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3A. 1 Introduction 

 

Deoxyribose nucleic acid (DNA) is the genetic material and exists as double helical 

structure. 1 DNA has the phosphate back bone which is negatively charged. Due to the 

biological significance of DNA the structural analogues of DNA have been developed. 

Peptide nucleic acid (PNA) has emerged as potential DNA analogues which backbone 

is peptide oligomer from rationally designed aminoethylglycinate (aeg) amino acid 

(Figure 3A.1).2 However the backbone of this peptide is acyclic and achiral, unlike 

deoxyribose sugar ring of DNA. In course of structurally modified PNA, Didersion 

and co-workers have reported alanyl-PNA containing alanine amino acid derivative as 

backbone, which is emerged a potential chiral PNA analogue.3,4 Importantly, alanyl-

P -

stabilizing PNA-PNA duplex/tetraplex structures.5,6 However duplex structure from 

alanyl-PNA are unabled to form perfect duplex structure, unlike DNA duplex, due to 

short distance between nucleobases and poor flexibility in the backbone. Further 

consecutive repeated cytosine rich sequence as TC8 are reportedly formed stable i-

motif tetraplex type of structure.7 Alanyl nucleobases are also incorporated into  

protein.9  Further a modified PNA as alanyl Peptides nucleic acid (PNA) have been 

explored as the formation of stable i-motif tetraplex12 structureand other biological 

applications 

Moreover similar analogue as glycerol nucleic acid (GNA) are synthesized and 

studied in the formation /stabilizing of DNA duplex type of structure. GNA 

oligomers/homo oligomer are synthesized from its phosphoramidites using DNA 

synthesizer. 8,9 GNA units are also biosynthetically introduced into DNA primer from 
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its triphosphate analogue as glycerol triphosphate in presence of template DNA and 

DNA polymerase enzyme and however it is found to be poor substrate of various 

DNA polymerases.10,11  Further alanyl nucelobase are incorporated into Peptides 

nucleic acid binds strongly to RNA and DNA.12 Alanylnucelo bases incorporated into 

protein are synthesized and used as probe for DNA binding protein.13 

 

 

Figure 3A. 1 Structure of aeg-PNA, Ala-PNA, glycerol nucleic acid, and glycerol 

triphosphate. 

3A 1.1 Hypothesis and objectives 

 

Since alanyl-PNA is neutral acyclic chiral PNA analogue which encourage us to 

design its triphosphate analogue and incorporate into DNA primer enzymatically. This 

chapter describe the synthesis of rationally designed alanyl-nucleoside triphosphate 

analogue and its biochemical evaluation as enzymatic incorporation into DNA primer 

with DNA ploymerases. 
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3A.2 Results and discussion 

 

3A.2.1 Synthesis of alanyl thymidine triphosphate 

 

The synthetic scheme of alanyl triphosphate analogue is described in Scheme 3A.1. 

Herein the synthesis of alanyl thymidine triphosphate was started from the naturally 

ocuuring amino acid L-serine (1). The carboxylic acid and amine groups were 

protected as methyl ester and N-Boc respectively. The hydroxyl group of protected N-

Boc-Aminoacid-ester was modified as active mesylate derivative (2) with mesyl 

chloride. This mesyl derivative (2) was treated with nucleobase thymine under basic 

conditions (K2CO3/DMF) and isolated as desired N-Boc-thyminyl-alanyl methyl ester 

(3) after purification by column chromatography. In next, the methyl ester group of 

nucleoside (3) was reduced into alcohol as compound 4 with versatile reducing agent 

NaBH4. This nucleoside alcohol (4) was phosphorylated with phosphorylating 

reagents by treting with salicylchlorophosphidite, tributylammonium pyrophosphate 

followed by oxidation with iodine pyridine/water solution then hydrolysed the cyclic 

triphosphate to triphosphate. Finallythen N-Boc group was deprotected with aq. HCl 

(1.0N). As resultant the desired compound as N-Boc-alanyl-thymidine triphosphate 

(ala-TTP, 5) was isolated in moderate yield and purified by Sephadex-Gel column and 
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HPLC methods. All new intermediates of this scheme are well characterized by NMR 

(1H/13C/31P) and ESI-Mass techniques.  

Scheme 3A. 1 synthesis of Alanyl thymidine triphosphate 

 

The nucleobases are known in hydrogen bonding and self-assembled with unique 

pattern. Thus we desired to obtain any self-assembly structure in alanyl-thymidine 

nucleoside for structural organizations. Thus we attempted to get single crystal from 

alanyl-thymidine nucleoside ester (3)/alcohol (4)/ triphosphate (5). However we got 

crystal of only alanyl nucleoside ester (3) in solid state after many attempts. The single 

crystal of nucleoside (3) was analysed by single X-ray diffractometer and its data are 

deposited to Cambridge crystallographic data centre (CCDC) with 1568315. number.     
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3A.2.2 Biochemical evaluation of alanyl thymidine triphosphate  

 

The biochemical evaluation as examination of genuine substrate of DNA is studied 

with primer extension reaction method. In comparison, the known substrates of DNA, 

dTTP & ddTTP, are employed as control studies with following DNA polymerases: 

Taq, Vent exo, Deep vent-exo, Bst and Therminator.  The DNA primers (P1/FAM-P1) 

and DNA template (T1/T2) are used for incorporation of ala-TTP or/& control 

dTTP/ddTTP under primer extension reactions. The sequence of DNA primer and 

templates are following: primer (P1) -TGTAAAACGACGGCCAGT-

primer (FAM-P1) Fam- - (T1) 

ACATTTTGCTGCCGGTCAA*GTCGAGGCAT- (T2) 

ACATTTTGCTGCCGGTCAAAAAAAAAAAA-5. The underline sequence are 

complementary to primers. 

For gel electrophoreti FAM-P1) as FAM-

- -TTP and enzyme (DNA 

polymerase) in presence of DNA template (T1) at 550C.  The labelled DNA and its 

incorporated products, after primer extension reactions were visualized by 

denaturating PAGE. Their gel images are depicted in Figure 2. In Figure 2 A, the gel-

band of L1 belongs to labelled DNA primer. While the gel-bands of L2/L3/L4 belong 

the extended labelled primer with respective dTTP,/ddTTP/ala-TTP with therminator 

DNA polymerase (Figure 2A). The remarkable gel-bands shift of FAM-DNA primer 

are visualized with ala-TTP as like control (dTTP & ddTTP). However with dTTP the 

shift is comparatively more than ddTTP and ala-TTP. In literature, the multiple 

incorporations of dNTP into primer are reported with high fidelity DNA polymerase.14 
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Since ddTTP is well known as terminator of DNA synthesis after single incorporation 

into DNA primer. In case of also the gel-shift band of extended labelled primer is 

closely matched with that of ddTTP. These gel-shift band analysis strongly support 

the only single incorporation of alanyl-TTP into DNA primer with highly efficient 

DNA Therminator polymerase. With vent-exo & Taq DNA polymerases, the similar 

gel-shifts of DNA primer (FAM-P1) are noticed with ala-TTP and control ddTTP 

(Figure 3A, 2.A L4 & L5). 

 

 

Figure 3A. 2 PAGE analysis of primer extension reactions of Ala-TTP with DNA 

polymerases (A) L1 FAM P1, L2, L3 and L4 extended primer with dTTP, ddTTP and 

Ala-TTP byTherminator DNA polymerase, L5 and L6 extended primer with ddTTP 

and Ala-TTP by TaqDNA polymerase, L7 and L8 extended primer with ddTTP and 

Ala-TTP by Vent exo-DNA polymerase (B)  L1 FAM P1,  L2 and L3 extended primer 

with ddTTP and Ala-TTP by Bst DNA polymerase, L4 and L5 extended primer with 

ddTTP and Ala-TTP by Deep vent DNA polymerase 

With Bst & Deepvent DNA polymerses, the gel-shifts of DNA primer (FAM-P1

gel-band are consistently similar. (Figure 3A.2B; Lane 2-5).  These gel studies 

strongly support the single incorporation of ala-TTP into DNA primer as like control 
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ddTTP with other DNA polymerases too. The incorporation of dTTP/ddTTP/alanyl-

TTP into labeled primer with DNA polymerase are also summarized in Table 3A.1. 

As like control dTTP and ddTTP, alanyl-TTP is also get easily incorporated into DNA 

with all given DNA polymerase. Hence ala-TTP is another terminator of enzymatic 

DNA synthesis after single incorporation. 

 

Further to investigate for multiple incorporations of ala-TTP into primer, we designed 

a template (T2) which could incorporate multiple thymidine triphosphate. Herein, we 

performed primer extension reactions with designed primer/template and ala-TTP and 

control dTTP by gel-electrophoretic methods. Their gel-shifts are depicted in Figure 3. 

In case of dTTP, the synthesis of multiple dTTP incorporated DNA, almost full 

Table 3A. 1 DNA polymerase ativity of alanyl-TPP & control (dNTP &ddNTP) 

reaction results 

 
 
 
 

 
 

Sr. No DNA 
Polymerase 

dTTP ddTTP ala-TTP 

1 Bst    
 

2 Deepvent    
 

3 Taq    
 

4 Vent-Exo    
 

5 Therminator    
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Figure 3A. 3 PAGE analysis of primer extension reactions of ala-

TTP/dTTP/ddTTP with DNA polymerase L1 FAM P1, L2, L3 and L4 extended 

primer with dTTP, ddTTP and Ala-TTP byTherminator DNA polymerase 

 

 length DNA sequence were noticed (Figure 3, L2). However, with ala-TTP, gel-shift 

band (Figure 3A. 3, L3) is almost equal to that of ddTTP (Figure 3A. 3, L4). Hence 

ala-TTP also could not extend the synthesis of DNA after single incorporation like 

ddTTP. In literature, glycerol NTP is known for single incorporation into DNA. 

3A.2.3 Liquid Chromatography Mass Spectrometry (LC-MS) Studies 

 

Finally the incorporation of ala-TTP into DNA primer was analyzed by LC-ESI-Mass 

analyses. We recorded the mass spectra of DNA primer (P1) and Template (T1) 

before and after treatment with ala-TTP/ddTTP in presence of one of the enzyme, 

Therminator DNA polymerase. The mass spectra of primer/extended primer with ala-

TTP and control ddTTP are provided in Appendix of this chapter. The mass spectrum 

of DNA primer P1 exhibited a prominent peak at 1381.99 (m/z) which belong to 

molecular mass ion (Mp) of primer as [Mp-4H]4-, while the mass of template(T1)  as 

[MT-6H]6-  is appeared at 1483.57 In presence of therminator polymerase and ala-TTP, 
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the mass of DNA primer (P1) is increased and appeared at 1447.28 (m/z) (Figure 

3A.4) which belong to the 

 

Figure 3A. 4 Mass spectra of extended mass of primer with ala-TTP 

 molecular mass ion of single ala-TTP extended DNA primer (Mp
*) as [Mp

*-4H]4-. 

However, with control sample, ddTTP, the mass of DNA primer P1 is also increased 

and appeared at 1454.16 (m/z) as [Mp
*-4H]4-  under similar primer extension reaction 

conditions which belongs to the mass of single ddTTP extended DNA primer. Hence 

these mass results confirm the single enzymatic incorporation of ala TTP into DNA 

primer in presence of DNA Template and DNA polymerase.  

3A.2.4 Self-assembly study of alanyl-thymidine ester (3) 

Importantly we got single crystal of alanly nucleoside ester (3), precursor of ala-TTP 

(5), and studied by X-ray diffractometer which confirmed the chemical structure of 

nucleoside ester (3) in solid state. The X-ray data is deposited to Cambridge 

crystallographic data center (CCDC) with reference CCDC 1568315. The ORTEP 

diagram of compound 3 are depicted in Figure 3A.5. 
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Figure 3A. 5 ORTEP diagram and Phase data of ala-thymidine ester (3): Space-group 

P 1 21/c 1 (14)  monoclinic; Cell a=5.2456(3) Å b=26.0994(15) Å c=12.1838(7) Å 

 

After the confirmation of ala-thymidine ester (3) crystal structure, we attempted to 

find its (compound 3) supramolecular assembly in solid state. Using crystal 

visualizing software Diamond 3.2, the packing arrangement of thymidine ester 3 was 

obtained (Figure 3A.6

ester (3) are assembled by an unusual hydrogen bonding pattern between their 

A .6, top right). Herein a 

unique type of nucleobase pairs, Thymine: Thymine (T:T) are noticed by two 

hydrogen bonding between two thymine residues as following: N3-H of one thymine 

(T) with O=C2 of other thymine (T) and vice versa. In literature too, such type of 

hydrogen bonding are called as reverse Watson-Crick hydrogen bonding which are 

noticed in the supra molecular assemblies of Ferrocene linked Thymine/Uracil 

conjugated compounds.15,16 However, Watson-Crick and Hoogsteen types of hydrogen 

bonding are found in nucleobase supramolecular self-assembly in many modified 

nucleosides.17-21 In addition further the side view of ala-Thymidine ester 

supramolecular assembly are depicted in Figure 3A.6 (bottom left) which indicate the 
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formation of anti-parallel self-duplex type of structure. Each strand of this duplex is 

formed by hydrogen bonded backbone as C=O-------HN of Boc- group of ester 3. 

- idues of one stand 

with that of other strand and further stabilized that self-duplex structure of alanyl 

-

extracted from the supramolecular structure of alanyl ester (3) (Figure3A. 6, bottom 

right). The hydrogen bond distances between two thymine are 2.0Å; hydrogen bond 

-

thymine are 3.7Å; the distance between two strands of that duplex are 10Å, and 

distance between two units of each strand are 5.2Å (Figure3A.6, bottom right). 6, 

bottom right). 
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Figure 3A .6 Structural studies of single crystal of Boc-N-alanylthymidine methylate (3) 

by X-analyse: (a) Packing diagram (top left); (b) diagram of selected region (top right); 

(c) Hydrogen bonding pattern (bottom left) and (d) Detail of distance for hydrogen 

- ) 
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3A. 3 Conclusion 

 

We have successfully synthesized alanyl thymidine triphosphate (ala-TTP), and 

performed its biochemical evaluation with various DNA polymerases in presence of 

DNA primer and DNA templates. The alanyl thymidine triphosphate is a substrate of 

several DNA polymerases. The ala-TTP involves in primer extension reaction and and 

incorporated one could extend the primer only one extension like glycerol NTP due to 

its flexible backbone and rotational degrees of freedom. The ala-thymidine 

-amino functionalized DNA.  We have 

also studied the self-assembly of crystal structure of ala-thymidine ester. The 

compound shows self-assembly and duplex type of structure aided by hydrogen 

bonding and pi-pi interactions.   

3A.4 Experimental section  

 

All chemicals and reagents purchased from commercial sources and used as received. 

Oilgo nucleotide purchased from IDT. All enzymes purchase from NEB .DMF and 

DCM distilled over CaH2 and stored on molecular sieves. THF and dioxane dried over 

Sodium benzophenone and stored over sodium. Pyridine distilled over potassium 

hydroxide and stored on CaH2.Triethyl ammonium bicarbonate (TEAB) prepared by 

passing CO2 gas into 2M aqueous triethylamine solution and stored at 4oC. HPLC 

performed on Waters semipreparative HPLC using sunfire column(C18 ,4.6X150 

mm) using 20mM TEAB and Acetonitile (0-10 % 30 min). LC-MS experiments 

performed on Bruker microTOF-Q II coupled with a Waters Acquity UPLC auto 

sampler .Primerextension reaction products(25 ) were diluted with 25 -Q 
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at a flow rate 0.2ml/minute linear gradient.0-10 min80% A gradient, 10-12 min 30% 

A gradient, at 12- 13 min30% A isocratic, 13-14min 100% A gradient, at 14-15 min 

100% A isocratic. A C-

used for LC-MS experiments. Column temperature maintained at 30OC during the 

experiments (buffer A: 5mM ammonium acetate (pH 7.0) and buffer B:  methanol) 

Primer extension reactions for LC-MS analysis were carried out with 5 µM of primer 

and template, 100 µM ala-TTP or ddTTP in a total reaction volu

units of Vent exo- DNA polymerase 

All primer extension reactions performed with 1µM FAM labelled primer, 1µM 

reactions performed at 55oC for 60 minutes. 2 units of each therminator, Vent exo- 

and Deep Vent exo- DNA polymerases were and Taq 

DNA polymerases were used  

Gel experiments performed with  20% PAGE (29: 1 Acrylamide ,bis acrylamide) and 

7M urea .Gels prepared and ran in 1x TBE and visualised under trans UV using  Bio-

Rad gel doc system. 
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Experimental procedures form the synthesis of compounds 2-5 

(S)-methyl 2-((tert-butoxycarbonyl)amino)-3-((methylsulfonyl)oxy)propanoate (2): 

Boc serine ester (2.0 g, 9.13 mmol) dissolved in anhydrous pyridine (10 ml) and 

stirred at 0oC under nitrogen atmosphere. Mesylchloride (1.06 ml, 13.7 mmol) was 

added dropwise with a syringe and the reaction stirred at 0oC for one hour. The 

reaction mixture concentrated in roto and extracted with water and DCM. The DCM 

layer washed with sodium bicarbonate solution followed by brine solution, dried with 

anhydrous sodium sulphate and concentrated followed by purification using ethyl 

acetate and hexanes on silica gel gave 1.89 g of oily compound in 70% yield. 1H NMR 

(400MHz ,CDCl3 -4.42(1H, m), 

4.47-4.53(2H, m),5.53-5.55(1H, m) 13C NMR (100MHz ,CDCl3

52.89,53.01,68.99,80.43,155.07,169.15. HRMS (ESI-TOF) Calculated (C10H17O7N S 

+Na) 320.0774, Measured 320.0775 

(S)-methyl2-((tert-butoxycarbonyl) amino)-3-(5-methyl-2,4-dioxo-3,4-

dihydropyrimidin-1(2H)-yl)propanoate (3): Thymine (0.2g, 1.58 mmol) 

dissolved in anhydrous DMF (5 ml), K2CO3 (0.328 g, 2.38 mmol) and 18-

Crown-6 (0.083 g, 0.31mmol) added and stirred under nitrogen atmosphere 

for 10 minutes. Mesyl derivative (compound 2) (0.471 g, 1.58mmol) was 

added to the reaction and stirred at room temperature overnight under 

nitrogen atmosphere. The reaction mixture concentrated followed by 

purification on silica gel using methanol and dichloromethane as solvents 

gave 0.181 g white solid in 35% yield.  1H NMR (400MHz, DMSO-D6 

+CD3 -3.60(1H, m), 3.63(3H, s), 
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4.18-4.23 (1H, m), 4.44-4.46 (1H, m), 7.18(1H, m). 13C NMR (100 MHz, 

DMSO-D6 + CD3

142.20, 151.43, 156.01, 165.26, 17.42 HRMS (ESI-TOF) Calculated 

(C14H21O6N3 +Na) 328.1503, Measured 328.1509. 

(S)-tert-butyl (1-hydroxy-3-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)propan-2-yl)carbamate (4): Thymine ester (0.15 g, 0.45 mmol) dissolved in 

anhydrous ethanol, stirred under nitrogen atmosphere for 10 minutes followed by 

addition of sodium borohydide (0.05 g, 1.37 mmol) and stirred overnight under 

nitrogen atmosphere at room temperature .The reaction mixture concentrated and 

extracted with ammonium chloride and ethylacetate. Ethylacetate layer washed with 

brine solution, dried with anhydrous sodium sulphate and concentrated .The crude 

compound purified on silica gel column using methanol and dichloromethane to 

obtain   0.11 g of   white solid in 80% yield. 1H NMR (400MHz ,DMSO-D6

1.29 (9H, s),1.72 (3H, s),3.23-3.29(1H, m),3.34-3.41(2H, m),3.74-3.80(1H, m),3.95-

4.00(1H, m), 4.80-4.83(1H, m),6.54-6.57(1H, m),7.31(1H, s),11.12(1H, s) 13C NMR 

(100 MHz ,DMSO-D6 

142.58,  151.43, 155.72, 164.81. HRMS (ESI-TOF) Calculated (C13H21O5N3) 

300.1554, Measured 300.1556. 

Triethylammonium (S)-2-amino-3-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-

yl)propyl triphosphate (5): Triphosphorylation was performed by following reported 

literature. 1   Compound 4 (0.04 g, 0.13 m mol) taken in a 25 ml round bottom  flask 

dissoloved in 3 ml of anhydrous pyridine and dried in roto followed by drying in a 

vacuum desiccator at ambient temperature for one hour. Descicator opened under 

argon atmosphere and closed with septum. All the further steps performed under argon 
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pressure. Salicylchlorophosphidite (0.03g, 0.160mmol) dissolved in dry dioxane (1.0 

ml) was added and stirred at room temperature for 10 minutes. Immediately a cock tail 

containing tri- butylammonium pyrophosphate (0.14 g, 0.26 mmol) and tri-butylamine 

(0.26 mL, 1.07 mmol) in anhydrous dimethylformamide (DMF) (1ml) injected into 

the flask and stirred for 10 minutes followed by the addition of Iodine in 

pyridine/water solution (1% in pyridine/water 98/2). After 10 minutes 10 ml of 100 

mM TEAB buffer (pH 8.0) was added and stirred for one hour followed by 

lyphilzation .The reaction mixture dissolved in 10 ml water and extracted with ethyl 

acetate. Aqueous layer lyophilized followed by anion exchange column (DEAE 

Sephadex A-25) chromatography eluted with TEAB buffer (0.1M-1.0M) compound 

containing fractions were pooled and concentrated followed by boc deprotection with 

1N HCl .The reaction was quenched with aqueous ammonia and concentrated 

followed by HPLC purification and lyophilzation of the HPLC purified samples gave 

Ala-TTP as a white powder dissolved in nuclease free water and used for primer 

extension reactions. 1 J = 6.7, 3.1 

Hz, 1H), 4.26 (dd, J = 14.7, 7.3 Hz, 1H), 4.20  4.04 (m, 2H), 3.94 (s, 1H), 1.94 (s, 

3H).          31PNMR (162 MHz, D2O):       (-22.13, t,1P, P ), (-11.16,-11.04,d ,1P, P ), (-

10.4,-10.16 , d ,1P,P )   (J =19.44Hz , J =19.44Hz) HRMS, 1HNMR ESI-TOF calcd 

for [C8H15NO12P3(M-H)]  m/z437.9863, found  m/z 437.9969. 
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3A.6 Appendix 

NMR and HRMS spectra of compounds 2-5 

Figure A1 1H NMR of compound 2  
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Figure A2 13 NMR of compound 2 
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Figure A3 HRMS  of compound 2 



Chapter 3A 

142 

 

Figure A4  1H NMR of compound 3 
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Figure A5  13C  NMR of compound 3 
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Figure A6  HRMS of compound 3 



Chapter 3A 

145 

 

 

 

Figure A7  1H NMR of compound 4 
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Figure A8  13C  NMR of compound 4 
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Figure A9  HRMS of  compound 4 
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Figure A10  31P NMR of compound 5 
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Figure A11  1H NMR of compound 5 
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Figure A12  HRMS of compound 5 
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LC-MS of primer,template and extended primer with ala-TTP and ddTTP  

 

 

TGTAAAACGACGGCCAGT  Mass  =5532.676  

Calculated , (M-4H)4-= 1382.16,  observed 1381.99 

 

Figure A13 LC-MS of primer 
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Figure A14 LC-MS of template 

 

 



Chapter 3A 

153 

 

 

 

 

 

Figure A15 LC-MS of extended primer with Ala-TTP and Vent exo-  
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Figure A16 LC-MS of extended primer with dd-TTP and Vent exo-
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3B.1 Introduction 

Dideoxy nucleoside triphopshates (ddNTP) are the sequence terminators developed by 

Sanger.1 

analogues. Amino ethyl glycinyl (aeg) Peptide nucleic acids (PNA) are nucleic acid 

analogues where phosphate back bone is replaced by neutral amide backbone. Aeg 

derived triphosphate analogues have been synthesized and studied as ddNTP 

analogues.2,3 Aeg PNA are the acyclic and flexible molecules. Proline derived 

conformationally constrained PNA analogues have been synthesized and their binding 

properties with complementary DNA/RNA have been studied (Figure 3B.1).4-6 We 

have synthesized and studied the biochemical properties of 4-hydroxy proline derived 

pyrrolidine nucleoside triphosphates (Pr-NTPs) as ddNTP analogues.7 PNA analogues 

with prolinol acetyl nucleobase have been synthesized and incorporated in PNA at 

terminal and interior positions which stabilized the duplex with complementary 

DNA.8,9 10,11 

 

Figure 3B. 1. Structure of aeg-PNA, Prolamide nucleic acids, Prolamide PNA, 

Acyclic N-methyl NTP and Prolamide NTP 
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The 4-hydroxy /3-hydroxy prolinol acetyl nucleobase modified phosphoramidates 

have been synthesized and studied the stability of the hybrid duplex with 

complimentary DNA/RNA.12-14  

3B.1.1 Hypothesis and rational of present work 

 

As prolinol acetyl nucleobase nucleic acid analogues forms stable duplexes with 

complementary DNA/RNA we hypothesized to synthesize nucleoside triphosphates 

derived from prolinol acetyl thymine/ uracil and study the biochemical activities of 

with DNA polymerase as alternate ddNTP analogues. 

3B.2. Results and discussion 

3B.2. 1 Synthesis of prolamide thymidine/uridine triphosphates  

We started the synthesis of prolinol acetyl thymine/ uracil   form N-Boc proline (1). 

N-Boc proline was treated with bornae dimethyl sulphide to obtain N-Boc prolinol (2). 

The alcohol was protected as benzoate (3).The N-Boc proline benzoate was treated 

with 20% TFA/DCM to remove the boc group and insitu it is treated with chloroacetyl 

chloride to afford chloro derivative (4). The chloro derivative treated with 

thymine/uracil in dimethylformamide using potassium carbonate to obtain the benzoyl 

protected nucleoside analogue which was treated with potassium carbonate in 

methanol to obtain the nucleoside alcohols (5a&5b).Nucleosides 5a & 5b were  

characterized by single crystal X-ray diffraction.  The nucleoside alcohols (5a & 5b) 

in trimethylphosphate followed by treatment with tributylammonium pyrophosphate 

to obtain thymine/uracil triphosphate analogues.The synthetic steps are depicted in 

scheme 3B.1 
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Scheme 3B. 1: Synthesis of prolamide thymidine/uridine triphosphate 
 

 
 
 

3B.2. 2 Biochemical evaluation of prolamide thymidine/uridine triphosphate 
analogues 

 

 

The synthesized analogues were tested with many DNA polymerases therminator, taq, 

vent, deepvent, bst, and klenow DNA polymerases to study the primer extension 

reaction. Both the thymine and uracil analogues are the substrates for none of these 

enzymes.   
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3B.2. 3 Self-assembly prolinol acetyl thymine/uracil 

 

 The single crystal structure analysis of nucleosides show the helical self-assembly by 

hydrogen bonding interactions. Helix is the spiral symmetrical arrangement of 

molecules by supramolecular interactions. Helix is the supramolecular structure with 

coiled topology present in biological systems. 15 The helical supramolecular 

assemblies are formed by hydrogen bonding interaction originated in intra or inter 

molecular fashion as seen in alpha- helix of proteins 16 and double helix of DNA. 

17The helices assemble to supramolecular structure by interaction with other 

molecules to form coil-coiled structure, DNA-protein, super helices of DNA structures  

to form functional supramolecular system which are vital for life and involved in 

many biological function such as ion-transport, molecular recognisation, catalysis and 

genetic information storage.18 Hydrogen bonding is the key element in the formation 

and maintenance of the supramolecular structures in biomolecules. 19 Chemists used 

many strategies to make artificial helical systems to mimic the nature. Foldamers, 

small molecules, oligomers, double stranded helical polymers have been synthesized 

to mimic the helix topology.20-22 Nucleic acids attain different conformations under 

given  physiological condition  to adopt a secondary structure which play crucial role 

in biological systems.23 Many nucleic acid based supramolecuar structures have been 

developed. Small molecule based supramolecular self-assembled systems have been 

developed and studied their structural features by X-ray crystallography and other 

techniques 24. The supramolecular self-assembly of molecules at nucleobase level 

have been studied by designing small molecules based on homo or hetero dimerization 
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/self-assembly of nucleobase derivatives. 25 26Adenine nucleobase derivatives forms 

supra molecular structures by hydrogen bonding27,28 or metal mediated 29 self-

assembled structures.  Guanosine derivatives self-assemble to supramolecular structure 

by Hoogsteen hydrogen bonding. 30 31Hemi protonated cytosine and its derivatives 

self-assemble to form supra molecular structures by hydrogen bonding.32 Ferrocne 

linked Thymine/Uracil conjugates forms supra molecular assemblies by Watson-

Crick/reverse Watson-Crick hydrogen bonding.33,34 Thyminyl/uracilyl N-acetyl 

prolinol derivatives have been syntheisized and incorporated in DNA/PNA analogues 

and their binding properties have been studied.We are  interested to study the 

supramoleculcuar self-assembly formed by Thyminyl/uracilyl N-acetyl prolinol 

derivatives. Herein we describe the synthesis, self-assembly study of 

Thyminyl/uracilyl N-acetyl prolinol derivatives by X-ray crystallography, ESI-MS 

studies and SEM image techniques. 

Helical self-assembly of prolinol acetyl uracil: The crystal structure of prolinol   

acetyl uracil is depicted in (Figure 3B .2). The supramolecular helical self-assembly in 

prolinol acetyl uracil originated from the hydrogen bonding interactions between the 

alcochol OH and carbonyl group. The helix formation from the hydrogen bonding 

interactions is explained here by taking 3 residues of prolinol acetyl uracil. The single 

crystal X-ray structure of prolinol acetyl uracil shows the arrangement of alcohol and 

carbonyl groups oriented in such a way that the carbonyl group can accept the 

hydrogen from another molecule in upward direction and the alcohol group can donate 

the proton to carbonyl group of another molecule in downward direction. This 

continuous arrangement of the residues by hydrogen bonding interactions build a helix 

around a pseudo axis. The puckered conformation of proline ring facilitated  
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Figure 3B. 2 Crystal structure and self-assembly of prolinol acetyl uracil 

such an arrangement of donor-acceptor to make stable helix. The uracil units flanked 

around the helix provides further supra molecular interaction with the uracil units of 

adjacent helixes. An uracil moiety donates its N3 H to O 4 of uracil in downward 

direction and accepts hydrogen   form N3 H to its O4 in upward direction. The 

hydrogen bonding distance between the alcohol OH and carbonyl group is 1.926 Å 
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and the distance between N3 H and O4 is 1.913 Å both are strong hydrogen bonding 

interactions. 

 

 

 

Figure 3B. 3 Crystal structure and self-assembly of prolinol acetyl uracil 

Helical self-assembly of prolinol acetyl thymine: Prolinol acetyl thymine also forms 

helical supramolecular self-assembled structure.The crystal structure of prolinol acetyl 

thymine illustrated in Figures 3B.4 and 3B.4 In contrast to the prolinol acetyl uracil in 

thymine analogue with same backbone the carbonyl group of acetyl unit is not 

involved in the hydrogen bonding but here thymine take part in the helix formation 

and the alcohol acts as both donor by donating hydrogen to the carbonyl of thymine O 

4 and acceptor by taking hydrogen from the N3 of thymine. Here the thymine residues 

are arranged in such a way that O4 accepts hydrogen from upward direction of alcohol 

and N3 accepts hydrogen from the alcohol from down ward direction and the 
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repeating units makes helix. Hydrogen bond distance of N3-H and alcohol oxygen is 

1.902 Å and OH and O4 of thymine is 1.723 Å both are strong hydrogen bonds.    

 

 

Figure 3B. 4 Crystal structure and self-assembly of prolinol acetyl Thymine 

3B.2.4 Self-assembly study by scanning electron microscopy (SEM)   

 

We recorded SEM images of prolinol acetyl thymine/uracil to study the morphology 

of self-assembled structuresThe SEM image of prolinol acetyl thymine show rod like 

structures (Figure 3B.5). The rods are in nanometer size. At micrometer size also we 

observed the rod like structures and some aggregation. The SEM image of prolinol 

acetyl uracil (Figure 3B.5) show high aggregation in comparison to the thymine 

analogue. The crystal structure of  prolinol acetyl uracil (Figure 3B. 2)  show the 

helical self-assembly formed by the hydrogen bonding interactions of alcohol OH and 
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carbonyl oxygen .The flanking uracil units around helix connects other helixes by 

hydrogen bonding interaction with  adjacent uracil units forming a high aggregation. 

The crystal structure of prolinol acetyl thymine show that thymine residue is involved 

in the helix formation along with alcohol OH of proline ring where as in uracil case 

the carbonyl oxygen of acetyl group and alcohol OH of proline ring are involved in 

helix formation and uracil units take part in the connection of helixes by hydrogen 

bonding interactions. Due to extension of aggregation of helixes by joining uracil 

units a high aggregation seen in uracil analogue (Figure 3B.6). In thymine analogue 

thymine residue involves in helix formation and not available to extend the attachment 

of helixes as like in uracil. Due to this a symmetrical rod like structure are observed in 

thymine case. 

Overall the SEM studies support the self-assembly of prolinol acetyl thymine/uracil 

and also provide an evidence to understand the nature of aggregation as seen in crystal 

structures.    

 

 

   

Figure 3B. 5 SEM image of prolinol acetyl thymine 
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Figure 3B. 6 SEM image of prolinol acetyl uracil 

3B.2.5 ESI-MS studies  

 

The self-assembly of nucleobase/nucleosides derivative have been studied by ESI-MS. 

For example Guanine nucleosides forms G-quartets which formed by the self-

assembly four quinine units in presence of metal ion. 5-substituted thymine and uracil 

derivatives also forms pentameric structures in presence of metal-ions have been 

studied by ESI-MS studies. As our helical structures are formed by the self-assembly 

we are interested to study the self-assembly by ESI-MS. We recorded the ESI-MS of 

thymine and uracil derivatives (Figure 3B.7& 3B8). In both cases the monomer is 

predominate and the dimer and trimers were also observed with less intensity. A 

tetramer also observed with less intensity. The higher order aggregates are not stable 

in ESI conditions. However ESI-MS results support the self-assembly of these 

analogues though they not stable enough to determine the high order self-assembled 

structures.   
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Figure 3B.7. ESI-MS of prolinol acetyl uracil 
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Figure 3B. 8. ESI-MS of prolinol acetyl uracil 
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3B.3 Conclusion  

In conclusion we synthesized prolinol acetyl thymine/uracil triphosphates and studied 

their biological activity with DNA polymerase. The triphosphate analogues are not 

substrates of DNA polymerase. We have studied the self assembly of prolinol acetyl 

thymine/uracil by single crystal X-ray Diffraction. The two analogues form 

supramolecular helical self-assembly by hydrogen bond interactions as shown crystal 

structure. Importantly the puckered nature of prolinol acetyl moiety plays crucial role 

in the orientation of helix structure. The systems can help to understand and design the 

helical self-assembled structures.     

3B.4 Experimental section 

 

(S)-tert-butyl 2-(hydroxymethyl)pyrrolidine-1-carboxylate  (2) 4.0g (18.6mmol) boc 

proline was dissolved in 30 ml dry THF and stirred at 0oC for 10 minutes under 

nitrogen atmosphere,borane dimethyl sulphide (5M in  diethyl ether) 3.71ml 

(18.6mmol) was added drop wise with syringe at 0oC  .After 10 minutes the reaction 

mixture warmed to room temperature and stirred for 6 hours. The reaction mixture 

evaporated to dryness and coevaporated with methanol (2x30 ml) and extracted with 

water and ethylacetate .Ethyl acetate layer washed with brine solution and dried with 

anhydrous sodium sulphate and concentrated at reduced pressure. White solid 3.73 g 

obtained in quantitative yield used directly in next step without any purification. TLC 

DCM Rf =0.43 1H NMR (400MHz in CDCl3 -1.85(m, 3H) ,1.95-

2.04(m, 2H) ,3.26-3.32(m, 1H),3.41-3.49(m,1 H),3.54-3.62(m, 2H),3.85-3.94(m, 1H) 

4.74(s, 1H) 13CNMR(100M HZ in CDCl3

67.78, 80.33, 157.26 HRMS (ESI-TOF) Calcd for (C10H19NO3 +Na)+   224.1257 found 

224.1231     
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(S)-tert-butyl 2-((benzoyloxy)methyl)pyrrolidine-1-carboxylate (3) 

To a solution of  Boc prolinol 3.6 g (18.15mmol) in dry DCM (30ml), triethylamine 

5.0ml(36.3mmol)  was added at 00C followed by addition of benzoyl chloride 3.1 ml 

(27.2 mmol) drop wise and  the reaction was  stirred at room temperature overnight. 

50 ml water was added to the reaction mixture and stirred for 10 min and organic layer 

was separated. Aqueous layer extracted with DCM (2x50 ml) .Combined organic layer 

washed with brine solution and dried with anhydrous sodium sulphate ,concentrated at 

reduced pressure and purified by silica gel column chromatography (ehtylacetate and 

hexane) to afford 4.9 g of white solid  in 90% yield. TLC DCM Rf =0.32 1H NMR 

(400MHz CDCl3 -2.0(m,4H), 3.29-3.53(br, 2H) 4.10-

4.42(m,3H),7.43(t,2H 8hz),7.55(t,1H 8hz),8.03(d ,2H 8hz). 13CNMR(100 MHz 

CDCl3

79.55,79.92,128.50,  129.74, 130.18, 133.16, 154.61, 166.51. HRMS Calcd for 

(C17H23NO4+Na) + : 328.1519 found 328.1542. 

S-(1-(2-Chloroacetyl)pyrrolidine-2-yl)methyl benzoate (4): 530 mg (1.73mmol) of 

compound 3 was treated with 10 ml of TFA.DCM (20%) at room temperature. After 

3hours the reaction mixture was evaporated to dryness and diluted with 5ml dry 

acetonitrile,  triethylamine 0.48 ml(3.47mmol) was added at 0o C under N2 atmosphere 

followed by chloroacetyl chloride 0.20 ml (2.6mmol) at 0o C and stirred overnight at 

room temperature .The reaction mixture concentrated and extracted with ethylacetate 

and water .Ethyl acetate layer washed with brine solution, dried with anhydrous 

sodium sulphate and concentrated followed by purification on  silica gel column 

chromatography to obtain colurless oily compound 380 mg in 78% yield. TLC DCM 
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Rf =0.64  1H NMR (400MHz CDCl3 -2.13(m,4.3H), 3.57-3.64(m,2H), 

4.04(s,1.42H), 4.12-4.17(m,0.45H),4.29-4.74(m, 3H), 7.44(t,2H, J= 8 HZ),7.56 (t,1H  

J= 8 HZ) 8.01(d,2H  J=8 HZ ) 13CNMR (100MHz , CDCl3

28.89, 41.62, 42.36, 46.33, 47.32, 56.25, 56.96, 63.93, 65.13, 128.48, 128.66, 129.33, 

129.61, 129.96, 133.13, 133.57, 165.49, 165.76, 166.32,  166.36. HRMS (ESI-TOF) 

Cald for (C14H15O3NCl+H) +: 282.0891 found 282.0889.                                                                            

 (S)-1-(2-(2-(hydroxymethyl)pyrrolidin-1-yl)- 2-oxoethyl) -5-methylpyrimidine 

2,4(1H,3H)-dione(5a)                                                                                                                                                                

0.126 g (1.00mmol) of thymine dried under high vacuum at room temperature for 2 

hours and dissolved in 4 ml anhydrous DMF followed by addition of 0.2g (1.5mmol) 

anhydrous potassium carbonate and 18-crown-6, 52mg (0.2mmol) and stirred at 600c 

for 20 minutes under N2 atmosphere followed by addition of anhydrous  DMF 

solution (2.8ml) of compound 5 0.28g (1.0mmol)  by a syringe and stirred over night 

at 600c .The reaction mixture was concentrated to dryness and extracted with water 

and ethyl acetate. Ethylacetate layer dried with anhydrous sodium sulphate and 

concentared to get white pluffy compound which was dissolved in methanol, stirred at 

room temperature for 10 minutes followed by addition of 0.276 g (2.0 mmol) of 

potassium carbonate    and stirring was continued for 24 hours at room temperature, 

the reaction mixture was concentrated and purified by silica gel column 

chromatography using DCM/MeOH to obtain a white solid 0.262 g in 95% yield. TLC 

10 % MeOH/DCM Rf =0.56 1H NMR (400 MHz CD3OD) 1.88(s, 3H), 1.93-

2.11(m,4H),3.41-3.66(m,4.0H),4.08-4.18(m, 1H),4.50-4.71(m, 2H),7.32(s,1H) 13C 

NMR (CDOD3
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64.48, 110.79, 110.96, 143.74, 143.99,153.18, 166.97,167.84,168.34 HRMS (ESI-

TOF) Calcd for (C17H12N3O4Na) 268.1292 found 268.1290 

(S)-1-(2-(2-(hydroxymethyl)pyrrolidin-1-yl)-2-oxoethyl)pyrimidine-2,4(1H,3H)-dione 

(5b): 0.112  g(1.0 mm)  of uracil used to syntheisize the compound 5b in a similar 

procedure to obtain 0.24 g 5b in  95% yield as white soild. TLC 10 % MeOH/DCM Rf 

=0.431H NMR (400 MHz CD3OD)1.69-2.27,(m,4H)3.28(m, 2H),3.61-3.85(m, 

3H),4.30(s, 1H) 4.56 (s,1H),5.64-5.70 (m, 1H) 7.49-7.60 (m, 1H) (CD3OD, 100MHz ) 

22.67,  24.38,  25.21,  28.13, 29.72, 60.55, 61.31, 63.12, 64.57, 102.21, 102.36, 

148.13, 148.38, 153.27, 167.05, 167.91, 168.35. HRMS Calcd for C11H15N3O4Na 

276.0955 Found 276.0970. 

 ((S)-1-(2-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetyl)pyrrolidin-2-

yl)methyl trihydrogen triphosphate (6a) 

Compound 5a 0.03 g (0.112mmol)  dried in high vacuum at room temperature for 2 

hours, dissolved in 3ml trimethyl phosphate and stirred under nitrogen atmosphere at -

200c for 10 minutes. 0.03 ml (0.33 mmol) of phosphorous oxy chloride was added and 

stirred at -50c for 2 hours followed by injection of a cocktail containing 154 mg 

(0.28mmol) tributylammonium pyrophosphate and 0.21ml (0.89mmol) of 

tributylamine in 2 ml of anhydrous DMF and stirred at room temperature for 30 

minutes. 5 ml of 100ml of 100mM TEAB buffer added and stirred at room 

temperature for one hour the hydrolysis step was monitored by mass spectrometry 

after one hour another 5ml TEAB buffer added and stirred for 30 minutes. The 

reaction mixture lyophilized and purified by DEAE sephadex column using 

ammonium bicarbonate as eluent (0.1M -1.0 M) .The compound further purified by 

HPLC using  10 mM TEAB buffer (A) and acetonitrile (B).  1HNMR (400 MHz D2O) 
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 3.36-3.40(m,1H), 3.53-3.67(m,2H) 3.97-4.13(m,1H),4.29-

4.44(m,3H), 4.91-5.0(m,1H), 5.87-5.89((m,1H), 7.60-7.71(m,1H) 31P NMR 

(162MHz,D2 -22.05,-22.79 (br ,1P, ),  -9.91(br, 2P) HRMS: Calcd for 

C12H19N3O13P3 506.0125 Found 506.0178 

((S)-1-(2-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetyl)pyrrolidin-2-yl)methyl 

trihydrogen triphosphate  6b 

Compound 5b 0.03 g (0.11 mmol) phosphorylated as described above to obtaine  

prolamiode uridine triphosphate (6b) 1H NMR (400 MHz D2O) 2.01-2.11(m ,4H), 

3.50-3.71(m,2H), 3.94-4.17 (m,2H), 4.28(br,1H), 4.44 (br,1H), 5.83-5.89(m,1H), 

7.60-7.70 (m,1H), 31P NMR(162MHz,D2 -22.05,-22.44 (br ,1P, ),  -10.34(br, 2P) 

HRMS: Calcd for C11H17N3O13P3 499.9969 Found 499.9918 
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3B.6 Appendix 

 Figure A 1 1HNMR of compound 2  

 Figure A 2 13C NMR of  compound 2 
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Figure A 3 HRMS  of  compound 2 

 Figure A 4 1HNMR of compound 3 
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Figure A 5 13CNMR of compound 3 

 
Figure A 6 HRMS of compound 3 
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Figure A 7 1H NMR of compound 4 

 
Figure A 8 13C NMR of compound 4 
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Figure A 8 HRMS of compound 4 
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Figure A 9 1H NMR of compound 5a                                                                                        

 
Figure A 10 13C NMR of compound 5a 
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 Figure A 11 HRMS of compound 5a 

 Figure A 12 1H NMR of compound 5a 
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Figure A 13 31P NMR of compound 5a 

 
Figure A 14 HRMS of compound 5a 
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 Figure A 15 1H NMR of compound 5b 

 
Figure A 16 13C NMR of compound 5b 
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 Figure A 17 HRMS of compound 5b 

 
Figure A 18 1HNMR  of compound 6b 
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Fig S19 31P NMR of compound 6b 

 
Figure A 20 HRMS of compound 6b 
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Figure A21   LC-MS  of compound 6


























































































































