 
 13

C NMR (125 MHz, CD3OCD3) δ (ppm): 29.70(O-

C(CH3)3), 49.75(N-CH2-CHN), 65.35(N-CH2-CHN), 68.07(-OCH2Ph), 69.97(O-CH2-

CHN), 81.3(O-C(CH3)3), 122.35(Ph ortho to OCO), 125.94(-N-C(C)=C), 126.24(Ph meta 

to OCO), 126.24(-OCH2Ph ortho to CH2), 127.43 (-OCH2Ph para to CH2), 128.58(-

OCH2Ph meta to CH2), 134.27(-OCH2Ph para to OCO), 139.29(-N=CH-N), 141.02(Ph para 

to OCO), 145.74(-N-C(N)=C), 146.20(-N=C(C)N), 149.03(-NCH=C), 152.37(-OCOO) 

,154.74(-NHCOOCH2Ph), 155.13(-NHCOOCt-Bu), 162.69 (Ph-OCO);HRMS calculated 

for C28H30O9N7 : 608.2100, Observed mass: 608.2088 

(R)-tert-butyl 1-thyminyl-3-(((4-nitrophenoxy) carbonyl) oxy) propan -2-

yl) carbamate (10)  

(S)-tert-butyl 1-thyminyl-3-(((4-nitrophenoxy) carbonyl) oxy) propan -2-

yl) carbamate (20)  

Compound 8, 18 (1g, 3.34mmol) was taken in dry DCM (10mL) and cooled to 0°C in an 

ice bath. Dry pyridine (0.8mL, 10.02mmol) was added and allowed to stir for 10–15min. p- 

nitrophenyl chloroformate (1.7g, 8.35mmol) dissolved in DCM (3mL) was added and the 

reaction was allowed to stir at room temperature for 2h. After completion of the reaction, 

the reaction mixture was concentrated and the required compound was purified by column 

chromatography (80% EtOAc in petroleum ether) to get 10, 20 (1.2g, 76% ): [α]D
20 

+54.9 (c 

0.005,CHCl3)
 
for 10; [α]D

20 
-54.75 (c 0.0046,CHCl3) for 20; 

1
H NMR(200 MHz, CDCl3): δ 

(ppm) 1.43(s, 9H, tBoc), 1.92(s, 3H, =C(CH3), 3.86-4.40(m, 5H, 2CH2, CH), 5.15(br s, 
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OH), 7.06(s, 1H, =CHN) 7.39-7.43(d, 2H, Ph ortho to 

OCO, J=8.71Hz), 8.28-8.32(d, 2H, Ph meta to OCO, 

J=8.84Hz), 8.76(s, 1H, CO-NH-CO) ;
 13

C NMR (125 

MHz, CD3OCD3) δ (ppm): 12.36(=C(CH3)), 28.46( O-

C(CH3)3), 49.47 (N-CH2-CH-N), 49.69(N-CH2-CHN), 

69.22(O-CH2-CHN),79.53(O-C(CH3)3), 109.66(=C(CH3), 123.14 (Ph ortho to OCO), 

126.07 (Ph meta to OCO), 126.07 (CHN), 142.17(Ph para to OCO), 146.44(N-CO-

N),152.12(O-CO-O), 153.12(NHCOO-), 156.66(Ph-OCO), 164.79(-C-CO-N-); HRMS cal-

culated for C20H24N4O9Na: 487.1435, Observed mass: 487.1433 

(S)-tert-butyl 4-(((tert-butyldiphenylsilyl) oxy) methyl) -2,2-dimethyloxazolidine-3-

carboxylate (12) 

Compound 11 (18.5g, 80.04mmol) was dissolved in minimum amount 

of dry DMF. To it imidazole (16.3g, 240.11mmol) and TBDPSCl 

(24.7mL, 96.05mmol) was added along with catalytic amount of 

DMAP and allowed to stir for 6h at room temperature. After comple-

tion of the reaction, DMF was removed under vacuum and the crude compound was redis-

solved in ethyl acetate. The organic layer was washed with water (3x100mL) and then brine 

(2x50mL). The organic layer was kept over anhydrous Na2SO4 and evaporated to dryness. 

The crude compound was purified by column chromatography (5% EtOAc in petroleum 

ether) to get compound 12 (34.6g, 92%): [α]D
20

 -21.11(c .027, CHCl3); 
1
H NMR (200 MHz, 

CDCl3): δ (ppm) 1.05 (s, 9H, -SiC(CH3)3), 1.31(s, 6H, -C(CH3)2, 1.47-1.51 (m, 9H, tBoc, 

rotameric mixture), 3.51-4.24 (m, 5H, 2CH2, CH), 7.38-7.40 (m, 6H, 2 -Si-Ph meta, para), 

7.65-7.67 (m, 4H, 2 -Si-Ph ortho); 
13

C NMR(200 MHz, CDCl3): δ (ppm) 19.28 (-

SiC(CH3)3, 23.17(C(CH3)2) , 26.85 (-OC(CH3), 28.37 (-SiC(CH3)3, 58.28(-CH) ,62.98(-

CH2OH), 65.21 (-CH2OSi), 79.64 (-OC(CH3)3, rotameric mixture), 93.94 (-OC(CH3), 

127.73 (-Si-Ph meta) ,129.72 (-Si-Ph ortho),133.51 (-Si-Ph para), 135.53 (-Si-Ph(C)) 

,151.80 (OCOC(CH3)3, rotameric mixture); LCMS calculated for C27H39O4NSi: 469.26, 

Observed mass: 469.16 
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(S)-tert-butyl (1-((tert-butyldiphenylsilyl) oxy)-3-hydroxypropan-2-yl)carbamate (13) 

Compound 12 (5g, 10.66mmol) was dissolved in methanol. To it catalytic amount 

of PTSA was added and the mixture was allowed to stir for 2h. The reaction mixture was 

quenched with K2CO3. The reaction mixture was filtered and the solvent 

was removed under vacuum. The residue was dissolved in EtOAc and the 

organic layer was washed with water (3x100mL) and brine (2x100mL). 

The organic layer was kept over Na2SO4 and the solvent was removed to get the crude 

compound. The compound was purified by column chromatography (30% EtOAc in petro-

leum ether) to get 13 (3.5g, 77%): [α]D
20 

-5.86 (c 0.024, MeOH); 
1
H NMR(400 MHz, 

CDCl3): δ (ppm) 1.07 (s, 9H, -SiC(CH3)3), 1.43 (s, 9H, tBoc), 3.67-3.79 (m, 5H, 2CH2, 

CH), 5.15 (br s, 1H, -OH), 7.37-7.39 (m, 6H, 2 -Si-Ph meta, para), 7.64-7.66 (m, 4H, 2 -Si-

Ph ortho); 
13

C NMR(400 MHz, CDCl3): δ (ppm) 18.5 (-SiC(CH3)3, 26.3 (-OC(CH3),  

27.65(-SiC(CH3)3),  52.5(-CH), 62.03(-CH2OH), 62.91(-CH2OSi), 78.79(-OC(CH3)3), 

127.09(2 -Si-Ph meta), 129.14(-Si-Ph ortho), 132.29(-Si-Ph para), 134.79(-Si-Ph(C)), 

155.37(OCOC(CH3)3), HRMS calcd for  C24H35NO4SiNa: 452.2228, observed mass: 

452.2223 

(S)-tert-butyl(1-(3-benzoyl–thyminyl-)-3-((tert-butyldimethylsilyl)oxy) 

propan -2-yl) carbamate (14)  

N3- benzoylthymine (0.9 g, 3.92mmol) and triphenyl phos-

phine (1 g, 3.92mmol) were dissolved in 40mL dry THF and 

the solution was cooled to 0 °C. At this temp compound 13 

(1g, 3.27mmol) was dissolved in 10mL dry THF was added to 

the stirred solution followed by dropwise addition of DIAD (1 

mL, 4.91mmol). The solution was gradually allowed to reach 

the room temperature and stirring was continued overnight at room temperature. The sol-

vent was removed under pressure and the residue was extracted with EtOAc (4x100mL), 

washed with water and brine. The organic layer was dried over anhydrous Na2SO4 and sol-

vent was removed under reduced pressure. Compound 14 was used as such for the next re-

action without further purification. 
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(S)-tert-butyl(1-(6-benzyloxycarbonyladeninyl -)-3-((tert-butyldimethyl  

silyl) oxy)propan-2-yl)carbamate (15)  

N
6
- benzyloxycarbonyladenine (1.1g , 3.93mmol) and triphenyl 

phosphine (1 g, 3.92mmol) were dissolved in 40mL dry THF and 

the solution was cooled to 0°C. At this temp compound 13 (1g, 

3.27mmol) was dissolved in 10mL dry THF was added to the 

stirred solution followed by dropwise addition of DIAD (1mL, 

4.91mmol). The solution was gradually allowed to reach the room temperature and stirring 

was continued overnight at room temperature. The solvent was removed under pressure and 

the residue was extracted with EtOAc (4x100 mL), washed with water and brine. The or-

ganic layer was dried over anhydrous Na2SO4 and solvent was removed under reduced 

pressure. Compound 15 was used as such for the next reaction without further purification. 
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2A.7 Appendix 
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Compound 2: 
1
H, 

13
C NMR and DEPT ............................................................ 65 

Compound 3: 
1
H, 

13
C NMR and DEPT ............................................................ 66 

Compound 12: 
1
H, 

13
C NMR and DEPT........................................................... 67 

Compound 13: 
1
H, 

13
C NMR and DEPT .......................................................... 68 

Compound 6, 16: 
1
H, 

13
C NMR and DEPT ...................................................... 69 

Compound 7, 17: 
1
H, 

13
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Compound 8, 18: 
1
H, 
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C NMR and DEPT ...................................................... 71 
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1
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1
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Oligomer R-GCNA-1: HPLC chromatogram ................................................... 80 
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Oligomer R-GCNA-3, S-GCNA-3, R-GCNA-1: HPLC and MALDI …..….. 82 

Oligomer S-GCNA-1, R-GCNA-2: MALDI………………............................ 83 
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Oligomer S-GCNA-3 : MALDI chromatogram................................................ 85 
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Compound 3 
 

 

 

DEPT 

Compound 3 
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Compound 12 

 

13
C NMR 

Compound 12 
 

DEPT 

Compound 12 
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Compound 13 

 

13
C NMR 

Compound 13 
 

 

DEPT 

Compound 13 
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Compound 6, 16 

 

13
C NMR 

Compound 6, 16 

 

DEPT 

Compound 6, 16 
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Compound 7, 17 

 

 

13
C NMR 

Compound 7, 17 

 

 

DEPT 

Compound 7, 17 
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Compound 8, 18 

 

 

13
C NMR 

Compound 8, 18 
 

DEPT 

Compound 8, 18 
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Compound 9, 19 

 

13
C NMR 

Compound 

9, 19 
 

DEPT 

Compound 9, 19 
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Compound 10, 20 
 

 

DEPT 

Compound 10, 20 

1
H NMR 

 

Compound 10, 20 
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Compound 3 

Expected mass: 328.1915 

Observed mass: 328.1911 

 

 

Compound 2 

Expected mass: 356.1864 

Observed mass: 356.1860 
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Compound 13 

Expected mass: 452.2223 

Observed mass: 452.2228 

 

 

Compound 12 

Expected mass: 469.26 

Observed mass: 469.16 
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Compound 6, 16 
Expected mass: 426.1636 

Observed mass: 426.1634 
 

 

Compound 7, 17 
Expected mass: 465.1857 

Observed mass: 426.1857 
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Compound 8, 18 
Expected mass: 322.1373 

Observed mass: 322.1370 
 

 

Compound 9, 19 
Expected mass: 608.2100 

Observed mass: 608.2088 
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Chiral HPLC analysis of compound 7, 17 

 

a) Chiral HPLC of racemic compound 

 
 

 

 

 

 

 

 

Compound 10, 20 
Expected mass: 487.1435 

Observed mass: 487.1433 
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b) Chiral HPLC of 7 

 

 
 

c) Chiral HPLC of 17 

 
 

Chiral HPLC analysis of compound 8, 18 

 

a) Chiral HPLC of racemic compound 
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b) Chiral HPLC of Compound 8 

 

 

 

c) Chiral HPLC of Compound 18 

 

 

 

Fig HPLC chromatogram of purified R- GCNA-1 oligomer 
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Fig HPLC chromatogram of purified S- GCNA-1 oligomer 

 

 

 
Fig HPLC chromatogram of purified R- GCNA -2 oligomer 

 

 

 
Fig HPLC chromatogram of purified S- GCNA -2 oligomer 
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Fig HPLC chromatogram of purified S- GCNA- 3 oligomer 

 

 
 

R- GCNA-1 

Expected MW: 1946.81 

Observed MW: 1946.45 

 

 

Fig HPLC chromatogram of purified R- GCNA -3 oligome 
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S- GCNA-1 

Expected MW: 1946.81 

Observed MW: 1946.61 

R- GCNA-2 

Expected MW: 2891.07 

Observed MW: 2894.94 
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S- GCNA-2 

Expected MW: 2891.07 

Observed MW: 2894.94 
 

R- GCNA-3 

Expected MW: 2909.10 

Observed MW: 2929.21(M+Na) 
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Section B 

Biophysical evaluation of R/S-GCNA carbamate oligomers 

2B.1 Synthesis of complementary oligonucleotides 

 The complementary, parallel complementary and mismatch DNA oligomers 

were synthesized on Bioautomation Mer-Made 4 synthesizer using standard β-cyanoethyl 

phosphoramidite chemistry. The oligomers were synthesized on polystyrene solid support, 

followed by ammonia treatment. The purity of the oligomers was ascertained by RP HPLC 

on a C18 column to be more than 98% and was used without further purification in the bio-

physical studies of GCNA. The complementary RNA oligonucleotides were obtained 

commercially. 

S- GCNA-3 

Expected MW: 2909.10 

Observed MW: 2929.21(M+Na) 
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List of DNA sequences 

DNA-1: 5’ TTTTTTTT 3’ (Control to GCNA-1) 

DNA-2: 5’ ATATTATTAATT 3’ (Control to GCNA-2) 

DNA-3: 5’ GC AAA AAA AA CG 3’ (complementary (ap) to GCNA-1) 

DNA-4: 5’ AATTAATAATAT3’ (complementary (ap) to GCNA-2) 

DNA-5: 5’ TATAATAATTAA 3’ (complementary (p) to GCNA-2) 

DNA-6: 5’ AATTATTAATAT 3’ (T: T mismatch to GCNA-2) 

List of RNA sequences 

RNA-1: 5’ GC AAA AAA AA CG 3’ (complementary to GCNA-1) 

RNA-4: 5’ AAUUAAUAAUAU3’ (complementary to GCNA-2) 

2B.2 Binding Stoichiometry: UV Job’s plot 

 UV Job’s plot
28

 was done to determine the binding stoichiometry of polypyrimidine 

and mixed purine/pyrimidine GCNA-1, 2. In this method, the stoichiometry of the interact-

ing strands could be obtained from the mixing curves, in which the absorbance at a given 

wavelength is plotted as a function of the mole fraction of each strand which determines the 

stoichiometry of the complex information.
29

 Various stoichiometric mixtures of GCNA and 

complementary DNA were made with relative molar ratios of strands 0:100, 10:90, 20:80, 

30:70, 40:60, 50:50, 60:40, 70:30, 80:20, 90:10, 100:0, all at the same total strand concen-

tration of 2 μM in sodium phosphate buffer, 10 mM NaCl, 0.1mM EDTA (10 mM, pH 7.2). 

The samples with the individual strands were annealed and UV absorbance was recorded. 

Job’s plot analysis showed that the homopyrimidine-thymine octamer sequence, R-

GCNA-1, forms a distinct 2:1 complex with cDNA-3 d(5’-GCAAAAAAAACG-3’ while, 

S-GCNA-1 did not exhibit distinct binding stoichiometry. 

However, complex formation of pyrimidine/purine-mixed base sequences R-

GCNA-2 and S-GCNA-2 with cDNA-4 in 1:1 ratio could be ascertained using Job’s plot.   
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Figure 2.6: UV- absorbance (at 260 nm) of a) R- GCNA-1: cDNA-3 b) S- GCNA-1: cDNA-3 

 

 

Figure 2.7: UV-absorbance (at 260 nm) of a) R- GCNA-2: cDNA-4 b) S- GCNA-2: cDNA-4 

2B.3 UV melting Experiment 

UV melting experiment has provided valuable information regarding complemen-

tary interactions in nucleic acid hybridizations involving DNA, RNA and the modified 

complementary oligomers. This technique has also been used for studying thermal stability 

of uncharged DNA mimics such as PNA and PCNA. 

 

 

  

a) b) 

 

a) 

     

 

a) b) 
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2B.3.1 UV-Tm studies of R/S-GCNA-1 with cDNA-3/cRNA-3 

  UV meltings were also recorded for glycol carbamate modified oligomers. R-

GCNA-1: cDNA-3 complex showed UV melting temperature (UV-Tm) of 35.3
o
C. The 

complex of R-GCNA-1 with cRNA-3 r(5’-GCAAAAAAAACG-3’) was found to be com-

paratively less stable (UV-Tm = 29.0ºC). On contrary, S-GCNA-1 did not form complex 

with cDNA-3 which was also clearly evident from the Job’s plot. However, S-GCNA-1 

showed a UV-Tm of 32.1
o
C with cRNA-3. DNA-1 was found neither to bind with cDNA-3 

or cRNA-3. 

Table 2: UV-Tm values for homothymidine (R/S)-GCNA-1 at 10mM salt concentration 

 UV-Tm (°C) 

cDNA-3 cRNA-3 

R-GCNA-1 35.3 29.0 

S-GCNA-1 n.t. 32.1 

DNA-1 n.t. n.t. 

    

 

        

Figure 2.8: UV-thermal melting profiles of a) (R/S)-GCNA-1:cDNA-3 , first derivative curves for the 

sigmoidal melting curves of b) (R/S)-GCNA-1:cDNA-3 

a) b) 
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Figure 2.9: UV-thermal melting profiles of a) (R/S)-GCNA-1:cRNA-3, first derivative curves for the 

sigmoidal melting curves of b) (R/S)-GCNA-1:cRNA-3 at 10mM salt concentration. 

2B.3.2 UV-Tm  studies of R/S-GCNA-2 with cDNA-4/cRNA-4 

The duplex formation of pyrimidine/purine-mixed base sequences R-GCNA-2 and 

S-GCNA-2 with cDNA-4 and cRNA-4 were investigated. The transition in the case of R-

GCNA-2: cDNA-4 was found to be sigmoidal with 20% hyperchromicity. The results 

shown in Table 3 indicate the preference of R-GCNA-2 to bind complementary nucleic ac-

ids as compared to the binding of carbamate oligomer with S-chirality, i.e. S-GCNA-2. Fur-

ther, the R-GCNA-2 prefers complexation with cDNA-4, better than that with complemen-

tary cRNA-4, whereas the S-GCNA-2 binds with almost equal strength to both complemen-

tary DNA/RNA but with less Tm compared to the R-stereochemistry of the oligomer. Com-

pared to the duplex UV-Tm values of natural DNA: cDNA or DNA: cRNA (DNA-2:cDNA-

4 and DNA-2:cRNA-4) the cross-pairing of R-GCNA-2 with cDNA-4 and cRNA-4 shows 

∆Tm of +16
o
C and +7

o
C respectively. This difference is somewhat less for S-GCNA-2 (+5-

6ºC). Although, the stereocentre in R-GCNA-2 cannot be directly related to the GNA/S-

TNA stereocentre, its preference while forming cross-pairing to the natural nucleic acids is 

noteworthy. Although, unlike TNA, where binding with DNA was found to be less com-

pared to that with RNA, the open-chain carbamate GCNA prefers binding to DNA better. 

This was also observed in our previous studies with PCNA
18 

where the nucleobase was four 

bonds away from the backbone. Fortunately, because of the flexibility of the acyclic struc-

ture in the present R/S-GCNA could mould itself to cross-pair with RNA also, with some 

cost in binding strength. Despite this, the complexes of GCNA with RNA are still with 

a) b) 
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higher strength than those of DNA: cRNA duplexes. The single base mismatch studies 

were carried out to establish proper W-C base pairing in cross-paired duplexes 

Table 3: UV-Tm values for mixed pu/py (R/S)-GCNA-2 at 10mM salt concentration 

 UV-Tm (°C) 

cDNA-4 RNA-4 

R-GCNA-2 atattattaatt-Lys 40.8 29.6 

S-GCNA-2 atattattaatt-Lys 28.3 26.5 

DNA-2 5’ATATTATTAATT 3’ n.t. n.t. 

 

    

       

Figure 2.10: UV-Thermal melting profiles. Sigmoidal curves for a) (R/S)-GCNA-2:cDNA-4 c) (R/S)-

GCNA-2:cRNA-4, first derivative curves for the sigmoidal melting curves of b) (R/S)-GCNA-2:cDNA-4 

d) (R/S)-GCNA-2:cRNA-4 at 10mM salt concentration. 

 

a) 
b) 

 

c) 

 

d) 
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Table 4: UV-Tm values for mixed pu/py (R/S)-GCNA-2 at 100mM salt concentration 

 UV-Tm (°C) 

cDNA-4 cRNA-4 

R-GCNA-2:atattattaatt-Lys 39.6 30.0 

S-GCNA-2:atattattaatt-Lys 27.5 26.5 

DNA-2: 5’ATATTATTAATT 3’ 23.6 24.6 

 

         

    

Figure 2.11: UV-Thermal melting profiles. Sigmoidal curves for a) (R/S)-GCNA-2:cDNA-4 c) (R/S)-

GCNA-2:cRNA-4, first derivative curves for the sigmoidal melting curves of b) (R/S)-GCNA- 2:cDNA-4 

d) (R/S)-GCNA- 2:cRNA-4 at 100mM salt concentration 

Table 5: UV-Tm values for mixed pu/py (R/S)-GCNA-2 at 2μM strand concentration 

 
UV-Tm (°C) 

cDNA-4 cRNA-4 

R-GCNA-2: atattattaatt-Lys 41.5 30.3 

S-GCNA-2: atattattaatt-Lys 27 28.5 

DNA-2: ATATTATTAATT 22.5 21.8 

a) b) 

 

c) 

 

d) 
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Figure 2.12: UV-Thermal melting profiles. Sigmoidal curves for a) (R/S)-GCNA-2:cDNA-4 c) (R/S)-

GCNA-2:cRNA-4, first derivative curves for the sigmoidal melting curves of b) (R/S)-GCNA-2:cDNA-4 

d) (R/S)-GCNA-2:cRNA-4 at 100mM salt concentration 

We also studied the stability of the complex with complementary RNA, single base 

mismatched DNA and with DNA in parallel mode assuming NC direction corresponding 

to 5’-3’direction in natural oligomers. The chirality of the sequences could be important 

determinant of the direction of binding. The melting temperatures were derived from the 

first derivative of the plot. The single base mismatch studies were carried out to establish 

proper W-C base pairing in cross-paired duplexes. A single mismatch in the dodecamer re-

sulted in 11-14ºC reduction in UV-Tm values for R-GCNA-2: mmDNA-6 and S-GCNA-2: 

mmDNA-6 duplexes (Table 6). 

 

 

a) b) 

 

c) d) 
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Table 6: Single strand meltings of (R/S)-GCNA-2 with p-cDNA-4, mmDNA-6 

 UV-Tm (°C) 

p-cDNA-4 mmDNA-6 

R-GCNA-2:atattattaatt-Lys 26.1 26.4 

S-GCNA-2:atattattaatt-Lys n.t. 16.5 

DNA-2: 5’ATATTATTAATT 3’ n.t. n.t. 

     

        

     

Figure 2.13: UV-Thermal melting profiles. Sigmoidal curves for a) (R/S)-GCNA-2:p-cDNA-5 c) (R/S)-

GCNA-2: mmDNA-6, first derivative curves for the sigmoidal melting curves of b) (R/S)-GCNA-2:p-

cDNA-5 d) (R/S)-GCNA-2: mmDNA-6 at 100mM salt concentration 

Investigations of binding properties of self-pairing of these simplified GCNA oligomers 

were then taken up. The antiparallel complementary sequences R-GCNA-3 and S-GCNA-3 

were synthesized. Analogous to GNA, as expected, these oligomers specifically exhibited 

strong binding only to complementary sequences with same chirality. R-GCNA-2:R- 

GCNA-3 and S-GCNA-2:S-GCNA-3 complexes were stable upto ~80-81ºC, whereas the S-

GCNA-2: R-GCNA-3 and R-GCNA-2: S-GCNA-3 exhibited UV-Tm values only for that 

a) b) 

c) d) 
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observed for the individual single S-GCNA strands. The higher binding strength of the self-

paired dodecamer GCNA-2: GCNA-3, was found to be further augmented in the absence of 

negative charge repulsions in GCNA.  

Table 7: UV-Tm values for (R/S)-GCNA-2 with (R/S)-GCNA-3 at 10 mM NaCl and 10% 

DMSO 

Sequences 

UV-Tm (°C) 

R-GCNA-3 

aattaataatat-Lys 

S-GCNA-3 

aattaataatat-Lys 

R- GCNA-2 atattattaatt-Lys >80.0 20.1 

S- GCNA-2 atattattaatt-Lys 21.6 >81.0 

 

    

Figure 2.14: UV-Thermal melting profiles. Sigmoidal curves for a) (R/S)-GCNA- 2: (R/S)-GCNA- 3, 

first derivative curves for the sigmoidal  melting curves of  b) (R/S)-GCNA- 2: (R/S)-GCNA- 3 in  10% 

DMSO at 10mM salt concentration  

Table 8: Single strand meltings of (R/S)-GCNA-2, (R/S)-GCNA-3 

Sequences R- GCNA-2 ss S- GCNA-2 ss R- GCNA-3 ss S- GCNA-3 ss 

UV-Tm (°C) n.t. 20.07  n.t. 20.07 

 

a) 

 

b) 
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Figure 2.15: UV-Thermal melting profiles. Sigmoidal curves for a) (R/S)-GCNA- 2 ss and (R/S)-GCNA- 

3 ss, first derivative curves for the sigmoidal  melting curves of  b) (R/S)-GCNA- 2 ss and (R/S)-GCNA- 

3 ss at 100mM salt concentration  

2B.4 Circular Dichroism Studies 

 Circular Dichroism is a spectroscopic technique used extensively to study chiral 

molecules specially large biomolecules.This spectrum is observed not only due to chirality 

of the molecule but also due its three dimensional structure. The crests and troughs 

observed on recording CD spectra is known as Cotton effect. Enantiomers are known to 

show opposite cotton effect.  

CD spectra of compound 8, 18 were recorded at room temperature. The CD spectra 

of the enantiomeric monomers exhibited opposite cotton effect of equal magnitude at 

275nm (Figure 2.15). 

 

Figure 2.16: CD spectra of enantiomeric monomers 8, 18 

 

a) b) 
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The CD plots of the single stranded R-GCNA-2 and isomeric S-GCNA-2 were also 

opposite in cotton effect at ~275 nm, showing differential stacking interactions in single 

strands. However, the spectra were not exact mirror images as observed for the R/S-

monomers. This could be because of the presence of L-lysine at C-terminus of the 

sequences. 

          

Figure 2.17: CD spectra of a) R-GCNA-1 ss, S-GCNA-1 ss, b) R-GCNA-2 ss, S-GCNA-2 ss. Experi-

ments were done in buffer containing 10mM sodium phosphate, 10mM sodium chloride, pH 7.2, using 

5μM concentration of strands at 10°C. 

The CD studies were then undertaken for supplementing the formation of the highly stable 

self-paired duplexes of mixed pu/py sequences. The representative CD curves 

corresponding to the R-stereochemistry are shown in Figure 2.17.  

 

 

Figure 2.18: Representative CD plots of a) R-GCNA-2 ss, R-GCNA-3 ss, the addition spectrum of (R-

GCNA-2 ss+R-GCNA-3 ss) and complex R-GCNA-2:R-GCNA-3 b) S-GCNA-2 ss, S-GCNA-3 ss, the 

addition spectrum of (S-GCNA-2 ss+S-GCNA-3 ss) and complex S-GCNA-2:S-GCNA-3. Experiments 

were done in buffer containing 10mM sodium phosphate, 10mM sodium chloride, pH 7.2, using 5μM 

concentration of each of the two complementary strands and 5μM concentration each of the single 

strands at 10°C. 

a) b) 

a) b) 
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The addition spectrum of the two is same as the individual oligomers. Interestingly, the 

unique feature observed is that the CD of the duplex R-GCNA-2:R-GCNA-3 is reversed 

and CD maximum signal is observed at 280 nm. Opposite trend was observed for the S-

GCNA-2 and S-GCNA-3 single strands and the duplex S-GCNA-2: S-GCNA-3. The 

complete reversal of the CD on duplex formation suggests differentially base-stacked 

structures in single strands and the duplexes. The addition spectra of the individual 

oligomers were found to be distinctly different than that of the complexes confirming the 

duplex formation. 

2B.5 Conclusion 

 The formation of highly stable self-paired and moderately stable cross-paired com-

plexes with natural nucleic acids is the unique feature of this backbone for artificial 

nucleic acid. The chirality of the monomers affected the binding properties while 

cross pairing.  

 The highly stable homochiral homogeneous complexes displayed differently con-

figured duplexes. R-GCNA gave incremental benefit for RNA binding which could 

be of high value for the applications of this chemically evolved backbone in nucleic 

acids chemistry
18

 and structural DNA nanotechnology.
30
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Section A 

Synthesis of (R, R)/(S, S) -Bis-Hydroxymethyl/Methoxymethyl 

substituted aegPNA 

3A.1 Introduction 

The aminoethyl glycyl peptide nucleic acids (aegPNA), designed by Nielsen et al, 

as synthetic nucleic acid mimics, are known since their discovery in 1991 for their superior 

properties such as strong and sequence specific binding to both DNA and RNA.
1-8

 aegPNA 

consist of an amide linked backbone formed by repeating N-(2-aminoethyl) glycyl units, 

carrying adenine, guanine, cytosine and thymine nucleobases via methylene carbonyl link-

ages (Figure 3.1).
4-6

 This leads to complete replacement of the anionic sugar-phosphate- 

backbone of DNA. aegPNA acts as a mimic of natural DNA/RNA and exhibits strong se-

quence specific binding with complementary oligonucleotide sequences following Watson-

Crick base pairing rules but falls short of water solubility, orientational specificity of bind-

ing and cellular uptake.
1-3

 Additionally, PNA aggregates and adheres to the surface of mac-

romolecules in non-specific manner
9,10

. In the last two decades, several analogues of PNA 

have been synthesized, in the interest to develop new entities for the oligonucleotide (ON) 

based therapeutic strategies.
2
 The desired additional attributes that are required for PNA for 

such applications are sufficient aqueous solubility,
7
 efficient cellular uptake

8
 and the ease 

of synthesis of modified PNAs, while maintaining the specificity of binding to complemen-

tary RNA sequences. The substitutions of aegPNA, at  or  positions (Figure 3.1) have 

been studied earlier to fulfill the requirement of above mentioned additional attributes. 

 

Figure 3.1: aegPNA and reported modifications at α, β and γ position 
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The use of D/L-amino acids instead of glycine resulted in -PNA
11-13

 and -GPNA.
14-15

 

Substitution at -position in aminoethyl segment of aegPNA generated PNA
16

 

andGPNA
17

.  

Increased binding strength was observed in the case of positively charged PNAs de-

pending upon the stereochemistry in the backbone and also the position of the substitution. 

The L--GPNA exhibited higher Tm, whereas D-α-GPNA exhibited higher sequence selec-

tivity.
18

 Marchelli et al reported that Lys PNA formed a stable duplex with DNA in com-

parison to Lys PNA. The change of stereochemistry had higher impact in Lys PNA 

than Lys PNA.
19,20

 Substitution of PNA at both - and - positions were also explored 

that gave excellent improvement in the desired properties of aegPNA.
21,22

 The -

substitution was recently studied and was found to be acceptable in PNA:DNA/RNA du-

plex structures depending upon stereochemistry
23

 The  substituted cyclic-PNA contain-

ing both five-
24-26

 and six-membered rings
27-30

 Figure 3.1eshowed good results in terms of 

directional selectivity of binding and discrimination in binding to DNA versus RNA com-

plementary sequences. These rigid cyclic structures need to be synthesized from racemic 

compounds involving tedious resolution step in most cases.
27

 Also the hydrocarbon side 

chains of cyclic PNA add to the undesired solubility setbacks.  

3A.2 Rationale and objectives of the present work 

 -bis-substitution of PNA without involving cyclic structures can be synthesized 

from natural chiral pool. The side chains are amenable for further manipulations of differ-

ent substitutions which could have favorable properties.  

 

Figure 3.2: Proposed modifications of aegPNA 
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Having -bis-hydroxymethyl/methoxymethyl substitution on the backbone of 

PNA can conquer the solubility problems and being chiral, may discriminate between par-

allel and antiparallel mode of binding.  

3A.3 Synthesis of β, γ bis-hydroxymethyl/methoxymethyl aegPNA mono 

mers 

 To get the PNA with -bis-methoxymethyl substitutions, the synthesis of protect-

ed PNA monomers with (S, S) - stereocentre was accomplished from L (R, R)-tartaric acid 

(Scheme 3.1). L-tartaric acid was converted to diester and diacetonide. The diester was re-

duced to diol according to literature reports. The hydroxy groups were methylated employ-

ing methyl iodide to yield 2b1. The acetonide group was deprotected by refluxing com-

pound in methanol in presence of PTSA yielding compound 3b1. The free hydroxy groups 

were then mesylated (4b1) and converted to their corresponding azide 5b1. The bis-O-Me 

C2-symmetric vicinal diamine compound 6b1 was derived from the azide.
31

 Mono-Boc-

protection of the vicinal diamine 6b1 gave compound 7b1 in about 52% yield. This was fur-

ther monoalkylated using ethylbromo acetate to get 8b1. Compound 8b1 was monoacylated 

using choroacetyl chloride to get 9b1 in good yield. This intermediate was further used to 

alkylate thymine and Cbz-adenine nucleobases to get the ester forms 10b1 and 11b1 respec-

tively. Hydrolysis of 10b1 and 11b1 yielded the protected thymine and adenine modified 

PNA monomers (2S, 3S)-T
OMe 

12b1 and (2S, 3S)-A
OMe 

13b1 respectively.  

  

 

Scheme 3.1: Synthesis of S, S-substituted PNA monomers 

                                                                                                                           Continued….. 
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…….continued 

 

 Scheme 3.1: Synthesis of S, S-substituted PNA monomers 

The synthesis of (2R, 3R)-T
OMe

 12a1 and (2R, 3R)-A
OMe

 13a1 was accomplished using same 

set of reactions from D-tartaric acid
32 

as drafted
 
below (Scheme 3.2) 

 

Scheme 3.2: Synthesis of R, R-substituted PNA monomers 
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To get the PNA with , -bis-hydroxymethyl substitutions, the synthesis of , - bis- ben-

zyloxymethyl substituted thymine and adenine PNA monomers (2S, 3S)-T
OBn

 12b2/ (2S, 

3S)-A
OBn

 13b2 was accomplished from L tartaric acid (Scheme 3.3). The free hydroxy 

groups of compound 1 were benzylated using benzyl bromide in presence of NaH in dry 

DMF to generate compound 2b2. Monomers 12b2 and 13b2 were then synthesized from 2b2 

using the same set of reactions as described for O-methoxymethyl protected monomers. 

 

Scheme 3.3: Synthesis of S, S-substituted PNA monomers 
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(2R, 3R)-T
OBn

 12a2/ (2S, 3S)-A
OBn 

13a2 were synthesized starting from D-tartaric acid fol-

lowing the same synthetic route as above. 

 

Scheme 3.4: Synthesis of R, R-substituted PNA monomers 

Use of bis-OBn protected monomers at defined positions during the synthesis of PNA se-

quences allowed us the access to the bis-hydroxymethyl substitution in PNA as the OBn 

protection was cleanly removed
33

 at the final deprotection step. The two hydroxymethyl 

groups were expected to largely improve the aqueous solubility of PNA.
34

 The compounds 

were all characterized by 
1
H, 

13
C NMR, HRMS and optical rotation analysis. The chiral 

purity of the products was also ascertained by chiral HPLC of the enantiomeric pair 

10a1/10b1. 

3A.4 Solid phase PNA synthesis, purification and MALDI-TOF charac-

terization of oligomers 

 The monomers synthesized were assimilated in oligomers at the desired positions 

by solid phase peptide synthesis through Boc chemistry on L-Lysine derivatized MBHA 

resin. Couplings were performed in presence of PNA monomers (modified and unmodi-

fied), HOBt, TBTU and DIPEA in DMF to get the oligomer of required length. Other pro-

cedures like deprotection, cleavage, Kaiser Test were performed following the protocol 

documented in Chapter 2. The positions of modification were chosen at the centre as well 

as the terminus to gain complete knowledge of the role of modifications in the sequence. 

Four lysines were also incorporated at the N-terminus (PNA 1 and PNA 10a) of the oligo-
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mers to further enhance the solubility. The oligomers were then purified by RP-HPLC and 

characterized by MALDI-TOF.  

Table 1: HPLC purification of PNA 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 and their MALDI-TOF characteriza-

tion 

lower case letters denote aegPNA, uppercase letters denote modified units with bis-hydroxymethyl (
OH

), bis-

methoxymethyl (
OMe

) substitutions and (R, R), (S, S) denote the stereochemistry at positions 

3A.5 Summary 

 This section of the work describes the synthesis of (S, S) and (R, R) bis-hydroxyme-

thyl/methoxymethyl monomers from L (+) and D (-) Tartaric Acid respectively. 

Seq 

Code 

Sequences  HPLC tR 

(min) 

MALDI 

Calc. Obsvd. 

PNA 1 aaccgatttcag-K 10.9 3381.4 3384.09 

PNA 2 K
4
-aaccgatttcag-K 10.9 3893.9 3895.98 

PNA 3a aaccga
(R, R)

T
OH

ttcag-K  10.3 3439.4 3478.6(M+K) 

PNA 3b aaccga
(S, S)

T
OH

ttcag-K 10.3 3439.4 3477.9(M+K) 

PNA 4a aaccga
(R, R)

T
OMe

ttcag-K  11.7 3467.5 3468.1 

PNA 4b aaccga
(S, S)

T
OMe

ttcag-K 11.8 3467.5 3469.1 

PNA 5a aaccga
(R, R)

T
OMe

t
(R, R)

T
OMe

CAG-K  12.6 3555.5 3558.2 

PNA 5b aaccga
(S, S)

T
OMe

t
(S, S)

T
OMe

cag-K  12.5 3555.5 3597.3(M+K) 

PNA 6a aaccg
(R, R)

A
OH

tttcag-K  10.9 3439.4 3464.9(M+Na) 

PNA 6b aaccg
(S, S)

A
OH

tttcag-K 10.8 3439.4 3478.2(M+K) 

PNA 7a aaccg
(R, R)

A
OMe

tttcag-K
 11.4 3467.5 3491.8(M+Na) 

PNA 7b aaccg
(S, S)

A
OMe

tttcag-K  11.3 3467.5 3490.7(M+Na) 

PNA 8a 
(R, R)

A
OH

(R, R)

A
OH

CCGATTTCAG-K 10.9 3499.4 3505.0 

PNA 8b 
(S, S)

A
OH

(S, S)

A
OH

CCGATTTCAG-K  10.9 3499.4 3497.5 

PNA 9a 
(R, R)

A
OMe

(R, R)

A
OMe

ccgatttcag-K
  

11.6 3555.5 3598.0(M+K) 

PNA 9b 
(S, S)

A
OMe

(S, S)

A
OMe

ccgatttcag-K 11.6 3555.5 3593.4(M+K) 

PNA 10a K
4
-accga

(R, R)

T
OMe

t
(R, R)

T
OMe

cag-K 12.5 4067.9 4104.7(M+K) 
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 The synthesized monomers were successfully incorporated in oligomers at definite 

positions and were characterized 

3A.6 Experimental 

(4S, 5S)-4, 5-bis (methoxymethyl)-2, 2-dimethyl-1, 3-dioxolane (2b1) 

Sodium hydride (50% suspension in mineral oil) (2.2g, 92.5mmol) was stirred in anhydrous 

DMF at 0
o
C to 5

o
C.To it (4S, 5S)-2, 2 - dimethyl-1, 3- dioxolane-4,5-diyl 

dimethanol (3g, 18.5mmol) was added and allowed to stir vigorously for 

10mins followed by methyl iodide (3.5mL, 55.5mmol) .The solution was allowed to gradu-

ally attain room temperature and stir for 4h. After completion of the reaction DMF was re-

moved under vacuum and the residue redissolved in ethyl acetate. The organic layer was 

washed with water (3x100mL) and then brine (2x50mL). The organic layer was dried over 

anhydrous Na2SO4 and evaporated to dryness. The crude compound was purified by col-

umn chromatography (10% EtOAc in petroleum ether) providing compound 2b1. (2.6g, 

74%).[α]D
20 

+8.13(c 1.2, CHCl3); 
1
H NMR(200 MHz, CDCl3): δ (ppm) 1.43 (s, 6H), 3.41(s, 

6H), 3.51-3.54(m, 4H), 3.94-3.99(m, 2H);
 13

C NMR (50 MHz, CDCl3): δ (ppm) 26.92, 

59.41, 23.36, 109.69; HRMS calcd. for C9H18O4Na: 213.1097,Observed mass: 213.1101. 

(4R, 5R)-4, 5-bis (methoxymethyl)-2, 2-dimethyl-1, 3-dioxolane (2a1) 

 [α]D
20 

-8.25(c 1.4, CHCl3)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

 

 

(4S, 5S)-2, 2-dimethyl-4, 5-bis (benzyloxy)-1, 3-dioxolane (2b2) 

Sodium hydride(50% suspension in mineral oil) (2.2g, 92.5mmol) was 

stirred in anhydrous DMF at 0
o
C to 5

o
C.To it (4S, 5S)-2, 2-dimethyl-

1, 3-dioxolane-4, 5-diyl dimethanol (3g, 18.5mmol) was added and 

allowed to stir vigorously for 10mins followed by benzyl bromide (5.3mL, 44.4mmol) .The 

solution was allowed to gradually attain room temperature and stir for 4 h. After comple-

tion of the reaction DMF was removed under vacuum and redissolved in ethyl acetate. The 

organic layer was washed with water (3x100mL) and then brine (2x50mL). The organic 

layer was kept over anhydrous Na2SO4 and evaporated to dryness. The crude compound 

was purified by column chromatography (5% EtOAc in petroleum ether) to get compound 
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2b2. (5.2g, 83%);
 
 [α]D

20
 -7.4(c 2.3, CHCl3); +8.0(c 3, CHCl3) for 2b2,

1
H NMR (200 MHz, 

CDCl3): δ (ppm) 1.43 (s, 6H), 3.58-3.60(m, 4H), 4.02-4.05(m, 2H), 4.55(s,4H), 7.3(s,10H); 

13
C NMR (50 MHz, CDCl3): δ (ppm) 27.01, 70.64, 73.47, 77.47, 109.62, 127.60, 128.00, 

128.34, 137.96; HRMS calcd for C21H26O4Na: 365.1723, Observed mass:365.1731  

(4R, 5R)-2, 2-dimethyl-4, 5-bis (benzyloxy)-1, 3-dioxolane (2a2) 

[α]D
20 

+8.0(c 3, CHCl3) 

 

 

(4S, 5S)-1, 4-dimethoxybutane-2, 3-diol (3b1) 

Compound 2b1 (3.6g, 18.9mmol) was dissolved in methanol. To it catalytic 

amount of PTSA and H2O (1mL, 56.7mmol) was added and the mixture 

was allowed to stir for 24h. The reaction mixture was quenched with K2CO3. The reaction 

mixture was filtered and the solvent was removed under vacuum. The residue was dis-

solved in EtOAc and the organic layer was washed with water (3x100mL) and brine 

(2x100mL). The organic layer was kept over Na2SO4 and the solvent was removed to get 

the crude compound. The compound was purified by column chromatography (80% EtOAc 

in petroleum ether) to get 3b1.(2.2g, 78%); [α]D
20

 -3.7 (c 1.6,CHCl3); 
1
H NMR (200 MHz, 

CDCl3): δ (ppm) 2.94 (br s, 2H), 3.4(s, 6H), 3.51-3.54(m, 4H), 3.8-3.84(m,2H);
 13

C  NMR 

(50 MHz, CDCl3): δ (ppm) 59.3, 70.46, 74.54; HRMS calcd for C6H14O4Na: 173.0784, Ob-

served mass: 173.0789. 

(4R, 5R)-1, 4-dimethoxybutane-2, 3-diol (3a1) 

[α]D
20 

+4.2 (1.5, CHCl3) 

 

 

(4S, 5S)-1, 4-bis (benzyloxy) butane-2, 3-diol (3b2) 

Compound 2b2 (8g, 23.3mmol) was dissolved in methanol. To it cata-

lytic amount of PTSA and H2O (1.7mL, 93.2mmol) was added and the 

mixture was allowed to stir for 24h. The reaction mixture was quenched 

with K2CO3. The reaction mixture was filtered and the solvent was removed under vacuum. 

The residue was dissolved in EtOAc and the organic layer was washed with water (3 

x100mL) and brine (2x100mL). The organic layer was kept over Na2SO4 and the solvent 
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was removed to get the crude compound. The compound was purified by column chroma-

tography (30% EtOAc in petroleum ether) to get 3b2.(5.6g, 79%); [α]D
20 

-6.3(c 5, CHCl3); 

1
H NMR (200 MHz, CDCl3): δ (ppm) 2.89(br s, 2H), 3.57-3.61(m, 4H), 3.84-3.88(m, 2H), 

4.54(s, 4H), 7.32(s, 10H); 
13

C  NMR (50 MHz, CDCl3): δ (ppm) 70.54, 71.95, 73.57, 

127.78, 127.85, 128.48, 137.69; HRMS calcd for C18H22O4Na: 325.1410, Observed mass: 

325.1418. 

(4R, 5R)-1, 4-bis (benzyloxy) butane-2, 3-diol (3a2) 

 [α]D
20 

+7.2(c 4.8, CHCl3)  

 

 

 

(4S, 5S)-1, 4-dimethoxybutane-2, 3-diyl dimethanesulfonate (4b1) 

Methanesulfonyl Chloride (2.8mL, 15.9mmol) was added dropwise to a 

cooled solution at 0
o
C of 3b1 (1g, 6.7mmol) and TEA (1.2mL, 19.9mmol) 

in dry DCM. After 1h the reaction mixture was washed with sat. NaHCO3 (2x50mL) fol-

lowed by brine (2x50mL).The solvent was removed and the crude compound was purified 

by column chromatography (30% EtOAc in Pet ether) to get white crystalline compound 

4b1 (1.8g, 91%) [α]D
20 

-26.72(c 1.4, CHCl3) for 4b1; 
1
H NMR (200 MHz, CDCl3): δ (ppm) 

3.13(s, 6H), 3.41(s, 6H), 3.69-3.71(m, 4H), 4.92-4.95(m, 2H); 
13

C NMR (50 MHz, CDCl3): 

38.71, 59.25, 71.18, 78.73; HRMS calcd for C8H18O8NaS2: 329.0335, Observed mass: 

329.0347. 

(4R, 5R)-1, 4-dimethoxybutane-2, 3-diyl dimethanesulfonate (4a1) 

[α]D
20

+25.6(c 1.6, CHCl3)  

 

 

(4S, 5S)-1, 4-bis (benzyloxy) butane-2, 3-diyl dimethanesulfonate (4b2) 

Compound 3b2 (2.7g, 8.9mmol) was dissolved in 10mL of dry DCM 

at 0
o
C. At this temperature TEA (3mL, 21.4mmol) was added and al-

lowed to stir for 5mins. To the reaction mixture Methanesulfonyl chloride(2.1mL, 

26.8mmol) was added drop wise and was allowed to stir for 1h.The reaction mixture was 

washed with sat. NaHCO3 (2x50mL) followed by brine(2x50mL).The solvent was removed 



Chapter 3                                                                                                                     substituted aegPNA 

Ph.D thesis: Tanaya Bose, NCL                                                                                                                 110 | P a g e  

and the crude compound was purified by column chromatography (20% EtOAc in Pet 

ether) to get white crystalline compound 4b2 (7.7g, 93%).[α]D
20 

 -10.7(c 4.4, CHCl3);
 1

H 

NMR (200 MHz, CDCl3): δ (ppm) 3.02(s,6H), 3.74-3.76(m,4H), 4.42(d,2H, J=11.6 Hz), 

4.53(d,2H, J=11.6Hz), 4.97-5.00 (m,2H),7.30-7.34(m,10H); 
13

C  NMR (50 MHz, CDCl3): 

δ (ppm) 38.75, 68.64,73.63, 78.74, 128.05, 128.15, 128.58, 136.98; HRMS calcd for 

C20H26O8NaS2: 481.0961, Observed mass: 481.0977 

(4R, 5R)-1, 4-bis (benzyloxy) butane-2, 3-diyl dimethanesulfonate (4a2) 

[α]D
20 

+11.3(c 5.2, CHCl3)  

 

 

(4S, 5S)-2, 3-diazido-1, 4-dimethoxybutane (5b1) 

A mixture of dimesylate 4b1(2g, 6.5mmol) and sodium azide (4.2g, 

65.3mmol) in DMSO (20mL) was stirred at 80
o
C for 24h,cooled to rt, and 

white suspension was diluted with brine. The water layer was extracted with ethyl acetate 

(3x50mL) and the combined organic extracts were dried over Na2SO4.Concentration of or-

ganic layer in vacuum followed by column chromatography on silica gel (10% EtOAc in 

Pet ether) produced compound 5b1 as yellow liquid (1.2g, 89%); [α]D
20 

-40.58(c 1.4, 

CHCl3), 
1
H NMR (200 MHz, CDCl3): δ (ppm) 3.41(s, 6H), 3.59-3.69(m, 6H); 

13
C NMR 

(50 MHz, CDCl3): δ (ppm) 59.15, 60.97, 72.11. 

(4R, 5R)-2, 3-diazido-1, 4-dimethoxybutane (5a1) 

[α]D
20 

+41.2 (c 2.0, CHCl3)  

 

 

(4S, 5S)- (((2, 3-diazidobutane-1, 4 diyl) bis(oxy)) bis(methylene))dibenzene (5b2) 

Compound 4b2 (3g, 6.5mmol) was dissolved in DMSO (30mL). To it 

sodium azide (4.2g, 65.3mmol) was added and the reaction mixture was 

heated to 80
o
C for 1d. The reaction mixture was cooled to rt, and white 

suspension was diluted with brine. The water layer was extracted with ethyl acetate 

(3x50mL) and the combined organic extracts were dried over Na2SO4. The organic layer 

was concentrated, which was purified by column chromatography (5% EtOAc in Pet ether) 

to afford 5b2 (2g, 86%) as yellow oil. [α]D
20 

-43(c 0.7, CHCl3); 
1
H NMR (200 MHz, 
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CDCl3): δ (ppm) 3.63-3.72(m, 6H), 4.53(s, 4H), 7.32(s, 10H); 
13

C NMR (50 MHz, CDCl3): 

δ (ppm) 61.1, 69.71, 73.66, 127.88, 128.08, 128.64, 137.49; HRMS calcd for 

C18H20O2N6Na: 375.1540, Observed mass: 375.1537 

(4R, 5R)-(((2,3-diazidobutane-1,4-diyl)bis(oxy))bis(methylene))dibenzene (5a2) 

[α]D
20 

+44.4(c 1.0, CHCl3)  

 

 

(4S, 5S)-1, 4-dimethoxybutane-2, 3-diamine (6b1) 

(4R, 5R)-1, 4-dimethoxybutane-2, 3-diamine (6a1) 

To a solution of azide (S, S)/(R, R) (500mg, 2.9mmol) in methanol was 

added 10% Pd/C (50mg). The mixture was hydrogenated at room temper-

ature under 50psi pressures for 4h. The catalyst was then removed by filtration over celite. 

The filtrate was collected and the solvent was removed under vacuum to furnish a colorless 

liquid which eventually turned brown. The crude compound was carried forward for the 

next reaction without further purification. 

 

(4S, 5S)-1, 4-bis (benzyloxy) butane-2, 3-diamine (6b2) 

(4R, 5R)-1, 4-bis (benzyloxy) butane-2, 3-diamine (6a2) 

To a solution of azide (300mg, 0.9mmol) in THF (12mL), PPh3 

(892mg, 3.4mmol) and few drops of water was added. The solution 

was heated to 60
o
C for 1h cooled down to rt. The mixture was diluted 

with ether (10mL) and the organic phase was extracted with AcOH (10% in H2O).The 

combined aqueous extract was washed with ether and lyophilized to give amine. The crude 

compound was used as such for the next reaction without further purification. 

 

(4S, 5S)-tert-butyl (3-amino-1,4-dimethoxybutan-2-yl)carbamate (7b1) 

A solution of di-tertiary butyl carbonate (1.5g, 7.0mmol) diluted in di-

oxane (250mL) was added over a period of 5h to the solution of dia-

mine(1.3g, 8.8mmol) in dioxane(75mL) at 0
o
C.The mixture was allowed to stir for 12h at 

rt. The solvent was removed under vacuum and water was added to it when di-tert-butyl 

carbamate compound separated out. The aqueous layer was extracted with 10% MeOH in 
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DCM (10x50mL). The organic layer was collected and solvent removed to get 7b1 (1.4g, 

52%). [α]D
20 

-7.84 (c 1.02, CHCl3); 
1
H NMR (200 MHz, CDCl3): δ (ppm) 1.55(s, 9H), 3.25-

3.47(m, 5H), 3.35(s, 6H), 3.62-3.65(m, 1H), 5.31-5.35 (br s); 
13

C NMR (50 MHz, CDCl3): 

δ (ppm) 28.31, 50.79, 51.27, 58.85, 73.48, 75.03, 79.16, 155.83; HRMS calcd for 

C11H25N2O4: 249.1809, Observed mass: 249.1815. 

(4R, 5R)-tert-butyl (3-amino-1,4-dimethoxybutan-2-yl) carbamate (7a1) 

[α]D
20 

+7.1 (c 1, CHCl3) 

 

 

 

(4S, 5S)-tert-butyl (3-amino-1,4-bis(benzyloxy)butan-2-yl)carbamate (7b2) 

A solution of di-tertiary butyl carbonate (0.99g, 4.5mmol) diluted 

in dioxane (250mL) was added over a period of 5h to the solution 

of diamine(1.7g, 5.7mmol) in dioxane(75mL).The mixture was allowed to stir for 12h at rt. 

The solvent was removed under vacuum and water was added to it when di-tert-butyl car-

bamate compound separated out. The aqueous layer was extracted with 8% MeOH in DCM 

(10x50mL). The organic layer was collected and solvent removed to get 7b2 (1.3g, 55%). 

[α]D
20

-9.2(c 1.4,CHCl3); 
1
H NMR (500 MHz, CDCl3): δ (ppm) 1.43(s, 9H), 3.45-3.64(m, 

6H), 3.78(m, 1H), 4.49(s, 4H), 5.26-5.30(br s, 1H), 7.31(s, 10H); 
13

C NMR (125 MHz, 

CDCl3): δ (ppm) 28.34, 51.10, 61.59, 69.12, 70.22, 73.23, 79.98, 127.87, 127.94, 128.44, 

137.79, 156.70; HRMS calcd for C23H33N2O4: 401.2435, Observed mass: 401.2435 

(4R, 5R)-tert-butyl (3-amino-1, 4-bis(benzyloxy)butan-2-yl)carbamate (7a2) 

 [α]D
20 

+9.4 (c 1.0, CHCl3) 

 

 

 

(4S, 5S)-ethyl 2-((3-((tert-butoxycarbonyl)amino)-1,4-dimethoxybutan-2-yl)amino) ac-

etate (8b1) 

Compound 7b1 (3.2g, 12.9mmol) was dissolved in 20mL dry ACN 

and TEA (3.6mL, 25.8mL) was added with stirring. The reaction 

mixture was cooled to 0
o
C and ethyl bromoacetate (1.7mL, 
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15.5mmol) diluted in 10mL dry ACN was added drop wise. The reaction was stirred at rt 

for 4h after which solvent was removed under vacuo and the residue was diluted with 

EtOAc. The organic layer was washed with NaHCO3 (2x50mL), dried over anhydrous 

Na2SO4 and concentrated to get the crude compound. The crude compound was purified by 

column chromatography (20% EtOAc in pet ether) to yield Compound 8b1 as colorless liq-

uid (3.2g, 74%); [α]D
20

 -6(c 2.0, CHCl3);
1
H NMR (200 MHz, CDCl3): δ (ppm) 1.28-

1.31(t,3H,J=7.2Hz), 1.44(s, 9H), 2.27(br s, 1H), 2.94-3.01(m, 1H), 3.33(s, 3H), 3.34(s, 3H), 

3.36-3.48(m, 6H), 3.77-3.81(m, 1H),4.13-4.24 (q, 2H, J=7.2Hz); 
13

C NMR (50 MHz, 

CDCl3): δ (ppm) 14.11, 28.28, 49.82, 57.79, 58.79, 60.62, 72.42, 73.33, 79.07, 155.71, 

172.53; HRMS calcd for C15H31N2O6: 335.2177, Observed mass: 335.2183 

(4R, 5R)-ethyl 2-((3-((tert-butoxycarbonyl)amino)-1,4-dimethoxybutan-2-yl)amino) 

acetate (8a1) 

[α]D
20

 +6.7(c 1.7, CHCl3)  

 

 

 

 

(4S, 5S)-ethyl 2-((1,4-bis(benzyloxy)-3-((tert-butoxycarbonyl)amino)butan-2-yl)amino) 

acetate (8b2) 

Compound 7b2 (0.6g, 2.4mmol) was dissolved in 5mL dry ACN 

and TEA (0.7mL, 4.8mmol) was added with stirring. The reac-

tion mixture was cooled to 0
o
C and ethyl bromoacetate (0.3mL, 

2.9mmol) diluted in 1mL dry ACN was added drop wise. The 

reaction was stirred at rt for 4h after which solvent was removed under vacuo and the resi-

due was diluted with EtOAc. The organic layer was washed with NaHCO3 (2x30mL), dried 

over anhydrous Na2SO4 and concentrated to get the crude compound. The crude compound 

was purified by column chromatography (15% EtOAc in pet ether) to yield Compound 8b2 

as colorless liquid (0.82g, 71%). [α]D
20

 -10 (c 3.2, CHCl3);
1
H NMR (200 MHz, CDCl3): δ 

(ppm) 1.21-1.28 (t,3H,J=7.2Hz), 1.43(s, 9H), 2.19(br s, 1H), 3.06-3.10 (m, 1H), 3.45-3.59 

(m, 6H),3.86-3.90(m, 1H), 4.1-4.2 (q, 2H, J=7.2Hz), 4.47-4.54 (m, 4H), 7.31(s, 10H); 
13

C 

NMR (125 MHz, CDCl3): δ (ppm) 14.20, 28.41, 49.97, 57.91, 60.75, 70.09, 71.04, 73.33, 
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79.20, 127.7, 127.74, 128.38, 138.12, 155.81, 172.56; HRMS calcd for C27H39N2O6: 

487.2803, Observed mass: 487.2806 

 

(4R, 5R)-ethyl 2-((1,4-bis(benzyloxy)-3-((tert-butoxycarbonyl)amino)butan-2-yl) ami-

no) acetate (8a2) 

 [α]D
20

 +10.3 (c 3.5, CHCl3) 

 

 

 

 

(4S, 5S)-ethyl 2-(N-(3-((tert-butoxycarbonyl)amino)-1,4-dimethoxybutan-2-yl)-2-chlor 

oacetamido)acetate (9b1) 

Chloroacetyl chloride (1.4mL, 17.9mmol) was added in 2-3 portions 

to the solution of compound 8b1 (1.2g, 3.6mmol) and NaHCO3 (3g, 

35.9mmol) in 20mL dioxane, water (1:1) at 0
o
C. The pH of the reac-

tion mixture was maintained between 8-9. The mixture was allowed 

to stir for 1/2h. After completion of the reaction the dioxane was removed under vacuum 

and the water was extracted with ethyl acetate (3x50mL). The organic layer was concen-

trated to get the crude compound. The crude compound was purified by column chromatog-

raphy (15% EtOAc in Pet ether) to get colorless liquid (1.2g, 81%); [α]D
20  

-11.91 (c 1.7, 

CHCl3); 
1
H NMR (200 MHz, CDCl3): δ (ppm) 1.24-1.31 (m, 3H, rotameric mixture), 1.41-

1.45 (9H, rotameric mixture), 2.95-3.03 (m, 1H), 3.10-3.38 (m, 6H, rotameric mixture), 

3.39-3.77(m, 6H), 4.02-4.20(m, 5H) ; 
13

C NMR (50 MHz, CDCl3): δ (ppm) 14.2, 28.41, 

49.97, 57.91, 60.75, 70.09, 71.04, 73.23, 73.33, 79.20, 127.7, 127.74, 128.38, 138.12, 

155.81, 172.56 ; HRMS calcd. for C17H31O7N2ClNa: 433.1712, Observed mass: 433.1727 

(4R, 5R)-ethyl 2-(N-(3-((tert-butoxycarbonyl)amino)-1,4-dimethoxybutan-2-yl)-2-

chloroacetamido)acetate (9a1) 

[α]D
20

 +12.79 (c 1.7, CHCl3) 
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(4S, 5S)-ethyl 2-(N-(1, 4-bis(benzyloxy)-3-((tert-butoxycarbonyl)amino)butan-2-yl)-2-

chloroacetamido) acetate (9b2) 

Chloroacetyl chloride (2.1mL, 26.7mmol) was added in 2-3 por-

tions to the solution of compound 8b2 (2.6g, 5.3mmol) and  

NaHCO3 (4.5g, 53.4mmol) in 25mL dioxane, water (1:1) at 0
o
C. 

The pH of the reaction mixture was maintained between 8-9. 

The mixture was allowed to stir for 1/2h. After completion of the reaction the dioxane was 

removed under vacuum and the water was extracted with ethyl acetate (3x50mL). The or-

ganic layer was concentrated to acquire the crude compound. The crude compound was pu-

rified by column chromatography (15% EtOAc in Pet ether) to get colorless liquid (2.6g, 

84%).[α]D
20 

-6.7 (c 3.7, CHCl3); 
1
H NMR (200 MHz, CDCl3): δ (ppm) 1.40-1.51 (m, 3H, 

9H,rotameric mixture), 3.23-3.29(m, 1H), 3.48-3.60(m, 5H), 3.84-4.19(m, 3H), 4.35-

4.37(m, 4H), 4.48-4.56(m, 5H),5.27-5.29(br s, 1H), 7.33(s, 10H); 
13

C NMR (50 MHz, 

CDCl3): δ (ppm) 14.19, 28.33, 42.50, 57.69, 60.39,69.00, 69.41, 71.04, 73.36, 73.60, 81.04, 

127.80, 128.33, 128.57, 137.09, 152.69, 166.92, 171.05; HRMS calcd for C29H40O7N2Cl: 

563.2519, Observed mass: 563.2519 

(4R, 5R)-ethyl 2-(N-(1,4-bis(benzyloxy)-3-((tert-butoxycarbonyl)amino)butan-2-yl)-2-

chloroacetamido) acetate (9a2) 

[α]D
20

 +6.3 (c 3.5, CHCl3) 

 

 

 

 

(4S, 5S)-ethyl2-(N-(3-((tert-butoxycarbonyl)amino)-1,4-dimethoxybutan-2-yl)-2-thymi 

nyl acetate (10b1) 

Compound 9b1 (2.1g, 5.1mmol), activated K2CO3 (0.85g, 6.1mmol) 

and Thymine (0.7g, 5.6mmol) was suspended in 20mL of dry DMF 

and the reaction mixture was allowed to stir for 6h at rt. The solvent 

was removed under vacuum and the residue was extracted with ethyl 

acetate (3x100mL). The organic layer was washed with brine (3x50mL) and was dried over 

anhydrous Na2SO4. Ethyl acetate was removed under vacuum to get the crude compound. 

The crude compound was purified by column chromatography (30% EtOAc in Pet ether) to 
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get white solid (1.9g, 80%); [α]D
20

 -6.9(c 0.6, CHCl3); 
1
H NMR (200 MHz, CDCl3): δ 

(ppm) 1.23-1.32(3H, rotameric mixture), 1.4, 1.44(9H, rotameric mixture), 1.91(s, 3H), 

3.18-3.40(6H, rotameric mixture), 3.52-3.76(m,4H), 4.01-4.49(m, 6H), 4.69-5.16(m,2H), 

7.00,7.05(1H, rotameric mixture), 8.55,8.61(1H, rotameric mixture); 
13

C NMR (50 MHz, 

CDCl3): δ (ppm) 12.28, 14.16, 28.31, 45.93, 47.88, 56.64, 59.31, 61.24, 61.78, 71.36, 

72.23, 79.99, 110.57, 141.64, 151.24, 164.70, 167.93, 168.75, 170.14;HRMS calcd for 

C22H36N4O9Na: 523.2374, Observed mass: 523.2387. 

(4R, 5R)-ethyl2-(N-(3-((tert-butoxycarbonyl)amino)-1,4-dimethoxybutan-2-yl)-2-thym 

inyl acetate (10a1) 

 [α]D
20

 +7.0 (c 0.6, CHCl3) 

 

 

 

 

(4S, 5S)-ethyl 2-(N-(1,4-bis(benzyloxy)-3-((tert-butoxycarbonyl)amino)butan-2-yl)-2-

thyminyl acetate (10b2) 

Compound 9b2 (1g, 1.8mmol), activated K2CO3 (0.3g, 

2.1mmol) and Thymine (0.25g, 1.9mmol) was suspended in 

10mL of dry DMF and the reaction mixture was allowed to stir 

for 6h at rt. The solvent was removed under vacuum and the 

residue was extracted with ethyl acetate (3x50mL). The organic layer was washed with 

brine (3x25mL) and was dried over anhydrous Na2SO4. Ethyl acetate was removed under 

vacuum to get the crude compound. The crude compound was purified by column chroma-

tography (30% EtOAc in Pet ether) to get white solid (0.99g, 83%); [α]D
20

 -23.8(c 5, 

CHCl3); 
1
H NMR (200 MHz, CDCl3): δ (ppm) 1.10-1.26(m, 3H, rotameric mixture), 1.38, 

1.44(9H, rotameric mixture), 3.47-3.93(m, 4H), 4.01-4.24(m, 6H), 4.34-4.82(m, 6H), 7.22-

7.45(m, 11H), 7.96-8.08(br s, 1H), 9.09-9.15(br s, 1H); 
13

C NMR (50 MHz, CDCl3): δ 

(ppm) 12.35, 14.19, 28.30, 45.97, 48.01, 56.83, 60.41, 61.07, 61.68, 69.14, 73.25, 79.63, 

110.52, 127.18, 127.81, 128.39, 137.35, 141.01, 151.05, 155.88, 164.48, 168.57, 170.01; 

HRMS calcd for C34H44O9N4Na: 675.3001, Observed mass: 675.3010. 
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(4R, 5R)-ethyl 2-(N-(1,4-bis(benzyloxy)-3-((tert-butoxycarbonyl)amino)butan-2-yl)-2-

thyminyl acetate (10a2) 

[α]D
20

 +24(c 5, CHCl3) 

 

 

 

 

(4S, 5S)-ethyl 2-(N-(3-((tert-butoxycarbonyl)amino)-1,4-dimethoxybutan-2-yl)-2-(6 

benzyloxy carbonyl adeninyl) acetate (11b1) 

Compound 9b1(1.2g, 2.9mmol), activated K2CO3 (0.48g, 3.5 

mmol) and N
6
- benzyloxycarbonyladenine (0.87g, 3.2mmol) was 

suspended in 15mL of dry DMF and the reaction mixture was al-

lowed to stir for 6h at rt. The solvent was removed under vacuum 

and the residue was extracted with ethyl acetate (3x50mL). The organic layer was washed 

with brine (3x25mL) and was dried over anhydrous Na2SO4. Ethyl acetate was removed 

under vacuum to get the crude compound. The crude compound was purified by column 

chromatography (30% EtOAc in Pet ether) to get white solid (1.3g, 72%); [α]D
20

 -19.6(c 5, 

CHCl3);
1
H NMR (200 MHz, CDCl3): δ (ppm) 1.21-1.34(3H, rotameric mixture), 

1.39,1.41(9H, rotameric mixture), 3.19-3.44(m, 7H, rotameric mixture), 3.53-3.82(m, 3H), 

4.10-4.58(m, 5H), 4.86-5.46(m, 5H), 7.34-7.42(m, 5H), 8.10-8.11(s,1H, rotameric mixture), 

8.72,8.75 (1H, rotameric mixture); 
13

C NMR (50 MHz, CDCl3): δ (ppm) 14.16, 28.23, 

43.85, 56.91, 58.64, 59.41,61.12, 67.63, 71.85,79.56, 121.07, 128.40, 128.59, 135.58, 

144.13, 149.43, 151.09, 152.75, 155.80, 166.73, 167.62, 169.85; HRMS calcd for 

C30H42O9N7: 644.3039, Observed mass: 644.3034. 

(4R, 5R)-ethyl 2-(N-(3-((tert-butoxycarbonyl)amino)-1,4-dimethoxybutan-2-yl)-2-(6 

benzyloxy carbonyl adeninyl) acetate (11a1) 

[α]D
20

 +20(c 4.8, CHCl3) 
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(4S, 5S)-ethyl 2-(N-(1,4-bis(benzyloxy)-3-((tert-butoxycarbonyl)amino)butan-2-yl)-2-(6 

benzyloxy carbonyl adeninyl) acetate (11b2) 

Compound 9b2 (1g, 1.8mmol), activated K2CO3 (0.3g, 2.1 

mmol) and N
6
- benzyloxycarbonyladenine (0.5g, 1.9mmol) 

was suspended in 10mL of dry DMF and the reaction mixture 

was allowed to stir for 6h at r.t. The solvent was removed un-

der vacuum and the residue was extracted with ethyl acetate (3x50mL). The organic layer 

was washed with brine (3x25mL) and was dried over anhydrous Na2SO4. Ethyl acetate was 

removed under vacuum to get the crude compound. The crude compound was purified by 

column chromatography (20% EtOAc in Pet ether) to get white solid (1.1g, 76%); [α]D
20

 -

26.5(c 5, CHCl3); 
1
H NMR (200 MHz, CDCl3): δ (ppm) 1.08-1.17 (3H, rotameric mixture), 

1.29, 1.38 (9H, rotameric mixture), 3.43-3.75(m, 4H, rotameric mixture), 3.9-4.31(m, 7H), 

4.40-4.92 (m, 5H),5.27,5.28 (2H,rotameric mixture), 7.27(m, 15H), 7.68 (1H, rotameric 

mixture), 7.99 (1H, rotameric mixture); 
13

C NMR (50 MHz, CDCl3): δ (ppm) 13.92, 28.32, 

47.39, 60.39, 60.84, 61.62, 68.02, 69.21, 69.28, 73.02, 73.27, 79.62, 127.41,127.59, 

1258.35, 128.60, 129.10, 135.21, 135.47, 137.64, 139.44, 147.97, 148.66, 155.87, 162.03, 

167.83, 167.94; HRMS calcd for C42H50O9N7: 796.3665, Observed mass: 796.3657 

(4R, 5R)-ethyl 2-(N-(1,4-bis(benzyloxy)-3-((tert-butoxycarbonyl)amino)butan-2-yl)-2-

(6 benzyloxy carbonyl adeninyl) acetate(11a2) 

 [α]D
20

 +25.3(c 4.8, CHCl3) 

 

 

 

 

(4S, 5S)-2-(N-(3-((tert-butoxycarbonyl) amino)-1, 4-dimethoxybutan-2-yl)-2- thyminyl 

acetic acid (12b1) 

The compound 10b1 (0.4g, 0.8mmol) was dissolved in 1mL metha-

nol and to it 2mL of 1N LiOH solution was added. The completion 

of the reaction was monitored by TLC. After 30mins, methanol was 

removed under vacuum and the aqueous layer was neutralized with 

Dowex H
+
 resin. The resin was separated by filtration. The aqueous layer was washed with 

ethyl acetate (3x50mL) and the combined organic layer was lyophilized to get the free acid 
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(0.28g, 74%). [α]D
20

 +10.8(c 1.3, MeOH);
1
H NMR (200 MHz, D2O): δ (ppm) 1.32, 1.36 

(9H, rotameric mixture), 1.78,1.82 (3H, rotameric mixture), 3.21-3.34 (6H, rotameric mix-

ture), 3.48-3.65(m, 4H), 3.91-4.51(m, 6H), 7.28, 7.34 (1H, rotameric mixture); 
13

C NMR 

(50 MHz, DMSO-d6): δ (ppm) 12.16, 48.17, 49.90, 58.28, 58.47, 70.63, 77.72, 79.41, 

107.81, 138.09, 151.21, 151.77, 155.75, 164.64, 165.18; HRMS calcd for  C20H32O9N4Na: 

495.2061, Observed mass: 495.2060. 

(4R, 5R)-2-(N-(3-((tert-butoxycarbonyl) amino)-1, 4-dimethoxybutan-2-yl)-2- thyminyl 

acetic acid (12a1) 

[α]D
20

 -10.8(c 1.2, MeOH) 

 

 

 

 

 

(4S, 5S)-2-(N-(1, 4-bis (benzyloxy)-3-((tert-butoxycarbonyl) amino) butan-2-yl)-2-

thyminyl acetic acid (12b2) 

The compound 10b2 (1g, 1.5mmol) was dissolved in 2mL meth-

anol and to it 4mL of 1N LiOH solution was added. The comple-

tion of the reaction was monitored by TLC. After 30mins, meth-

anol was removed under vacuum and the aqueous layer was neu-

tralized with Dowex H
+
 resin. The resin was separated by filtration. The aqueous layer was 

washed with ethyl acetate (3x50mL) and the combined organic layer was lyophilized to get 

the free acid (0.75g, 79%). [α]D
20

 +28.3(c 1.5, MeOH);
1
H NMR (200 MHz, CD3OD): δ 

(ppm) 1.29,1.32 (9H, rotameric mixture), 1.79 (s, 3H), 3.41-3.70(m, 4H), 3.74-4.13 (m, 

4H), 4.17-4.65(m, 6H), 7.18-7.20(m, 1H); 
13

C NMR (50 MHz, DMSO-d6): δ (ppm) 12.36, 

28.59, 62.31, 62.55, 62.95, 68.51, 70.56, 72.28, 72.60, 78.14, 108.45, 127.87, 128.00, 

128.57, 138.85, 142.72, 151.65, 156.02, 165.26, 168.03, 169.10; HRMS calcd for  

C32H40O9N4Na: 647.2687, Observed mass: 647.2687. 

(4R, 5R)-2-(N-(1, 4-bis (benzyloxy)-3-((tert-butoxycarbonyl) amino) butan-2-yl)-2-

thyminyl acetic acid (12a2) 

[α]D
20

 -28.0(c 1.5, MeOH) 
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(4S, 5S)-2-(N-(3-((tert-butoxycarbonyl) amino)-1, 4-dimethoxybutan-2-yl)-2-(6-benzyl-

oxy carbonyl adeninyl) acetic acid (13b1) 

The compound 11b1 (1g, 1.6mmol) was dissolved in 2mL meth-

anol and to it 4mL of 1N LiOH solution was added. The comple-

tion of the reaction was monitored by TLC. After 30mins, meth-

anol was removed under vacuum and the aqueous layer was neu-

tralized with Dowex H
+
 resin. The resin was separated by filtration. The aqueous layer was 

washed with ethyl acetate (3x50mL) and the combined organic layer was lyophilized to get 

the free acid (0.68g, 71%). [α]D
20 

+6.8(c 2.5, MeOH); 
1
H NMR (400 MHz, CDCl3): δ 

(ppm) 1.30, 1.42(9H, rotameric mixture), 3.14-3.30(6H, rotameric mixture), 3.42-3.68(m, 

4H), 4.11-4.27(m,4H), 4.98-5.27(m, 4H), 7.33-7.35(m, 5H), 8.14-8.18(1H,rotameric mix-

ture), 8.70, 8.72(1H, rotameric mixture); 
13

C NMR (10 MHz, CDCl3): δ (ppm) 28.36, 

44.29, 46.34, 48.43, 49.31, 58.51, 58.95,59.15,67.68,70.98, 72.08, 79.57, 120.46, 128.46, 

128.59, 135.48, 144.46, 149.15, 151.47, 152.74, 155.62, 155.83, 167.26, 172.67. HRMS 

calcd for C28H37O9N7: 616.2726, Observed mass: 616.2727 

(4R, 5R)-2-(N-(3-((tert-butoxycarbonyl) amino)-1, 4-dimethoxybutan-2-yl)-2-(6 benzyl-

oxy carbonyl adeninyl) acetic acid (13a1) 

[α]D
20

 -6.4(c 2.5, MeOH) 

 

 

 

 

(4S, 5S)-2-(N-(1, 4-bis (benzyloxy)-3-((tert-butoxycarbonyl) amino) butan-2-yl)-2-(6 

benzyloxy carbonyl adeninyl) acetic acid (13b2) 

The compound 11b2 (0.5g, 0.6mmol) was dissolved in 1mL 

methanol and to it 2mL of 1N LiOH solution was added. The 

completion of the reaction was monitored by TLC. After 

30mins, methanol was removed under vacuum and the aqueous layer was neutralized with 

Dowex H
+
 resin. The resin was separated by filtration. The aqueous layer was washed with 

ethyl acetate (3x50mL) and the combined organic layer was lyophilized to procure the free 

acid (0.38g, 73%). [α]D
20 

+26.7 (c 2.0, MeOH); 
1
H NMR (200 MHz, CD3OD): δ (ppm) 
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1.22,1.35(9H, rotameric mixture), 3.42-3.71(m,6H), 4.09-4.27(m, 4H), 4.33-4.55(m, 6H), 

7.21-7.24(m, 15H), 8.03(s, 1H), 8.10(s, 1H); 
13

C NMR (100 MHz, CDCl3): δ (ppm) 28.33, 

47.18, 57.82, 58.38, 65.08, 69.57, 72.94, 73.32, 73.81, 81.16, 119.14, 126.97, 127.80, 

128.36, 129.02, 135.55, 137.68, 137.75, 140.53, 149.99, 153.13, 155.56, 165.90, 168.99; 

HRMS calcd for C40H44O9N7: 766.3195, Observed mass: 766.3198 

(4R, 5R)-2-(N-(1, 4-bis (benzyloxy)-3-((tert-butoxycarbonyl) amino) butan-2-yl)-2-(6 

benzyloxy carbonyl adeninyl) acetic acid (13a2) 

[α]D
20

 -26.4(c 1.9, MeOH) 
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Compound 2a1 

Expected mass: 213.1097 

Observed mass: 213.1101 
 

Compound 2a2 

Expected mass: 365.1723 

Observed mass: 365.1731 
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Compound 3a1 

Expected mass: 173.0784 

Observed mass: 173.0789 
 

Compound 3a2 

Expected mass: 325.1410 

Observed mass: 325.1418 
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 Compound 4a1 

Expected mass: 329.0335 

Observed mass: 329.0347 
 

 

Compound 4a2 

Expected mass: 481.0961 

Observed mass: 481.0977 
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Compound 7a1 

Expected mass: 249.1809 

Observed mass: 249.1815 

 

Compound 5a2 

Expected mass: 375.1540 

Observed mass: 375.1537 
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Compound 7a2 

Expected mass: 401.2435 

Observed mass: 401.2435 
 

Compound 8a1 

Expected mass: 335.2177 

Observed mass: 335.2183 
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Compound 9a1 

Expected mass: 433.1712 

Observed mass: 433.1727 
 

Compound 8a2 

Expected mass: 487.2803 

Observed mass: 487.2806 



Chapter 3                                                                                                                     substituted aegPNA 

Ph.D thesis: Tanaya Bose, NCL                                                                                                                 152 | P a g e  

 

 

 

Compound 9a2 

Expected mass: 563.2159 

Observed mass: 563.2156 

 

Compound 10a1 

Expected mass: 523.2374 

Observed mass: 523.2387 
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Compound 11a1 

Expected mass: 644.3039 

Observed mass: 644.3034 
 

Compound 10a2 

Expected mass: 675.3001 

Observed mass: 675.3010 
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Compound 11a2 

Expected mass: 796.3665 

Observed mass: 796.3657 

Compound 12a1 

Expected mass: 495.2061 

Observed mass: 495.2060 
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Compound 12a2 

Expected mass: 647.2687 

Observed mass: 647.2687 
 

 

Compound 13a1 

Expected mass: 616.2726 

Observed mass: 616.2727 
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Chiral HPLC of 10a1/10b1 

Chiral HPLC was done on Kromasil 5-Amycoat (4.6x250mm) column in mobile phase 

isopropyl alcohol: Petroleum ether (30:70) 

 

a) Chiral HPLC of 10a1 + 10b1 

  

 

 

Compound 13a2 

Expected mass: 766.3195 

Observed mass: 766.3198 
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b) Chiral HPLC of 10a1 

 

 

c)   Chiral HPLC of 10b1 

 HPLC chromatogram of purified PNA 1 

 

HPLC chromatogram of purified PNA 2 
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HPLC chromatogram of purified PNA 3a 

 

 

HPLC chromatogram of purified PNA 3b 

 

HPLC chromatogram of purified PNA 4a 

 

HPLC chromatogram of purified PNA 4b 
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HPLC chromatogram of purified PNA 5a 

 

 

HPLC chromatogram of purified PNA 5b 

 
 

HPLC chromatogram of purified PNA 6a 

 
 

Fig S17: HPLC chromatogram of purified PNA 6b 
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HPLC chromatogram of purified PNA 7a 

 

HPLC chromatogram of purified PNA 7b 

 

HPLC chromatogram of purified PNA 8a 

 

HPLC chromatogram of purified PNA 8b 
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HPLC chromatogram of purified PNA 9a 

 

HPLC chromatogram of purified PNA 9b 

 

HPLC chromatogram of purified PNA 10a 
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PNA 1 

Expected MW: 3381.4 

Observed MW: 3384.09 

PNA 2 

Expected MW: 3894.1 

Observed MW: 3895.98 
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PNA 3b 
Expected MW: 3439.4 

Observed MW: 3477.9(M+K) 

PNA 3a 
Expected MW: 3439.4 

Observed MW: 3478.6 (M+K) 
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+  

 

 

 
 

PNA 4b 

Expected MW: 3467.5 

Observed MW: 3469.1 

PNA 4a 

Expected MW: 3467.5 

Observed MW: 3468.1 
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PNA 5b 

Expected MW: 3555.5 

Observed MW: 3597.0 (M+K) 

PNA 5a 

Expected MW: 3555.5 

Observed MW: 3558.2 
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PNA 6b 

Expected MW: 3439.42 

Observed MW: 3478.2 (M+K) 

PNA 6a 

Expected MW: 3439.42 

Observed MW: 3464.9 (M+Na) 
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PNA 7b 

Expected MW: 3467.5 

Observed MW: 3490.7 (M+K) 

 

PNA 7a 

Expected MW: 3467.5 

Observed MW: 3491.8(M+Na) 
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PNA 8b 

Expected MW: 3499.4 

Observed MW: 3497.5 

 

PNA 8a 

Expected MW: 3499.4 

Observed MW: 3505.0 
 



Chapter 3                                                                                                                     substituted aegPNA 

Ph.D thesis: Tanaya Bose, NCL                                                                                                                 169 | P a g e  

 
 

 
 

PNA 9b 

Expected MW: 3555.5 

Observed MW: 3593.3(M+K) 

PNA 9a 

Expected MW: 3555.5 

Observed MW: 3598.0(M+K) 
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Section B 

Biophysical evaluation of (R, R)/(S, S) -Bis Diol/Dimethoxy 

aegPNA incorporated oligomers 

3B.1 Synthesis of complementary Oligonucleotides 

The complementary and parallel complementary DNA oligomers were synthesized 

on Bioautomation Mer-Made 4 synthesizer using standard β-cyanoethyl phosphoramidite 

chemistry. The complementary RNA and mismatch oligonucleotides were obtained com-

mercially. 

List of DNA sequences 

cDNA: 5’-CTGAAATCGGTT; 

Parallel DNA: 5’-TTGGCTAAAGTC 

PNA 10a 

Expected MW: 4067.88 

Observed MW: 4104.7(M+K) 
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List of RNA sequences 

cRNA: 5’-CUGAAAUCGGUU 

Mismatch RNA: CUGAAUUCGGUU 

3B.2 UV-Melting Study 

The Tm values of the modified PNAs hybridized with cDNA in antiparallel (ap) and 

parallel (p) orientations, antiparallel complementary RNA (cRNA) and mismatched RNA 

(mmRNA) in 1: 1 stoichiometry were determined by temperature-dependent UV absorb-

ance plots. The Tm values were determined at 10mM and 100mM salt concentrations. The 

sample preparation and instrumental procedure is same as described in chapter 2. 

Table 2: UV melting at 10mM NaCl concentration of aaccgaT
OH

ttcag-K 

 

 

 
 
Figure 3.3: UV melting plots of PNA

 
1, 3a, 3b with a) ap-cDNA b) p-cDNA at 10mM NaCl concentra-

tion 

 

Seq Code Sequences ap-cDNA p-cDNA cRNA mmRNA 

PNA 1 aaccgatttcag-K 58.3 46.4 63.1 46.3 

PNA 3a aaccga
(R, R)

T
OH

ttcag-K  n.t. n.t. n.t. n.t. 

PNA 3b aaccga
(S, S)

T
OH

ttcag-K n.t. n.t. n.t. n.t. 

a) b) 
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Figure 3.4: UV melting plots of PNA

 
1,

 
3a, 3b with a) cRNA b) mmRNA at 10mM NaCl concentration 

Table 3: UV meltings at 100mM NaCl salt concentration of aaccgaT
OH

ttcag-K 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: UV melting plots of PNA
 
1,

 
3a, 3b with a) ap-cDNA b) cRNA at 100mM NaCl concentration 

 

 

 

 

 

 

 

Seq Code  Sequences  ap-cDNA   cRNA 

PNA 1 aaccgatttcag-K 53.7 60.9 

PNA 3a aaccga
(R, R)

T
OH

ttcag-K  n.t. n.t. 

PNA 3b aaccga
(S, S)

T
OH

ttcag-K n.t. n.t. 

a) b) 

a) 

 

b) 
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Table 4: UV meltings at 10 mM NaCl salt concentration of aaccgaT
OMe

ttcag-K 

 

   
 
 

    

Figure 3.6: UV melting plots of PNA
 
1,

 
4a, 4b with a) ap-cDNA b) p-cDNA c) cRNA d) mmRNA at 

10mM NaCl concentration 

 

 

 

 

 

 

Seq Code  Sequences  ap-cDNA p-cDNA cRNA mmRNA 

PNA 1 aaccgatttcag-K 58.3 46.4 63.1 46.3 

PNA 4a aaccga
(R, R)

T
OMe

ttcag-K 59.2 38.5 64.7 51.8 

PNA 4b aaccga
(S, S)

T
OMe

ttcag-K 43.6 n.d. 51.7 42.8 

c) 

 

d) 

 

a) b) 
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Table 5: UV meltings at 100mM NaCl salt concentration of aaccgaT
OMe

ttcag-K 

 

   

 

 

 

 

 

 

 
 

Figure 3.7: UV melting plots of PNA
 
1,

 
4a, 4b with a) ap-cDNA b) cRNA at 100mM NaCl concentration 

Table 6: UV melting at 10mM NaCl concentration of aaccgaT
OMe

tT
OMe

cag-K 

 

Seq Code  Sequences  ap-cDNA   cRNA 

PNA 1 aaccgatttcag-K 53.7 60.9 

PNA 4a aaccga
(R, R)

T
OMe

ttcag-K  53.7 59.9 

PNA 4b aaccga
(S, S)

T
OMe

ttcag-K 36.1 44.3 

Seq 

Code  

Sequences  ap-

cDNA 

p-cDNA cRNA mmRNA 

PNA 1 aaccgatttcag-K 58.3 46.4 63.1 46.3 

PNA 5a aaccga
(R, R)

T
OMe

t
(R, R)

T
OMe

cag-K 59.2 38.5 64.7 51.8 

PNA 5b aaccga
(S, S)

T
OMe

t
(S, S)

T
OMe

cag-K 43.6 n.d. 51.7 42.8 

a) b) 
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Figure 3.8: UV melting plots of PNA
 
1, 5a, 5b with a) ap-cDNA b) p-RNA c) cRNA d) mmRNA at 

10mM NaCl concentration 

Table 7: UV melting at 100mM NaCl concentration of of aaccga
 

T
OMe

tT
OMe 

cag-K 

Seq Code Sequences ap-cDNA cRNA 

PNA 1 aaccgatttcag-K 53.7 60.9 

PNA 5a aaccga
(R, R)

T
OMe

t
(R, R)

T
OMe

cag-K 54.5 63.9 

PNA 5b aaccga
(S, S)

T
OMe

t
(S, S)

T
OMe

cag-K n.t. n.t. 

 

a) 
b) 

c) d) 
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Figure 3.9: UV melting plots of PNA
 
1, 5a, 5b with a) ap-cDNA b) cRNA at 100mM NaCl concentration 

Table 8: UV melting at 10mM salt concentration of aaccgA
OH

tttcag-K 

 

 

 
 

Figure 3.10: UV melting plots of PNA
 
1, 6a, 6b with a) ap-cDNA b) p-cDNA at 10mM NaCl concentra-

tion 

 

 

 

 

Seq Code Sequences ap-cDNA p-cDNA cRNA mmRNA 

PNA 1 aaccgatttcag-K 58.3 46.4 63.1 46.3 

PNA 6a aaccg
(R, R)

A
OH

tttcag-K n.t. n.t. n.t. n.t. 

PNA 6b aaccg
(S, S)

A
OH

tttcag-K n.t. n.t. n.t. n.t. 

a) 

 

b) 

 

a) b) 
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Figure 3.11: UV melting plots of PNA

 
1, 6a, 6b with a) cRNA b) mmRNA at 10mM NaCl concentration 

Table 9: UV melting at 100mM NaCl concentration of aaccgA
OH

tttcag-K 

Seq Code Sequences  ap-cDNA cRNA 

PNA 1 aaccgatttcag-K  53.7 60.9 

PNA 6a aaccg
(R, R)

A
OH

tttcag-K  n.t. n.t. 

PNA 6b aaccg
(S, S)

A
OH

tttcag-K n.t. n.t. 

 

  

Figure 3.12: UV melting plots of PNA
 
1, 6a, 6b with a) ap-cDNA b) cRNA at 100mM NaCl concentra-

tion 

 

 

 

a) b) 

a) b) 
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Table 10: UV melting at 10mM salt concentration of aaccgA
OMe

tttcag-K 

 

 

    

       

Figure 3.13: UV melting plots of PNA
 
1, 7a, 7b with a) ap-cDNA b) p-cDNA c) cRNA d) mmRNA at 

10mM NaCl concentration 

 

 

 

 

 

Seq Code  Sequences  ap-cDNA p-cDNA cRNA mmRNA 

PNA 1 aaccgatttcag-K 58.3 46.4 63.1 46.3 

PNA 7a aaccg
(R, R)

A
OMe

tttcag-K 58.2 38.8 61.7 52.0 

PNA 7b aaccg
(S, S)

A
OMe

tttcag-K 38.1 n.d. 49.2 40.4 

a) b) 

c) d) 
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Table 11: UV melting at 100mM NaCl concentration of aaccgA
OMe

tttcag-K 

Seq Code Sequences  ap-cDNA   cRNA 

PNA 1 aaccgatttcag-K  53.7  60.9 

PNA 7a aaccg
(R, R)

A
OMe

tttcag-K 50.7 57.3 

PNA 7b aaccg
(S, S)

A
OMe

tttcag-K 28.7 41.9 

 

       

Figure 3.14: UV melting plots of PNA 1, 7a, 7b with a) ap-cDNA b) cRNA at 100mM NaCl concentra-

tion 

Table 12: UVmelting at 10mM NaCl concentration of A
OH

A
OH

CCGATTTCAG-K 

 

 

 

 

 

 

 

 

 

Seq 

Code  

Sequences  ap-cDNA p-cDNA cRNA mmRNA 

PNA 1 aaccgatttcag-K 58.3 46.4 63.1 46.3 

PNA 8a 
(R, R)

A
OH

(R, R)

A
OH

CCGATTTCAG-K 58.2 38.8 61.7 52.0 

PNA 8b 
(S, S)

A
OH

(S, S)

A
OH

CCGATTTCAG-K  38.1 n.d. 49.2 40.4 

a) b) 
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Figure 3.15: UV melting plots of PNA

 
1, 8a, 8b with a) ap-cDNA b) p-cDNA c) cRNA d) mmRNA at 

10mM NaCl concentration 

Table 13: UVmelting at 100mM NaCl concentration of A
OH

A
OH

CCGATTTCAG-K 

Seq Code Sequences  ap-cDNA   cRNA 

PNA 1 aaccgatttcag-K  53.7 60.9 

PNA 8a 
(R, R)

A
OH

(R, R)

A
OH

CCGATTTCAG-K  49.7 58.5 

PNA 8b 
(S, S)

A
OH

(S, S)

A
OH

CCGATTTCAG-K  42.1 46.6 

 

a) b) 

c) d) 
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Figure 3.16: UV melting plots of PNA

 
1, 8a, 8b with a) ap-cDNA b) cRNA at 100mM NaCl concentra-

tion 

Table 14: UV meltings at 10mM NaCl concentration of A
OMe

A
OMe

ccgatttcag-K 

 

 

       
 
Figure 3.17: UV melting plots of PNA

 
1, 8a, 8b with a) ap-cDNA b) p-cDNA at 10mM NaCl concentra-

tion 

 

Seq 

Code  

Sequences  ap-cDNA p-cDNA cRNA mmRNA 

PNA 1 aaccgatttcag-K 58.3 46.4 63.1 46.3 

PNA 9a 
(R, R)

A
OMe

(R, R)

A
OMe

ccgatttcag-K 57.6 38.5 63.2 50.3 

PNA 9b 
(S, S)

A
OMe

(S, S)

A
OMe

ccgatttcag-K 50.6 n.d. 57.3 37.8 

a) b) 

a) b) 
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Figure 3.18: UV melting plots of PNA

 
1, 9a, 9b with a) cRNA b) mmRNA at 10mM NaCl concentration 

Table 15: UV meltings at 100mM NaCl concentration of A
OMe

A
OMe

ccgatttcag-K 

Seq Code Sequences ap-cDNA cRNA 

PNA 1 aaccgatttcag-K 53.7 60.9 

PNA 9a 
(R, R)

A
OMe

(R, R)

A
OMe

ccgatttcag-K 52.1 61 

PNA 9b 
(S, S)

A
OMe

(S, S)

A
OMe

ccgatttcag-K 47 50.4 

 

   

Figure 3.19: UV melting plots of PNA
 
1, 9a, 9b with a) ap-cDNA b) cRNA at 100mM NaCl concentra-

tion 

Table 16: UV meltings at 10mM NaCl concentration of lysine attached PNA oligomers 

Seq Code  Sequences  ap-cDNA p-cDNA cRNA mmRNA 

PNA 2 K
4
-aaccgatttcag-K 61.5 49.5 66.6 53.6 

PNA 10a K
4
-accga

(R, R)

T
OMe

t
(R, R)

T
OMe

cag-K 61.5 n.t. 68.5 53.7 

a) b) 

b) a) 
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Figure 3.20: UV melting plots of PNA
 
1, 10a with a) ap-cDNA b) p-cDNA at 10mM NaCl concentration 

       

Figure 3.21: UV melting plots of PNA
 
1, 10a with a) cRNA b) mmRNA at 10mM NaCl concentration 

Table 17: UV meltings at 100mM NaCl concentration of lysine attached PNA oligomers 

Seq Code Sequences  ap-cDNA   cRNA 

PNA 2 
K

4
-aaccgatttcag-K 58.5 62.7 

PNA 10a K
4
-accga

(R, R)

T
OMe

t
(R, R)

T
OMe

cag-K 55.1 63.1 

 

a) b) 

a) b) 
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Figure 3.22: UV melting plots of PNA
 
1, 10a with a) ap-cDNA b) cRNA at 100mM NaCl concentration 

() bis-hydroxymethyl modified oligomers did not form stable duplex with com-

plementary DNA and RNA while () bis-methoxymethyl modified oligomers hybridized 

with complementary DNA and RNA. Complexes of (R, R) () bis-methoxymethyl modi-

fied oligomers with cDNA as well as RNA were found to be more stable in comparison to 

those with (S, S) () bis-methoxymethyl modified oligomers. The change in salt concen-

tration showed a slight destabilizing effect of -3 to 4ºC uniformly for the modified and un-

modified PNA oligomers, when four lysine units were attached at N-terminus. The unmodi-

fied acyclic flexible aegPNA binds to the ap-cDNA and ap-cRNA sequences to form stable 

PNA: DNA and PNA: RNA duplexes. The PNA1 and PNA2 also bind to the p-cDNA but 

with comparatively lower Tm than with the ap-cDNA. The replacement of aegPNA-thymine 

units in the centre by one or two (R, R)-T
OMe 

units stabilized the complexes with cRNA by 

1.6 °C/modification while (S, S)-T
OMe

 units completely destabilized the sequences when 

present in the internal positions. The (R, R)-A
OMe

 units in the sequences formed stable 

complexes in the centre or at the end of the sequences. The stereochemistry dependent de-

stabilization of the duplexes was less at the C-terminal end of the sequence where two ade-

nine aegPNA units were replaced by two (S, S) - or (R, R)-A
OMe 

units. The PNA sequence 

with two modified units (R, R)-T
OMe 

in internal positions was organized such that unlike 

aegPNA they did not show any binding with p-cDNA. Introduction of four lysine units at 

the N-terminus further enhanced the stability of duplexes with both ap-cDNA and cRNA 

for both PNA 1 and PNA 10a. 

a) b) 
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It was observed that the modified PNAs with a single (S, S)/(R, R)-T
OH

/A
OH

 modifi-

cation in the centre of the sequence completely destabilized the duplexes. The sequence in 

which the modified (R, R)-A
OH

 units were at N-terminus could form duplexes with ap-

cDNA and RNA with slight destabilization. As expected, the (S, S)-A
OH

 units at N-terminus 

of the sequence led to further destabilization. This functional group driven destabilizing 

effect was further confirmed by electrophoretic gel mobility shift assay. 

3B.3 Electrophoretic gel mobility shift assay 

Electrophoretic gel experiment was employed to establish that β, γ-bis-hydroxy oli-

gomers do not bind to complementary ap-cDNA while β, γ-bis-methoxy substituted oligo-

mers do. PNA 1, 3a, 4a were mixed individually with cDNA (350μM) in water.  

Lane 1: ap-cDNA: PNA 3a (aaccga
(R, R)

T
OH

ttcag-K) 

Lane 2: ap-cDNA: PNA 4a (aaccga
(R, R)

T
OMe

ttcag-K) 

Lane 3: ap-cDNA: PNA 1 (aaccgatttcag-K) 

Lane 4: Single strand ap-cDNA 

Lane 5: Bromophenol Blue 

     

Figure 3.23: Electrophoretic gel mobility shift assay of PNA 1, 3a, 4a 

3B.4 Rationalizing the observations 

We considered to rationalize this change in PNA-DNA/RNA duplex stability on 

changing the substitution from -bis-CH2OMe to -bis-CH2OH on the basis of recent 

work on conformational analysis carried out in 1,4-butanediol system as a prototype.
35
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Theoretical calculations suggested that the preferred lowest energy conformation in the 1,4 

butanediol system is largely confined to a lowest energy conformation which can be at-

tributed to the possible linear H--O--H hydrogen bonding in a 7-membered ring.
36

 This 

conformation also holds good in the presence of added water molecules. Such hydrogen 

bonded conformations containing linear H--O--H hydrogen bonding in a 7-membered ring 

are shown to be preferred conformations even in aqueous medium for glycerol
37

. Our re-

sults in fact give a chemical evidence for the preference of the hydrogen bonded structure 

for 1, 4-butanediol segment of our modified -bis-CH2OH-substituted PNA, in solution, 

considering the known facts about the geometries in PNA: RNA structure. The previous 

structural analysis, based on NMR and X-ray crystallography studies,  pointed out that the 

preferred dihedral angle , in the ethylenediamine segment (N –CH2 –CH2 –N , Figure 3.24) 

would be close to 60-70º in PNA:RNA duplex and the same was ~140º in PNA:DNA du-

plex. The designed (R, S)-cis-cyclohexyl
27,28,29 

based PNA, in which, the dihedral angle  - 

was locked at 60-70º, was highly successful in stabilizing the PNA:RNA duplexes. The 

trans/cis cyclopentyl PNA
25, 26, 27 

however could bind to both DNA/RNA successfully due 

to the relatively flexible cyclopentyl ring system in which the dihedral angle in ethylenedi-

amine segment could span the required range more easily. In trans-cyclohexyl system due 

to closed rigid ring, the dihedral angle could be in the range to form the duplex in at least 

one of the chair conformations. The (S, S)-trans-cyclohexyl
24

 unit caused marginal duplex 

destabilization effect whereas the (R, R)-trans-cyclohexyl based PNAs showed large desta-

bilization of complexes with DNA and RNA. The rigid nature of cyclohexyl ring was very 

effective in binding with RNA in stereoselective manner when the geometry of substitution 

was cis and the dihedral angle  was restricted to the preferred value (~ 60º) in either of the 

chair conformations of cyclohexane in RNA: PNA duplexes. In the present modification, 

the possible hydrogen bonding interactions in vicinal hydroxymethyl substitution could re-

strict the conformation of modified bis- hydroxymethyl PNA in which this angle would be 

far away (180
o
) than is suitable for PNA: RNA/DNA duplex formation due to free rotation 

around C-C single bond and thus formation of such duplexes is precluded. In the bis-

methoxymethyl PNA, in the absence of hydrogen bonding interactions, and free C-C bond 

rotation, a conformation suitable for RNA/DNA binding is maintained (Figure 3.24) and the 

formation of stable duplexes with RNA as well as DNA were observed. We therefore pro-
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pose that the difference in binding properties of bis-hydroxymethyl and bis-methoxymethyl 

substitution could arise from the possible intramolecular hydrogen bonding in adjacent free 

hydroxyl groups in bis-hydroxymethyl monomers and thus freezing the conformations of 

bis-hydroxymethyl units that is not suitable for binding with either RNA or DNA (Figure 

3.24). It is also noteworthy to find that the (R, R) stereoisomer is preferred over (S, S) iso-

mer while binding to the natural nucleic acids.  

 

Figure 3.24: PNA and Newman projection of -substituted PNA monomers 

3B.5 Summary 

 PNA substituted with (R, R)--bis- methoxymethyl thymine and adenine residues 

stabilize the duplexes while the (S, S)-stereochemistry completely destabilizes the 

duplexes.   

 The chirality of the monomers, substitution on the backbone as well as position of 

modification affected the binding properties while cross pairing. A simple change in 

backbone from bis-hydroxmethyl to methoxymethyl in (R, R)-dimethoxy PNA dras-

tically changed the binding to DNA and RNA. 

3B.6 Experimental 

3B.6.1 Preparation of buffer for UV-melting experiment 

 UV-melting experiments were performed in 10mM sodium phosphate buffer with 

10mM or 100mM sodium chloride concentration as mentioned. All buffers were prepared 

in milliQ-water and the pH of the buffer maintained to 7.2. 
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3B.6.2 Preparation of sample for polyacrylamide gel electrophoresis 

The samples were lyophilized and resuspended in 2μL sodium phosphate buffer 

(10mM, pH 7.2). The samples were annealed by heating to 90°C followed by slow cooling 

to room temperature and refrigeration at 4°C for 6h. To this 2μL of 40% sucrose solution in 

TBE buffer (pH 8.0) was added and loaded on the gel. Bromophenol Blue (BPB) was used 

as the tracer dye separately in adjacent well. Gel electrophoresis was performed on a 15% 

non-denaturing polyacrylamide gel (acrylamide: bis-acrylamide, 29:1) at a constant power 

supply of 150V, until the BPB migrated to three-fourth of the gel length. During electro-

phoresis the temperature was maintained at 10°C. The spots were visualized through UV 

shadowing by illuminating the gel placed on a pre-coated silica gel plate (F254), using UV-

light. 

Section C 

Cellular uptake studies 

3C.1 Carboxyfluorescein tagging of PNA oligomers 

Carboxyfluorescein was attached to the synthesized PNA oligomers PNA 1, 2, 5a, 

10a for studying the internalization of the oligomers into cells. To synthesize carboxyfluo-

rescein attached PNA oligomers, couplings were carried out using PNA 1, 2, 5a, 10a on 

MBHA resin in presence of ten equivalents of 5(6)-carboxyfluorescein, HOBt, DIPCDI 

(Diisopropyl carbodiimide) in DMF overnight. The oligomers were cleaved from solid 

phase in presence of TFA, TFMSA employing the regular protocol. The crude peptide was 

purified by semipreparative C18 column. 
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Table 18: HPLC purification of Carboxyfluorescein tagged PNA 1, 2, 5a, 10a and their MALDI-TOF 

analysis 

Seq code Sequences  R.t. Calc. 

mass  

Obsvd. 

mass 

PNA 1-CF CF-aaccgatttcag-K 14.6 3737.4 3736.0 

PNA 2-CF CF-K
4
-aaccgatttcag-K 14.9 4249.8 4248.4 

PNA 5a-CF CF-aaccga
(R, R)

T
OMe

t
(R, R)

T
OMe

 cag-K  15.2 3915.7 3918.3 

PNA 10a-CF CF-K
4
-aaccga

(R, R)

T
OMe

t
(R, R)

T
OMe

cag-K 14.7 4428.4 4431.95 

 

3C.2 Cell culture and cellular uptake using Flow Cytometry 

HCT-116 cells were treated with CF-labeled PNAs at 1μM concentration and incu-

bated for 10h at 37°C. In order to remove the cell surface bound PNAs, the cells were 

washed with heparin (1mg/ml) before flow cytometric analysis. Thus, the fluorescent posi-

tive cells that were obtained after FACS analysis were indicative of internalized PNAs and 

not associated with the cell membrane. 

To see the internalisation of carboxyfluorescein-labeled PNA conjugates, intracellu-

lar fluorescence was determined by flow cytometry analysis using a FACSAria flow cy-

tometer (Becton Dickinson). Experiments were performed in triplicate with acquisition of 

total of 1000 events in each sample was done. FITC (530/30nm) band pass filter was used 

for fluorescence analysis of the cells. 

 

Figure 3.25: FACS analysis of the PNA 1, 2, 5a, 10a oligomers with carboxyfluorescein (CF) at 37°C 
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Figure 3.26: Quantitative cellular uptake of PNAs in absence of transfection agent. Flow cytometric 

analysis of CF-conjugated PNAs in HCT-116 cell line. The graphs depicts % cellular uptake (left axis) and 

mean fluorescence intensity (right axis) of each PNA after internalization. PNA10a-CF having four lysine 

residues and modified monomers showed most efficient cellular uptake as compared to other PNAs. Experi-

ments were conducted in triplicate (n= 3). Error bars represent ± SD with * p-value < 0.01 (Student’s t test). 

In order to examine the ability of PNA [PNA (1, 2, 5a, 10a)-CF] to enter the cells 

without the help of transfection agent, we performed flow cytometry. The untreated cells 

(~5.5%) and unmodified PNA (PNA1-CF) showed ~5.4% fluorescent positive cells. The 

presence of bis-hydroxymethyl units in the sequence slightly improved the uptake to ~15%. 

Lysine residues are known to improve the cellular uptake of PNA. The unmodified PNA 2-

CF with four lysine residues improved internalization upto ~35 %.The bis-hydroxymethyl 

modified PNA containing 4-lysine units (PNA10a-CF) was most efficiently internalized 

without the aid of transfection agent and ~57% fluorescent positive cells were observed.  

3C.3 Conclusion 

 The results presented here reveal for the first time an acyclic substituted PNA 

and the specificity of stereochemical requirements of the modified PNA while bind-

ing to target DNA and RNA. PNA substituted with (R, R) -bis-methoxymethyl 

thymine and adenine residues stabilizes the duplexes while the (S, S) - stereochem-

istry completely destabilizes the duplexes.  
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 The change from bis-methoxymethyl to bis-hydroxymethyl substitution is unsuita-

ble for duplex formation in the present stereochemistry. Furthermore, the PNAs 

with (R, R)--bis-methoxymethyl substituted thymine significantly improved the 

access for PNA to intracellular space. 

3C.4 Experimental 

3C.4.1 Appendix 

Compounds  Page No. 

Oligomers PNA 1-CF, 2-CF, 5a-CF, 10a-CF: HPLC....................................... 192 

Oligomers PNA 1-CF, 2-CF: MALDI TOF spectra........................................... 193 

Oligomers PNA 5a, 10a: MALDI TOF spectra.................................................. 194 

Experimental procedure and sample preparation for flow cytometry................... 195 
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HPLC chromatogram of purified PNA 1-CF 

 

HPLC chromatogram of purified PNA 2-CF 

 

HPLC chromatogram of purified PNA 5a-CF 

 

HPLC chromatogram of purified PNA 10a-CF 
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PNA 1-CF 

Expected MW: 3737.4 

Observed MW: 3736.0 

 
 

PNA 2-CF 

Expected MW: 4249.8 

Observed MW: 4248.4 
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PNA 10a-CF 

Expected MW: 4428.4 

Observed MW: 4431.95 

PNA 5a-CF 

Expected MW: 3915.7 

Observed MW: 3918.3 
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3C.4.2 Experimental procedure and sample preparation for flow cytometry 

HCT-116 (human colorectal carcinoma) were cultured in Dulbecco’s modified Ea-

gle’s medium (DMEM, GlutaMAX, 4.5 g/L D-glucose, pyruvate ; Life technologies) sup-

plemented with 10% Fetal Bovine serum (FBS) at 37°C in 5% CO2  atmosphere. HCT-116 

cells were seeded in 12- well plates at 6 x10
4
 cells per well and grown overnight until 70% 

confluency. Next day, media was removed and cells were washed with 1X PBS. To each 

well, PNA (PNA1, 2, 5a, 10a) was added in serum free media (OptiMEM, Invitrogen) at a 

final concentration of 1μM and incubated for 10h at 37°C/5% CO2. Untreated cells were 

used as a negative control. After incubation, cells were washed with 1xPBS supplemented 

with Heparin (1mg/ml) to remove the cell surface bound PNA. Next, the cells were washed 

with 1:1 mixture of Trypan Blue and 1xPBS to further remove the extracellular fluorescent 

artifacts. Trypsin (0.25%) was then added, and the cells were harvested in complete media 

(DMEM, Life Technologies) after 5 min. The cells were centrifuged down, washed with 

1xPBS twice and resuspended in 1xPBS. 
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4.1 Introduction to G-quadruplex 

G-quadruplexes are a distinct class of highly ordered nucleic acid structures com-

prising tandem repeats of guanine. They have become a common feature in naturally occur-

ring nucleic acids (DNA and RNA) and perform regulatory functions in many biological 

processes.
1
 G-quadruplex structures are stable and detectable in human genomic DNA.

2
 

This regular occurrence of quadruplex structures in the genome stimulates the designing of 

drug molecules based on DNA/RNA G-quartets (Figure 4.1).
3
Aptamers are chemically syn-

thesized oligonucleotides with abilities to bind to small molecules, peptides, proteins with 

selectivity, specificity and affinity equal or superior to those of antibodies.
4
 Thrombin bind-

ing aptamer (TBA), a 15-mer DNA sequence, 5’-GGTTGGTGTGGTTGG-3’capable of 

forming G-quadruplex, was discovered in 1992 by in vitro selection.
5
 This aptamer was 

found to inhibit fibrin-clot formation by binding to the thrombin protein with high selectivi-

ty and affinity.  

   

Figure 4.1: The G-tetrad motif  

4.1.1 Structure and topology of G-quadruplexes 

G- quadruplexes can be formed from one, two or four different strands of DNA or 

RNA. Their topologies depend on strand polarity, loop length and sequence of bases. A 

quadruplex forming sequence can exhibit equilibrium between several different G-tetrad 

conformations. However, the biological function and molecular recognition properties may 

well be associated with one predominant conformation. G-quadruplexes can be designated 

parallel, antiparallel and mixed type according to strand polarity. They are termed antiparal-

http://www.molecularstation.com/molecular-biology-images/data/502/Parallel-telomere-quadruple.png
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lel when at least two of the four strands are antiparallel to each other; and parallel only 

when all the strands are parallel to each other. 

 Different types of G-quadruplexes are also formed depending on loop sequence and 

on loop length (Figure 4.2). Both loop length and sequence play a role in determining the 

folded conformation and thermodynamic stability of a quadruplex-forming sequence.
6
 

Loop length determines the topology of unimolecular as well as multimolecular quadru-

plex. Few of such commonly found G-quadruplex structures are depicted below. 

       

         

Figure 4.2: (A) Different arrangements of strand polarity, arrows show 5’3’polarity: (a) all strands 

parallel, (b) three parallel and one antiparallel, (c) two pairs of adjacent parallel strands, and (d) alter-

nating antiparallel strands. (B) Various loop topolologies leading to different arrangements of strand 

polarity. 

4.1.2 Dependence of quadruplex stability on metal ions 

 The central core of the G-quartet produces a specific geometric arrangement of lone 

pairs of electrons from the four G-O6, which can coordinate a monovalent cation of the cor-

rect size.
7
 Potassium and sodium were found to be optimal in increasing the G-quadruplex 

stability. The smaller Na
+
 ion can occupy the plane formed by these atoms, whereas the 

larger K
+
 requires a non-planar component, which may in fact lie between two such G-

quartets. This allows additional coordination of the metal ions, i.e. to satisfy the usual hex-

acoordinate stereochemistry of the alkali metal ions. In order to accommodate this stereo-

chemistry, the individual nucleobases may protrude out of the plane,
8
 such that they are 

balanced by the stacking energies. Other monovalent cations such as Li
+
, Cs

+
, etc., and also 

the divalent cations such as Ba
++

, Ca
++

, Sr
++

 
9
 etc are also known to stabilize G-quartet 

Antiparallel 

A. 

B. 

a) b) c) d) 
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structures. In addition, non-metal cations such as NH4
+ 10

 have also been shown to stablize 

G-quadruplexes. Changes in the stabilizing cations have also been exploited as confor-

mation
11

 and redox switches
12

 in literature. 

 4.1.3 Molecular crowding conditions 

Interior of all the cells contain high concentration of macromolecules. Such envi-

ronment are therefore, termed ‘crowded,’ because, in general, single macromolecular spe-

cies do not occur at high concentration. Collectively, the macromolecules occupy a signifi-

cant fraction (typically 20-30%) of the total volume. This fraction of volume is thus, physi-

cally unavailable to other molecules (Figure 4.3).  

 

Figure 4.3: Illustration of the volume of solvent available (blue) for two molecules of different sizes 

(black spheres) in a compartment containing a high concentration of macromolecules (grey spheres). 

This reduction in available volume increases the effective concentration of macromolecules in concen-

trated solutions - an effect known as macromolecular crowding  

The numbers, sizes and shapes of all the molecules present in each compartment 

regulate the intracellular volume unavailable to other macromolecules.
13

 Crowding is not 

confined to cellular interiors, but also occurs in the extracellular matrix of tissues such as 

cartilage and blood plasma. 

Crowding explains the existence of molecular chaperones despite the ability of 

many proteins to assemble. Crowding should favor aggregation because of its effect of in-

creasing the thermodynamic activity of partly folded polypeptide chains and also increase 

the functional activity of chaperones by stimulating their association with partly folded 

chains.  

In the context of G-quadruplexes, molecular crowding was found to induce human 

telomere G-quadruplex formation under cation-deficient conditions.
14

 Similarly, TBA was 
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shown to fold into a quadruplex in the absence of stabilizing cations, but in the presence of 

molecular crowding agents or thrombin.
15

 The activity of most G-quadruplex stabilizing 

ligands has been shown to be noticeably reduced under molecular crowding conditions that 

mimic the physiological milieu.
16

 Recently, however, a G-quadruplex stabilizing ligand 

was shown to enhance the stability of G-quadruplexes, resulting in an increase in anti-

telomerase activity in the presence of molecular crowding conditions.
17

 

Commonly used synthetic crowding agents include Ficolls, dextrans, polyethylene 

glycol and polyvinyl alcohol. 

4.1.4 Aptamers or Decoy oligonucleotides: An emerging class of therapeutics 

Numerous nucleic acid ligands also termed decoys or aptamers have been devel-

oped during the past 25 years that can inhibit the activity of many pathogenic proteins. 

Several properties of aptamers make them an attractive class of therapeutic compounds. 

Their affinity and specificity for a given protein makes it possible to isolate a ligand to vir-

tually any target and further adjusting their bioavailability expands their clinical utility. De-

velopment of aptamers that retain activity in multiple organisms facilitates preclinical de-

velopment. Thus they may prove useful in the treatment of a variety of human maladies, 

including infectious diseases, cancer, and cardiovascular disease.
18

  

Aptamers
19

 are usually synthetic oligonucleotides that are specifically selected for 

binding to a certain target, which may range from small molecules to peptides, proteins, or 

even whole cells. However, natural aptamers also exist in riboswitches. Their binding affin-

ity and specificity may be equal or even superior to that of antibodies (The reported disso-

ciation constants are in the picomolar to micromolar range), and aptamers are known to be 

able to differentiate and discriminate between even small structural differences that may 

exist as a result of the presence or absence of a small functional group such as methyl or 

hydroxyl or even as a result of differing chirality. The word ‘aptamer’ was first coined by 

Ellington and Szostak
20

 in 1990. Aptamers were first developed by an in vitro selection 

technique termed SELEX (Systematic Evolution of Ligands by EXponential enrichment) 

independently in the laboratories of Joyce,
21

 Szostak
20

 and Gold
22

 in 1990 (Figure 4.4).  



Chapter 4                                                                                                                G-quadruplex forming PNA 

  

202 | P a g e  Ph.D thesis: Tanaya Bose, NCL 

 

Figure 4.4: Isolation of aptamers using SELEX 

4.1.5 Spiegelmers 

The susceptibility of the DNA/RNA backbone to nuclease attack spurred a search 

for modifications that could resist nuclease degradation, but would still be amenable to a 

suitable selection procedure. ‘Spiegelmers’, first developed by Fuerste and co-workers
23

 are 

based on the enantiomeric L-ribose sugars in nucleotides, the name being derived from the 

German ‘spiegel’ meaning ‘mirror’. They are highly resistant to nuclease degradation and 

form a relatively new class of potential drugs, some being currently tested in clinical trials. 

The first step involves the synthesis of the enantiomeric form of the target. For example, in 

peptides, this would involve the synthesis using D-aminoacids. This is followed by the se-

lection of a natural D-ribose-based RNA against the unnatural enantiomeric form of the 

target by the SELEX procedure. In the next step, the mirror-image RNA (based on the en-

antiomeric L-ribose sugars), termed the Spiegelmer, is chemically synthesized, which binds 

specifically, the natural target. Very recently, the discovery of DNA- and DNA/RNA-

mixed Spiegelmers that bind glucagon with a Kd of 3nM were reported,
24

 as potential ther-

apeutic candidates to attenuate hyperglycemia in type 1 and type 2 diabetes. However the 

drawdack of spiegelmers is that the production of a speigelmer involves selection of a pre-

liminary oligonucleotide against the synthetic enantiomer of the chosen target, which is not 

always feasible, and thus the route of chemical modification of oligonucleotide library used 

in SELEX is more universally applicable. 
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4.1.6 Thrombin-binding aptamer-TBA: Discovery, structural features, 

function, modifications with effect on structure and function 

4.1.6.1 Anticoagulation Aptamer Target: Thrombin 

Thrombin is a key regulatory enzyme in the coagulation cascade. It is a serine pro-

tease produced from prothrombin by the action of factor Xa. Thrombin, in turn, converts 

fibrinogen into fibrin, which is the building block of the fibrin matrix of blood clots.
25

  

The thrombin binding aptamer (TBA) unravelled by SELEX method, inhibited fi-

brin- clot formation with high selectivity and affinity. This single-stranded DNA aptamer 

prolonged clotting time from 25s to 169s in purified fibrinogen and from 25s to 43s in hu-

man plasma.
5
 In cynomolgus monkeys, the prothrombin time (PT) increased by 1.7-fold 

10min after infusion of the aptamer and returned to baseline 10min after the infusion was 

terminated.
26

  In a canine cardiopulmonary bypass (CPB) model, the aptamer-treated group 

exhibited increases in PT, activated partial thromboplastin time (aPTT), and activated clot-

ting time that subsequently returned to baseline after aptamer infusion ceased.
27

 Currently 

the only approved anticoagulant for coronary artery bypass graft is heparin. TBA exhibits a 

Kd of 2nM for thrombin, 50nM for prothrombin and binding to other serum proteins or pro-

teolytic enzymes is essentially undetectable.
15 

It could be useful as a heparin alternative in 

cardiovascular surgery. It has the key advantages that it avoids the risk of thrombocytope-

nia, associated with heparin, and is a specific inhibitor, effective at inhibiting clot-bound 

thrombin. No significant toxicities or excessive bleeding intraoperatively has been ob-

served. 

The 3D solution structure of TBA was solved by  NMR studies
28,29

 and showed this 

sequence [d(GGTTGGTGTGGTTGG)] to be a chair-like intramolecular antiparallel G-

quadruplex, with two G-quartets stacked on each other and linked by two TT loops and one 

TGT loop (Figure 4.5). 
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Figure 4.5: Thrombin binding aptamer
31

 

X-ray crystallographic studies
30

 have shown the importance of the loops in protein 

recognition and binding. This has prompted a number of studies aimed at improving the 

anti-thrombin effect of TBA. 

4.1.6.2 Modifications in TBA 

The era following the discovery of TBA has surfaced various modifications of 

TBA. Modifications involving replacement of sugar units, phosphate group as well as nu-

cleobase has been reported. This section describes some of the significant modifications of 

TBA. Single-base substitution studies with unlocked nucleic acids, for example, identified 

a single position out of 15 investigated, that resulted in enhanced activity.
31

 Most substitu-

tions with LNA, on the contrary, led to reduction of anticoagulant activity.
32

 The effect on 

quadruplex stability of North-nucleoside in the loops of TBA was reported by Eritja and 

coworkers.
33

 The replacement of thymidines in the TGT loop of the TBA quadruplex by 

uridine (U) and 2’-fluorouridine (FU) induced greater stability to the antiparallel quadru-

plex structure determined by UV-Tm experiments and CD spectroscopy. However the pres-

ence of North-methanocarbathymidine (NT) in the same positions destabilized the quadru-

plex structure. Also, the substitution of thymidines in the TT loops by U, FU and NT desta-

bilized the antiparallel quadruplex structure. Thus, sugar conformations of the nucleotides 

in the loop region of TBA are important in determining the stability of TBA quadruplex 

structure. (Figure 4.6) 

Phosphorothioates (Figure 4.7a) in the internucleotide linkage of the guanines result-

ed in reduced stability, but in the TT loop increased nuclease resistance, at the same time, 

retaining the stability and anticoagulant activity.
34

 A series of 15-mer oligonucleotides with 
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Figure 4.6: Effect of sugar modification in loop region of TBA. 

one or more negatively charged phosphodiester groups replaced by a neutral formacetal 

group (Figure 4.7b) were also synthesized and evaluated for their thrombin inhibitory activi-

ty in vitro and in vivo. Replacement of the negatively charged phosphodiester linkage with a 

neutral formacetal linkage
35

 was studied with the goal to understand the role of the phos-

phodiester group in binding to thrombin, as well as the position of the group or groups crit-

ical for the interactions. Another target was to derive analogues with increased in vivo half-

life through structural modifications.  

 

Figure 4.7: Dinucleotides showing phosphorothioate and formacetal internucleoside linkages 

a) b) 
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TBA has a short half- life which makes it an ideal anticoagulant for cardiopulmo-

nary bypass surgeries, where a quick onset of anticoagulation and rapid return to normal 

clotting value is desirable. However analogues of TBA with an increased in vivo half-life 

could be useful in clinical cases such as deep vein thrombosis where extended anticoagu-

lant effect is necessary. The short half-life of TBA is mainly due to rapid tissue uptake.
36

 

Cellular uptake of oligonucleotide (ODN) occurs mainly through receptor-mediated endo-

cytosis
37

 and binding of an ODN to the cell surface is mainly based on charge-charge inter-

actions.
38

 It was found that more than one of the phosphodiester groups are simultaneously 

involved in the binding with thrombin. For the ODNs containing two non-contiguous for-

macetal groups, additive results were obtained for the effect of the substitution on the 

thrombin inhibitory activity. The in vivo anticoagulation study in monkeys showed that the 

ODN containing four formacetal groups shows an increased in vivo PT and extended in vi-

vo half-life compared to the unmodified ODN, suggesting that replacement of negatively 

charged phosphodiester groups with neutral formacetal groups may decrease the tissue up-

take of the ODN.  

Modified nucleobases in the form of 4-thio-dU in a position-dependent manner re-

sulted in significant improvements in anticoagulant activity.
39

 Similarly, isoguanine nucle-

obases were used to increase the stability of modified TBA.
40

 Introduction of 5-nitroindole 

as nucleobase modification at a particular position enhanced the clotting time to nearly 5-

fold.
41

Inversion of strand polarity
42

 was also shown to have a favorable effect on thermal 

stability as well as thrombin-affinity. However, decreased thrombin inhibition was ob-

served in this case. It has also been demonstrated that the quadruplex stability of TBA is 

not the only factor influencing anticoagulant activity. Specific TBA-thrombin interactions 

are equally important, particularly those involving the loop regions. 

Backbone modifications of TBA are reported to have profound effects on the struc-

tural topology of the resulting quadruplex. The iso-sequential RNA (rTBA) was shown to 

form a multimolecular parallel G-quadruplex,
43

 in contrast to TBA, which is a unimolecular 

antiparallel G-quadruplex.
27,5

 A mixed DNA/RNA backbone TBA sequence folded in ei-

ther DNA-like or RNA-like quadruplex structure, depending on the position of the ribo- or 

deoxyribo-nucleotides in the sequence.
44

 An RNA-based SELEX process for thrombin-

binding yielded a nucleobase sequence completely different from TBA.
45,46

 The nucleobase 
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sequence of the recently reported 3’,2’-TNA aptamer (Figure 4.8a) for thrombin-binding, 

although a G-rich sequence,
47

 was also different from TBA. The loop configuration of the 

quadruplex can also be a deciding factor for various structural topologies with varying loop 

configurations.
1b

 Replacement of 3’5’ backbone with 2’5’ backbone (Figure 4.8b) by our 

group earlier not only formed G- quadruplex but also efficiently enhanced the clotting 

time.
48

  

      

Figure 4.8: Reported modifications of thrombin binding aptamer 

Other backbone modifications include replacement of the sugar moiety with optical-

ly active acyclic nucleoside as well as modifying the nucleobase. While introduction of 

both R, S modification stabilized the quadruplex structure, the stabilization was rather de-

pendent on the position of modification and not on the stereochemistry of the centre (Figure 

4.8 c, d).
49

  

4.2 Introduction to present work 

Rationally designed biomolecules and their mimics leading to self-assembled su-

pramolecular structures are currently being studied as a highly exciting research topic.
50

 

The last decade has seen the advent of DNA-
51

 and protein
52

- based supramolecular 

nanostructures with various shapes and properties, defined by the intra/intermolecular in-

teractions of their primary sequences comprising nucleotides and amino acids, respectively. 

Watson-Crick nucleobase-complementarity
53

 and base-stacking interactions have been 

mainly used to dictate the highly predictable DNA/PNA nanostructures.
54

 In the case of 

engineered self-assembling polypeptide structures, complex co-operative interactions be-

a) b) c) d) 
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tween the native/modified α or β- amino acids allowed the formation supramolecular con-

tact surfaces. The long range interaction of polypeptide chains leading to three dimensional 

arrays remains still unpredictable and therefore highly challenging.
55

 Peptides form differ-

ent three dimensional structures through hydrogen bonding. However, the commonly 

formed secondary structures of peptides are i) random coil ii) β-sheet iii) α-helix 

                                                                                                     

Figure 4.9: Secondary structures of peptides 

Nucleic acids are also known to fold into three dimensional space by using 

Hoogsteen hydrogen bonding as in G-quadruplex structure.
56

 The quadruplex structures 

with PNA backbone have been previously reported in the literature for short PNA sequenc-

es that form either four stranded multimolecular structures or mixed bimolecular and mul-

timolecular structures.
57

 Balsubramanian and co-workers reported short PNA sequence 

G4T-Lys, to form a four stranded parallel quadruplex.
58

 Tetramolecular PNA quadruplex 

motif was also studied by the same group to explore dynamic covalent chemistry on self-

templating PNA oligomers.
59

 PNA quadruplexes were reported earlier by Datta et al
60

 for a 

G4T4G4-Lys sequence which could form either two and/or four stranded quadruplexes. 

Lusvarghi et al also reported G-quadruplexes with PNA backbone in which the thymine 

units in the loop region were replaced by miniPEG
61

 units as abasic sites to differentiate the 

formation of heteroduplex and heteroquadruplex structures with DNA and RNA. Uni-

molecular folded G-quadruplex structures with PNA backbone are not yet reported in the 

literature. Our first objective in these studies was to find if the homologous PNA sequence 

could form folded unimolecular tetraplex. 

 

 

i) ii) iii) 
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4.3 Rationale 

TBA forms a chair-like unimolecular G-quadruplex structure that specifically binds 

thrombin via specific interactions with the adjacently placed TT loop regions.
62

 In this case 

the TT loops are placed proximally due to intramolecular folded G-quadruplex formation. 

The specific binding of TBA with thrombin probably is due to the array of specifically ori-

ented phosphate groups in the TT-loop regions of TBA.
61b

 The stability of the secondary 

and tertiary structures of the unimolecular folded quadruplexes is governed by the back-

bone modifications as well as the loop length and the loop sequences.
64

 Inspired by the 

three dimensional structure of TBA, as a starting point, we chose to study if the PNA back-

bone of TBA. Further, we envisaged to systematically replace the loop thymine monomers 

by a suitable length of peptide chain. This would allow the confluence of the G-quadruplex 

structure and spatially organized three dimensional peptide arrays in the adjacent loop re-

gions of the probable G-quadruplex structures. Here, we propose to study the TBA se-

quence comprising PNA backbone and the designed hybrid PNA-peptide oligomers, having 

guanine-PNA monomers in the G-quadruplex forming region, and different amino acid se-

quences with probable ability of forming α-helices and β-turns in the loop regions. We 

would thus be addressing the question if G-quadruplex formation would dictate the α-

helical loops to turn and form unimolecular G-tetraplexes or would the stable β-turn motifs 

stabilize the unimolecular chair-like structural features of G-quadruplex. In such a case, the 

two long distanced peptide chains could be predictably proximally arranged. Our choice of 

PNA sequence was that of a well-studied intramolecular folded TBA sequence having 

DNA backbone. This sequence contains two TT loops and a single TGT loop. i.e. 

G2T2G2TGTG2T2G2.    

 We have thus created a possibility of bringing together the helix bundles with the 

help of stable G-quadruplexes or bring the long range amino acids in the loop region in 

close proximity with the help of defined unimolecular quadruplex structure. 

We also planned to incorporate the modPNA-TBA (discussed in Chapter 3)
63

 in the 

loop region keeping in mind the –OH appendages which can be further derivatized accord-

ing to necessity. 
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4.4 Synthesis of PNA-TBA and modPNA-TBA oligomers 

 In the homogeneous PNA sequence we used L-lys as the C-terminus amino acid to 

enhance the solubility of PNA oligomer. However, we used β-alanine at the C-termini of 

modPNA-TBA sequence. PNA-TBA and modPNA-TBA oligomers were synthesised on 

solid phase utilizing Boc chemistry on Lysine or β-Alanine derivatized MBHA resin. The 

oligomer was synthesized with the aid of CEM peptide synthesizer under microwave condi-

tions. The crude PNA was purified and characterized following the same procedure as 

drafted in chapter 2. 

Table 1: PNA-TBA sequence synthesized and characterized 

4.5 Synthesis of DNA Oligonucleotides 

The DNA-TBA G-quadruplex and complementary DNA sequences were synthe-

sized on Bioautomation Mer-Made 4 synthesizer using standard β-cyanoethyl phospho-

ramidite chemistry. The sequences were synthesized on polystyrene solid support, followed 

by ammonia treatment. The purity of the oligomers was ascertained by RP-HPLC on a C18 

column to be more than 98% and was used without further purification for biophysical 

studies.  

List of DNA sequences 

DNA-TBA: 5’-GGTTGGTGTGGTTGG-3’  cDNA: 5’-CCAACCACACCAACC-3’ 

4.6 UV melting experiment  

A plot of absorbance scan recorded between 220nm to 320nm versus wavelength at 

10ºC and 90ºC exhibits an isobestic point around 280 nm, whereas a net hyperchromism is 

observed upon G-quartet formation at 285 nm or higher wavelength. This difference is 

maximal at around 295 nm (Figure 4.10). The wavelength of 260 nm chosen for most nucleic 

Seq code Sequences 
HPLC 

tR (min) 

Calc. 

mass 

Obsvd. 

mass 

PNA-TBA ggttggtgtggttgg-Lys 11.8 4364.1 4369.2(M+Na) 

modPNA-TBA ggttggtgtggttgg-β-Ala 11.2 4547.66 4550.74 
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acid UV-melting studies is trivial for analysis of quadruplex structures. This is because ab-

sorbance recorded at 260nm might show increase, decrease or no co-operative change at 

260nm with increasing temperature.
64

 Each structure has a characteristic differential ab-

sorbance signature, meaning that a simple absorbance analysis at high and low tempera-

tures will help to determine the proper wavelengths for melting analysis and will also give 

indications on the nature of the folded conformation. In the case of quadruplexes, it is pos-

sible to follow co-operative decrease of absorbance at 295 nm. On the other hand, the ab-

sence of any cooperative transition at 295 nm provides evidence that the structure formed is 

not a G-quadruplex.  

 

Figure 4.10: Representative absorbance scan of PNA-TBA at 10ºC and 90ºC 

Thus, stability of the DNA-TBA, PNA-TBA and modPNA-TBA sequences was fol-

lowed by the change in the UV absorbance at 295 nm with temperature. 

Table 2: UV-melting experiments of DNA-TBA, PNA-TBA in water, NaCl, KCl 

 

Sequences 
Tm water at 295nm Tm NaCl at 295nm Tm KCl at 295nm 

Heat Cool Heat Cool Heat Cool 

DNA-TBA 20.45 20.2 22.6 22.6 50.0 49.7 

PNA-TBA 21.2 21.7 31.9 32.3 48.4 48.7 

modPNA-TBA n.t. n.t. n.t. n.t. n.t. n.t. 
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Figure 4.11: UV melting and cooling curves of DNA-TBA, PNA-TBA and modPNA-TBA in i) water ii) 

NaCl iii) KCl 

The monovalent cations Na
+
 and K

+
 were necessary for the stability of the 

quadruplex structure, K
+
 being most favored. PNA-TBA like DNA-TBA was found to form 

unimolecular quadruplex as evident from the absence of hysteresis between the heating and 

cooling curves. The modified PNA used in this study where both the 'tt' loops in modPNA-

TBA sequence are modified using , -bis-(hydroxymethyl)- substituted PNA, did not 

exhibit quadruplex melting, as increase in absorbance with temperature was observed at 

295nm (Figure 4.11). The modified thyminyl units in ‘tt’ loop regions are highly substituted 

and could have caused steric destabilization of either inter- or intra-molecular quadruplex 

structure. Another reason for this could be the extended structure of the substituted PNA 

monomers due to possible internal hydrogen bonding as suggested earlier while 

duplexation with DNA/RNA.
63 

PNA-TBA sequence, when mixed with complementary DNA, displayed linear in-

crease in absorbance at 295nm. A melting was observed only when recorded at 260nm, the 

Tm as tabulated below. 

Table 3: UV-melting experiments of PNA-TBA with cDNA in KCl 

 

 

 

 

 

Sequence 
At 260nm At 295nm 

water 100mM KCl water 100mM KCl 

PNA-TBA 69.8 63.2 n.t. n.t. 

i) ii) iii) 
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Figure 4.12: UV melting and cooling curves of PNA-TBA with cDNA at i) 295nm ii) 260nm 

UV melting of 1:1 mixture of PNA-TBA: cDNA at 260nm denotes that PNA-TBA forms 

primarily duplex structure in presence of complementary DNA. Absence of co-operative 

melting at 295nm further confirms inability of PNA-TBA to form quadruplex in presence 

of cDNA.  

4.7 Thermal Difference Spectra (TDS) 

 TDS is a distinct spectroscopic signature or a 'finger print' which is characteristic of 

each kind of nucleic acid structure viz single strand, duplex, triplex, i-motif and quadru-

plexes.
 65

 The spectra obtained from arithmetic difference between the spectral scan record-

ed above and below the melting temperature is known as thermal difference spectra. A 

characteristic thermal difference spectrum of quadruplex shows a positive peak at 243nm, 

273nm and a negative peak at 295nm. Thus, thermal difference spectra of the sequences 

were noted to find out if PNA-TBA and modPNA-TBA sequences formed quadruplex. 

      

Figure 4.13: Thermal difference spectra of i) DNA-TBA, PNA-TBA and modPNA-TBA in water, ii) 

DNA-TBA, PNA-TBA and modPNA-TBA in NaCl iii) DNA-TBA, PNA-TBA, modPNA-TBA and PNA-

TBA: cDNA in KCl 

i) ii) iii) 

 

i) ii) 
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Thermal difference spectra of PNA-TBA confirmed its ability to form quadruplex. 

The TDS spectrum of the quadruplex was distinctly different from that of duplex formed 

from PNA-TBA and cDNA (Figure 4.13 iii). The 'tt' substituted modPNA-TBA did not show 

characteristic TDS of quadruplex structure which was in accordance to the UV-melting 

experiments.  

4.8 Peptide modification in PNA-TBA sequences 

The loop region of thrombin binding aptamer was then modified with amino acids 

keeping in mind the ability of amino acids to form three dimensional structures and the ease 

with which the side chains can be modified according to necessity. The simplest, achiral 

amino acid glycine was chosen to study the effect of incorporation of amino acids on quad-

ruplex structure. The ‘tt’ loop regions were then modified with chiral amino acid L-alanine 

and D-Alanine to study the effect of induced chirality in the quadruplex. A chain of four 

amino acids was incorporated in the loop region to meet the requirements of replacing the 

dinucleotide loop stretch (Figure 4.14). The methyl groups in the side chains in alanine are 

known to be promoting helical structures as compared to the randomness of gly-

oligomers.
66

 

 

Figure 4.14: Designing the peptide modified loop region 
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4.8.1 Peptide modified PNA-TBA sequences synthesized and characterized 

The monomers employed for solid phase peptide synthesis are commercially avail-

able Boc-Glycine, Boc-L-Alanine, Boc-D-Alanine. The peptide modified PNA-TBA se-

quences were synthesized, purified and characterized following the protocol described ear-

lier. 

Table 4: PNA-Gly, PNA-L-Ala and PNA-D-Ala sequence synthesized and characterized 

4.8.2 UV melting experiment and thermal difference spectra of PNA-Gly, PNA-L-Ala  

and PNA-D-Ala 

  UV-melting and cooling experiments were recorded for PNA-Gly, PNA-L-

Ala and PNA-D-Ala sequences. 

Table 5: UV-melting experiments of PNA-Gly, PNA-L-Ala and PNA-D-Ala  

 

 

Figure 4.15: UV melting and cooling curve of PNA-Gly, PNA-L-Ala and PNA-D-Ala in i) water, ii) NaCl, iii) KCl  

Seq code Sequences 
HPLC 

tR (min) 

Calc. 

mass 

Obsvd. 

mass 

PNA-Gly gg(Gly)
4
ggtgtgg(Gly)

4
gg-β-Ala 10.8 3696.41 3693.8 

PNA-L-Ala 
gg(Gly-L-Ala)2ggtgtgg(Gly-L-Ala)2gg 

-β-Ala 
11.3 3752.47 3754.5 

PNA-D-Ala 
gg(Gly-D-Ala)2 ggtgtgg(Gly-D-Ala)2 g 

g-β-Ala 
11.5 3752.47 3754.6 

Sequences 
Tm water at 295nm Tm NaCl at 295nm Tm KCl at 295nm 

Heat Cool Heat Cool Heat Cool 

PNA-Gly 28.8 19.6 30.8 21.8 34.1 20.7 

PNA-L-Ala 27 19.1 26.9 20.7 45.3 35.5 

PNA-D-Ala 26.8 20.2 24.8 19.2 41.8 30.2 

i) ii) iii) 
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Modifying the loop region with glycine and alanine changed the structure from 

unimolecular to multimolecular quadruplex which was evident from the hysteresis ob-

served in melting and annealing curves in cases of modified PNA oligomers when moni-

tored at 295 nm wavelength.
 

 

Figure 4.16: Thermal difference spectra of PNA-Gly, PNA-L-Ala and PNA-D-Ala in i) water, ii) NaCl 

and iii) KCl 

 

 Glycine is the most flexible prochiral amino acid whereas introduction of alanine is 

expected to increase the propensity of formation of α-helical peptide geometry.  The stud-

ied quadruplexes with peptides containing glycine and alanine may not have induced the 

turns in the oligomers required for the unimolecular quadruplex and thus might be respon-

sible for the formation of multimolecular quadruplex by association of G-tetrads using two 

or four different strands. 

4.9 Hydroxyproline modifications of PNA-TBA 

 Proline and its derivatives play a salient role in protein folding and refolding. They 

influence a reversal in backbone conformation, triggering nucleation of turns as well as 

breaking of helices in proteins.
67

 Literature report proposes that presence of alternate L-

proline and D-proline results in stronger and explicit β-turn in a peptide.
68

 Role of 4-

hydroxy proline
69

 has been studied extensively among other derivatives of proline. As in-

creasing the hydrophobicity using proline would diminish the solubility of PNA in water, 

we used hydroxyprolines instead of prolines in our design. Therefore, we replaced the ala-

nine amino acids in the loop region with trans-4-hydroxy-L-proline (L-Hyp) and trans-4-

hydroxy-D-proline (D-Hyp) to get a unimolecular quadruplex of TBA sequence. They were 

also used together to get stronger β-turn. We further attempted to introduce valine and thre-

i) ii) iii) 
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onine adjacent to alternating D-Hyp and L-Hyp respectively in the loop region to study 

their effect on the quadruplex stability.
70

 

                

Figure 4.17: i) structure of PNA-TBA ii) projected structure of trans-hydroxyproline modified PNA- 
TBA 

4.9.1 Synthesis and characterization of trans-hydroxyproline modifications of PNA- 

TBA 

  The trans-Boc-L-Hyp-OBn monomers utilized for synthesis of oligomer were syn-

thesized following the route reported earlier (Scheme 4.1).
71,72

 The trans-Boc-D-Hyp-OBn 
73

 

monomer was also synthesized  from trans-4-hydroxy-L-proline as described below 

(Scheme 4.2).  Epimerisation of trans-4-hydroxy-L-proline to cis-4-hydroxy-L-proline was 

performed as one pot reaction according to Vanek et al.
74

 Successive ester and Boc protec-

tion of free acid and amine of compound 4 produced compound 6 in quantitative yield. p-

nitrobenzyl ester has been extensively used to invert the stereochemistry of chiral alcohol 

via Mitsunobu reaction.
75

 Compound 6 was esterified with p-nitrobenzyl alcohol and was 

orthogonally deprotected in presence of methyl ester using NaN3 in methanol to achieve 

compound 8.
76

 Compound 8 was converted to 3b following the same procedure of 3a. 

 

Scheme 4.1: Synthesis of trans-Boc-L-Hyp-OBn monomer 

i) ii) 
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 Scheme 4.2: Synthesis of trans-Boc-D-Hyp-OBn monomer 

Synthesis of all the oligomers was carried out under microwave conditions. Boc-Val 

and Boc-Thr-OBn monomers applied for synthesis of PNA-Val were commercially availa-

ble. 

Table 6: PNA-L-Hyp, PNA-D-Hyp, PNA-(L+D)-Hyp and PNA-Val sequence synthesized and charac-

terized 

 

Seq code Sequences 
HPLC 

tR(min) 

Calc. 

mass 

Obsvd. 

mass 

PNA-L-Hyp 
gg(Gly-L-Hyp-L-Hyp-Gly)ggtgtgg 

(Gly-L-Hyp-L-Hyp-Gly)gg-β-Ala 
11.6 3920.5 3922.2 

PNA-D-Hyp 
gg(Gly-D-Hyp-D-Hyp-Gly )ggtgtgg 

(Gly-D-Hyp-D-Hyp-Gly )gg-β-Ala 
11.3 3920.5 3922.0 

PNA-(L+D)-Hyp 
gg(Gly-L-Hyp-D-Hyp-Gly)ggtgtgg 

(Gly-L-Hyp-D-Hyp-Gly)gg-β- Ala 
10.8 3920.5 3919.5 

PNA-Val 
gg(Val-D-Hyp-L-Hyp-Thr)-ggtgtgg 

(Val-D-Hyp-L-Hyp-Thr)-gg-β- Ala 
11.2 4092.6 4093.8 
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4.9.2 UV melting and thermal difference spectra of trans-hydroxyproline modified 

PNA oligomers 

 UV melting experiments were performed to test the ability of the trans-

hydroxyproline modified PNA oligomers to form unimolecular quadruplex. Their ability to 

form quadruplex was further confirmed by thermal difference spectra. 

Table 7: UV melting experiment of PNA-{L, D, (L+D)–Hyp} and PNA-Val oligomers 

 

                  

 

Figure 4.18: UV melting and annealing curves of PNA-L-Hyp, PNA-D-Hyp, PNA-(L+D)-Hyp, PNA-Val 

in i) water ii) NaCl iii) KCl 

Sequences 
Tm water at 295nm Tm NaCl at 295nm Tm KCl at 295nm 

Heat Cool Heat Cool Heat Cool 

PNA-L-Hyp n.t n.t n.t n.t 35.3 34.9 

PNA-D-Hyp n.t n.t n.t n.t 34.9 34.1 

PNA-(L+D)-Hyp n.t n.t 29.5 28.9 38.2 38.8 

PNA-Val n.t. n.t. 24.8 25.4 33.2 33.8 

i) ii) 

iii) 
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Figure 4.19: Thermal difference spectra of i) PNA-L-Hyp ii) PNA-D-Hyp iii) PNA-(L+D)-Hyp, iv)        

PNA-Val 

PNA-L-Hyp, PNA-D-Hyp, PNA-(L+D)-Hyp and PNA-Val were unable to form 

quadruplex structure in water. Na
+
 was able to fit in the central void of PNA-(L+D)-Hyp 

and PNA-Val only to form G-quartet. However, all hydroxyproline modified PNA-TBA 

sequences viz PNA-L-Hyp, PNA-D-Hyp, PNA-(L+D)-Hyp and PNA-Val formed stable 

quadruplex in presence of KCl. The expected topology would be intramolecular folding and 

quadruplex formation would be unimolecular as no hysteresis was observed in heating and 

cooling profiles. It was observed that PNA-peptide mixmers containing hydroxyproline res-

idues form unimolecular quadruplexes but these are thermally less stable as compared to 

DNA-TBA or PNA-TBA. 

The thermal difference spectra further confirmed the formation of quadruplex of the 

hydroxyproline modified oligomers. Furthermore, replacement of glycines with valine and 

threonine resulted in destabilizing the quadruplex. 

4.10 CD spectra of PNA-TBA and modified PNA-TBA oligomers 

   DNA quadruplexes are often followed by CD spectroscopy.
77

 Study of circular di-

chroism gives an insight of the orientation and folding of strands i.e. parallel or anti-

parallel. The spectra of “parallel” quadruplexes, in which four strands run parallel to each 

other have a dominant positive band at 260 nm, and a negative peak at 240 nm.
78,

 
79

 Con-

versely, the spectra of “antiparallel” quadruplexes where the strands are opposite to each 

other have a negative band at 260 nm and positive band at around 290 nm.
77, 80

 Both quad-

ruplex types display an additional characteristic positive peak at 210 nm. The empirical 

simple relationship  

i) ii) iii) 
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 Positive CD at 260 nm and negative CD at 240 nm → parallel G-quadruplex 

 Positive CD at 290 nm and negative CD at 270 nm → antiparallel G-quadruplex 

is a confirmatory outcome of CD experiment. Thus, CD spectroscopy gives a vivid idea of 

the strand polarity of G-quartets and has become an important tool for researchers working 

on G-quadruplexes. 

 However, for PNA-TBA and modified PNA-TBA quadruplexes no significant CD 

signal was observed. This does not necessarily rule out the possibility of PNA-TBA or 

modified PNA-TBA oligomers forming quadruplexes. The absence of CD signal is most 

likely due to the achiral backbone of PNA. Introduction of chiral amino acids like L-Ala, 

D-Ala, L-Hyp and D-Hyp also could not induce any CD signals.  

  

Figure 4.20: CD spectra of PNA-Val (30μM oligomer concentration) in water at 5ºC, in 100mM KCl at 

5 ºC and 90ºC and DNA-TBA (1μM oligomer concentration) in 100mM KCl at 5 ºC 

CD signals were successfully observed only in case of PNA-Val at an oligomer concentra-

tion of 30μM at 5ºC. The CD signal disappeared when the sample was heated to 90°C. No 

CD signal was observed in water which was in accordance with the UV-melting experiment 

done in water. This illustrated that the CD signal was observed due to the formation of 

quadruplex. A weak but distinct positive CD signal around 280nm and a weak negative 

band at 260nm indicate the formation of antiparallel quadruplex for PNA-Val. 
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4.11 UV melting experiment at higher oligomer concentration 

Increasing the oligomer concentration is known to show increase in the Tm for mul-

timolecular quadruplexes but remains unchanged for the unimolecular quadruplex.
81

 Thus 

melting experiments were performed at different oligomer concentrations of 10 μM and 20 

μM to further confirm the molecularity of PNA-TBA and modified PNA quadruplexes. 

Table 8: UV melting experiment of modified PNA oligomers at higher oligomer concentrations 

 

 

 

 

 

 

 

 

    
 

 

 

 
 

 

Figure 4.21: UV melting experiments of i) DNA-TBA, PNA-TBA ii) PNA-Gly, PNA-L-Ala, PNA-D-Ala 

iii) PNA-L-Hyp, PNA-D-Hyp, PNA-(L+D)-Hyp, PNA-Val at 10 μM oligomer concentration  

 

 

Sequence Code 5μM 10μM 20μM Composition 
DNA-TBA 50.0 49.6 48.2 unimolecular 
PNA-TBA 48.4 46.8 47.8 unimolecular 
PNA-Gly 34.1 39.8 65.3 multimolecular 
PNA-L-Ala 45.3 48.2 61.6 multimolecular 
PNA-D-Ala 41.8 53.8 63.5 multimolecular 

PNA-L-Hyp 35.3 32.8 36.9 unimolecular 

PNA-D-Hyp 34.9 36.8 38.1 unimolecular 

PNA-(L+D)-Hyp 38.2 36.5 34.6 unimolecular 

PNA-Val 33.2 32.8 35.6 unimolecular 

i) ii) iii) 
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Figure 4.22: UV melting experiments of i) DNA-TBA, PNA-TBA ii) PNA-Gly, PNA-L-Ala, PNA-D-Ala 

iii) PNA-L-Hyp, PNA-D-Hyp, PNA-(L+D)-Hyp, PNA-Val at 20 μM oligomer concentration         

The UV-melting of unimolecular DNA-TBA and PNA-TBA quadruplexes did not show 

much variation and within experimental error (+ 1-2
 º

C) at higher strand concentrations. 

The effect of strand concentrations on the melting temperatures however, is clearly evident 

on the PNA peptide conjugates PNA-Gly, PNA-L-Ala and PNA-D-Ala sequences as Tm 

increased steadily with increased strand concentrations, supporting intermolecular quadru-

plex formation in the case of peptide-PNA mixmer sequences comprising glycine and L/D-

alanine. The quadruplex formation thus would bring together the peptide strands in a very 

specific way considering the composition and formation of bimolecular or tetramolecular 

complexes. In the case of PNA-pepide mixmers comprising gly-L/D-Hyp-gly and val-

(L+D)-Hyp-thr peptide sequence, the UV- Tm of the conjugates were found to be unaffected 

by changing individual strand concentrations. This further substantiates the formation of 

unimolecular complexes when the turn inducing peptides are utilized in PNA. A unimolec-

ular quadruplex in this case could be similar to antiparallel chair-like quadruplex of DNA-

TBA (Figure 4.23).  

 

Figure 4.23: Proposed structure of hydroxyproline modified PNA-TBA 

i) ii) iii) 
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The strand orientation in multimolecular complexes could be variable because of sterically 

unrestricted attachment of the nucleobase to the PNA backbone.  

4.12 UV melting experiment at higher salt concentration 

 Increase of specific alkali metal ion concentration (K
+
, Na

+
) is known to enhance 

the stability of G-quadruplex.
82  

Hence, next we investigated the role of changed NaCl con-

centration in G-quadruplex formation for synthesized PNA G-quadruplexes.
47

 On increas-

ing the salt concentration there was indeed a rise in the melting temperature and reduction 

of salt led to decrease of Tm. This is indicative of electrostatic contribution to G-

quadruplex stability due to the specifically bound Na+ or K+ ions. 

 Table 9: UV melting experiment of modified PNA-TBA oligomers at different salt concentration 

 

      

Figure 4.24: UV melting and annealing curves of peptide modified PNA oligomers in i) 50mM NaCl salt 

concentration ii) 150mM NaCl concentration 

 

Sequence Code 

T
m

 at 295 nm  

(50 mM NaCl) 

T
m

 at 295 nm 

 (100 mM NaCl) 

T
m

 at 295 nm  

(150 mM NaCl) 
Heat Cool Heat Cool Heat Cool 

DNA-TBA 19.2 19.5 22.6 22.6 22.7 23.3 

PNA-TBA 19.1 18.2 31.9 32.3 32.2 32.6 

PNA-L-Ala 22.6 19.7 26.9 20.7 28.2 22.9 

PNA-(L+D)-Hyp 25.2 24.8 29.5 28.9 33.08 32.2 

ii) i) 

 

Sequence Code 

T
m

 at 295 nm  

(50 mM NaCl) 

T
m

 at 295 nm 

 (100 mM NaCl) 

T
m

 at 295 nm  

(150 mM NaCl) 
Heat Cool Heat Cool Heat Cool 

DNA-TBA 19.2 19.5 22.6 22.6 22.7 23.3 

PNA-TBA 19.1 18.2 31.9 32.3 32.2 32.6 

PNA-L-Ala 22.6 19.7 26.9 20.7 28.2 22.9 

PNA-(L+D)-Hyp 25.2 24.8 29.5 28.9 33.08 32.2 

 i) 
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4.13 Thermal Difference Spectra Factor (TDS-Factor) 

A careful observation of a representative TDS spectrum shows that in the spectral 

region of interest (220–320 nm) there are four distinct positive and negative bands around 

243, 255, 273, and 295 nm, respectively. Thus, TDS-Factor was defined as the absolute 

values of ΔA240nm/ΔA295nm, ΔA255nm/ΔA295nm, and ΔA275nm/ ΔA295nm, where 

ΔA is the difference between the absorbance above and below the melting temperature at a 

particular wavelength.
83

  The values obtained are plotted against temperature on X- axis. 

For parallel quadruplexes, the magnitudes for this TDS-Factor appear above 4, and for an-

tiparallel quadruplexes below 2. This effect can be attributed to the substantially different 

stacking of electronic transition dipole moments (hypochromicity) 

 

Figure 4.25:  Thermal difference spectra factor of PNA and modified PNA oligomers 

Although, achiral, acyclic PNA is not restricted by glycosidic bond angles like in DNA, 

TDS, very similar to that observed for DNA quadruplexes was observed. It was indeed very 

interesting to see the results obtained for the different PNA oligomers. Although in PNA, 

nucleobase geometry is not restricted in syn/anti conformations, the quadruplex structures 

of PNA probably follow the trend that is followed by DNA quadruplex structures. All the 

PNA oligomers e.g. PNA-DNA, PNA-L-Hyp, PNA D-Hyp, PNA-(L+D)-Hyp and PNA-

Val that were found to be unimolecular quadruplexes by UV-Tm measurements exhibited 

TDS-factor below 2, indicating the antiparallel orientation of the strands and syn/anti con-

formations for the nucleobases. In the multimolecular PNA quadruplexes, with gly and 
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glycyl-alanyl loops however, the TDS factor was found to be above 4, suggesting parallel 

orientation of the multiple strands. 

4.14 Electron spray ionization mass spectrometry 

 Electron spray ionization mass spectrometry (ESI-MS) has been reported earlier to 

analyse non-covalent complexes of nucleic acids such as G-quadruplexes
84 

or their interac-

tion with metal ions in gas phase and antitumor drugs.
85,86

 UV melting experiments indicate 

that PNA-TBA forms unimolecular quadruplex while PNA-Gly, PNA-L-Ala, PNA-D-Ala 

forms multimolecular quadruplex. Multimolecular quadruplexes are primarily of two kinds, 

bimolecular and tetramolecular, each of which may display similar mass/charge (m/z) rati-

os. Nevertheless, when odd numbers of metal ions are associated with four stranded G-

quadruplex it indicates formation of tetrameric quadruplex and not dimeric quadruplex. For 

example, a dimeric quadruplex with x protons and one metal cation(Y) would exhibit m/z 

of (2M+Y
+
+ xH

+
) 

n+
. However, a tetrameric quadruplex can also display same m/z value 

for (4M+2Y
+
+ 2xH

+
) 

2n+
. But, quadruplexes showing m/z of (4M+Y

+
+7H

+
) 

2n+
 (for exam-

ple) is possible only in case of tetrameric quadruplex. This is because the metal ion associ-

ated with the quadruplex must be an integral value. This principle has been used earlier to 

determine the molecularity of quadruplexes
87

 as well as complexes arising due to polypep-

tide chains.
88

 

Table 10: Observed and expected ESI-MS of G-quadruplex 

S. 

No. 
Species m/z  

Obsvd. 
m/z 

Calcd. 
Possible molecularity 

PNA-TBA (Molecular weight: 4364.1) 

1 (M+2H
+
)

2+
 N.O. 2183.1 unimolecular 

2 (M+K+H)
2+

 2202.9 2202.1 unimolecular/bimolecular/tetramolecular 

3 (2M+K+3H)
4+

 N.O. 2192.6 bimolecular/tetramolecular 

4 (2M+3K+H)
4+

 N.O. 2211.6 bimolecular/tetramolecular 

5 (4M+K+7H)
8+

 N.O. 2187.8 tetramolecular 

6 (4M+3K+5H)
8+

 N.O. 2197.3 tetramolecular 

7 (4M+5K+3H)
8+

 N.O. 2207.2 tetramolecular 

8 (4M+7K+H)
8+

 N.O. 2216.3 Tetramolecular 

 

N.O. = Not Observed 
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PNA-L-Ala (Molecular weight: 3752.47) 

1 (M+2H
+
)

2+
 N.O. 1877.2 unimolecular 

2 (M+K+H)
2+

 1897.2 1896.2 unimolecular/bimolecular/tetramolecular 

3 (2M+K+3H)
4+

 N.O. 1886.7 bimolecular/tetramolecular 

4 (2M+3K+H)
4+

 N.O. 1905.7 bimolecular/tetramolecular 

5 (4M+K+7H)
8+

 N.O. 1882 tetramolecular 

6 (4M+3K+5H)
8+

 N.O. 1891.5 tetramolecular 

7 (4M+5K
+
+3H

+
)

8+
 1901.3 1901 Tetramolecular 

8 (4M+7K+H)
8+

 1911.2 1910.4 Tetramolecular 

PNA-D-Ala (Molecular weight: 3752.47) 

1 (M+2H
+
)

2+
 1877.6 1877.2 unimolecular 

2 (M+K+H)
2+

 N.O. 1896.2 unimolecular/bimolecular/tetramolecular 

3 (2M+K+3H)
4+

 N.O. 1886.7 bimolecular/tetramolecular 

4 (2M+3K+H)
4+

 1905.7 1905.7 bimolecular/tetramolecular 

5 (4M+K+7H)
8+

 N.O. 1882 tetramolecular 

6 (4M+3K+5H)
8+

 N.O. 1891.5 tetramolecular 

7 (4M+5K
+
+3H

+
)

8+
 1901.2 1901 Tetramolecular 

8 (4M+7K+H)
8+

 N.O. 1910.4 Tetramolecular 

PNA-D-Hyp (Molecular weight: 3920.5) 

1 (M+2H
+
)

2+
 N.O. 1961.3 unimolecular 

2 (M+K+H)
2+

 1981.4 1980.3 unimolecular/bimolecular/tetramolecular 

3 (2M+K+3H)
4+

 N.O. 1970.8 bimolecular/tetramolecular 

4 (2M+3K+H)
4+

 N.O. 1989.8 bimolecular/tetramolecular 

5 (4M+K+7H)
8+

 N.O. 1966 tetramolecular 

6 (4M+3K+5H)
8+

 N.O. 1975.5 tetramolecular 

7 (4M+5K
+
+3H

+
)

8+
 N.O. 1985 Tetramolecular 

8 (4M+7K+H)
8+

 N.O. 1994.5 Tetramolecular 

PNA-(L+D)-Hyp (Molecular weight: 3920.5) 

1 (M+2H
+
)

2+
 N.O. 1961.3 unimolecular 

2 (M+K+H)
2+

 1981.4 1980.3 unimolecular/bimolecular/tetramolecular 

3 (2M+K+3H)
4+

 N.O. 1970.8 bimolecular/tetramolecular 

4 (2M+3K+H)
4+

 N.O. 1989.8 bimolecular/tetramolecular 

5 (4M+K+7H)
8+

 N.O. 1966 tetramolecular 

6 (4M+3K+5H)
8+

 N.O. 1975.5 tetramolecular 

7 (4M+5K
+
+3H

+
)

8+
 N.O. 1985 Tetramolecular 

8 (4M+7K+H)
8+

 N.O. 1994.5 Tetramolecular 

PNA-Val (Molecular weight: 4092.66) 

1 (M+2H
+
)

2+
 N.O. 2047.3 unimolecular 

2 (M+K+H)
2+

 2065.5 2066.3 unimolecular/bimolecular/tetramolecular 

3 (2M+K+3H)
4+

 N.O. 2056.8 bimolecular/tetramolecular 

4 (2M+3K+H)
4+

 N.O. 2075.83 bimolecular/tetramolecular 

5 (4M+K+7H)
8+

 N.O. 2052.1 tetramolecular 

6 (4M+3K+5H)
8+

 N.O. 2061.6 tetramolecular 

7 (4M+5K
+
+3H

+
)

8+
 N.O. 2071.1 Tetramolecular 

8 (4M+7K+H)
8+

 N.O. 2080.6 Tetramolecular 

N.O. = Not Observed 
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In presence of KCl, ions arising from K
+
 adducts of PNA-TBA (entry 2) was observed. 

Presence of odd number of potassium ions bound to the tetrameric complexes of PNA-L-

Ala (entry 7, 8) was also observed. Such species are only possible in the case of terameric 

quadruplex structure. K
+ 

and H
+ 

adducts were observed in case of PNA-D-Ala (entry 1, 2) 

Presence of (2M+3K+H)
4+ 

species (entry 4) indicates formation of either bimolecular or 

teramolecular quadruplex while (4M+5K
+
+3H

+
)

8+ 
(entry 7)

 
and

 
(4M+7K+H)

8+ 
(entry 8)

 
 

confirms formation of tetrameric quadruplex. However, absence of such species in case of 

PNA-TBA, PNA-D-Hyp, PNA-(L+D)-Hyp and PNA-Val further confirms the formation of 

unimolecular quadruplex. Relative abundance in ESI-MS is known to reflect the availabil-

ity of different species in the sample.
89

 Thus PNA-L-Ala and PNA-D-Ala might favourably 

be existing as tetrameric quadruplex.  

 

 

 

Figure 4.26: ESI-MS of PNA-TBA 

 

2 

 

2 
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Figure 4.27: ESI-MS chromatogram of PNA-L-Ala a) zoomed region of the required peaks b) complete 

mass spectrum 
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Figure 4.28: ESI-MS of PNA-D-Ala a) zoomed region of the required peaks b) complete mass spectrum 

 

 

 

 

1 

 

1 

4 

 

4 7 

 

7 

a) 

 

 

a) 

 

b) 

 

 

b) 

 



Chapter 4                                                                                                                G-quadruplex forming PNA 

  

231 | P a g e  Ph.D thesis: Tanaya Bose, NCL 

 

Figure 4.29: ESI-MS of PNA-D-Hyp 

 

 

Figure 4.30: ESI-MS of PNA-(L+D)-Hyp 

2 

 

2 

2 

 

2 
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Figure 4.31: ESI-MS of PNA-Val 

4.15 Sulphation of hydroxy groups  

 Thrombin is a serine protease which is proteolytically cleaved from prothrombin in 

co-agulation cascade.
90

 Thrombin molecules possess positively charged residues in the po-

tential binding sites (exosite I and II) with negatively charged sulfated glycosylamine lig-

ands.
91

 Exosite I or anion binding exosite is known to bind to thrombin receptor,
92

 hepa-

rin,
93

 fibrinogen,
94

 hirudin
95

 and thrombin binding aptamer.
96

 Anticoagulant and antithrom-

bic activities are among the most widely studied properties of sulphated macromolecules. 

Hence sulphation of the hydroxy groups might enable the binding of modified oligomers to 

thrombin. 

4.15.1 Synthesis of sulphated oligomers 

 The hydroxyl groups of hydroxyproline in PNA-peptide conjugates were sulphated. 

The oligomers PNA-L-Hyp, PNA-D-Hyp and PNA-(L+D)-Hyp was dissolved in dry DMF.  

To it DMF.SO3 was added and the reaction mixture was stirred for 6h.
97

 The pH of the so-

2 

 

2 
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lution was adjusted to 5 with NaHCO3 and the solvent was removed. The sulphated oligo-

mers were purified by HPLC and characterized by MALDI. 

 

 

 

 

 

 

Scheme 4.3: Synthesis of sulphated oligomers 

Table 11: Synthesis and characterization of PNA-{L, D, (L+D)}-Hyp and PNA-Val sulphate oligomers 

4.15.2 UV melting experiment of sulphated hydroxyproline modified oligomers 

 UV melting experiments were performed with the sulphated hydroxyproline modi-

fied PNA oligomers in 100mM KCl concentration. Absence of cooperative transition at 

295nm indicated that they were unable to form quadruplex.  

 

 

 

Seq code Sequences 
HPLC 

tR(min) 

Calc. 

mass 

Obsvd. 

mass 

PNA-L-

Hyp  

sulphate 

ggGlyL-Hyp(OSO3
­
)L-Hyp(OSO3

­
)Gly 

ggtgtggGlyL-Hyp(OSO3
­
) L-Hyp 

 (OSO3
­
)Gly gg-β-Ala 

10.8 4238.9 4264.82(M+Na) 

PNA-D-

Hyp  

sulphate 

GGGlyD-Hyp(OSO3
­
)D-Hyp(OSO3

­
) 

GlyGGTGTGGGlyD-Hyp(OSO3
­
) 

D-Hyp (OSO3
­
) GlyGG-β-Ala 

10.4 4238.9 4280.5(M+K) 

PNA-

(L+D)-Hyp 

sulphate 

GGGlyL-Hyp(OSO3
­
)D-Hyp(OSO3

­
) 

GlyGGTGTGGGlyD-Hyp(OSO3
­
) 

L-Hyp(OSO3
­
)Gly GG-β- Ala 

10.4 4238.9 4269.3(M+Na) 

PNA-Val 

sulphate 

GGValD-HypL-HypThreoGGTGTGG 

ThreoL-HypD-HypValGG-β- Ala 
11.7 4565.4 4628.8(M+Na+K) 
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Table 12: UV melting experiment of PNA-{L, D, (L+D), Val} sulphate 

 

                       

                       

Figure 4.32: UV melting and annealing curves of i) PNA-L-Hyp sulphate ii) PNA-D-Hyp sulphate iii) 

PNA-(L+D)-Hyp sulphate iv) PNA-Val sulphate 

In each case of PNA-L-Hyp, PNA-D-Hyp, PNA-(L+D)-Hyp and PNA-Val, hyper-

chromicity was observed at 295nm. This indicates presence of other secondary structures in 

these sequences. 

4.16 Conclusion 

 In conclusion, 15mer PNA-TBA and 19mer modified PNA-TBA sequences were 

synthesized under microwave condition. 

Sequences 
Tm KCl at 295nm 

Heat Cool 

PNA-L-Hyp sulphate n.t. n.t. 

PNA-D-Hyp sulphate n.t. n.t. 

PNA-(L+D)-Hyp sulphate n.t. n.t. 

PNA-Val sulphate n.t. n.t. 

i) 

 

i) 

ii) 

 

ii) 

iii) 

 

iii) 

iv) 

 

iv) 



Chapter 4                                                                                                                G-quadruplex forming PNA 

  

235 | P a g e  Ph.D thesis: Tanaya Bose, NCL 

 The PNA-TBA as well as modified oligomers formed quadruplexes. However, 

while PNA-Gly, PNA-L-Ala and PNA-D-Ala formed multimolecular parallel quad-

ruplex, PNA-L-Hyp, PNA-D-Hyp, PNA-(L+D)-Hyp, PNA-Val successfully formed 

unimolecular antiparallel quadruplex. 

 The sulphated oligomers of PNA-L-Hyp, PNA-D-Hyp, PNA-(L+D)-Hyp, PNA-Val 

were unable to form quadruplex. 

4.17 Experimental 

1-(tert-butyl) 2-methyl (2S, 4R)-4-(benzyloxy) pyrrolidine-1, 2-dicarboxylate (2a) 

1-(tert-butyl) 2-methyl (2R, 4S)-4-(benzyloxy) pyrrolidine-1, 2-dicarboxylate (2b) 

To a solution of 1 (0.5g, 2.04mmol) in CH2Cl2 (7mL), benzyl bromide 

(0.30 mL, 2.4mmol), silver oxide (1.4g, 6.1mmol) was added and the 

mixture was refluxed for 24h. The contents were filtered over celite, 

concentrated and chromatographed over silica gel (10% ethyl acetate 

in pet ether) to obtain 2a/2b (1.2g, 89%) as colorless viscous liquid; [α]D
20

 -18.8(c 1.0, 

CHCl3) for 2a and +18.0 (c 1.2, CHCl3) for 2b, 
1
HNMR (200 MHz, CD3OD): δ (ppm) 

1.41(s, 9H), 2.00-2.13(m, 1H), 2.35-2.47(m, 1H),3.58-3.69 (m,2H), 3.734 (s, 3H), 4.16-

4.19 (m, 1H),4.33-4.44(s, 1H), 4.52(s, 2H), 7.33 (s, 5H); 
13

C NMR (50 MHz, CD3OD): δ 

(ppm) 28.6, 37.54,50.35, 52.77, 59.62, 72.00, 77.62, 81.85, 128.84, 128.89, 129.50, 139.46, 

156.05, 176.81; HRMS calcd for  C18H25O5NNa: 358.1625, Observed mass: 358.1618. 

(2S, 4R)-4-(benzyloxy)-1-(tert-butoxycarbonyl) pyrrolidine-2-carboxylic acid (3a) 

(2R, 4S)-4-(benzyloxy)-1-(tert-butoxycarbonyl) pyrrolidine-2-carboxylic acid (3b) 

The compound 2a/2b (0.4g, 1.2mmol) was dissolved in 1mL methanol 

and to it 2mL of 1N LiOH solution was added. The completion of the 

reaction was monitored by TLC. After 30mins, methanol was removed 

under vacuum and the aqueous layer was neutralized with Dowex H
+
 

resin. The resin was separated by filtration. The aqueous layer was washed with ethyl ace-

tate (3 x 50mL) and the combined organic layer was lyophilized to get the free acid (0.31g, 

81%). [α]D
20

 -35.2(c 1.3, MeOH) for 3a, +34.8(c 1.1, MeOH) for 3b;
1
HNMR(200 MHz, 

CD3OD): δ (ppm) 1.43(s, 9H),1.99-2.12(m, 1H), 2.40-2.49(m, 1H),3.49-3.67 (m,2H), 4.20-
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4.32 (m, 2H), 4.62(s, 2H), 7.32 (s, 5H); 
13

C NMR (50 MHz, CD3OD): δ (ppm) 28.6, 37.55, 

52.77, 59.62, 72.01, 77.62, 81.85, 128.84, 128.89, 129.50, 139.46, 156.05, 176.81; HRMS 

calcd for  C17H23O5NNa: 344.1468, Observed mass: 344.1466. 

 (2R, 4R)-4-hydroxypyrrolidine-2-carboxylic acid (4) 

5g (20.4mmol) of trans- hydroxy L-proline was suspended in 7mL gla-

cial acetic acid and treated with acetic anhydride (17.7mL, 102mmol). 

After 4h of reflux, solvent was removed under vacuo and dark brown 

syrup was obtained. The residue was taken up in water (2 x 100mL) and 

evaporated each time to syrup. The syrup was then dissolved in 7.5mL of 2N HCl and re-

fluxed for 3h. The solvent was removed under vacuum and dissolved in water (100mL).  

The solution was treated with 90% absolute alcohol and a crystalline precipitate formed 

immediately. The procedure was repeated further twice to get pure product (3.8g, 76%). 

[α]D
20

 +54.3 (c 1.1, H2O); 
1
HNMR (200 MHz, D2O): δ (ppm) 2.16-2.28 (m, 1H), 2.31-

2.51(m, 1H), 3.38-3.46 (m, 2H), 4.52-4.65 (m, 2H); 
13

C NMR (50 MHz, D2O): δ (ppm) 

36.83, 53.33, 58.27, 69.56, 171.70; HRMS calcd for C5H9O3NNa: 154.0475, Observed 

mass: 154.0475. 

1-(tert-butyl) 2-methyl (2R, 4R)-4-hydroxypyrrolidine-1, 2-dicarboxylate (6) 

To a stirred slurry of cis-4-hydroxy-D-proline (4) (1g, 4.36mmol) in 

methanol (10mL) was added thionyl chloride (0.4mL, 4.8 mmol) at 0 

º
C. After the completion of the addition, the resulting slurry was heated 

to 60
º
C and stirred for 6 h to give a clear light brown solution. The mix-

ture was evaporated under vacuum to yield methyl ester as a light-brown solid (1.3g, 96%), 

which was used in the next step without further purification. Boc2O (1.4mL, 7.58mmol) 

was added to a stirred suspension of crude methyl ester in CH2Cl2 (15mL). To the mixture 

triethylamine (2.1mL, 14.8mmol) was added dropwise at 0ºC. After completion of the start-

ing material as observed by TLC analysis, solvent was removed under reduced pressure to 

get the crude compound. Purification of the crude over silica gel (30% EtOAc in pet ether) 

provided 6 as white solid (1.8 g, 99%); [α]D
20

 +63.3 (c 1.5, CHCl3); 
1
HNMR (200 MHz, 

CDCl3): δ (ppm) 1.41, 1.46 (9H, rotameric mixture), 2.02-2.13 (m, 1H), 2.22–2.36 (m, 1H), 
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3.43-3.62 (m, 2H), 3.74 (s, 3H), 4.36–4.50 (m, 2H); 
13

C NMR (50 MHz, CDCl3): δ (ppm) 

28.22, 39.03, 52.04, 54.68, 57.87, 69.45, 80.37, 153.95, 173.63. HRMS calcd for 

C11H19O5NNa: 268.1155, Observed mass: 268.1151. 

1-(tert-butyl) 2-methyl (2R, 4S)-4-((4-nitrobenzoyl) oxy) pyrrolidine-1, 2-dicarboxylate 

(7) 

Ph3P (0.19g, 0.73mmol) was dissolved in dry THF 

(20mL) at 0
o
C in a round bottomed flask. To it DIAD 

(0.16μL, 0.73mmol) was added dropwise resulting in 

formation of white solid. p-nitrobenzoic acid (0.1mg, 

0.59mmol) was dissolved in dry THF (5mL) was added dropwise to the mixture maintain-

ing the temperature to 0
o
C. Gradually clear solution was formed after addition. To this clear 

solution 6 (0.12g, 0.49mmol) dissolved in THF (5mL) was added dropwise. The reaction 

mixture was allowed to reach room temperature and stirred for another 6h. The solvent was 

removed under vacuum and the residue was extracted with water (3 x 25mL) and brine (2 x 

20mL). The organic layer was concentrated and used for the next step without further puri-

fication.   

1-(tert-butyl) 2-methyl (2R, 4S)-4-hydroxypyrrolidine-1, 2-dicarboxylate (8) 

 Compound 7 (0.3g, 0.81mmol) was dissolved in 1mL methanol. To this sodium az-

ide (0.27g, 3.28mmol) was added and heated at 45
o
C for 24h. The sol-

vent was removed under vacuum and the residue was dissolved in 

DCM and washed with water (3 x 10mL), brine (2 x 10mL). DCM 

was then removed under reduced pressure to get the crude compound. 

Purification of the crude compound over silica gel provided 8 as white solid (0.15g, 78% 

from 6 to 8). [α]D
20

 +54.3 (c 1.5, CHCl3); 
1
HNMR (200 MHz, CDCl3): δ (ppm) 1.37, 1.42 

(9H, rotameric mixture), 2.01(m, 1H), 2.25 (m, 1H), 3.52-3.56 (m, 2H), 3.70 (s, 3H), 4.36–

4.43 (m, 2H); 
13

C NMR (50 MHz, CDCl3): δ (ppm) 28.22, 39.01, 52.05, 54.62, 57.87, 

69.18, 80.30, 154.09, 173.75. HRMS calcd for C11H19O5NNa: 268.1155, Observed mass: 

268.1158. 
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4.17.1 Preparation of sample for UV-melting, thermal difference spectra and CD  

experiments 

 All samples were prepared at 5μM oligomer concentration in 10mM sodium or po-

tassium phosphate buffer. The salt concentrations used are 100mM NaCl or KCl. The oli-

gomer and salt concentration remains same for all the experiments unless otherwise men-

tioned. 

4.17.2 Preparation of sample for ESI-MS experiments 

 Samples containing 10μM PNA-TBA and modified PNA-TBA were prepared in 

water/methanol (1:1) with 500μM of KCl and 0.1% acetic acid. All experiments were per-

formed under positive-ion ESI conditions. Typical conditions utilized a source voltage 

4.2kV, capillary temperature of 320 °C, nitrogen sheath gas set at 35 arbitrary units, and 2-

4 scans acquired (each consisting of 1 microscan). PNA-TBA and modified PNA-TBA 

samples were admitted through Hypersil Gold C18 column (2.1*50mm, 19μm particle 

size).  
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4.17.3 Appendix 
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H, 
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Compound 2a, 2b 

Expected Mass: 358.1625 

Observed Mass: 358.1618 
 

Compound 2a, 2b 

Expected Mass: 358.1625 

Observed Mass: 358.1618 

Compound 3a, 3b 

Expected Mass: 344.1468 

Observed Mass: 344.1466 
 

 

Compound 3a, 3b 

Expected Mass: 344.1468 

Observed Mass: 344.1466 
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Compound 6 

Expected Mass = 268.1155 

Observed Mass = 268.1151 
 

Compound 6 

Expected Mass = 268.1155 

Observed Mass = 268.1151 

Compound 4 

Expected Mass: 154.0475 

Observed Mass: 154.0475 
 

 

 

Compound 4 

Expected Mass: 154.0475 

Observed Mass: 154.0475 
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Compound 8 

Expected Mass = 268.1155 

Observed Mass = 268.1158 
 

 

Compound 8 

Expected Mass = 268.1155 

Observed Mass = 268.1158 
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HPLC chromatogram of purified PNA-TBA oligomer 

 

 

 HPLC chromatogram of purified PNA-Gly oligomer                                                    
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HPLC chromatogram of purified PNA-D-Ala oligomer  
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HPLC chromatogram of purified PNA-L-Hyp oligomer 

HPLC chromatogram of purified PNA-D-Hyp oligomer 

HPLC chromatogram of purified PNA-(L+D)-Hyp oligomer 
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HPLC chromatogram of purified PNA-Val oligomer 

HPLC chromatogram of purified PNA-L-Hyp sulphate oligomer 

HPLC chromatogram of purified PNA-D-Hyp sulphate oligomer 

HPLC chromatogram of purified PNA-(L+D)-Hyp sulphate oligomer 
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HPLC chromatogram of purified PNA-Val sulphate oligomer 
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Expected MW: 4547.66 
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Expected MW: 3752.47 

Observed MW: 3752.5 
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PNA-D-Ala 

Expected MW: 3752.47 

Observed MW: 3752.6 
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3999.0 4103.8 4208.6 4313.4 4418.2 4523.0
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PNA-L-Hyp sulphate 

Expected MW: 4238.9 

Observed MW: 4264.82(M+Na) 
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Expected MW: 4238.9 

Observed MW: 4264.82(M+Na) 

PNA-D-Hyp sulphate 

Expected MW: 4238.9 

Observed MW: 4280.5(M+K) 
 

 

PNA-D-Hyp sulphate 

Expected MW: 4238.9 

Observed MW: 4280.5(M+K) 
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PNA-Val sulphate 

Expected MW: 4565.4 

Observed MW: 4628.8(M+Na+K) 
 

 

PNA-Val sulphate 

Expected MW: 4565.4 

Observed MW: 4628.8(M+Na+K) 
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