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Abstract

The Thesis entitled ‘‘Designed nucleic acid mimics with internucleobase

distance-complementarity” has been divide into three chapters.

Chapter 1: Introduction to nucleic acids

Chapter 2

Section 2.1: N-(pyrrolidinylethyl)glycyl based pet-PNA and its amino
derivative: Synthesis of monomer units and their incorporation
in aegPNA sequences

Section 2.2: Biophysical studies of H-pet-PNA, Amino-pet-PNA and
Guanidino-pet-PNA towards complementary DNA/RNA
Chapter 3

Section 3.1: Design and Synthesis of iS0O-TANA dimers, their incorporation
into DNA oligomers and biophysical studies

Section 3.1: Synthesis of iSO-TANA monomers, their incorporation into
PNA oligomers and biophysical studies

Chapter 1: Introduction to natural and modified nucleic acids.

10
N H-N N 3,
J AN N N
R/N N/J o R 50\6H(OH)
‘o—T:o
|I| (e}
_N o_ B
- Y
4
Nﬁ //N C\ = P
N~H i s
¢ Jle SN > HI
\ O H(OH)
N N)\N'H’O R \
! \ 0—P=0
R H

B=A,G,C,T/U
DNA (RNA)

Figure 1: Structure of DNA/ RNA
The potential of modified oligonucleotides to act as antisense agents that can

inhibit the expression of a target gene in a sequence-specific manner may be used for
vi



therapeutic and other biological applications. Major challenges for modified
oligonucleotides as therapeutic agents are sequence-specific recognition of RNA, low
cellular uptake and directional selectivity. In order to overcome these shortcomings
many modifications in oligonucleotides have been made. Some of the promising
modified oligonucleotides are phosphorothioate, morpholino, PNA etc. In some of the
modifications sugar- phosphate backbone was modified or the sugar ring was replaced
with other heterocyclic or carbocylic rings, whereas in aeg PNA whole DNA backbone
was replaced by acyclic, achiral amino ethyl glycyl units. PNA’s strong binding affinity
towards DNA and RNA and enzymatic stability are major advantages over other
modifications. This chapter is focused on PNA modifications and DNA modifications
which helped to overcome some shortcomings of earlier modifications. It is found that
the six atom phosphate backbone could be replaced by seven atom amide linkage
leading to folded or extended geometries to maintain in inter nucleobase distance
complementarity. Also ribose sugars in DNA and RNA have a preference for either N
or S conformation. This conformational state always has an impact on the binding
affinities towards DNA/RNA. This conformational change occurs due to the
substituents on the sugar ring especially 3’ and 2’ substituents. This substituent effect

also has been discussed in this Chapter.

Chapter 2

Section 2.1: N-(pyrrolidinylethyl) glycyl based pet-PNA and its amino derivative :
Synthesis of monomer units and their incorporation in aegPNA sequences

Introduction

|
o) \ N
: R
/( % _B  HpetPNAR= H
N TN/\(

Am-petPNA R=NH,

o) o)
-O—p= O  Gu-petPNA R= HN
O-P=0 g:o
A S:O =NH
\/\\ H2N
DNA aeg PNA petPNA

Figure 2: Structure of DNA, aegPNA and petPNA
Peptide nucleic acids (PNA, Figure 2) are a promising class of modified

oligonucleotides, where sugar phosphate backbone of DNA is replaced by achiral N-(2-

vii



amino ethyl) glycine units. PNA hybridizes with complementary DNA/ RNA strand
through Watson-Crick hydrogen bonding. Major advantage of PNA is its resistance
towards enzymatic degradation; this advantage makes PNA an attractive reagent for
biotechnological applications. PNA suffers from some drawbacks such as low water-
solubility, low cell permeability and ambiguity in directional selectivity which restricts
its use as an antisense drug. To overcome these issues many modifications in PNA were
suggested. Positively charged natural and unnatural peptides like TAT and poly
argenine were found to have good cell penetrating capacities. Conjugation of these
peptides with PNA has successfully transported PNA into cells. But this conjugation
cannot release PNA so efficiently because of problem of endosomal trapping of these
peptide conjugates. Thus PNA backbone itself carried groups that help in cellular
uptake, would be desirable.

GPNA is a recent such kind of example of modified PNA which has shown
comparable binding with complementary RNA as of aegPNA. As GPNA has an
argenine side chain in backbone, it has shown good cellular permeability. Introduction
of chirality and cyclic structures are known to reduce the conformational flexibility of
acyclic, achiral aeg PNA. In this chapter we present the synthesis of N-(pyrrolidinyl
ethyl) glycyl PNA (pet-PNA) and corresponding amino, guanidino pet-PNA monomer
blocks, their incorporation into PNA sequences and biophysical studies with
complementary DNA/ RNA.

Previously reported pmg PNA showed destabilized complexes towards
complementary DNA/ RNA, possibly due to the constrain of the pyrrolidyl ring in PNA.
This effect in pmgPNA was compensated by backbone extension in petPNA. The
various extended backbone pyrrolidyl PNA reported from our laboratory and other
groups showed preferential binding to RNA over DNA.

Synthesis of PNA monomers and solid phase PNA synthesis

A simple synthetic scheme was followed towards synthesis of H- pet and amino-
pet-PNA monomers. Incase of H-pet-PNA, proline was used as starting material, while
for Amino-pet-PNA monomer 4-trans-hydroxy-L- proline was used. In both the
synthesis cyano functionality was used to increase the carbon chain length. These Boc
protected monomers were used for solid phase PNA synthesis, Boc- acgPNA monomers

were synthesized with by reported procedure.

viii
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Scheme-1: Reagents and conditions i) SOCl,/MeOH, ii) Boc,0/ 1,4-dioxane/water, iii) TBSCV/
imidazole, iv) NaBH4-LiCl/dry THF-EtOH, v) MsCl/Py 0°C, vi) NaCN/ DMSO, 60°C, vii) H,/Raney-Ni/
MeOH, viii) BrCH,COOEt/ TEA-MeCN, ix) CICH,COCI /NaHCOs;, 1,4-dioxane /water, x) thymine /
K,CO,/ DMF, x) 1M TBAF in THF, xi) MsCl/ Py, 0°C, xii) NaN3/ DMF, 60°C, xiii) Ho/Pd-C, MeOH,
xvi) IN LiOH/ MeOH, xv) Fmoc-succinimide / NaHCO3, 1,4-dioxane/ water

H-pet-PNA, Amino-pet-PNA(Am-pet-PNA) were synthesized on Solid support
using standard solid phase peptide synthesis. Guanidino-pet-PNA (Gu-pet-PNA) were

synthesised from Am-pet-PNAs using the procedure in scheme 2.

FmocHN NHFmoc H,N ’TIHZ

|
H-T-T-A-C-C-t-C-A-G-t-HN—) H-T-T-A-C-C-t-C-A-G-t-HN—(Q)
20% piperidine/DMF
/ \
/ N
N
NH,  HzN

HCI H,N™ “NH HN={_ J=NH
NH HT

H-T-T-A-C-C-t-C-A-G-t-HN—Q

DMF-THF (1:2)
diisopropylethyl amine

Scheme-2: Global guanidinylation of PNA on solid support
PNA sequences which were synthesized were purified by RP- HPLC. Purity of
sequences was checked by RP-HPLC and sequences were characterized by MALDI-

TOF mass spectrometry.
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Table.1 PNA Oligomers synthesized, their HPLC tg and MALDI-TOF mass characterization.

Entry Sequence t:I(PnI;ig) Mass calcd/obsd

PNA1 | H-TTTTTTTT-Lys-NH, 8.90 2273.93/2274.91
H-TTTTTTTt -Lys-NH,

PNA2 R=H 9.48 2328.3/2329.20

PNA3 R=NH, 8.48 2343.99/2366.13(M-1+Na")

PNA4 | R=NH-C(= NH) NH, 8.66 2386.0/2386.57
H-TTTTt"TTT-Lys-NH,

PNAS5 R=H 9.21 2328.3/2329.2

PNA6 R=NH, 14.16 2343.99/2343.34

PNA7 | R=NH-C(= NH)NH, 14.58 2385.02/2382.33

HiH{H HeH H H H

pna | ATTTTEETE -Lys-NH, 13.27 2707.92/2706.64

pNAg | H-CTTCTTCCTT-Lys-NH, 11.19 2746.4/2741.15

PNA10 | H-Lys-Lys-Lys-Lys-CTTCTTCCTT-Lys-NH, 12.00 3271.1/3366.39
H-CTt*"CTt*CCtt*-Lys-NH,

PNA11 | R=NH, 13.47 3026.40/3034.50

PNA12 | R=NH-C(= NH) NH, 14.64 3194.35/3201.40

PNA13 | H-TTACCTCAGT-Lys-NH, 9.04 2804.16/2827.07(M+Na")

PNA14 | H-TTACCTCAGt -Lys-NH, R=H 8.77 2859.32/2859.38
H-TTACCt*"CAGt*-Lys-NH,

PNA15 | R=H 9.44 2912.27/2910.43

PNA16 | R=NH, 8.51 2942.29/2940.6

PNA17 | R=NH-C(= NH) NH, 8.24 3028.34/3024.5

Section 2.2: Biophysical studies of H-pet-PNA, Am-pet-PNA, Gu-pet-PNA towards
complementary DNA and RNA

UV-melting studies of PNA complexes with complementary DNA/RNA.

These sequences were tested for binding studies with complementary DNA/ RNA and

The results are tabulated as below.

Table 2A: Ty PNA sequences and their binding studies

with complementary DNA/ RNA,

mismatch DNA/ RNA
Entry Sequence DNA-1 RNA-1 | DNA-5 RNA-5
PNA-1 H-TTTTTTTT-Lys-NH, 41.6 412 30.0 29.8
R

H-TTTTTTTt -Lys-NH, 26.7 48.7 nd 20.9

PNA -2 R=H
~ 45.7 49.9 26.8 28.5

PNA-3 R=NH, 51.6 58.7 32.6 31.8
PNA -4 R=NH-C(= NH) NH, : : : :

DNA-1: 5° GCAAA AAAACG 3’, RNA-1: 5’"GCAAA AAAACG 3’, DNA-5: GCAAATAAAACG?’
RNA-5: 5’ GCAAAUAAACG 3’ nd= not detectable




Table 2B: Ts PNA sequences and their binding studies with complementary DNA/ RNA,

mismatch DNA/ RNA

Entry Sequence DNA-1 RNA-1 DNA-5 RNA-5

PNA-1 | H-TTTTTTTT-Lys-NH, 41.6 412 30.0 298
H-TTTTt*TTT-Lys-NH,

PNA-5 | R=H 27.2 37.4 nd 16.5

PNA-6 | R=NH, 40.7 36.8 19.4 18.2

PNA-7 | R=NH-C(=NH) NH, 36.0 36.4 21.4 18.9

PNA-8 | H-"t"t" "ttt -Lys-NH, 579 40.6 - _

DNA-1: 5° GCAAAAAAAACG 3’ RNA-1: 5’GCAAAAAAAACG 3°, DNA-S:

GCAAATAAAACG3’ RNA-5: 5’GCAAAUAAAACG 3°

nd= not detectable

Table 3: Mixed pyrimidine PNA sequences and their binding studies with
complementary DNA/ RNA, mismatch DNA/ RNA

Entry Sequence DNA-2 RNA-2 DNA-6 RNA-6
PNA-9 | H-CTTCTTCCTT-Lys-NH, 52.0 55.6 42.6 452
PNA-10 | FLysLysLys-Lys-CTICTTCCTT- | (4, 59.4 578 53.1
Lys-NH,
H-CTRCTRCCt**-Lys-NH,
PNA-11 | R=NH, 63.7 65.5 49.9 576
PNA-12 | R= NH-C(= NH) NH, 64.8 68.3 54.5 59.2
DNA-2: 5> AAGGAAGAAG 3°, RNA-2: 5" AAGGAAGAAG DNA-6: 5 AAGGTAGAAG 3* RNA-6:

5> AAGGACGAAG ¥’

Table 4: Mixed purine—pyrimidine PNA sequences and their binding studies with
complementary DNA/ RNA, mismatch DNA/ RNA.

Entry Sequence DNA-3 | RNA-3 | pDNA-4 | DNA-7 | RNA-7
PNA-13 | H-TTACCTCAGT-LysNH; | 54, 54.5 53.9 47.5 46.5
PNA-14 | H-TTACCt*CAGT-Lys-NH,
R=H 57.6 52.5 55.4 51.2 38.8
H-TTACCt*CAGt®-Lys-NH,
PNA-15 | R=H 63.2 48.1 59.3 50.8 34.5
PNA-16 | R=NH, 66.9 52.1 59.5 58.1 43.8
PNA-17 | R=NH-C(= NH) NH, 68.9 54.2 59.9 60.0 46.1

DNA-3:5ACTGAGGTAA3’, pPDNA-4:5 AATGGAGTCA3’, RNA-3: 5’

UGUAACUGAGGUAAGAGG3’, DNA-6: 5 ACTGTGGTAA3’ RNA-6: 5°
UGUAACUGCGGUAAGAGG3’

X1




Chapter 3

Section 3.1: Design and Synthesis of iSo-TANA dimers, their incorporation into DNA
oligomers and biophysical studies

Modified backbone nucleic acids are gaining importance for their applications in
chemistry, biology and medicine. Natural nucleic acids containing phosphate backbone
cannot be used as drug due to their susceptibility to enzymatic hydrolysis. Therefore
oligonucleotides (ONs) with different backbones were designed. For designed modified
ONss to be effective leads as drugs they need to have enhanced strength of hybridization
with target RNA, good cellular permeability and stability towards degradative enzymes.
Modified ONs containing amide backbone instead of phosphate backbone showed
better binding towards complementary RNA than DNA.

o
Thio-group improves
bioavailability

b/ A o \q )

(HN ° 9 O
natural TANA / o
stereochemlstry O

HN (o)
|
10 \E HN 7
2 V\

. :2

(0]
6p—0O ‘ b
O/P\ (6] j’_ (@)
conserved 5-atom amide linker
sugar-glycosidic linkage iso-TANA

Figure 3: Design of is0-TANA

Thioacteamido linked oligonucleotides (TANA) which were reported form our
laboratory showed very good binding selectivity towards complementary RNA over
DNA. Sugar puckering is known to have an effect on base stacking interactions in
oligonucleotides. In DNA and RNA majority of the sugars are in S and N form
respectively. The 3’substituent in ribose/2’-deoxy ribose sugar has a major impact on
the conformational preference N/S of sugars. In this chapter iSO-TANA which is an
isomer of TANA containing the 3’ amino part in unnatural stereochemistry is studied.
iIS0-TANA also contains one extra carbon atom in the backbone in order to compensate
the shorter amide bond in comparison to the phosphate bond. Literature also reports

that backbone -extended PNA and DNA analogues favour the RNA -binding over DNA.
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In the design of iS0O-TANA the sugar glycosidic linkage has been conserved.
Also presence of thio group could improve the bioavailability. This chapter has been
divided into two Sections. In Section 3A, is described synthesis of three dimers viz.
thymidine-thymidine, 2’-deoxy-5-methyl cytidine-thymidine-and 2’-deoxy-5-methyl
cytidine-2’-deoxycytidine, their incorporation into DNA oligomers and biophysical
studies of their complexes with DNA/ RNA. Section 3.2 consists of synthesis of
thymine and 5-methyl cytosine monomers and solid phase synthesis of homo iSO-TANA
and chimeric PNA-iso-TANA oligomers. Biophysical studies of complexes of these
oligomers with complementary DNA/RNA are also described.

iso-thioacetamido linked thymidine-thymidine, 2’-deoxy-5-methyl cytidine
thymidine and 2’-deoxy-5-methyl cytidine-2’-deoxycytidine dimers were synthesised
by solution phase coupling of the 5’-thio acid part and 3’-xylo configured amino
modified nucleosides.
1) Synthesis of xylo configured amino nucleosides

3’-amino Xxylo configured modified nucleoside were synthesized by reduction of
corresponding azido derivative of nucleosides. The inversion at 3’ was achieved by
nucleophilic substitution of 3’-O-mesyl with sodium azide. The 3’-deoxyxylo-3’-azido
thymidine was converted to the 2’, 3’-dideoxyxylo-3’-azido 5-methyl cytidine
derivative. The exocylic amino group of 5-methyl cytosine was protected with benzyol

and which was subsequently reduce to give amino derivative.

O (0]

0
NH \fLNH \EU\NH
O\Ell\‘l\/ko i) o) N/go iV) o) N/go
HO/\O’ ii), iii) DMTO/\SJ’ g DMTO/\Q’

HO N3 HaN
1 2 3

R v)
N D )
N NHBz NHBz
\(k viii) O\ﬁl\l\
g DMTO/\S_?’

Scheme 3.1: Reagents and conditions , i) DMTrCl/pyridine ,87%, ii) MsCl/ EzN, DCM, 85%, iii) NaN;
/DMF, 60°C, 45 %, iv) Hy/ Pd-C, MeOH, 86%,v) 1,2,4-triazole, POCl;, Et;N, MeCN, 88%, vi) conc.
NHj;, 1-4 dioxane, 90%, vii) BzCl, pyridine, 75%, viii) H,S/ pyridine, Et;N, 78%
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2) Synthesis of 5’-mercaptoacetic acid derivatives of thymidine and 2’-deoxy cytidine
The mercapto acetic derivatives of thymidine and 2’-deoxy cytidine were synthesized

from thymidine and 2’-deoxy cytidine. The synthetic scheme is given in scheme-3.2

OEt
(0]
o .B i) o..g M S o .,B
HO —_— Tso/m/ _ \QA
N N N
HO HO HO
1 B= Thymine la %E
7 B= N*benzyol cytosine /a
OEt OH

i) ¢ v) o
—_—
S\@/B S\G,B
$ d
TBDMSO S——

1c 1d
7c 7d

Scheme-3.2 reagents and conditions: i) TsCl/ pyridine, 60%, ii) ethyl mercapto acetic acid/NaH/DMF,
80%, iii) TBSCl/imidazole/DMF, 90%, iv) B = Thymine 1N LiOH/MeOH, 88%, B= N4—benzyol cytosine
IN NaOH/ THF, 0°C, 75%

3) Formation of amide linked dithymidine (iSo-tst), 2’-deoxy-5-methylcytidine-

thymidine (iS0-cgt) and 2’-deoxy-5-methyl cytidine-2’-deoxy cytidine (iS0-csc) dimers
and their phospharamidite derivatives

The amino nucleosides from scheme-3.1 and acid part from scheme3.2 were
coupled by standard solution phase coupling. After removal of protecting groups, these

dimers were converted into their phospharamidite derivatives.

i) o__B
1d+3 ——— tgtdimer DMTo/\Q’
i)

N
C
1d+ 6 0 . cgt dimer _ﬂ—» S o __B
g T

o
/
i) >\N—P~o/\/CN

7+ 6 —— > cgcdimer
ii)
Phosphoramidite

Scheme-3.3 reagents and conditions: i) HBTU/ HOBt, DIPEA, ACN:DMF (5:1), ii) IN TBAF in THF,
i) N,N'-diisipropylcyanoethyl chlorophosphine, DIPEA, DCM
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NMR and CD studies of iSO-TANA dimers

In the present Section the studies towards finding out the conformational
preference of the deoxyribose ring in 3’-acetamido 5’-O-TBS-2’-3’dideoxy-
xylofuranosyl nucleosides and iSO-TANA dimers are determined by NMR, and the
results are compared with the corresponding 3’-acetamido 5-O-TBS-2’-3’dideoxy
ribofuranosyl nucleosides and and TANA dimers . 3’-acetamido 5’-O-TBS-2’-
3’dideoxy-xylofuranosyl nucleosides were synthesized from intermediates described
previously in the earlier section. The %S character for sugar ring was calculated from

empirical formula

% S = (X HI1’-9.8)/5.9x100 where ZH1’ = Jyp+ Jyop»

o. T
Mer~ Bz
RO/\Q,T RO/\QC HOW TBSO/\W
RIHN RIHN

N
-
R'=H RI=H
0] O
Rl = Ac Rl =Ac S\@AT S\@‘T

)\(O NHBZ HO TBSO
7
tst cst
T= N NH MecBz 7 \N S

2! M

Table 1: Conformational analysis of iso-TANA monomers and dimers

tgt
Xylo | 3’-OH T | 3°>-NH, T | 3’-NHACcT ’
A B
%S 16 26.7 67.1 57.8 | 65.9
cgt
xylo | 3’-OH C | 3’-NH,C | 3’-NHAcC
A B
%S <5 344 62.4 46.4 | 63.7
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CD analysis

To study the change in the backbone sugar configurations in TANA (tst/cgt) and

iIS0O-TANA dimers on the base stacking interactions CD analysis was carried out. CD

analysis showed that different base-stacking interactions were present due to change in
the stereochemistry of at 3’-amino part of thioacetamido linkage. CDof is0O-TANA tgt

dimer resembles the CD for phosphate linked xylo dithymidine dimer.

Synthesis, purification and mass spectral analysis of the chimeric iISOTANA-DNA
oligomers and their binding studies with complementary DNA and RNA sequences

The phosphoramidite derivatives of iSO-TANA dimers obtained in scheme-3.3

were incorporated into DNA oligomers by automated synthesis on DNA synthesizer
Following are the ON sequence synthesized containing various iSO-TANA dimers.

Table 2: ON sequence synthesized containing various iSO-TANA dimers

HPLC
Entry | ON Sequence tr “Mass calc/observed

(min)*
1 CGT Ttgt TTT TGC ON-1 7.4 3606.54/ 3604.85
2 CGT Ttgt TTtgtGC ON-2 7.7 3596.6/ 3595.28
3 CGtgt tt tgt tst GC ON-3 9.0 3576.8/ 3575.54
4 TCT Ctst TCT T ON-4 8.1 2928.03/2929.29
5 5 TCT C tgt TcgtT 3° ON-5 8.9 2935.08/ 2937.54
6 5" Tegt CTT TCT T 3° ON-6 8.2 2942.05/ 2943.96
7 5" Tegt CTT Tegt T 3” ON-7 8.4 2949.10/ 2950.44
8 5” Tcgt cgtT Tegt T 3° ON-8 9.0 2956.15/ 2955.49
9 5’ TCAcgtAGATG 3” ON-9 8.8 3036.12/3036.55
10 5°CCT Ctgt ACC TCA GTT ACA 3> ON-10 8.2 5366.7/ 5370.44
11 5’CCT Ctgt ACC TCA Gtgt ACA 3° ON-11 8.6 5356.90/ 5353.93
12 CCT CTTAcscTCAGTTACA 3° ON-12 9.1b 5376.65/5376.85b

9.3 5376.65/5382.82

13 GAA GGG cgtT ttG AACT cgtT ON-13 9.3 5841.03/5837.80
14 GAA GGG cgtT ttG AAcgt ctT ON-14 9.6 5849.08/ 5849.36

a HPLC and MALDI-TOF mass analysis of sequence containing iSO-TANA unit
b HPLC and MALDI-TOF mass analysis of sequence containing TANA unit
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UV-melting studies of iSO-TANA-modified oligomer complexes with
complementary DNA/RNA.

The synthesized sequences were tested for binding studies with complementary DNA/
RNA. Binding strengths of TANA and iSO-TANA dimers modified oligomers with
complementary DNA/ RNA have been compared.

Table 3: T, (°C) values of iS0-TANA ONs: DNA/RNA complexes

uv T,°C uv T,°C
Entry | ON Sequences(5’—3’) (is0-TANA) (TANA)
DNA-1 RNA-1 DNA-1 RNA-1
CGT TTT TTT TGC 32.5 26.7 40.0 32.0
ON-1 | CGT Ttgt TTT TGC 21.8 nd 23.7 32.3
ON-2 | CGT Ttst Ttst TGC nd 25.0 nd 50.0
ON-3 | CGtst gt tgt tstGC nd 29.8 nd 47.8

DNA-1 =5 GCAAAAAAACG 3’; RNA-1 =5 GCAAAAAAACG 3’

Table 4: T, (°C) values of iS0-TANA ONs: DNA/RNA complexes

UV T,°C UV T,°C
Entry ON Sequences(5°—3’) (iso-TANA) (TANA)
DNA-2 | RNA-2 | DNA-2 | RNA-2
CCTCTTACCTCA GTTACA 54.6 53.8 54.6 54.7
ON-10 | CCTCtst ACCTCAGTTACA 493 46.7 39.6 47.5
ON-11 | CCTCttACCTCAGttACA 42.6 40.9 43.5 52.8
ON-12 | CCTCTTAcgcTCAGTTACA 51.6 51.5 52.2 52.5

DNA-2 =5 TGTAACTGAGGTAAGAGG 3’; RNA-2 =5 UGUAACUGAGGUAAGAGG ¥’

Table 5: T,, (°C) values of is0-TANA ONs: DNA/RNA complexes

UV T,°C UV T,°C
Entry ON Sequences(5°—3’) (iso-TANA) (TANA)
DNA-3 | RNA-3 | DNA-3 | RNA-3

GAA GGG CTTTTG AACTCTT 53.0 54.2 53.6 54.8

ON-13 | GAA GGGeytT ta¢GAAC TegtT 44.7 39.7 42.7 54.5

ON-14 | GAA GGGey!T ttG AAcgt cgt T 45.8 343 41.6 43.6

DNA-3 =5 AAGAGTTCAAAAGCCCTTC 3’; RNA-3 =5 AAGAGUUCAAAAGCCCUUC 3’

Section 3.2: Synthesis of Modified PNA sequences with iso-thioacetamidonucleic
acids monomers (iSO-TANA) and their Biophysical studies

In this Section we have synthesized iSO-TANA thymine monomer and it was
incorporated into aeg PNA backbone, also its homoligomer also has been synthesized.

The biophysical studies of these sequences wee carried with DNA RNA.
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Figure 1: Structure of TANA, PNA and iso-TANA

The synthesis of thymine monomer thymine monomer was carried out as per the

scheme-3.2.1

Q )
OEt
\fk,'t y oo
o. SN0 D s o Sy Lo i
HO i) \(_7’ iv), v)
HO HO

OEt f

SO
S O_ N O
\g Vii)
H,N

0 NH
o

S\Q,N o
FmocHN

Thymine monomer (t)

Scheme 3.2.1 : Reagents and conditions ) TsCl/Py ,60%, ii) ethyl mercapto acetic acid/ NaH-/ DMF,
87%, 1iii)) MsCl/ EzN-DCM, 90%,iv) NaNs;/ DMF, 60 °C, 47%, v) H,S/ Pyridine, TEA 82%, vi) 1IN
LiOH / MeOH, 78%, vii) Fmoc -succinimide, NaHCOj in 1,4-Dioxane/ water, 64 %.

Following are the sequences synthesized by standard Fmoc solid phase peptide synthesis

strategy.

Entry Sequence tIR-I(PnI;ig) Mass calc/obsd.

T-1 H-tttttttt-pAlanine 13.1 2467.6/2488.91 (M+Na")
T-2 H-TTTTtTTT-BAlanine 9.7 2249.4/2278.54(M+6+Na")
T-3 H-TTTTTTTt-BAlanine 10.0 2249.4/2274.91(M+1+Na")
T-4 H-TTTtTTTt-pAlanine 10.6 2280.6/2279.35 (M+Na")
T-5 H-TtTtTtTt-BAlanine 11.1 2343.00/2343.99
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UV-melting studies of synthesized oligomers complexes with complementary DNA/RNA

Entry | Sequences UV Tm °C
DNA RNA
1 H-TTTTTTTT-BAlanine aeg Ty 41.6 41.2
2 H-tttttttt-BAlanine Ty nd 37.6
3 H-TTTTtTTT-BAlanine T, nd 37.2
4 H-TTTTTTTt-BAlanine T; nd 34.5
5 H-TTTtTTTt-BAlanine T, nd 37.3
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Chapter 1

1.1 Introduction to nucleic acids

1.1.1 Primary structures of DNA and RNA

DNA and RNA are the macromolecules composed of chains of monomeric
nucleotides (Figure 1). These molecules are the universal carriers of the genetic
information in biological systems. Each nucleotide is comprised of three components: a
nitrogenous hetrocyclic base, which is either a purine or pyrimidine; a pentose sugar
and a phosphate group. DNA and RNA differ in the structure of the sugar in their
nucleotide-DNA contains deoxyribose, while RNA is made up of ribose sugars. The
nitrogenous bases found in the two nucleic acids are different: adenine, cytosine, and
guanine are found in both RNA and DNA, thymine occurs only in DNA while uracil
only occurs in RNA (Figure 2). Nucleic acids are usually either single-stranded or
double-stranded, though structures with three or more strands are also known. Watson

and Crick discovered the double helical structure of DNA in 1953." (Figure 1).

Thymine
Adenine
5" end

il

.

Phosphate- Ha
deoxyribose™ N
backbone - -

3 end _ Cytosine
Guanine & end

Figure 1: Double helical structure of DNA

In contrast, RNA is usually single stranded, but any given strand may fold back
upon itself to form secondary structures as in tRNA and rRNA. Within cells, DNA is

usually double stranded, though some viruses have single stranded DNA as their genetic

1



material. Retroviruses have single-stranded RNA as their genetic material. The sugars
and phosphates in nucleic acids are connected to each other in a chain, linked by shared
oxygens, forming a phosphodiester bond. In conventional nomenclature, the carbons to
which the phosphate groups attach, are 3’-end and the 5’-end carbons of the sugar.
Bases are attached through N-1 of pyrimidines and N-9 of purines to the 1’- carbon of
ribose through B-glycosyl bond.

NH, o
N~y N NH
ST ST
NN N”>N"""NH, DNA | RNA
H H o g
Adenine (A)  Guanine (G) Ho/\S_T AlA
Purines bases HO X G| G
NH, DNA X = H c g

Q o)
KQN NH RNA X = OH T
| | | NH B= Nucleobase (A/ G/C/ T/U)
o N LK
H H N

Cytosine (C) Thymine (T)  Uracil (C)

Pyrimidine bases
Figure 2: Structures of nucleoside and nucleobases of DNA and RNA

1.1.2 Sugar puckering in nucleosides

C-3' endo, C-2' exo C-2' endo, C-3' exo
N-type S-type

Figure 3: Puckering of sugar ring

In natural nucleic acids, pentose sugars are puckered or twisted to give preferred
helical conformations. These pentose sugar moieties are puckered in order to minimize
the non-bonded interactions between their substituents. This ‘puckering’ is described by
identifying the major displacement of the carbons C-2’ and C-3’ from the median plane
of C1°-04’-C4’. Thus, if the endo-displacement of C-2’ is greater than the exo-
displacement of C-3’, the conformation is called C2’-endo and so on for other atoms of
the ring (Figure 3). 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. Sugar rings in natural nucleic



acids are found to be in equilibrium between these two forms (Figure 3) viz. N- type (C-
3’-endo) and S-type (C2’-endo). The 2’-endo (S-type) sugar conformation is preferred
in DNA whereas the 3’-endo (N-type) form is preferred in RNA due to the presence of
2’-hydroxy group in ribose sugar. In DNA, the 3’- substituent of the sugar ring and

anomeric effect of nucleobase affect the sugar puckering in the nucleoside.’

1.1.3 Base Pairing via Hydrogen bonding

The N-H groups of the nucleobases are potent hydrogen bond donors, while the
sp>-hybridized electron pairs on the oxygens of the base C=0 groups and that on the
ring nitrogens are hydrogen bond acceptors. In Watson-Crick pairing, there are two

hydrogen bonds in an A:T base pair and three in a C:G base pair (Figure 4).'

.
o T S— =N
r T N
M H- e 2:\3/ / G N—H--—------ h
N \_N R N=<
R o =
H
Thymine Adenine Guanine Cytosine

Figure 4: Watson and Crick hydrogen- bonding scheme for A: T and G: C base pair

While Watson-Crick base pairing is the dominant pattern between the nucleobases,

other significant pairings are Hoogsteen (HG)® and Wobble base pairs.*

A Hoogsteen A:T base pair (Figure 5) applies the N-7 position of the purine base
(as a hydrogen bond acceptor) and C6 amino group (as a donor), which bind the
Watson-Crick (N3-O4) face of the pyrimidine base. Hoogsteen pairs have quite
different properties from Watson-Crick base pairs. The angle between the two
glycosydic bonds (ca. 80° in the A:T pair) is larger and the C1'—C1’ distance (ca. 8.6 A)
is smaller than in the regular geometry. In some cases, called reversed Hoogsteen base

pairs, one base is rotated 180° with respect to the other.

Figure 5: Hoogsteen hydrogen- bonding scheme for A: T and G: C base pair



Hoogsteen base-pairing allows sequence specific binding of the pyrimidine third strands
in the major groove of Watson-Crick purine:pyrimidine duplexes to form triple-helical
structures (poly (dA):2poly (dT)) and (poly (rG):2poly (rC)). The triplexes are present

in three-dimensional structures of transfer RNA.

In the wobble base pairing (Figure 6), a single purine base is able to recognize
pyrimidines (e.g. G:U, where U = uracil) and have importance in the interaction of
messenger RNA (M-RNA) with transfer RNA (t-RNA) on the ribosome during protein
synthesis (codon-anticodon interactions). Several mismatched base pairs and anomalous
hydrogen bonding patterns have been seen in X-ray studies of synthetic

oligodeoxynucleotides.’
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RO \= \=N R = R
H |I\1_H
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Figure 6: Wobble base pair for Ionosine and Uracil

1.2 Antisense Technologies

1.2.1 Introduction
Drugs consisting of oligonucleotide analogues capable of recognizing RNA
through a Watson-Crick base-pairing mechanism, thereby arresting cellular processes at

the transcription level are known as antisense agents.°

The potential of oligodeoxynucleotides to act as antisense agents that inhibit viral
replication in cell culture was discovered by Zamecnik and Stephenson in 1978.
Efficient methods for gene silencing have been receiving increased attention in the era
of functional genomics, since sequence analysis of the human genome and the genomes
of several model organisms revealed numerous genes, whose function is not yet known.
As Bennett and Cowsert pointed out in their review 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 technologies for gene functionalization and target validation.

DNA
/ small interfering RNA
Antisense Ribozyme / [T
Oligonucleotide DNA Enzyme
RISC
l‘mlmla_licm B L_J_ P g
blocked
Y F ¥

Protein

Drug

Figure 7: Different antisense strategies™

The wide variety of ONs has been designed to modulate RNAs through a diverse
set of post-binding mechanism (Figure 7). These mechanisms can be broadly
categorized as a) those involve binding to the RNA and interference with its function
without promoting RNA degradation (e.g. inhibition of translation initiation, disruption
of RNA structure Figure 8) and b) those that promote degradation of the RNA either
through endogenous enzymes, such as RNase H, or Argonaute 2 (RNA interference), or

cleavage mechanism designed into the oligonucleotides (Figure 8).’

1.2.2 Non-RNA-degrading mechanisms

Blocking translation of mRNA by oligonucleotides is the prototypical antisense
mechanism and is often referred to as translation or hybridization arrest. Such ONs are
usually designed to bind to, or are adjacent to, the translation initiation region of an
mRNA. Although evidence suggest that ONs utilize such mechanisms in the cell free
assays, there is limited evidence that oligonucleotides designed to work through

translation arrest mechanism actually do so in cell culture or in vivo.’
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Fig 8: Potential mechanisms of action of antisense oligonucleotides

Splice Correction: Corrective antisense approach

Recent research opens up an exciting possibility for the application of AS-ONs
as corrective antisense'’ in the cases of certain diseases caused by genetic mutations. In
this approach the AS-ONs can help restoring the viable protein production by acting at
pre-mRNA levels for splice corrections'” (Figure 9) or to yield mRNA that is translated

into viable proteins.

pre-mRNA

5" UTR Exon Intron Exon Intro Exon 3 UTR

mRNA

Figure 9: Simple illustration of exons and introns in pre-mRNA.The mature mRNA is formed
by splicing. (UTR: Untranslated region)



Precursor mRNA, more commonly termed pre-mRNA, is an incompletely
processed single strand of messenger ribonucleic acid (mRNA), synthesized from a
DNA template in the nucleus of a cell by transcription. Pre-mRNA includes two
different types of segments, exons and introns. Most of exons encode protein, while
introns do not and must be excised before translation. This process is called splicing."’
Spliceosomes, small proteins found in the nucleus and composed of protein and RNA,
perform the excision. An exon is any region of DNA within a gene that is transcribed to
the final mRNA molecule, rather than being spliced out from the transcribed RNA
molecule. Introns are sections of DNA co-linear to the mRNA sequence that will be

spliced out after transcription, but before the mRNA is translated.

HeLa pLuc™5 cell line

Tat peptide #I¥ CCUCUUACCUCAGUUACA

PNA705 18mer

e 705“'-._‘ -
Pre-mRNA | Luc L: — — =, iferase

-~ ” a1 1~ - -
S8 57~ {i\ntlsense

<
mRNA Luc ’ Luciferase I

| |

X Quantitative detection of
reporter gene expression

Figure 10: Kole’s splice correction assay

Splicing can be experimentally modified so that targeted exons are excluded from
mature mRNA transcripts by blocking the access of splice-directing small nuclear
ribonucleoprotein particles (snRNPs) to pre-mRNA using oligonucleotides like PNA,
LNA or Morpholino antisense oligos.'> This has become a standard technique in
developmental biology. Antisense ONs like PNA, LNA, Morpholino oligos etc can also
be targeted to prevent molecules that regulate splicing (e.g. splice enhancers, splice

suppressors) from binding to pre-mRNA, altering patterns of splicing (Figure10)."

1.2.3 RNA Cleavage mechanism
ONs that work through the RNase H-dependant cleavage mechanism are the best
understood class of antisense ONs, accounting for the majority of drugs in the

development. RNase H is a family of enzymes present in all mammalian cells that
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mediates the cleavage of RNA in an RNA-DNA heteroduplex.14 RNase H recognises an
RNA-DNA heteroduplex, cleaving the RNA strand, resulting in a 5’-phosphate on the
product and release of the intact DNA strand (oligonucleotides). The RNase H
mechanism has proven to be robust antisense mechanism and is broadly exploited as
both a research tool and a potential human therapeutic. ONs that work through an RNA
interference mechanism are another example of an antisense mechanism that induces
cleavage of the target RNA through endogeneous enzyme. ONs that work through the
RNA interference (siRNA) mechanism appear to mimic endogenous small RNAs

present in cells, which naturally regulate expression of the targeted gene (Figure 8).

1.3 Modified oligonucleotides

The unmodified antisense oligonucleotides are intended to enter the cell where
they can pair with, and so inactivate, the complementary m-RNA sequences. But their
inability to permeate cell membrane as they carry anionic charge results from repulsive
interaction with the cell lipid layer. Further they are degraded by intracellular enzymes
such as exo-nucleases. It became very clear that the nuclease susceptibility of natural
oligonucleotides based on an unmodified (deoxy)-ribose phosphodiester (PO) backbone,
would preclude profound antisense activity in biological systems at concentrations
relevant in the context of potential therapeutic applications."” This necessitated the
chemical modification of oligonucleotides (Figure 11) and represents the key element in

development of antisense therapeutics.

Heterocyclic base

X
O— o ,B=— modification
\\(_75— Sugar modification

§ %
T 0. 0 R
Sugar //P\o Phosphate modification
phosphate — o 0 B
modification
L > %
R

Figure 11: Different sites of modification for DNA

To be broadly useful in antisense approaches, modifications must retain, and preferably

enhance, the ability to recognize their target RNAs by Watson-Crick base pairing. This



property is commonly measured by melting temperature of oligonucleotides that
contains the modification of interest and is duplxed with complementary strand of RNA.
The most widely used antisense drugs utilize the cleavage of the target RNA to achieve
their desired effects, using endogenous nucleases such as RNase H or Ago 2.Many
studies have shown that modifications that are not substrate for these nuclease are poor
antisense drugs , despite being tight binders to their complementary RNA, which is
presumably their receptors. It is therefore crucial to examine the effects of modifications
on these terminating events and to understand these effects when optimising

oligonucleotides designs.

1.3.1 Modifications of phosphate linkage

The first generation modifications focused attention on oligonucleotides having
phosphorothioates (PS, Figure 12a),'® phosphorodithioates, methylphosphonates (Figure
12b)"” and phosphoramidates (Figure 12¢)'® replacing the anionic phosphate diester
linkages and to 2’-OH protection of the ribonucleotides as second-generation antisense

oligonucleotides.

Figure 12: First generation modified antisense oligonucleotide (replacement of ‘O’ in P-O
linkage

Phosphorothioates (PS-oligos): The PS-oligos are oligonucleotides in which one of the
non-bridged oxygen was replaced by sulfur and the backbone thus retains the negative
charge, but with reduced charge density compared to phosphodiester analogue (Figure
12a). PS-oligos can be easily synthesized on a commercial DNA synthesizer, but the
avidity of this analog for the complementary DNA was lower than natural
oligonucleotide. The non-stereospecific synthesis of phosphorothioates results in the

formation of a mixture of diastereomers and the conformational heterogeneity leads to



lowering of the melting temperature. As a consequence, the search for a stereo
controlled synthesis has been undertaken,'” and synthesized P-chiral analogues of PS-
oligos were used for the biological studies of antisense targets inside living cells. PS-
oligos are substrates to RNase H and these first generation antisense agents have been
extensively tested in human clinical trials against numerous targets. The only antisense
agent approved by FDA (Vitravene) so far is based on PS-oligos. However, these oligos
have tendency to induce non-specific effects, through binding to cellular and
extracellular proteins® as well as cleavage of non-target m-RNAs that are only partially
complementary by RNaseH. Replacement of both non-bridging phosphodiester oxygens
leads to non-chiral phosphorodithioates. Compared with the corresponding
phosphorothioates, the duplex stability of phosphorodithioate modified oligonucleotides
with DNA decreased, and they exhibit less non-specific protein binding and more

resistance to nuclease.

Methyl Phosphonates’ (Figure 12 b): Methyl phosphonates have one of the non
bridging oxygen atoms replaced by a methyl group and are neutral in charge. Although
these ONs were found to be nuclease resistant, this modification does not support
RNase H activity. Additionally, high methylphosphonate content in an oligomers leads
to loss of affinity towards its complementary RNA and to poor solubility. Interestingly,

removal of the negative charge did not improve the cellular uptake.

Oligonucleotide Phosphoramidates  (Figure 12 c): Phosphoramidates are another
well-studied class of backbone modifications.”’ They are resistant to hydrolysis by
nucleases. With DNA targets, oligonucleotide phosphoramidates (Figure 11c, R; = H,
R, = -CH;, -CH,CH,OMe, (CH,CH,);0) exhibit rather poor hybridization
characteristics (AT = -0.1 to —2.3°C, at pH 7.2).* Oligonucleotide phosphoramidates
(Ri= H, R, = CH,CH,N-(CH,CH;),0) form weak duplexes at neutral pH and more
stable duplexes under acidic conditions (pH 5.6), due to protonation of the terminal
amine. Oligophosphoramidate with (R; = H, R, = CH,CH,;NMe,), is however reported
to hybridize to DNA targets at both neutral and acidic pH. Hybridization of
oligonucleotides consisting of alternating phosphoramidite/phosphodiester linkage to
RNA targets is similar to the corresponding interaction with wild type
oligonucleotides.” The Ty, of these complexes turned out to be independent of the ionic

strength of the buffer, in contrast to the behaviour of unmodified oligonucleotides with
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DNA or RNA targets, which shows a strong T, increase, with increasing salt

concentration.

Oligo-phosphotriesters (Figure 12d): Even though phoshotriesters are common
intermediates in oligonucleotide synthesis, little data about their hybridization
behaviour are available. It has been shown that ethyl phosphotriester (Figure 11d, R = -
CH,CH3) modified oligonucleotides form substantially less stable self-complementary
duplexes compared to wild type.”* A single modification in a self complementary
sequence (which therefore had a backbone modification in each strand of the duplex)
resulted in a T, decrease of —4°C and —11°C, depending on whether the Sp or the Rp

diastereomer was used.

Oligo-boranophosphonates (Figure 12¢): These are derived by replacing one of the
non-bridging oxygen atoms in the phosphodiester group of DNA with borane (BH3).®
The boron phosphate diester is isoelectronic with phosphodiesters, isosteric with
methylphosphonate group and is chiral. These negatively charged oligos are highly
water soluble, but more liphophilic than DNA. NMR and CD studies show that
replacing the phosphodiester linkage in dinucleotides with the boranophosphodiester
results in only a slight change in configurational characteristics, such as sugar pucker,
acyclic torsional angles and base stacking.’® Boranophosphate DNA is considerably
more stable to various nuclease enzymes than native DNA and overall more stable than
phosphorothioate DNA. The discovery that oligonucleotides boranophosphodiesters can

activate E.coli RNase H and induce cleavage of RNA is encouraging.”’

1.3.2 N3’—P5’ Phosphoramidate Nucleic Acids

The substitution of the internucleoside phosphodiester for the N3’—P5’
phosphoramidates (Figure 13 I) was initially thought as an alternative to biologically
stable phosphorothioate nucleic acid analogues.”® Unlike phosphorothioates, the
N3°—P5’ phosphoramidates did not give rise to the stereoisomers at phosphorus that
complicated the binding patterns with complementary nucleic acids. The N3’—P5’
phosphoramidate internucleoside linkage dramatically changed the oligonucleotides
hybridization properties. The uniformly N3’—P5’ phosphoramidate-modified ONs,
either with polypyrimidine or mixed base sequence, were found to bind very strongly to
complementary RNA sequences. The stability of their complexes with DNA also was
better but was much less compared to RNA.* The duplex formed with the RNA target

11



by the N3’—P5’ phosphoramidates was far more stable than the one formed by even the

native RNA oligomer.
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Figure 13: N3’—P5’ phosphoramidate internucleoside

The difference in thermal stability between matched and single mismatched sequences
was the same for N3’—P5’ phosphoramidates as in the case of native phosphodiester

linkages.

The NMR studies of the monomeric 3’- amino nucleosides indicated increased
H3’-C3’-C4’-H4’ dihedral angle, characteristic of C3’-endo sugar ring conformation,
and consequently an A-form duplex structure. The possibility of an additional
interstrand hydrogen bond mediated by a water molecule, between 3’-amino and 2’-
hydroxy or phosphate groups through the narrow minor groove of the A-form N3°’—P5’
phosphoramidate ON:RNA duplex, was also envisaged as a possible reason for RNA
selectivity. The 2’-ribo-fluoro substitution in phosphodiester and phosphorothioate ONs
(Figure 13 III) stabilized the duplex with both DNA and RNA sequences due to C3’-
endo or N-type sugar puckering. In contrast, stability of 2’-arabino-fluoro ON (Figure
13 IV): DNA/RNA duplexes was found to be significantly lower, the introduction of 2’-
ribo-fluoro substituent in N3’—P5’ phosphoramidates rendered very high stability for
the complexes with RNA and the effect of 2’-ribofluoro and 3’-amino was found to be
synergistic in stabilizing the 3’-endo sugar pucker.’® Whereas the most stable
complexes with RNA were formed by fully modified 2’-arabinofluoro phosphoramidate

ON:ss.

Oligoribophosphoramidates (Figure 13 II)*' are very resistant to enzymatic hydrolysis
by snake venom phosphodiesterase. These compounds form stable duplexes with

complementary natural phosphodiester DNA and RNA strands, as well as with 2’-deoxy
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N3’—P5’ phosphoramidates. Furthermore, the oligopyrimidine riboN3’—P5’
phosphoramidate formed an extremely stable triplex with an
oligopurine/oligopyrimidine DNA duplex with ATm +14.3°C relative to the 2’-deoxy
N3°—P5’ phosphoramidate counterpart. The properties of the oligoribonucleotide
N3’—P5’ phosphoramidates indicate that these compounds can be used as
hydrolytically stable structural and functional RNA mimetics. The increase in the
thermal stability of duplexes and triplexes of ribophosphoramidates relative to the 2’-
deoxyphosphoramidate counterparts, as well as the parent phosphodiester, is due to the
further increase in the population of N-type sugar conformations for the 3’-amino-2’-
hydroxyl nucleosides, which is determined by a cooperative and additive effect of 3’-
amino and 2’-hydroxyl groups on furanose puckering. Additionally, improved hydration
of the phosphoramidate duplexes, due to the presence of the 3’-amino group as an
additional donor and acceptor of hydrogen bonds, as well as 2’-hydroxyl, may

contribute to the increase in thermal stability.

N3’—P5’ thio phosphoramidates (Figure 13 V) ONs contain the combination of
phosphorothioates and phosphoramidtes.®* These ONs showed comparable binding with
complementary RNA as phosphoramidite.”” Conjugates of these ONs with lipids
showed good cellular uptake and target specificity in vitro. In vivo theses ONs show
good bioavailability and efficient bio-distribution to all organs. A palmitoyl-conjugated
thiophosramidate-modified oligonucleotide, GRN163L, has shown promise as an

. 34
antitelomerase agent.

1.3.3 Locked Nucleic acid (LNA)/ Bridged Nucleic acids (BNA) and their analogues
LNA is generally considered to be an RNA analogue in which the ribose sugar moiety is
locked by an oxymethylene bridge connecting the C(2’) and C(4’) atoms which
conformationally restricts LNA monomers into N-type sugar puckering.” Structural
studies by NMR spectroscopy have shown LNA-containing ONs to fit into an A-type
duplex geometry.’® Several unique properties make LNA a promising analogue in the
field of nucleic acids research. LNA ONs posses extremely high binding affinity to
complementary DNA and RNA ONs as evidenced by thermal denaturation studies, i.€.
increase in melting temperature (T,,) of +2 to +8 per LNA monomer compared to

unmodified duplexes.”’ 3536 addition, LNAs, as the sequence length can be reduced,
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also display an improved mismatch discrimination (or improved Watson-Crick base-

pairing selectivity) relative to unmodified nucleic acids.
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Figure 14: Structures of bridged nucleic acids

Furthermore, LNA-modified ONs show high stability in the biological systems.
(i.e. resistance to enzymatic degradation).*® Due to the above properties, various LNA
analogues are reported in the literature.” 3’-Amino-2’-4’-BNA,* 5’-amino-2’-4’-
BNA,*! and 2’-amino-LNA* were designed by replacing an oxygen with a nitrogen
either in the backbone or in the bridge moiety. These nucleic acids showed hybridizing
affinity similar to that of 2’-4’-BNA and the nuclease resistance of 3’-amino-2’,4’-BNA
was augmented abundantly. Ethylene-bridge nucleic acid (ENA)* with six-membered
bridged structure was synthesized by koizumi et al. Which showed comparable duplex
forming ability, and triplex formation and nuclease resistance were somewhat improved
compared to LNA.** Aza-ENA shows similar to slightly decrease affinity.* 2’-
aminomethylene-bridged nucleic acids (2°-4’-BNANY),*® designed by introducing a
fuctionlizable N atom on the bridge, and possesses similar slightly better affinity.
Nucleic acids with seven-membered bridged structure such as 2°, 4’-BNA“°C was also
synthesized which showed RNA selective hybridizing profile.*” Among the S-type
nucleic acids: 5’-amino-3’, 5°-BNA,*® 3°, 4-BNA.,* trans-3’-4’-BNA.*° and 2’°5’-
BNA™! were developed.
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1.3.4 Oligonucleotides with dephosphono backbone

Backbone replacements for the use of antisense oligonucleotides involve
elimination of phosphorous atom from the phosphotriester backbone (Figure 14). A
common problem for all anionic analogs is the ineffective permeation of cellular
membranes. Anionic ONs are taken up by endoscopes, but are unable to cross the
endosomal membrane in the absence of cationic lipids. Based on this observation,

neutral isosteres of the phosphodiester linkage (Figure 15) have been devised.’>
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Figure 15: Non-phosphorus neutral backbone modifications

An increasing number of neutral ODN analogs have been developed that do not
contain stereogenic phosphorous centers. Substitution of the PO linkage with neutral
SO, group resulted in a series of sulfonyl containing linkages. Sulfones 1,
sulphonamides 2 and sulfamates 3 have been prepared as ON analogs, but very little in
vitro and cellular data are available. The formacetal linkage 4 exhibits somewhat
inferior sequence-specific binding affinities. Slightly increased RNA binding properties
were observed with the 3’-thioformacetal 5 and N-methylhydroxylamine 6 linkages. 5°-
thioformacetal containing ODNs do not hybridize as well as the unmodified ODNs to
either RNA or DNA. Replacement of the PO backbone by amide groups 7-11 resulted
in neutral and achiral linkages that were tested for RNA binding and nuclease stability.
Analougs 9 and 11 were identified as having good binding affinity to the RNA targets
and high stability towards cellular nucleases. Modifications of the 2’-position into OMe
provided ODNs with even greater binding affinity and nuclease stability. Carbonate 12
and carbamate (Figure-15 13) linkages have also been reported as replacements for the

PO backbone. The carbonate linkage has been prepared as dimer, but no biochemical
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data available. The 5’-N-carbamate linkage 13 is chemically stable, and cytidine
hexamers were found to bind complementary DNA and RNA with high affinity, while
thymidine hexamer cabamate ODN bound nucleic acid targets with relatively low
affinity. Replacement of the PO linkage with an acetylenic bond 14 resulted in
depressed RNA affinity. Modifications that do not contain PO linkages as part of the
actual backbone structure automatically eliminate the susceptibility to nuclease
degradation. They have to be incorporated into oligonucleotides via 3’-activated
backbone-modified di-nucleotide analogs. The most promising modification that has
emerged from the replacement of PO linkage by a neutral carboxylic amide is amide (A,
Figure 15) from CIBA group.” Modified oligonucleotides with alternating arrangement
of PO and amide A linkages exhibit modest increase in RNA binding affinity
(0.5°C/modified dimer unit) over the unmodified wild-type duplexes. Various types of
hydroxylamine-based internucleoside linkages have been studied by the ISIS group.™
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Figure 16: Modification of the internucleoside PO linkage in ONs

The most attractive modification appears to be the methyl (methylimino) (MMI)
linkages (B, Figure 16), whose incorporation into oligodeoxynucleotides leads to slight
enhanced RNA binding affinity (0.1-0.5°C/modified dimer unit) and increases nuclease
resistance. Another successful approach to backbone modified oligonucleotide analogs
with enhanced RNA affinity consists in the replacement of phosphodiester group by 3’-
thioformacetal (3’-SCH;)-5’) linkages C (Figure 16). An increase in T, of
0.8°C/modified dimer unit has been reported with complementary RNA, in comparison
to the unmodified wild type duplex. A novel type of DNA analogue, which incorporates
internucleoside guanidine groups in place of natural PO linkages, termed

deoxyribonucleic guanidine [D, (DNG), Figure 15], has recently been reported.”®> For
16



fully modified analogue DNG-Ts, whose 1:1 complex with poly rA was reported to
exhibit incredible thermal stability (T,, = 100°C at ionic strength p= 0.22).

1.3.5 xylo nucleic acids (XNA)

2’-deoxy-xylo nucleic acids (dXNA) (Figure 17 X) form complxes with
DNA/RNA complements that substantially differ from the unmodified in structure due
to inversion of the configuration at C3’of the sugar ring.® The various DNA/RNA
modifications containing xylo sugars were reported in the literature.”” The dXNA
monomers predominantly adopt an N-type furanose conformation as opposed to the S-
type of their 2’-deoxy-ribo counterparts.”® Notably, oligomers containing dXNA

. 1: 55, 58
monomers possess higher stability towards exonucleases.”™

The ONs containing
single dXNA monomer destabilized duplex with DNA whereas stabilized duplex with
RNA as good as unmodified ONs. The increased binding towards RNA has been
attributed to the tendency of these nucleotides to adopt a C3’-endo conformation, giving
thermally stable A-type duplexes. The introduction of a few dXNA monomers into a
DNA strand had a very negative influence on hybridization properties.” The
corresponding conformationally locked xylo LNA (Figure 17, L) showed preferential

binding with RNA than DNA.%

s o-b=o -o-=
0-P=0 . 0-R=0
CI) 0] o]
0] ‘,o: T! 0 /OvT 07 ,o: T
|
OH F
X g H F
0-P=0 o3
0 ; O—gmc
(=
l/OE
WO] 0 Base
Z HO
OH
LZ=0
- MBase=T
NZ=NH K Base = A

Figure 17: Structures of xylo nucleic acids

The change from 2’-deoxy xylosesugar ring to 2’hydroxy (Figure 17, H) in
xylose nucleic acid increases the stability of the duplexes with RNA. Whereas the
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introduction of one 2’-fluro xylonucleosides (Figure 17, F) in DNA leads to decreased

affinity towards unmodified DNA, while the effect is less detrimental towards RNA.

The 2’-amino —xylo-LNA monomer (Figure 17, N) observed to be stabilize the
duplex when compared to other sugar —modified XNAs.”” The incorporation of xylo
monomer containing 4’-C-hydroxymethyl group (Figure 17, M, K) in ONs pointing
towards the minor groove, has a negative on the duplex stability(with one or three
incorporations). The unfavourable steric interactions due to the 4’-C-alkyl branch may

be responsible for destabilization.

1.4 Peptide Nucleic Acids

Peptide nucleic acid (PNA), a DNA mimic resulting from the sugar-phosphate
backbone replacement by a pseudopeptide backbone, was introduced by Nielsen et al.
In 1991.%" The structure of PNA is remarkably simple consisting of repeating N-(1-
aminoethyl)-glycine units linked by amide bonds (Figure 18). The purine (A, G) and
pyrimidines (C,T) bases are attached to the backbone through methylene carbonyl
linkages and hence PNA is hybrid of peptides and nucleic acids in a rare structural
combination. PNAs do not contain any sugar moieties or phosphate groups. It was
therefore a surprise that PNA in many respects mimicked the behavior of DNA, and in
some applications demonstrated superior properties. Homopyrimidine PNAs bind to
complementary DNA and RNA to form triplexes with slightly increased affinity to
RNA over DNA, while PNAs with both pyrimidine and purine bases form very stable
duplexes with DNA/RNA, with equal affinity but more than that of either DNA:DNA
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Figure 18: An antiparallel PNA:DNA duplex showing chemical structure of PNA (upper
strand) as compared to that of DNA (lower strand)
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or DNA:RNA complexes. Interestingly PNA can bind to DNA duplex to form triplex or

duplex by displacing one of the DNA strand having same sequence of bases.

By convention, PNAs are depicted like peptides, with the N-terminus
(corresponding to 5’-end of DNA) at the first (left) position and the C-terminus (3’-end
of DNA) at the right. PNA is set apart from DNA in that the backbone of PNA is
acyclic, achiral and neutral. PNAs can bind to complementary nucleic acids in both
antiparallel and parallel orientation, unlike natural DNA duplexes that always prefer
antiparallel orientation. However, the antiparallel orientation is strongly preferred, and
the parallel duplex has been shown to have different structure.”> Because of very
favourable hybridization properties” and high chemical and bio-stability,** it was
regarded as a very promising lead for developing efficient antisense agents and medical

drugs.®

1.4.1 PNA-DNA complex formation and their structures

Duplex formation with complementary DNA and RNA:PNAs obey Watson-Crick
rules of hybridization with complementary DNA and RNA. Antiparallel PNA-DNA
hybrids are considerably more stable than the corresponding DNA-DNA complexes.®’
The increased stability results in an increase in T, of approximately 1°C/base.
Antiparallel PNA-RNA duplexes are even more stable compared to DNA-RNA hybrids,
and PNA-DNA duplexes.®’ The stability of parallel PNA-DNA and PNA-RNA
duplexes is almost exactly the same as that of (antiparallel) DNA-DNA and DNA-RNA
duplexes respectively. An interesting aspect of PNA-DNA duplex formation is, the Ty,
decreases with increase in salt concentration (ionic strength) which is contrast to that of
DNA-DNA duplex, for which increase in T,, with salt concentration observed.®® Base
pair mismatches result in a reduction of the T,, value of 8-20°C.°"' This discrimination is,

in some cases, approximately double that observed for DNA-DNA duplexes.

Triplex formation: Homopyrimidine PNAs and PNAs with high pyrimidine/purine
ratio bind to target DNA normally by formation of unusually stable PNA,-DNA
triplexes. However, in case of C-rich PNAs and GC-rich DNA duplexes, PNA-DNA,
triplexes are observed. Base pairing mismatches result in a drop in melting temperature
of 14-25°C.%7 The sequence specificity of triplex formation is based on the selectivity of

formation of the intermediate PNA-DNA duplex, whereas binding of the third strand
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contributes only slightly to selectivity. In contrast, the analogous PNA,-DNA triplexes
are not formed by homopurine PNA.*® PNAs also form stable PNA,-RNA triplexes with
RNA.%

Quadraplex formation: The novel supramolecular architecture of G-quartets has
led to the development of interesting and functional noncovalent assemblies such as G-
wires,”® ion-channels’' and self-assembled ionophores.”” PNAs have been developed to
mimic Watson-Crick and Hoogsteen base-pairing, and they are expected to be in proper
register for participating in G-tetrad formation as well. In an attempt to use this mode of
molecular recognition homologous G-rich PNA and DNA oligomers hybridize to form a
PNA,-DNA, quadruplex. The hybrid quadruplex exhibits high thermodynamic stability
and expands the range of molecular recognition motifs for PNA beyond duplex and

triplex formation.

PNA targeting double stranded DNA: Homopyrimidine PNAs complex with
target DNA duplexes to form triplexes. An interesting and peculiar property of PNA is
that, it can bind to duplex DNA to form triplex by displacing one of the strands of DNA
duplex. Other binding modes for PNA have been demonstrated (Figure 19), where it can
bind to DNA duplex through unusual mechanism called strand invasion. Strand
invasion based on PNA-DNA formation (Figure 19¢) appears to be limited to PNAs that
form extremely stable PNA-DNA, such as very purine rich PNAs.” Classical triplex
formation with a single PNA Hoogsteen strand (Figure 19a) has been observed as a

kinetic intermediate.”* However, PNA:DNA, triplexes are much less stable than
PNA Binding modes

a) b) c) d)
DMNA duplex

S — £

PNA strand

Triplex Triplex Invasion Duplex Invasion Double Duplex Invasion

Figure 19: Schematic representation of PNA binding modes for targeting double stranded
DNA. Thick structures signify PNA

The corresponding triplex invasion complexes (Figure 19b). Double duplex

invasion complexes (Figure 19d) can also be formed using pseudo-complementary PNA
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containing diaminopurine-thiouracil ‘base pairs’ that sterically destabilize the

competing PNA-PNA duplex.”

Structure of PNA-DNA duplexes: Detailed structural information has been
obtained from the NMR spectroscopic study of two antiparallel PNA-DNA duplexes
(Figure 19). The DNA strand is in a conformation similar to the B-form, with a
glycosidic anti-conformation, and the deoxyribose in C2’-endo form. A more recent
NMR study showed that an octameric antiparallel PNA-DNA duplex contained
elements of both A-form and B-form. The primary amide bonds of the backbone are in
trans conformation and the carbonyl oxygen atoms of the backbone-nucleobase linker
point towards the carboxy-terminus of the PNA strand. The CD patterns of antiparallel
PNA-DNA complexes are similar to DNA-DNA CD and indicate the formation of right
handed helix.”®

Structure of PNA-RNA duplexes: The structural information of PNA-RNA
complex has also been obtained from NMR solution structure study (Figure 20).”” All
bases form Watson-Crick base pairs, the glycosidic torsion angle in the RNA strand

indicates an anti-conformation, and the ribose sugars are in the 3’-endo form.

PNA-RNA PNA-DNA PNA-DNA-PNA PNA-RNA

Figure 20: Structures of various PNA complexes in side view (upper panel) or top view (lower
panel)

The RNA strand thus resembles an A-form structure. The tertiary amide bonds all are in
the cis conformation. The carbonyl group of the tertiary amide in PNA backbone is
isosteric to the C2’-hydroxyl group, which increases the solvent contact of the carbonyl
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oxygen atom. The CD spectra of antiparallel PNA-RNA duplexes also indicate the

formation of a right-handed helix with geometry similar to the A- or B-form.

Structure of PNA,-DNA triplexes: The structural information of PNA,-DNA
triple-helix was obtained from the X-ray crystal structure analysis of the complex
formed by bis-(PNA) and its complementary antiparallel DNA (Figure 20).”* The
nucleobases of the PNA strand bind to the DNA by Watson-Crick pairing and
Hoogsteen hydrogen bonding. The structure is different, however, from both A-form
and B-form DNA, and forms a “P-helix” with 16 bases per turn. The DNA phosphate
groups are hydrogen bonded to the PNA backbone amide protons of the Hoogsteen
strand. These hydrogen bonds, together with additional Van-der Waals contact and the
lack of electrostatic repulsion are the main factors responsible for the enormous stability
of the triplex. The deoxyribose of DNA strand is in C3’-endo conformation like A-form
and bases lie almost perpendicular to the helix axis, which is characteristic of B-form
DNA. The crystal structure is in agreement with the CD spectra of PNA,-DNA triple-
helices measured in solution.” The X-ray structure of self-complementary PNA-PNA

duplex bears a strong similarity to the P-form of PNA,-DNA triplex (Figure 20).%

1.4.2 Inhibition of gene expression

Antisense: Unlike antisense oligonucleotides, PNA-RNA hybrids are not
substrates for RNase H65,*' and therefore PNAs must exert their antisense effect by
other mechanisms, such as direct steric blocking of ribosomes or essential translation

factors. The targets around the AUG initiation codon in general seems sensitive.®™ I

n
contrast, it has been found by in vitro translation experiments that mixed
purine/pyridine sequence PNAs, which form PNA-RNA duplexes with the target, did
not arrest translation-elongation, indicating that the PNA was displaced by the moving
ribosome.®® However, when homopurine targets are present in the translated region of
gene, these can be targeted by homopyrimidine bis-(PNA), which forms extremely
stable PNA,-DNA triplexes that are indeed capable of arresting the ribosome during

elongation.”’® Therefore, as with general antisense gene targeting a sensible first

choice would be targets close to or overlapping the AUG initiation site.

Antigene: Homopurine regions of 8 bp or more in length in double-stranded DNA
(dsDNA) can be targeted by homopyrimidine PNAs via the formation of extremely

stable PNA triplex strand invasion complexes.®”® Because two PNAs-one W-C bound
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and the other Hoogsteen bound are required to form these complexes, most often bis-
PNAs in which the two parts are chemically linked are employed for dsDNA
targeting.®* PNA triplex invasion complexes occlude protein binding (transcription
factors, restriction enzymes) to proximal or overlapping DNA sites that have sufficient

stability to arrest the elongating RNA polymerase’®

or DNA polymerase, thereby
making PNAs good candidates for antigene reagents.*® Binding to dsDNA is, however,
very sensitive to even moderate ionic strength,118a and by only employing bis-PNAs,
stable binding is possible at 140 mM KCL*” Thus the possibilities of using antigene

PNAs in vivo seems slim.

Inhibition of Replication: The elongation of DNA primers by DNA polymerases
can be inhibited by PNAs in cell free systems. Consequently the inhibition of DNA
replication by PNAs should be possible via DNA duplex invasion under physiological
pH or if the DNA is single stranded during the replication process as in the case of extra

chromosomal mitochondrial DNA.

1.4.3 Chemical Modifications of PNA
1.4.3a Preorganization through conformational constraints

The structure of the classical PNA monomer (1) has been subjected to a variety of
rational modifications with the aim of understanding the structure activity relations in
this class of DNA mimics. The modifications also address the drawbacks of PNA
oligomers and to improve the properties for various applications within medicine,
diagnostics, molecular biology etc. These drawbacks include low aqueous solubility,
ambiguity in DNA binding orientation and poor membrane permeability. Structurally,
the analogues can be derived from modifications in the ethylenediamine or glycine
sector of the monomer, linker to the nucleobase, the nucleobase itself or a combination

of the above.

The strategic rationale behind the modifications™ are (i) introduction of chirality
into the achiral PNA backbone to influence the orientational selectivity in
complementary DNA binding, (ii) rigidification of PNA backbone via conformational
constrain to pre-organize the PNA structure and entropically drive the duplex formation,
(ii1) introduction of cationic functional groups directly in the PNA backbone, in a side
chain substitution or at the N or C terminus of the PNA, (iv) modulate nucleobase

pairing either by modification of the linker or the nucleobase itself and (v) conjugation

23



with ‘transfer’ molecules for effective penetration into cells. In addition to improving
the PNA structure as above for therapeutics, several modifications are directed towards

their applications in diagnostics.

The earliest and the simplest of the modifications involved extension of the PNA
structure with a methylene group individually in each of the structural sub-units
(aminoethyl,” glycine™ and base linker®®) of the PNA monomer. These resulted in
PNAs with N-(2-aminoethyl)-B-alanine 2 and N-(3-aminopropyl) glycine 3 backbone
and ethylene carbonyl linked nucleobase 4. However, these modifications resulted in a
significant lowering of T, of the derived PNA:DNA hybrids. The deleterious
consequences of such subtle changes to the PNA structure suggested the high structural

organization to which the original PNA structure is inherently tuned for interaction with

Figure 21: Chemical modifications of PNA

DNA. The replacement of the tertiary amide carbonyl by a methylene group

leading to a flexible, cationic tertiary amine monomer 5 resulted in a large
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destabilization of the PNA:DNA hybrids.”! The necessity of such a pseudo rigid amide
group pointed to the importance of constrained flexibility in the backbone.

Further rigidification of the PNA backbone has been attempted by introduction of
alkyl substituents individually or simultaneously in the aminoethyl 7a or glycine®***>
7b segments or in both. Suitable substitutions may also lead to generation of cyclic
structures with 1,2-cyclohexylamino- (8) and spirocyclohexyl (9) rings in
monomers.”**> While PNAs that bear (S,S) cyclohexyl ring in the aminoethyl part
hybridize with complement DNA similar to the unmodified PNA, those derived from
(R,R) cyclohexyl moiety (8b) lacked such a property.® Thermodynamic data showed
that DNA binding of the SS-isomer PNA was accompanied by a reduced loss in entropy,
but this was counter-balanced by a decreased gain in enthalpy*’A number of
modifications generated by substitution of glycine component by other a-amino acids,
leading to chiral PNA 7 (R;=H) having hydrophobic, hydrophilic or charged a-
substituents have been reported.®® PNA oligomers incorporating chiral monomers
retained the hybridization properties though less efficiently, with tolerance for small and
medium substituents at the glycine-a position. Substitution with L/D-alanine showed a
slight preference for antiparallel binding with DNA, with D-alanine being slightly better

than L-alanine.’’

Among other replacements, only those derived from D-lysine
exhibited DNA hybridization properties as good as that of original PNA. The
incorporation of chiral monomers enhanced the sequence selectivity of PNA oligomers
in hybridization, with maximum for D-glutamic acid and D-lysine substitutions. The
lysine-modified oligomers were also more readily soluble in aqueous systems. In

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

hybrids as compared to PNA:DNA hybrids.

Another type of modification involved interchange of various CO and NH groups
on the peptide linkages leading to retro inverse’® 10, peptoid”’ 11 and heterodimeric’®
12 analogues. In all these systems, the inter-base residue separations are similar to the
unmodified PNA, but accompanied by inversion of intra and inter residue amide bonds.
Except for the heterodimer analogue, these exhibited a lower potency for duplex
formation with complementary DNA/RNA suggesting that in addition to geometric

factors, other subtle requirements such as hydration and dipole-dipole interactions, etc
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influencing the microenvironment of the backbone, may be involved in effecting

efficient PNA:DNA hybridization.

1.4.3b Pre organization through rigid five membered heterocycles

Some of the relatively successful conformationally preorganized modifications”
so far are based on introduction of methylene/ethylene groups to bridge the aminoethyl-
glycyl backbone and methylene carbonyl side chain to generate diverse five or the six-
membered nitrogen hetetocyclic analogues. The cyclic analogues where the nucleobases
are directly attached to the ring have defined nucleobase orientation, overcoming the
rotamer problem. It also concomitantly introduces chiral centers, which may impart

directional selective binding of PNA with chiral DNA/RNA.

The naturally occuring amino acid trans-4-hydroxy-L-proline, a five-membered
nitrogen heterocycle, is a versatile, commercially available starting material for creating
structural diversity to mimic DNA/PNA structures. From this amino acid a wide variety
of chiral, constrained and structurally preorganized PNAs have been synthesized.
Depending on the synthetic approach and on the presence of the tertiary amine group in
the monomers, the modifications afford either positively charged or uncharged cyclic
PNA analogs. The different cyclic PNAs proposed showed that the right
stereochemistry and conformation is really important for binding abilities towards

nucleic acids and in some cases even for discriminate between RNA and DNA.

;
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Figure 22: Structures of conformationally preorganized five and six membered heterocyclic
PNA monomers
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For example, in the case of the cyclic PNA analogue N-(thymin-1-yl-acetyl)-4-
aminoproline 29 (Figure 20), all stereoisomer’s 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 the same spatial arrangement, showed
reduced performances. The same model can be applied to the (2R,4S)-stereoisomer of
the aminoethylprolyl PNAS57 30 (aepPNA), Effect of a chiral monomer on DNA affinity
might be dependent on whether it is used for the synthesis of all the PNA oligomer or it

is inserted in an oligomer made of achiral monomers.

The aminoethylprolyl-5-one (aepone) thymine monomers'” 31 were synthesized
and incorporated into aeg-PNA-T8 backbone at different positions. The aepone-PNAs
showed remarkable stabilization of derived PNA,:DNA triplexes compared to aeg-
PNA. In particular the synthesis of pyrrolidine-based chiral positively charged PNA 32
(Figure 22) the derived (2R,4S) stereomeric homoadenylate oligomer formed a stable
complex with both DNA and RNA. PNAs containing the other pyrrolidine
stereoisomers are reported but they do not show any considerable improvement in

binding affinity.

Introduction of a methylene bridge between the o’ and B carbon yields another
pyrrolidine-PNA101 33. Diastereomeric monomers bearing T, A, C, G, nucleobases were
introduced in PNA oligomers and the complexation with DNA and RNA sequences was
studied. It was found that: (2R,4S) homopyrimidine PNA stabilize PNA,:DNA triplexes,
(2S,4R) stereoisomers in mixed sequences affects enhanced DNA duplex stability,
(25,4S) and (2R,4R) remarkably enhance PNA:RNA duplex stability. All the pyrrolidine
modifications show preference for the anitparallel DNA binding. Thus in this case the
effect of stereochemistry is not very clear, and relative conformational freedom of the

five-membered ring can account for this.

1.4.3¢ Modified Nucleobases

There is increasing interest in modulating and expanding the recognition motifs of
standard base pairs. Employing non-natural nucleobase ligands in place of natural
nucleobases would help understand the recognition process in terms of various factors
contributing to the event such as hydrogen bonding and internucleobase stacking.
Further, new recognition motifs may also have potential applications in diagnostics and

nanomaterial chemistry. This when coupled with high affinity and strand invasion
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properties offered by PNA would add a new dimension to PNA applications. The
nonstandard nucleobases employed so far with PNA are limited, compared to the
repertoire of backbone modifications described earlier. 2, 6-Diaminopurine'® (36,
Figure 23) offers increased affinity and selectivity for thymine and pseudoisocytosine'®®
37 is a very efficient mimic of protonated cytosine for triplex formation. 2-
Aminopurine'* 38 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. The E-base'® 39 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.
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Figure 23: Structures of modified nucleobases

In order to increase the stability of complexes formed by PNA with target nucleic
acids, bases that possess a larger surface area (for greater hydrophobic/stacking
interactions), make additional H-bonds or that are positively charged have been
prepared. A wide variety of 5-substituted uracils were synthesized and their ability for
triplex formation has been studied'®® (40, Figure 23). The G-clamp base 41 was
developed to build in specific, additional bonding interactions with guanine.'’’
Unnatural heterocycles 3-nitropyrrole 42 have been used as potential universal bases in
PNA.'""® The synthesis of cyanuryl PNA monomer containing cyanouric acid 43 as the
base was achieved by direct N-monoalkylation of cyanuric acid with N-(2-

Bocaminoethyl)-N'-(bromoacetyl)glycyl ethyl ester.'” The monomer was incorporated
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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 middle of the PNA

oligomer.

PNA-DNA Chimerae: The successful applications of the remarkable DNA
binding properties of PNAs are sometimes (sequence/length dependent) hampered by
their tendency to self-aggregate and poor aqueous solubility. Overcoming these
limitations and imparting other abilities for therapeutic applications such as cellular
uptake, RNase H activation properties, have been addressed by designing covalent
hybrids or chimaeras of PNA with DNA, functional peptides and other effector
molecules. Three types of PNA-DNA chimeras (Figure 23) are in place (i) 5'-DNA-
linker X- PNA -pseudo-3' "' "' 24 (ii) pseudo-5'-DNA-linker X- DNA-3' ''? 25 and
(iii) pseudo-5'-PNA-linker X- DNA-3"% 26. 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 interesting properties were noticed in such
covalent hybrids such as co-operative stabilizing effects against proteases and
nucleases, enhanced water solubility and duplex/triplex stabilities dependent on the
structure of chimera and the linker. The linker can also be a fragment of DNA to
generate PNA-(5')-DNA-(3')-PNA chimera which formed stable duplexes with both
DNA and RNA with a lower stability than corresponding DNA:DNA and DNA:RNA

113
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Figure 24: PNA-DNA chimeras
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1.4.4 Cellular Uptake of PNA

Peptide nucleic acids suffer from poor aqueous solubility and cellular uptake,
because of its neutral backbone. The solubility problem was solved by selecting lysine
amino acid as a spacer chain during the solid phase synthesis of PNAs and also by
synthesizing PNA analogues that possesses positive charge in the backbone by default.
In an effort to equip PNAs with a lipophilic tail that would confer liposome affinity,
PNA lipid (adamantyl) conjugates (Figure 25b) have been prepared and studied their

liposome mediated cellular uptake.'*

The properties of these conjugates are influenced by PNA sequence and results
were encouraging and in several cases diffuse cytoplasmic uptake was observed when
using cationic liposomes as carriers. However certain peptides are internalized very
efficiently by cells.'"” The remarkable uptake properties of HIV-1 Tat transduction
domain is the result of short basic sequences of (GRKKRRQRRR). They are

amphiphatic —helices with high content of basic amino acid residues (Lys, Arg).
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Figure 25: PNA-peptide conjugates (a, ¢, d). PNA-lipid (adamantyl) conjugate (b). Cationic
PNAs (GPNA, ¢)

These peptides are conjugated to one or both the end of PNA by an amide or
disulfide linker (Figure 25a, ¢, d)."'® The results on cellular uptake of such PNA-peptide
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conjugates are impressive. In another strategy PNA containing arginine side chains
(GPNA, Figure 25¢) exhibited remarkable uptake properties.''” Interestingly, the
cellular uptake of these GPNAs is not by endocytosis-driven nor receptor mediated

perhaps through membrane flipping.

1.4.5 Applications of PNA

Antigene and antisense applications: Peptide nucleic acids have promise as
candidates for gene therapeutic drug design. They require well-identified target and well
characterized mechanism for their cellular delivery PNAs are chemically and
biologically stable molecules and have significant effect on replication, transcription
(antigene), and translation processes, as revealed from in vitro experiments. Moreover

no sign of any general toxicity of PNA has so far been observed.

Interaction of PNA with enzymes. RNase H: The antisense oligonucleotides with

an RNase H activity (e.g., PS-oligos) is considered a better antisense molecule

(inhibitor) than one without the activity (methylphosphonates and HNAs).'"

chimera

PNA DNA 5

RNA % 3

PNA DNA
|

Figure 26: Schematic representation of RNase H-mediated cleavage of activity after the
binding of a PNA-DNA chimera to an RNA target

RNA &5

Despite their remarkable DNA binding properties, PNAs generally are not capable
of stimulating RNase H activity on duplex formation with RNA. However, recent
studies have shown that DNA/PNA chimeras are capable of stimulating RNase H
activity. On formation of a chimeric RNA double strand, PNA/DNA can activate the
RNA cleavage activity of RNase H (Figure 26). Cleavage occurs at the ribonucleotide
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parts base-paired to the DNA part of the chimera. Moreover, this cleavage is sequence
specific in such a way that certain sequences of DNA/PNA chimerae are preferred over
others.'”” They are also reported to be taken up by cells to a similar extent as
corresponding oligonucleotides.'”” Thus, PNA/DNA chimerae appear by far the best

potential candidates for antisense PNA constructs.

Diagnostics: The properties of PNAs in forming complexes with DNA like, high
thermal stability, better sequence discrimination, strand invasion of dsDNA, and more
importantly they can alter the gel electrophoretic mobility of complementary nucleic
acids considerably on binding on account of their neutral character made them as the

choice for the use in diagnostics.

The “PCR clamping” method for the detection of point mutations is based on the
ability to form strong PNA-DNA complex and inability to function as primers in the
polymerase chain reaction (PCR). Targeting the PNA oligomer, even partially, against
the primer binding site can block the formation of the PCR product. Skilful choice of
the length of the primer can even allow discrimination of alleles, which differ only in
one base pair. Discrimination of point mutations in the Ki-ras gene has been carried out
by PCR clamping, where the amplification of the wild-type DNA is inhibited, relative to
mutated gene, which binds with lower affinity (Figure 27). Demers et al. have used
PNAs to suppress the preferential amplification of small allelic PCR products during
copying of VNTR loci, which leads to false genotypic patterns. The quantitation of
telomeric repeats is also possible with PNAs. The use of PNAs immobilized on surfaces
as sequence specific DNA biosensors.'®

a) 3

PNA\ 5

RNA 5 | 3
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DNA polymerase 3 5
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RNA 5 3

Figure 27: ‘PCR clamping’ technique. (a) inhibition of wild-type DNA amplification and (b)
amplification of mutated DNA, by PNA
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PNAs as tools in biotechnology: PNAs can be used for the modulation of
enzymatic cleavage. After strand displacement by PNA in a DNA duplex, the displaced
DNA strand can be selectively cleaved by nuclease S1.""° The single strand specific
nuclease S1, in combination with two PNAs, be transformed into an “artificial
restriction enzyme” that cleaves both DNA strands, and whose recognition sequence is
determined by the PNA sequences employed (Figure 28). Conversely PNAs can also be

used to block DNA cleavage by restriction enzymes.'*

Furthermore, PNAs can be used to prevent the methylation of DNA sequence
specifically. On dissociation of the PNA-DNA complex only the modified recognition
sequence can be cleaved by the appropriate methylase sensitive restriction enzyme. This
principle of “rare genome-cutters” has been exploited in a similar way with triple helix

forming oligonucleotides.'*!

a) nuclease S1
b) nuclease S1

7

i

/

nuclease S1

Figure 28: Artificial restriction enzymes: (a) single stranded cleavage by PNA (b) double
stranded cleavage by PNA clamping

Nucleic acid purification: Based on its unique hybridization properties, PNAs can
also be used to purify target nucleic acids. PNAs carrying six histidine residues have
been used to purify target nucleic acids using nickel affinity chromatography. Also,
biotinylated PNAs in combination with streptavidin-coated magnetic beads may be used
to purify Chlamydia trachomatis genomic DNA directly from urine samples. However,

it appears that this simple, fast, and straightforward ‘purification by hybridization’
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approach has drawbacks. It requires the knowledge of a target sequence and depends on
a capture oligomer to be synthesized for each different target nucleic acid. Such target
sequences for the short pyrimidines PNA, i.e., the most efficient probe for strand
invasion, are prevalent in large nucleic acids. Thus short PNAs can also be used as
generic capture probes for purification of large nucleic acids. It has been shown that a
biotin-tagged PNA-thymine heptamer could be used to efficiently purify human

genomic DNA from whole blood by a simple and rapid procedure.
1.5 Spectroscopic methods for studying DNA/RNA Interactions

The ability of antisense oligonucleotides to bind in vitro the target DNA/RNA,

can be detected by using various biophysical techniques as follows

UV-Spectroscopy: Nucleic acid complexes have lower UV absorption than that
predicted from the sum of their constituent base extinction coefficients that is usually
measured at 260 nm. This phenomenon known as “hypsochromicity” results from
coupling of the transition dipoles between neighboring stacked bases and is larger in

amplitude for A-U and A-T pairs.'*

As a result, the UV absorption of a DNA duplex
increases typically by 20-30 % when it is denatured. This transition from a helix to an
unstacked, strand-separated coil has a strong entropic component and so is temperature
dependent. The mid-point of this thermal transition is known as the melting temperature
(Tm). Such dissociation of nucleic acid helices in solution to give single stranded
DNA/RNA is a function of base composition, sequence, and chain length as well as of
temperature, salt concentration, and pH of the solvent (buffer). In particular, early
observations of the relationship between T, and base composition for different DNAs
showed that A-T pairs are less stable than G-C pairs, a fact which is now expressed in a

linear correlation between T,, and the gross composition of a DNA oligomer by the

equation:
Tm=X+0.41 (%C+G) °C

The constant X is dependent on salt concentration and pH and has a value of

69.3°C for 0.3 M sodium ions at pH 7.

A second consequence is that the steepness of the transition curve also depends on
base sequence. Thus, melting curves for homooligomers have much sharper transitions

than those for random-sequence oligomers. This is because A-T rich regions melt first
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to give unpaired regions which then extend gradually with rising temperature until;
finally, even the pure G-C regions have melted. Short homooligomers melt at lower
temperatures and with broader transitions than longer homooligomers. For example for
poly (rA)n-poly (rU)n, the octamer melts at 9°C, and the undecamer at 20°C, and long
oligomers at 49°C in the same sodium cacodylate buffer at pH 6.9. Consequently, in the
design of synthetic self complementary duplexes for crystallization and X-ray structure
determination, G-C pairs are often placed at the ends of hexamers and octamers to stop
them ‘fraying’. Lastly, the marked dependence of T,, on salt concentration is seen for
DNA from Diplococcus 21 pneumoniae whose Tm rises from 70°C at 0.01 M KCI to
87°C for 0.1 M KCI and to 98°C at 1.0 M KCI. The converse of melting is the
renaturation of two, separated, complementary strands to form a correctly paired

duplex.

Duplex melting: Duplexes exhibit a single transition into single strands
accompanied by an increase in UV absorption termed as hyperchromicity. According to

the ‘all or none model’'??

the UV absorbance value at any given temperature is an
average of the absorbance of duplex and single strands. A plot of absorbance against
temperature gives a sigmoidal curve in case of duplexes and the midpoint of the
sigmoidal curve (Figure 29) called as the ‘melting temperature’ (T,,) is the temperature
(equilibrium point) at which the duplex and the single strands exist in equal proportions.
Triplex melting: In the case of triplexes, the first dissociation leads to melting of triplex
generating the duplex (WC duplex) and third strand (Hoogsteen strand), followed by the
duplex dissociation to form two single strands. The DNA triplex melting shows
characteristic double sigmoidal transition (Figure 29) and UV melting temperature for
each transition is obtained from the first derivative plots. The lower melting temperature

(Tml) corresponds to triplex to duplex transition while the second higher melting

temperature (T,2) is the transition of duplex to single strands.
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Figure 29: Schematic representation of DNA duplex and Triplex

Stoichiometry: The binding stoichiometry of oligonucleotide to target DNA/RNA
by UV-titration (mixing): This is derived from Job’s plot. The two components of the
complex are mixed in different molar ratios, so that the total concentration of each
mixture should be constant, i.e., as the concentration of one strand decreases,
concentration of the second strand increases and the UV-absorbance of each mixture is
recorded. The absorbance decreases in the beginning to a minimum and then again
increases. The molar ratio of the two strands at which absorbance reached minimum

indicates the stoichiometry of complexation.

Circular Dichroism (CD): Circular dichroism is a spectroscopic technique that
depends on the property of optical activity, i.e., chiral molecules that interact with the
right and left circularly polarized lights differently. Circularly polarized light occurs in
two non-super imposable right and left circularly polarized forms, which are related to

each other as mirror images.

The most common applications of CD include probing the structure of biological
macromolecules, in particular determining the a-helical content of proteins and

conformational analysis of nucleic acids and interaction with other ligands.
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Single stranded DNAs are structurally less defined than duplex DNAs and their
CD signal is smaller. CD spectra of RNAs show that naturally occurring RNAs to be

mainly well structured with extensive duplex regions (stem-bulb).

In an isolated nucleotide, the chirality originates from the ribose sugar and
influences the base absorption. In the normal spectral region (down to 180 nm), the
chiral ribose-phosphate backbone has no transitions and in the CD spectrum of nucleic
acids one detects the CD induced into base transitions as a result of their coupling with
the backbone transitions.'** The magnitude of A€,y 1s of the order of 2 mol™! dm® cm!
at 270 nm and the purine bases have a negative signal whereas the pyrimidines have a
positive signal. In the case of CD spectrum of DNA and RNA polynucleotide with
stacked bases, the magnitude is larger at 270 nm and significantly larger at 200 nm than
that of individual bases. The spectrum is dominated by the induced CD transitions of the

bases from their coupling among each other, due to their stacking on top of each other

in a chiral (helical) fashion.

The simplest application of CD to DNA structure determination is for
identification of polymorph present in sample.'> The CD signature of the B-form DNA
as read from longer to shorter wavelength is a positive band centered at 275 nm, a
negative band at 240 nm, with cross over around 258 nm. These two bands arise not
from a simple degenerate exciton coupling, but as a result of superimposition of all

coupling transitions from all the bases.

If B-DNA is compacted and the bases tilted and radially displaced from the centre
of the helix then A-form DNA results. A-DNA is characterized by a positive CD band
centered at 260 nm that is larger than the corresponding B-DNA band, a fairly intense
negative band at 210 nm and a very intense positive band at 190 nm. The 250-230 nm
region is also usually fairly flat though not necessarily zero. Naturally occurring RNAs

adopt the A-form if they are duplex.

CD denaturation (melting) and CD-Job’s plots are equally important as they give
Tm and binding stoichiometry of DNA/RNA complexes respectively.

1.6 The present work

The various DNA and PNA modifications have been reviewed in the preceding

sections. All these modifications exhibit excellent properties in some way but lack some
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other important properties. PNA which is most promising modification of DNA has the
major drawbacks like poor water solubility, inefficient cell uptake; self aggregation and
ambiguity in directionality of binding restrict its applications. To use PNA as antisense

agent, these problems need to be addressed.

Chapter 2: In this Chapter we have described the petPNA (pyrrolininyl ethyl PNA), a
modified analogue of PNA and its biophysical studies with DNA and RNA. This

Chapter has been divided into two sections

Section 1: The design of petPNA contains a cyclic structure which may address the
problem of directionality of binding with target DNA/RNA. Backbone extended cyclic
PNA analogues are known to increase the binding preferences of PNA with RNA than
DNA. The petPNA presented in this work is also a cyclic extended version of
aminoethyl segment of aeg PNA which may improve the binding selectivity of PNA.
The presence of cationic groups like amino or guanidino in the backbone of petPNA
may improve the cellular uptake of PNA. This Section deals with the synthesis of H-
petPNA and Amino-petPNA monomer, their incorporation in the aegPNA backbone.
The simple procedure for conversion of amino-petPNA to guanidino-petPNA on solid

support also has been described in this Section.

Section 2: The study of the effect of introduction of cyclic, chiral pet PNA monomer
into aeg PNA backbone on binding with DNA/RNA has been presented in this section.
This section also describes the effect of amino or guanidino groups on the binding

efficacy of petPNA modified PNA with DNA and RNA.

Chapter 3: This chapter deals with iso-Thoiacetamido nucleic acids(iSo-TANA) a DNA
analogue where phosphate backbone is replaced by thioacetoamido linkage and with
inverted stereochemistry at 3’-amino group of the linkage. This chapter also is divided

into two sections.

Section 1: The synthesis of various pyrimidine iSO-TANA dimers has been described in
this section. NMR studies were carried out to find out the effect of the change in the
stereochemistry at 3’-amino group on the sugar puckering and the comparison of these
results with corresponding TANA dimers is presented in this section. The CD studies
were carried out for investigating the change in the base stacking interactions of dimers

due to change in the stereochemistry at 3’-amino substitution in the thioactamido
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linkage and are described in this section. Incorporation of these dimer blocks in
chimeric amide-phosphate backbone, characterization of the resulting oligomers and
their preference of binding with DNA/RNA in comparison with TANA modified

oligomers is presented in this chapter.

Section 2: This section deals with the synthesis of iSO-TANA thymine monomer and
synthesis its homoligomers. The synthesis of thymine octamer sequences of acg PNA
containing iSO-TANA thymine monomer also has been given. The biophysical studies

of these sequences with DNA and RNA has been discussed in this Section.
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Chapter 2

2.1 Section I: N-(pyrrolidinylethyl)glycyl based pet-PNA and its amino
derivative : Synthesis of monomer units and their incorporation in
aegPNA sequences

2.1.1 Introduction

Antisense technology has emerged as a powerful tool over last two decades for
controlling gene expression where synthetic oligonucleotides are used to target disease-
causing DNA/RNA (Figure 1)." Several synthetic oligonucleotide analogues have been
developed for their applications in antisense therapeutics.” Peptide nucleic acid (PNA,
Figure 1) is one of the promising nucleic acid mimics in which the natural sugar —
phosphate backbone is completely replaced by achiral, acyclic repeating N-(2-
aminoethyl)glycine units.” PNAs are uncharged DNA mimics that bind to
complementary DNA/RNA sequences with high affinity and sequence specificity. In
PNA, the natural nucleobases are attached to the uncharged pseudopeptide backbone via

methylene carbonyl linkers.

O+-
T
Z_

|
o) HN
o)
O H/OH N’g
|
0F=0 $=O
DNA/ RNA PNA

Figure 1: Basic structure of DNA/RNA and PNA

PNA hybridizes to complementary DNA/RNA sequences via specific Watson-
Crick base complementation to form duplexes for mixed purine-pyrimidine sequences
and triplexes via  Watson-Crick and  Hoogsteen base pairing for
homopyrimidine/homopurine sequences.* The complexes of PNA with DNA/RNA
sequences show thermal stabilities much higher than the corresponding DNA:DNA/
DNA:RNA complexes,” independent of sequence compositions. PNAs and their
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analogues are also resistant to proteases and nucleases. Due to these exceptional
properties, PNAs have major applications as tools in molecular biology,’ as lead
compounds for gene targeted drugs via antisense/antigene technology,” for diagnostics

and biosensors,® and as building blocks for designing PNA supramolecular constructs.’

The current limitations of PNA are poor water solubility, lack of cell
permeability and less discrimination in directionality between parallel and antiparallel
orientation. These limitations can be systematically overcome with rationally modified
PNA analogues.'® For PNA to find applications in vivo as therapeutic agents some of

these shortcomings need to be addressed.

2.1.2 Rationale and objectives of the present work

PNA is a very promising DNA mimic, but its optimum utility was stymied by
poor water solubility, ambiguity in directional selectivity as well as negligible capacity
to cross the cellular membrane.'' The cellular uptake of PNA can be improved with
various means like microinjection, electroporation, co-transfection with DNA,
conjugation with lipophilic moieties and conjugation with positively charged peptides.'
The conjugation of PNA with natural and unnatural positively charged peptides such as
TAT and other guanidine rich peptides has improved cellular uptake of PNA." Also,
the antisense activity of PNA increased when PNA was conjugated to cell penetrating
peptides or fatty acids. These conjugates suffer a problem of entrapment in the
endosomal cavities, and to address this problem some endosomal realising agents such
as chloroquine have been used in in vitro studies.”** Moreover positively charged
peptides often are cytotoxic,'* show off-target effects and may not be useful for in-vivo
studies.”” As an alternative to peptide conjugation, PNAs could be designed to be
intrinsically positively charged and various cationic PNAs derived from positively

charged amino acids like lysine'®(Figure 2) and arginine'’ (Figure 3).

PNA synthesised from D-Lysine showed stabilizing effect towards DNA and
RNA as compared to L-Lysine derived PNA. The position of amino side chain in the
PNA backbone also showed different structural pre-organisation, the y—substituted PNA
was shown to exert better stability towards DNA/RNA than the a—substituted PNA.'*
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Figure 2: Lysine derived PNA analogues

GPNA reported by Ly et al'’.is one of the most promising modification of
acgPNA which was derived from arginine. GPNAs derived from D- arginine showed
increased cellular uptake with binding strength with DNA/RNA as good as control
PNA. They later reported YGPNA (Figure 3), an analogue of GPNA, which has an
extended side chain to carry the guanidino group at y—position in the acgPNA backbone.
The y—substitution acted as helical director inducing structural pre-organization as
studied by CD spectral studies. y—~GPNA also showed stronger binding to RNA as
compared to control PNa:RNA complex.'”

HN.__NH,

yGPNA GPNA

Figure 3: Structures of GPNA and yYGPNA

Introduction of chirality and cyclic structures in the PNA backbone are known to
reduce possible conformational states of acyclic, achiral single stranded PNAs.”
Various cyclic, cationic PNA analogues (Figure 4) have been reported from our lab and
from other research groups.'®'*!% Cationic Pyrrolidine PNA (A) a cyclic analogue of
aecgPNA showed very good binding strength towards both DNA/ RNA.'" Whereas
pyrrolidine PNA (B) formed the stable complexes with DNA/ RNA, this stability and
directional selectivity was dependent upon the stereochemistry in the pyrrolidinyl

1% In aminoethylprolyl PNA (aep-PNA), the nucleobase was directly attached to

ring.
pyrrolidine ring, a single aep-PNA unit carrying individual nucleobases in mixed
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purine/pyrimidine sequence exhibited nucleobase dependent binding efficiencies and

orientation selectivies toward target DNA oligomers."’

X /<
o A B
aep-PNA pyrrolidine-PNA
/\'\/
HNUB B
N >N
o 0 Y
O NH,X'
piperidiny! PNA aepip- PNA

Figure 4: Conformationally constrained cationic PNA analogues

Piperidinyl and aepip PNA analogues contained more rigid six membered
piperidine rings. In both these cases, the ring nitrogen is capable of protonation at

physiological pH and may be favourable for cellular uptake.'®

The cyclic pyrrolidinyl/pentose based PNAs with extended backbone have been
previously reported to bind sequence specifically only to RNA.?’ The five atom amide
backbone replaced by seven atom amide backbone may reduce the conformational

flexibility of amide relative to six atom phosphodiester backbone.?"*!

B B
j p o
o , N

A
bepPNA bePOMII

Figure 5: Backbone extended PNA analogues

POM III a pyrrolidine PNA showed kinetic binding preference to RNA over
DNA. bepPNA (Figure 5) which was also pyrrolidine PNA with backbone extension in
glycyl part of aegPNA showed preferential binding to RNA over DNA in both triplexes
as well duplexes.”” ¢ bePOM PNAs (Figure 5) also showed hybridization only with
complementary RNA but not with DNA. 2
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Pyrrolidinylethyl PNA (pet-PNA) (Figure 6) a new modified PNA analogue

described in this chapter has emerged by converging features of the guanidinylated

yGPNA and N-(pyrrolidinyl-2-methyl)glycine based pmgPNA.*> The destabilization

due to constraint of pyrrolidine ring in pmgPNA may be compensated by additional

flexibility of an extended backbone in pet-PNA. Also, the 4-position of pyrrolidine ring

could be derivatized to amino/guanidino functionalised analogues (Figure 7).

. R
- . .
NH N
( !
B
N B

aeg-PNA

R

= H H-pet-PNA,

NH, Am-pet-PNA,
NH-C(=NH)-NH; Gu-pet-PNA

Figure 6: pyrolidinylethyl PNA (pet-PNA)

Cyclic constrain\

Cationic groups
R=H
= NH2
= NH-(C=NH)NH,

|
N ‘\\\\

J

N

R

(o)

AN

one-atom extended backbone

Figure 7: Design of pet-PNA

2.1.3 Synthesis of Thymine pet-PNA and Amino pet-PNA monomers, Results and

Discussion

2.1.3a Synthesis of pyrrolidinylethyl thymine (H- pet-PNA) monomer

The naturally occurring amino acid L-proline was used for synthesis of H-pet-

PNA monomer (Scheme-1). L-proline was converted to proline methyl ester by

methanol and thionyl chloride in 90% yield, which on subsequent protection with Boc
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gave N- Boc proline methyl ester derivative 3. The N-Boc protected Proline ester 3 was
reduced to prolinol 4 with LiBH4 generated in-situ with NaBH4/LiCl. Prolinol 4 was
converted to mesylate derivative 5, which on nucleophilic substitution with NaCN gave
cyano compound 6. Compound 6 was characterized by IR spectroscopy, which showed
—C=N the absorption band at 2210cm™ corresponding to stretching frequency. The *C
NMR spectrum showed peak for —C=N carbon at §117.6.

i) i) & i)
<_>‘COOH ? I-:l COOMe > COOMe ——=

) )
o H H Cl Boc
1 2 3
iv) V) Vi)
Q\/OH -— Q\/OMS — Ny cN —=
| ) |
Boc Boc Boc
4 5 6
O\/\ vii) viii)
(0]
B NP
Il\l NH2 ll\l NH Il\l NJ‘J\/C|
Boc Boc Boc
7 8 (0] 9 O
EtO EtO

%) O\/\ j\/}/__j:“)“ X) Q\/\ o }/—/{H

Boc Boc 0
10 O 11 o
EtO HO

Scheme 1 Reagents and conditions : i) MeOH, SOCl,, 90%, ii) Boc,0O, 1-4 dioxane, water, Et;N, 88%,
iii) NaBH,-LiCl, THF-abs. EtOH, 89%, 4) MsCl/ py, 88%, 5) NaCN/DMSO, 60°C, 75%, 6) H,/Raney -
Ni, MeOH, 90%,7) BrCH,COOEt /Et;N, MeCN,70%, 8) CICH,COCI1/ NaHCOs,1,4-dioxane-water, 86%,
9) Thymine/K,COs, dry DMF,74%, 10) IN LiOH/MeOH, 90%

Cyano derivative 6, on reduction with Raney-Ni/H, gave primary amine 7 with
one extra carbon in backbone as compared to aegPNA. The primary amino group of
compound 7 was monoalkylated with ethyl bromoacetate to give sec. amine 8 with 70%
yield. Monoalkylation of primary amine was controlled by slow addition of ethyl
bromoacetate and dilution of the reaction mixture with acetonitrile. This compound 8
was acylated with chloroacetyl chloride to give compound 9. The replacement of chloro
group in 9 by thymine nucleophile in presence of K,COs3 gave thymine N-1 alkylated
product 10. Chloro derivative 9 can also be used for synthesizing other natural or
unnatural nucleobases containing derivatives. [N-(N-Bocpyrrolinyl-2-ethyl)-N-(N-1-
thyminylacetyl)]glycine was synthesized by hydrolysing ester group in 10 with 1N

LiOH and methanol to give H-pet thymine monomer 11 which was further used in
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solid phase synthesis of PNA. All the compounds were adequately analysed by 'H, *C
NMR and mass spectrometry.

2.1.3b Synthesis of Aminopyrrolidinylethyl thymine (Am-pet-PNA) monomer
4R-Hydroxy-L-proline 12 was used as starting material for synthesis of amino
pet thymine PNA monomer (Scheme-2-1). 4R-Hydroxy-L-proline 12 was converted to
methyl ester 13 by treatment with SOCl, in dry methanol and the ring nitrogen was Boc
protected to give compound 14. The 4-Hydroxy group was protected as TBS ether by
reaction of TBSCI and imidazole in DMF, in the latter part of scheme this hydroxyl

group was converted into amino group.

RQ, RO, RO,
] — =
r}| COOR N~ ~YCOOR? 413\/@?2
| |
Boc B
2R=HRI=H oc ,
)Q ___)L14 R=H, R'=Me CG R=TBS,R*=H
1= iii %
18R =HR™Me 15 R="TBS, Rl= Me 17 R=TBS, R?= Ms
RO, RO, RO,
vi) vii) 7 viiiy %
- (e — (D, —
N N NH
|

Schem-2.1: Reagents and conditions i) MeOH, SOCI,, 90%,ii) Boc,O, 1-4 dioxane, water, Et;N, 88%,
iiiy TBSCl/Imidazole, DMF, 89%, iv) NaBH,-LiCl, THF-abs. EtOH, 89%, v) MsCl/ py, 88%, vi)
NaCN/DMSO, 60°C, 77%,vii) H,-Raney-Ni Et;N, MeOH, 90%, viii BrCH,COOEt /Et;N, MeCN,68%,
ix) CICH,COCI/NaHCOs, 1,4-dioxane-water, 75%, x) Thymine/K,COj3, dry DMF,72%

The fully protected compound 15 was reduced to alcohol 16 with NaBH,4-LiCl
in dry THF and absolute ethanol. Alcohol was converted to mesylate derivative 17,
which on nucleophilic substitution with NaCN in DMSO at 60° C gave cyano
compound 18. Cyano compound 18 was reduced to amine 19 with H,/Raney-Ni in
presence of triethylamine. Amine 19 has a one extra carbon which is corresponding to
ethyl part of aegPNA, this was mono alkylated with ethylbromoacetate in acetonitrile,
to give product 20 in 68% yield. Then compound 20 was acylated with chloroacetyl

chloride in dioxane—water and pH was maintained at 8.0 with sat.NaHCO; solution
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during addition of chloroacetyl chloride. Thymine was attached via nucleophilic

substitution of chloro by N1 nitrogen of thymine gave compound 22.

Further deprotection of TBS ether in compound 22 gave free hydroxyl
compound 23 (Scheme-2-2). This hydroxyl was converted to mesylate derivative 24 and
displacement of mesylate with azide nucleophile gave 25 with inversion of
configuration at C4 canter of the pyrrolidine ring. Azide functionality in 25 was
ascertained with IR spectroscopy which showed absorption band at 2100 cm™.
Compound 25 was reduced to amine 26 with H,/Pd-C at 40 psi hydrogen pressure.
Compound 26 is amino ester, so it was used without purification for hydrolysis of ester

to give amino acid 27.

|
Boc

o >/_/<O iy 3 7 iv)
(A~ ] G Z_)\/\ o (g
N NJJ\/N«O N NJJ\/N—<

o

o EtO 25 ©
_ _22R=TBS EtO
g C 23R =H AN 4

0
i} )
xii) (,24R:MS ZI}I_A\/\NJOJ\//N%NH . ZD\/\NJOJ\/Q—\{\IH
o

|
Boc Boc
26 =0 o)
(6]

(@)

Bt 27 HO
. FmocHN O
- Z_)\A %4
o NH
—_—
’}I NJ]\/N_<
Boc o
28 0
HO

Scheme 2-2: Reagents and conditions xi) IN TBAF in THF, 90%, xii) MsCl, py, 78%, xiii) NaN3;, DMF,
60°C, 70%, xiv) Hy/ Pd-C, MeOH, 92%, xv) IN LiOH/ MeOH, 90%, xvi) Fmoc-succinimide/ NaHCO;,
1- 4, dioxane- water, 62%

The exocylic amine in 27 was protected with orthogonal Fmoc protecting group
to give amino-pet-PNA monomer 28. The exocylic amine in monomer 28 served to
provide the amino functionality in PNA and could also be conveniently converted to the
highly basic guanidino functionality post synthetically on solid support to get

guanidino-pet-PNA sequences.
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2.1.3¢ Synthesis of aegPNA monomers

aegPNA monomers were synthesized by reported procedure*® starting from ethylenediamine

with required protection for nucleobases.

O
HzN —
\/\NHz —— BocHN\/\NJJ\/B

(0]
HO

aeg T monomer B= Thymine

aeg C monomer B= N*-chzcytosine

aeg G monomer B=Guanine, N%cbz Guanine
aeg A monomer B=Adenine, N®-cbzAdenine

Scheme 3: Synthesis of aecgPNA monomers

2.1.4 Solid phase PNA synthesis
2.1.4a General protocols for solid phase PNA synthesis

Solid phase peptide synthesis protocols can be applied to the synthesis of PNAs.
The ease of handling and synthesis procedures have made possible the synthesis of
PNAs including those incorporating a large number of analogues in an endeavour to

improve its favourable binding and biological properties.

As in the case with solid phase peptide synthesis, PNA synthesis is also done
conveniently from ‘C’ terminus to the ‘N’ terminus (scheme-4). The monomeric units
must have their amino functions suitably protected and their carboxylic acid functions
free. The most commonly used N-protecting groups for solid phase peptide synthesis are
the #-butyloxycarbonyl (Boc) and the 9-flurorenylmethoxycarbonyl (Fmoc) groups. As
Boc protection was suitable for the synthetic scheme used for synthesis of modified
monomers, the Boc strategy was used for solid phase PNA synthesis. The pyrrolidinyl
ring nitrogen in all the pet-PNA were protected with Boc whereas in Am-pet-PNA
monomers, the exocylic amino function was orthogonally protected with Fmoc and the
carboxylic acid function was free to enable coupling with the resin linked monomer.
The TBTU/ HOBt activation strategy” was employed for the coupling reaction.
MBHA resin (4-Methylbenzhydrylamine resin) was selected as solid polymeric matrix
on which oligomers were synthesized. The first amino acid is linked to this matrix via
24a

benzyl amide linkage.

TFMSA-TFA to yield the C-terminal amide.

This can be cleaved using standard protocol employing
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All the oligomers of the present work were synthesized manually on MBHA
resin. L-lysine was selected as linker amino acid. Lysine at ‘C’ terminus is known to
help in improving aqueous solubility of PNA. aN-Boc w/N CICbz lysine was linked to
the resin through amide bond. The free amine content on the resin was determined by
the picrate assay and was found to be 1.75 mmol/g and loading was suitably lowered to
approximately 0.30 mmol/g by partial acetylation of amine content using calculated
amount of acetic anhydride.”> Free -NH, groups on the resin available for coupling are

again estimated before starting synthesis.

BocHN—Lys

NH . .

2 i) Deprotection (50% TFA-CH,Cl,)
R= HiC C

H

ii) Neutralization (5% DIPEA:CH,Cl,)

HZN—Lys@

iii) Coupling (TBTU, HOBt, DIPEA, DMF)
Boc-NH-AA-COOH
AA=aegPNA/petPNA monomer

BocH N—Pl-CO—HN—Lys®

i)-iii)) n times

MBHA resin

'

BocHN+Pn-COTHN—P;-CO—HN—Ly S@

n iv) Am-petPNA, Gu-pet PNA
Fmoc removal, 20%- pipeeridin/ DMF
V) GupePNA guanidinylation
vi) clevage TFMSA, TFA, EDT, Thioanisol

|
PNA

Scheme 4: Solid phase Synthesis of PNA

The PNA oligomers were synthesized using repetitive cycles, each comprising the
following steps:

1) Deprotection of N-protecting Boc group using 50%TFA in CH,Cl,

i1) Neutralization of the TFA salt formed with diisopropylethyl amine (DIPEA) (5%
DIPEA in CH,Cl,) to liberate the free amine.

ii1) Coupling of the free amine with the free carboxylic acid group of the incoming

monomer (3-4 equivalents). The coupling reaction was carried out in presence of TBTU
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and HOBt in DMF or NMP as solvent and DIPEA as base. The deprotection of N-Boc

amine and subsequent coupling reactions were monitored by the Kaiser test.*®

2.1.4b Synthesis of H-pet, Amino-pet-PNA, Guanidino-pet-PNAs

1) Homopyrimidine Sequences

The effect of the pet unit on triplex forming ability could also be tested by
synthesizing mixed thyminyl or thyminyl-cytosine oligomeric sequences. These are
known to form complexes with complementary DNA oligomers in 2:1 PNA:DNA
stoichiometry. The control aminoethylglycyl (aeg) PNA Ts oligomer was first
synthesized following the Boc peptide strategy outlined scheme 4. PNA sequences
were synthesized incorporating the different pet (pyrrolidinylethyl) PNA thymine units
at predetermined positions within the octamer. The series of octamer sequences
comprising different aminoethylglycyl PNA-T and/or pyrrolidinylethyl/ amino
pyrrolidinyl PNA T units is listed in Table 1. With a view to exploring the end effects of
pet-PNA monomeric unit, a single pet unit was introduced at ‘C’ terminus (Table-1
entries 2-4). Also to explore the effect of pet-PNA unit at the middle of sequence, a
single pet unit was incorporated in the middle of sequence (Table 1 entries 5-7). A fully
modified oligomer with thymine H-pet-PNA units was synthesized (Table-1 entry 8).

The b,a, sequence chosen for the synthesis of mixed pyrimidine oligomers, is
part of ber-abl’’ target gene which is responsible for chronic myelogenous leukemia
(CML). The decamer sequence with four Am-pet thymine units at predefined positions
(Table 2 entries 3-4) was also synthesized. The control sequence with aeg cytosine and
thymine units was also synthesised. Four extra lysine (cationic amino acid) units were
attached to the N-terminus of control sequence for comparison with modified sequences

(Table 2, entry 2).
i1) Mixed Purine-Pyrimidine sequences

In order to study the duplex formation potential of the different pet-PNA
backbone, it was imperative to synthesize mixed purine-pyrimidine sequences. Splice
correction of an aberrant f-globin intron (705 site) by PNA conjugates is reported in the
literature.”® With the view of exploring pet-PNA in the splice correction assay, the
central 10 mer part for target site 705 was synthesized. The pet-PNA-T monomers were
incorporated into the decamer sequence in place of aegPNA-T units. H-pet-PNA unit
was introduced in the centre of the sequence to see the effect of this cyclic structure in
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middle of sequence (Table 3 entry2). Also H-pet-PNA and Am-pet-PNA units were also
introduced at C terminus of the sequence and at the centre of the sequences to get

doubly modified PNA oligomers (Table 3 entries 3-5).

2.1.4¢ Post synthetic conversion of amino to guanidino groups on solid phase
Guanidino functionality is known to be highly basic, due to its high pKa value
(pKa= 12.5) as compared to amino group. It introduces a positive charge that is
maintained over a wide pH range. Polyarginine and other guanidine rich peptides
exhibit good cell penetrating properties.”’ Cellular uptake of PNA can be increased by
either conjugating PNA to cationic peptide'® or introduction of a cell transduction group
in the PNA backbone.'” There are two ways to obtain the guanidino function in the
PNA backbone; either PNA monomer itself with protected guanidino function can be
used or guanidinylation can be carried out after completion of solid phase synthesis.
The post synthetic conversion of amino to guanidino group circumvents then necessicity
for prior protection of guanidino groups and simplifies the synthetic procedure; hence
this method was chosen for guanidinylation. There are several methods reported for
conversion of amino to guanidino functionality in solution, but very few reagents

(Figure.8) were used for guanidinylation on solid support.

X
NR! Z_\\ S
J N JQ
RHN” “NHR L BocHN” “NHBoc
1 R=R=H RHN” NR? 3
la R=R!=Boc/ cbhz 2R=R=H, X=H

1b R=Boc/cbz, R'=TfTs 24 R=RL = cbz/Boc, X=H

2b R= Boc,Rl=Tf/Ts X=H
2c R= R!= Boc, X=H, NO,

Figure 8: Guanidinylating reagents

The most commonly used guanidinylating reagents include guanidine or its
derivatives (Figure 8: 1-1b) with suitable protections,” derivatives of pyrazole-1-
carboxamidine®  derivatives of  thiourea in  combination  with/without
HgCl,/Mukaiyama’s reagent.”’ As guanidinylation was carried out at the end of solid
phase synthesis, unprotected Pyrazole-1-carboxamidine hydrochloride was used in
present work. Scheme-5 represents the global guanidinilation of the Am-pet-PNA
sequences on the solid support. Fmoc protected amino groups in Am-pet- units in the

Am-pet-PNA deprotectd by 20% piperidine-DMF solution and resin was then subjected
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to guanidinylation by suspending in the solution of pyrazole-1-carboxamidine
hydrochloride (10 equivalents per amino group)/DIPEA in DMF-THF (1:2) mixture.
Then Gu-pet-PNA was cleaved from resin under standard conditions employing
TFMSA-TFA and purified by reverse phase HPLC. The conversion of amino to
guanidino functionality on PNA was confirmed by MALDI-TOF mass spectrometry.
The representative example of conversion of Am-pet-PNA oligomers to to Gu-pet-PNA
is given in Figure 9.
FmocHN  NHFmoc 20 - 80 NH, NH,

H-TTACCICAGt-NH—())  —> H-TTACCICAGt-NH—)
piperidine: DMF

C?'MF:TrHF (Il :tk?)l min Nz HoN
iisopropylethyl amine HN )=NH
- NH HN
NH HTTACCICAGt-HN—)

HCl HZN)J\|3'3

Scheme 5: Post synthetic conversion of amino to guanidino functionality

2.1.4d Cleavage of the PNA Oligomers from the Solid Support

The oligomers were cleaved from the solid support, using TFMSA in the presence of
TFA (‘Low, High TFMSA-TFA method”),** which yields oligomers with an amide
group at their C-terminus. In case of Am-pet-PNA exocyclic amino-Fmoc protection
was removed with 20% piperidine-DMF before cleavage from support and for Gu-pet-
PNA the free amino groups were subsequently converted to guanidino and then
oligomers were cleaved with standard cleavage conditions. A cleavage time of 2-2.5
hrs. at room temperature was found to be optimum. The side chain protecting groups for
nucleobase were also cleaved during this cleavage process. After cleavage reaction, the
oligomer was precipitated with dry diethylether. The oligomers listed in Table 1, 2, 3
were further subjected to RP-HPLC purification.
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Figure 9: Representative MALDI-TOF spectra for conversion of Am-pet-PNA to Gu-pet-PNA
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2.1.5 Purification and MALDI-TOF characterization of oligomers

2.15a Purification of PNA oligomers by HPLC

The purity of the oligomers was checked by analytical RP-HPLC (C18 column,
CH3;CN-H,0- 0.1% TFA system), which showed more than 65-70% purity. The
gradient used for HPLC analysis is (A: 95% Water: 5% acetonitrile+0.1% TFA, B: 50%
Water: 5% acetonitrile-0.1% TFA) 0-20 min 100% B. The complete conversion of

amino groups to guanidino functional group was confirmed by HPLC analysis by co-

injection of Amino-pet-PNA and corresponding Guanidino—pet-PNA oligomer. The
gradient used for this HPLC analysis is (A: 95% Water: 5% acetonitrile-0.1% TFA, B:
50% Water: 50% acetonitrile-0.1% TFA) 0-20 min- 0%-50%B, 20-30min-50%-100%

B. These were subsequently purified by reverse phase HPLC on a C18 column. The

purity of the oligomers was again ascertained by analytical RP-HPLC and their integrity

was confirmed by MALDI-TOF mass spectrometric analysis.

Table 1: Oligothymine octamers: HPLC analysis and MALDI-TOF mass analysis

HPLC
Entry | Code Sequence te (min) Mass (calcd./obsd.)
1) aegPNA 30 | H-TTTTTTTT-Lys-NH, 8.90 2273.93/2274.91
H-TTTTTTTA-Lys-NH,
2) PNA 31 R=H 9.48 2328.98/2329.20
3) PNA 32 R=NH, 8.48 | 2343.99/2366.13(M+Na")
4) PNA 33 R=NH-C(= NH) NH, 8.66 2386.02/2386.57
H-TTTTATTT-Lys-NH,
5) PNA 34 R=H 9.21 2328.98/2329.2
6) PNA 35 R=NH, 14.16* 2343.99/2343.34
7) PNA 36 R=NH-C(= NH)NH, 14.58* 2385.02/2382.33
8) PNA 37 H- Y Lys-NH, | 13.27 2707.92/2706.64

R = H- H-pet-PNA , R = NH,- Am-pet-PNA , R = NH-C(=NH)NH,- Gu-pet-PNA

Table 2: Mixed pyrimidine oligomers: HPLC analysis and MALDI-TOF mass analysis

HPLC
Entry | Code Sequence te (min) Mass (calcd. /obsd.)
1) | acgPNA 38 | H-CTTCTTCCTT-Lys-NH, 11.19 2746.40/2741.15
H-Lys-Lys-Lys-Lys-aha-
2) acgPNA 39 CTTCTTCCTT-Lys-NH, 12.00 3371.60/3366.39
H-CTARCTARCCAR-Lys-NH,
3) PNA 40 R=NH, 13.47%* 3026.40/3034.50
4) PNA 41 R=NH-C(= NH) NH, 14.64%* 3194.35/3201.40

aha= amino hexanoiec acid R = H- H-pet-PNA , R = NH,- Am-pet-PNA , R = NH-C(=NH)NH,- Gu-pet-

PNA
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Table 3: Mixed pyrimidine-purine oligomers: HPLC analysis and MALDI-TOF mass analysis

HPLC

Entry | Code Sequence tr (min) Mass (caled./obsd.)
1) acgPNA 42 | H-TTACCTCAGT-Lys-NH, 9.04 2804.16/2827.07(M+Na")

H-TTACCTCAG?®-Lys-NH,
2) PNA 43 R=H 9.30 2859.22/2859.38

R R

H-TTACCICAGE -Lys-NH, 2912.27/2910.43

3) PNA 44 R=H 9.60
_ " 2944.29/2940.6

4) PNA 45 R=NH, 12.98 3028 34/3004.3
5) PNA 46 R= NH-C(= NH) NH, 14.12% : :

R = H- H-pet-PNA, R = NH,- Am-pet-PNA, R = NH-C(=NH)NH,- Gu-pet-PNA

* The gradient use for HPLC analysis is (A: 95% Water: 5% acetonitrile-0.1% TFA, B: 50% Water: 50%
acetonitrile-0.1% TFA) 0-20 min- 0%-50%B, 20-30min-50%-100% B

2.1.6 Synthesis of complementary oligonucleotides

The DNA oligonuclotides (Table 4) were synthesized on Applied Biosystems
ABI 3900 High Throughput DNA Synthesizer using standard p-cyanoethyl
phosphoramidite chemistry.”® The oligomers were synthesized in the 3’-5" direction on
polystyrene solid support (control pore glass (CPG) resin) followed by ammonia
treatment. The oligonucleotides were desalted by gel filtration; their purity ascertained
by RP-HPLC on a C18 column (0.IN TEAA: ACN) to be more than 95% and were
used without further purification in the biophysical studies. The RNA oligonucleotides

(Table 4) were obtained commercially.

Table 4: DNA/RNA oligonucleotides used in present work

Entry | Code Sequence (5°-3°) Type (complementary PNA)

1) DNA 50 | GCAAAAAAAACG complementary to PNA-30 to PNA-37
2) DNA 51 | GCAAATAAAACG mismatch to PNA-30 to PNA-37

3) DNA 52 | AAGGAAGAAG complementary to PNA-38 to PNA-41
4) DNA 53 | AAGGTAGAAG mismatch to PNA-38 to PNA-41

5) DNA 54 | ACTGAGGTAA complementary to PNA-42 to PNA-46
6) DNA 55 | ACTGTGGTAA mismatch to PNA-42 to PNA-46

7) DNA 56 | AATGGAGTCA parallel to PNA-42 to PNA-46

8) RNA 60 | GCAAAA AAAACG complementary to PNA-30 to PNA-37
9) RNA 61 | GCAAAUAAAACG mismatch to PNA-30 to PNA-37

10) RNA 62 | AAGGAAGAAG complementary to PNA-38 to PNA-41
11) RNA 63 | AAGGACGAAG mismatch to PNA-38 to PNA-41

12) RNA 64 | UGUAACUGAGGUAAGAGG | complementary to PNA-42 to PNA-46
13) RNA 65 | UGUAACUGCGGUAAGAGG | mismatch to PNA-42 to PNA-46




2.1.7 Summary
% H-pet-PNA and Amino-pet-PNA thymine monomers have been synthesized and
incorporated into aeg PNA sequences.
% The conversion of Amino-pet-PNA sequences to Guanidino-pet-PNA sequences

was achieved by global guanidination on solid support.
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2.1.8 Experimental

General: The chemicals used were of laboratory or analytical grade. All solvents used
were purified according to the literature procedures. Reactions were monitored by TLC.
Usual reaction work up involved sequential washing of the organic extract with water
and brine followed by drying over anhydrous sodium sulphate and evaporation of the
solvent under vacuum. Melting points of samples were determined in open capillary
tubes using Buchi Melting point B-540 apparatus and are uncorrected. IR spectra were
recorded on an infrared Fourier Transform spectrophotometer using nujol, chloroform
or neat. Column chromatographic separations were performed using silica gel 60-120
mesh (Merck) or 200- 400 mesh (Merck) and using the solvent systems EtOAc/Pet ether
or MeOH/DCM. TLCs were carried out on pre-coated silica gel GF254 sheets (Merck
5554). TLCs were run in either petroleum ether with appropriate quantity of ethyl
acetate or dichloromethane with an appropriate quantity of methanol for most of the
compounds. TLCs were visualized with UV light and iodine spray and/or by ninhydrin
treatment then heating. 'H and ?C NMR spectra were obtained using Bruker AC-200,
AC-400 or AC-500 NMR spectrometers. The chemical shifts are reported in delta ()
values and referred to internal standard TMS for 'H. The optical rotation values were
measured on Bellingham-Stanley Ltd, ADP220 polarimeter. Mass spectra were obtained
either by LCMS techniques. Oligomers were characterized by RP HPLC (Varian
/Waters) C18 column and MALDI-TOF mass spectrometry. The MALDI-TOF spectra
were recorded on Voyager-De-STR (Applied Biosystems) MALDI-TOF instrument and
the matrices used for analysis were CHCA (a-Cyano-4-hydroxycinnamic Acid) or
THAP (2’, 4°, and 6’-trihydroxyacetophenone). DNA oligomers were synthesized on
Applied Biosystems ABI 3900 High Throughput DNA Synthesizer using standard -
cyanoethyl phosphoramidite chemistry.
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Synthesis of proline methyl ester hydrochloride (2)

Proline 1 ( 4 g, 34.78 mmol) was suspended in 40 mL dry methanol and cooled to 0 °C,

then SOCI; (3.0 mL, 41.73 mmol) was added slowly. Then reaction mix was then
O‘COOMe stirred at RT for 7-8 hrs. After completion of reaction was confirmed
H'N‘H cr by TLC analysis (tert. BuOH: H,O: ACOH-(9:1:1), methanol was

removed under reduced pressure, the residue was dried and desiccated. This compound

(5.1 g, 90%) was used as such for Boc protection.

Synthesis of N-Boc proline methyl ester (3)

Compound 2 (5 g, 30.21 mmol) was dissolved in 50 mL (1:1 1, 4-dioxane: water) and

cooled to 0~ C. Triethylamine (12.6 mL, 90.63 mmol) was added, then Boc,0 (7.9 g, 36

& .25 mmol) dissolved in 10 mL 1, 4-dioxane was added slowly. Then

N COOMe  reaction mixture was stirred for 7-8 hrs, after completion of reaction
Boc .
1, 4-dioxane was removed under reduced pressure and compound was

extracted with ethyl acetate. The compound was purified by column chromatography
using EtoAc gradient in pet. ether. (Yield =6.08 g, 88%).
Synthesis of N-Boc prolinol (4)
NaBH, (2.4g, 65.5 mmol) was suspended in 50 mL dry THF: abs. ethanol (2:1) mix and
O\/ cooled to 0 °C. LiCl (2.77 g, 65.5mmol) was added in 2-3 portions.
N "' The above solution was stirred at RT for 1 hr., when the appearance of
Boc a milky solution indicates the formation of LiBHy in situ. To the above
solution, methyl ester 3 (6 g, 26.2 mmol) dissolved in 20 mL abs. ethanol was added
slowly through addition funnel. Then reaction was stirred at RT for 7-8 hrs. Then the
pH of reaction mixture was adjusted to 7 by addition of sat. NH4Cl solution, solvent was
removed under vacuum and the residue was extracted with ethyl acetate. The product
was purified with column chromatography (pet. ether: ethyl acetate) to give alcohol 3
(4.7 g, 89%).
'H NMR (CDCl3, 200Hz) & 1.47 (s, 9H), 1.76-2.07 (m, 4H), 3.28-3.48 (m, 2H), 3.58-
3.62 (m, 2H), 3.95 (m, 1H).
Synthesis of N-Boc-O-mesyl — prolinol (5)
Compound 4 (3.6 g, 18.32 mmol) was dissolved in 20 mL dry pyridine and mesyl
O\/ chloride (1.7 mL, 21.98 mmol) was added at 0 °C. Reaction was
N OMs stirred for 2 h at RT. After completion of the reaction, pyridine was

Boc
removed under reduceed pressure. Residue was dissolved in 100 mL
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ethyl acetate and organic layer was washed with 50 mL 10% NaHCO; solution.
Organic layer was dried over Na,SO4 and concentrated to give the crude product. It
was used further for next reaction without purification. Crude yield = (4.5 g, 88%).
Synthesis of N-Boc- 2- cyanomethyl pyrrolidine (6)
NaCN (6.3 g, 128.8 mmol) was added to the solution of the crude mesylate obtained
O\/ as above (4.5 g, 16.1 mmol) in 20 mL dry DMSO, reaction was
Eoc N heated to 60°C for 6 hrs. After completion of reaction DMSO was
removed under reduced presssure and residue was dissolved in 100
mL ethyl acetate. Organic layer was washed with 50 mL water followed by a wash
with 20 mL brine. Organic layer was concentrated under reduced presssure; crude
compound was purified by column chromatography using gradient ethyl acetate—
petroleum ether. Yield (2.8 g, 79%).
UV Amax(nm)(CH3CN) = 197(3.2), IR, v(cm™) (CHCl3) 3128, 3019,2210,1724,1670.
'H NMR (200 MHz, CDCl3) & = 1.42 (s, 9H, BocCH3), 1.77-2.14 (m, 4H, H3,3’, H4,
4%), 2.54-2.77 (m, 2H, CH,CN), 3.35-3.38 (m, 2H, H5, 5’), 3.94-4.05 (m, 1H, H2).
BCNMR (50 MHz, CDCl3) & = 21.8, 23.3 (C3, C4), 28.0 (Boc (CHs)3), 30.9
(CH,CN), 46.3 (C5), 53.4 (C2), 79.5 (BocC(CHj3)3), 117.6 (CN), 154.1 (Boc CO).
m/z(ESI) 233.44 (M+ Na+) (C11H 13N, 0O, reqiures 210.13).
Synthesis of N-Boc-2R-aminoethyl-pyrrolidine (7)
The cyano derivative 6 obtained (2.5 g, 11.9 mmol) was dissolved in 20 mL
O\A methanol and was hydrogenated over Raney-Ni catalyst in
N NHz  presence of dry Et;N (2.0 mL, 23.88 mmol) with 60 psi hydrogen
ooe pressure. After the completion of the reaction, methanol was
removed under reduced presssure to give product 2.3 g (yield 90%) which was used
further without purification.
Synthesis of Ethyl-[-N-( N-Bocpyrrolidin-2R-ethyl)-glycinate (8)
Amino compound 7 (2.2 g, 10.47 mmol) was dissolved in 25 mL dry MeCN and
triethyl amine (2.6 mL, 20.94 mmol) was added with stirring.
<l}l_l\/\NH The reaction mixture was cooled to 0°C and ethyl bromoactate
o (0.81 mL, 12.56 mmol) diluted with 10 mL MeCN was added
EtO slowly. The reaction was stirred for 2 h at RT. After completion

of the reaction, MeCN was removed under reduced presssure; and the residue was

dissolved in 150 mL ethyl acetate. Organic layer was washed with 50 mL 10 %
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NaHCOj solution, dried over anhydrous anhydrous sodium sulfate and concentrated
under reduced presssure to give ethyl Ethyl-[-N-( N-Boc—2R-pyrrolidinethyl)-
glycinate 8 as crude product which was purified by column chromatography using
gradient ethyl acetate—petroleum ether (Yield = 2.2 g, 70 %).

UV Amax(nm)(CH3CN)= 211(3.4), IR, v(cm™) (CHCl3) 3128, 3019, 1724, 1670.

'H NMR (200 MHz, CDCls) & = 1.24-1.31(t, 3H J = 7.2 Hz, COOCH,CHs), 1.46 (s,
9H, Boc(CHs)3), 1.52-1.94 (m, 6H, H3, 3°, H4, 4°, NHCH,CH,), 2.59-2.67 (m, 2H,
NHCH,CH>), 3.32-3.4 (m, 4H, H5, H5’, NHCH,COOEt), 3.85 (m, 1H, H2), 4.2-4.24
(m, 2H, J=7.2 Hz, COOCH,CH3).

BC NMR (50 MHz, CDCl;) & = 14.1 (COOCH,CH3), 28.4 (Boc(CHs)s), (30.4,
30.8), (C3, C4), 34.9 (NCH,CH»), 46.2 (NCH,CH,), 46.7 (NHCH,COOC;Hs), 50.8
(CS), 55.1 (C2), 60.6 (COOCH,CHj3), 78.9 (BocC(CH3)3), 154.6 (BocCO), 172.2
(COOC;Hs).

Mass(ESI) 301.34 (M+H"), 323.34 (M+Na") (C;5H,sN,04 requires 300.20)
Synthesis of Ethyl-[-N-(N-Boc-pyrrolidin—-2R-ethyl)-N-chlorocetyl]-glycinate (9)
chloroacetyl chloride (4.3 mL, 34 mmol) was added in 2-3 portions to the solution of

the compound 8 (2.04 g, 6.8 mmol) and NaHCO;3 (9.9 g, 68

O\/\ o mmol) in 20 mL (1:1 water:1,4-dioxane) at 0°C. pH of

N cl

Boc A reaction mixture was maintained at 8-9. after complete
O consumption of the starting material, reaction mixture was

EtO
concentrated under reduced presssure. Product was extracted in 2x 50 mL

dichloromethane. The organic layer was dried over anhydrous sodium sulfate,
concentrated and the product was purified by column chromatography using gradient
ethyl acetate—petroleum ether to get pure product. Yield product (2.2 g, 84%).

UV Amax (nm) (CH3CN) = 205(3.7), IR, v(cm™) (CHCl3) 3128, 3019, 1710, 1670.

'H NMR (200 MHz, CDCl3) & = 1.23-1.31 (m, 3H, COOCH,CH3), 1.46 (s, 9H, Boc
(CHs)3), 1.76-1.99 (m, 6H, H3, H3’, H4, H4’, NCH,CH;), 3.33-3.41 (m, 4H, H2,
H5,NCH,CH; ), 3.79 (m, 1H, H5" ), 4.01-4.25 (m, 6H, COOCH,CH3, NCH,COOEt,
COCH,CI)

BC NMR (50 MHz, CDCl;) & = 14.0 (COOCH,CHj3), 28.4 (Boc(CHs)3), 30.8 (C4),
33.7 (C3), 40.6 (NCH,CH;), 46.9(C5), 47.7 (NCH,CH,), 49.4 (NHCH,COOC;Hjs),
54.9 (C2), 61.2 (COCH,Cl), 61.8 (COCH,CH3), 79.3 (BocC(CH3)3), 154.5 (BocCO),
166.6 (NCOCH,Cl), 168.8 (COOC,Hs). Mass (ESI) 377.33 (M+H"),
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399.28(M+Na"), 401.31 (C17H,9CIN,Os5 requires 376.17).
Synthesis of Ethyl-[-N-(N-Boc-pyrrolidin-2R-ethyl)-N-(N-1-thyminylacetyl)]-
glycinate (10)
o The chloroacetyl derivative (2.05 g, 5.50 mmol), K,COs
O\/\ o) }/_«NH (0.97 g, 6.61 mmol) and thymine (0.68 g, 6.32 mmol) was
EOC NJ\/N«O suspended in 5 mL dry DMF and stirred at RT for 6 hrs.
o DMF was removed under reduced presssure and
=0 compound extracted in 50 mL ethyl acetate. The crude
product was purified by column chromatography using gradient dichloromethane—
methanol to give the pure product 10. (1.9 g yield = 74%).
UV Amax (nm) (CH;CN) = 206(3.6), 267(3.5),
IR, v (cm™) (CHCI3) 3128, 3019, 1720, 1670.
'H NMR (200 MHz, CDCl3) & = 1.23-1.32 (m, 3H, COOCH,CH3), 1.46 (s, 9H, Boc
(CH3)3), 1.85-2.07 (m, 6H, H3, H3’, H4, H4’, NCH,CH,), 1.91 (s, thymine CHj3),
3.29-3.43 (m, 4H, H2, H5, NCH,CH;), 3.73-3.85 (m, 1H, HS’), 4.08-4.63 (m, 6H,
COOCH,CH3, NCH,COOEt, COCH; thymine), 7.03 (s, |H H6 thymine).
BC NMR (50 MHz, CDCl5) & = 12.1 (thymineCH3), 13.9(COOCH,CH3), 28.3
(Boc(CH3)3), 29.9 (C4), 30.6 (C3), 33.4 (NCH,CH,), 45.9 (C5), 47.5 (NCH,CH»),
49.0 (NHCH,COOC;Hjs), 54.7 (C2), 61.2 (COCHzthymine), 61.9 (COCH,CH3), 79.3
(BocC(CHs3)3), 110.4 (C5thymine), 140.9 (C6thymine), 151.0 (C2thymine), 154.4
((BocCO), 164.4 (C4thymine), 166.9 (NCOCH;thymine), 168.7 (COOC,Hs).
Mass (ESI) 489.60 (M+Na") (C»,H34N,0 requires 466.24)
[-N-(N-Boc-pyrrolidin-2R -ethyl)-N-(N-1-thyminylacetyl)]-glycine (11)
The compound 10 (1.6 g, 3.41 mmol) was dissolved in 2
HO mL methanol, to which 2 mL 1IN LiOH solution in water

<_)\/\ o ¢ WM was added. Reaction was complete in 30 min. Methanol
N NJJ\/N_<O

Boc was removed, aqueous layer was neutralized with Dowex

0]
HO

aqueous solution was washed with ethyl acetate, concentrated to give thymine
monomer 11 (1.4 g yield = 88%).

UV Amax (nm) (CH3;0H) = 201 (4.1), 268(3.8), IR, v (cm™) (CH;0H) 3126, 3022,
1720, 1670.

'H NMR (200 MHz, DMSO dg) & = 1.38 (s, 9H, Boc (CH3)3), 1.62-2.01 (m, 6H, H3,

H" resin and resin was separated by filtration. The
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H3’, H4, H4’, NCH,CH,), 1.77(s, thymine CHj), 3.23-3.35 (m, 4H, H2, HS,
NCH,CH,), 3.62-3.86 (rotamers, m, 2H, HS’, H4), 3.96-4.06 (rotamers, s, 2H,
NCH,COOH), 4.48-4.63 (m, rotomers, COCHythymine) 7.31-7.43 (rotamers, d, 1H,
H6 thymine).
3C NMR (50 MHz DMSO dg) & = 12.1 (thymineCHj3), 28.3 (Boc(CHs)3), 30.5 (C4),
32.7 (C3), 35.0 (NCH,CH,), 45.1(C5), 46.1 (NCH,CH,), 47.7 (NHCH,COOC,Hs),
54.8(C2), 59.7 (COCH,thymine), 78.6 (BocC(CHs);), 108.2 (C5thymine), 142.5
(C6thymine), 151.2 (C2thymine), 153.8 (BocCO), 164.7 (C4thymine), 167.3
(NCOCH,thymine), 170.6 (COOH). [a]*’p = -34.07 (¢ =1.2.MeOH).
Mass obsd. 445.08 (M+Li"), 461.06 (M+Na") (Cy0H30N4O7 requires 438.22 ).
Synthesis of trans-4 -hydroxy L proline methyl ester hydrochloride (13)
HO, trans-4-hydroxy L Proline 12 (5.6 g, 42.81 mmol) was suspended in
QCOOCHB 50 mL dry methanol and cooled to 0 °C , then SOCI, (3.7 mL, 51.37
H hor mmol) was added slowly. Reaction mix was then stirred at RT for
7-8 hrs. After completion of reaction and confirmed by TLC analysis
(tert. BuOH:H,O:ACOH-(9:1:1), methanol. Methanol was removed under reduced
pressure, residue was dried and desiccated. This compound (7.0 g, 90%) was used as
for Boc protection.
Synthesis of trans -4-hydroxy- N-Boc L proline methyl ester (14)
HO Compound 13 (6.8 g, 37.731 mmol) was dissolved in 60 mL (1:1 1-
O‘COOCH 4 dioxane: water) and cooled to 0 ~C. Triethyl amine (15.75 mL,
E‘OC ° 113.21 mmol) was added, then Boc,O (9.87 g, 45.27 mmol)
dissolved in 20 mL 1-4 dioxane added slowly. Reaction mixture was stirred for 7-8 hrs,
after completion of reaction 1, 4-dioxane was removed under reduced pressure and
compound was extracted with ethyl acetate. Compound was purified by column
chromatography with pet. ether and ethyl acetate gradiant. (Yield = 8.2 g, 88%)).
Synthesis of N-Boc- 4R-OTBS proline methyl ester (15)
Compound 14 (8.15 g, 22.74 mmol) and imidazole (3.4 g, 50.03mmol) was taken in 15
TBSO, mL DMF and cooled to 0 °C. TBSCI (3.77g, 25.01mmol) was
& added to this in 2-3 portions and reaction was stirred at RT for 8

N~ ~COOCH;

Boc hrs. After completion of reaction, reaction was work it up with
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ethyl acetate and organic layer was washed with water and brine. Organic layer was
concentrated under vacuum and product was purified with column chromatography (pet.
ether: ethyl acetate) yield = 10.7 g, 89 %
'H NMR (CDCls, 200Hz) & 0.06(s, 6H), 0.87 (s, 9H), 1.41-1.46 (s, 9H), 1.60 (m, 2H),
1.94-2.25 (m, 2H), 3.28-3.44 (m, 1H), 3.59-3.63 (m, 1H), 3.73 (d, 3H), 4.30-4.41(m,
2H).
Synthesis of N-Boc- 4R-OTBS prolinol (16)

NaBH4 (2.7g, 73.23 mmol) was suspended in 70 mL dry THF: abs.

TBSO, ethanol (2:1) mix and cooled to 0 °C. LiCl (3.1 g, 73.23mmol) was
Q\/OH added in 2-3 portions. The above solution was stirred at RT for 1
Boc hr.and appearance of milky solution indicates the formation of

16

LiBHy in situ. To above solution methyl ester (10.5 g, 29.29 mmol)
dissolved in 30 mL abs. ethanol was added slowly through addition funnel. Reaction
was stirred at RT for 7-8 hrs. Then pH of reaction mixture was adjusted to 7 by addition
of sat. NH4Cl solution, solvent was removed under vacuum and residue was extracted
with ethyl acetate. Product was purified with column chromatography (pet. ether: ethyl
acetate) to give alcohol 16 (8.7 g, 89%).
'H NMR (CDCls, 200Hz) & 0.06 (s, 6H), 0.87(s, 9H), 1.47 (s, 9H), 1.92-2.01 (m, 2H),
3.55-3.69 (m, 5H), 4.12- 4.28(m, 2H), 4.92-4.95(m, 1H).
1BSO Synthesis of N-Boc- 4R-OTBS-2S-O-mesyl — prolinol (17)
) Compound 16 (8.6 g, 26.13 mmol) was dissolved in 30 mL dry
(D\/OMS pyridine and mesyl chloride (2.5 mL,31.36 mmol) was added at
0 °C. Reaction was stirred for 2 h at RT. After completion of the
reaction, pyridine was removed under reduced presssure. Residue was dissolved in
100 mL ethyl acetate and organic layer was washed with 50 mL 10% NaHCOs3
solution. Organic layer was dried over Na,SO4 and concentrated to give the crude
product. It was used further for next reaction without purification. Crude yield: (8.7
g, 85 %)
TBSO, Synthesis of N-Boc-4R-O-TBS -2S- cyanomethyl-pyrrolidine
N CN (18)
Boc NaCN (8.7 g, 177.8 mmol) was added to the solution of the

crude mesylate obtained as above (8.5 g, 22.2 mmol) in 25 mL dry DMSO, reaction

was heated to 60°C for 6 hrs. After completion of reaction DMSO was removed
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under reduced presssure and residue was dissolved in 200 mL ethyl acetate. Organic
layer was washed with 50 mL water followed by a wash with 20 mL brine. Organic
layer was concentrated under reduced presssure; crude compound was purified by
column chromatography using gradient ethyl acetate—petroleum ether. Yield (5.6 g,
77%).
UV Amax(nm)(CH3CN)= 194(3.6), IR, v(cm™") (CHCl3) 3128, 3019,2208,1724,1670.
'H NMR (200 MHz, CDCl3) & = 0.07 (s, 6H, Si-(CHs),), 0.86 (s, 9H, Si-C(CHs)3),
1.46 (s, 9H, Boc (CHj3)3), 1.94-2.18 (m, 2H, H3,3’ ), 2.62-3.11 (m, 2H, CH,CN),
3.42 (m, 2H, H5,5°), 4.12-4.39 (m, 2H, H4, H2).
BCNMR (50 MHz, CDCls) & = -5.0 (Si(CH3),), 17.7(SiC(CHs)s), 25.5 (SiC(CHs)s),
28.2 (BocCHs), 39.8 (€3),40.8 (CH,CN), 52.6 (C2), 55.6 (C5), 69.6 (C4), 79.9
(BocC(CHs)3), 117.3 (CN), 154.5 (BocCO).
Mass (ESI) 363.35 (M+Na") (C17H3,N,05Si requires 340.21).

Synthesis of N-Boc-4R-O-TBS—2R-aminoethyl- pyrrolidine (19)

The cyano derivative 18 (5 g, 14.74 mmol) was dissolved in 20 mL methanol and

TBSO was hydrogenated over Raney-Ni catalyst in presence of dry

O\A Et;N (4.09 mL, 47.18 mmol) with 60 psi hydrogen pressure.
N NH

doc 2 After the completion of the reaction, raction mixture was
filtered and methanol was removed under reduced presssure
to give 19 4.5 g (yield 90%) which was used further without purification.
Synthesis of ethyl —N-(N-Boc-4R-O-TBS-pyrrolidin—2R-ethyl)-glycinate (20)
Compound 19 (4.2 g, 12.28 mmol) was dissolved in 40 mL dry MeCN and Et;N
TBSO, (3.14 mL, 24.56 mmol) was added with stirring. The reaction
O\/\ mixture was cooled to 0°C and ethyl bromoactate (0.95 mL,
) 14.73 mmol) diluted with 10 mL MeCN added slowly. The
S‘O reaction was stirred for 2 hrs. at RT. After completion of the
reaction, CH3CN was removed under reduced presssure and
the residue was dissolved in 200 mL ethyl acetate. Organic layer was washed with
50 mL 10 % NaHCOs; solution, dried over anhydrous sodium sulfate and
concentrated under reduced presssure to give 20 as crude product which was purified
by column chromatography using gradient ethyl acetate—petroleum ether. 3.6 g
(yield 68 %).
UV Amax(nm)(CH3CN)= 203( 3.8), IR, v(cm™") (CHCI3) 3128, 3019,2110,1724,1670.
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'H NMR (200 MHz, CDCl;) & = 0.05 (s, 6H, Si-(CHs),), 0.86 (s, 9H, Si-C(CHs)3),
1.24-1.31 (m, 3H, COOCH,CH3;), 1.46 (s, 9H, Boc (CHj3)3), 1.56-2.01 (m, 4H, H3,
3’, NCH,CH,), 2.57-2.64 (m, 2H, NCH,CH;), 3.34-3.39 (m, 4H, H2, HS,
NCH,COOEt), 3.84-3.94( m, 1H, H5’), 4.13-4.24 (q, J, COOCH,CH3), 4.28-4.35
(m, 1H, H4).

BC NMR (50 MHz, CDCl) & = -4.9(Si(CHs3),), 14.1(COOCH,CH;),
17.8(SiC(CHj3)3), 25.7(SiC(CHs)s), 28.3(BocCHs), 29.5 (CH,CH;NH), 35.5 (C3),
40.3 (HNCH,CH,), 46.4 (C5), 50.8 (NHCH,COOC,Hs), 54.1 (C2), 60.6
(COOCH,CH3), 69.7(H4), 79.1(BocC(CHs)3), 155.0(BocCO), 172.2(COOC,Hs).
Mass (EST) 431.60 (M+H) (C,;H42N,05Si requires 430.28)

Synthesis of Ethyl-[-N-(N-Boc-4R-O-TBS-pyrrolidin—2R-ethyl)-N-chlorocetyl]-
glycinate (21)

chloroacetyl chloride (5.2 mL, 40.65 mmol) was added in 2-3 portions to the

TBSO, solution of the compound 20 (3.5 g, 8.13 mmol) and
O\/\ 0 NaHCO; (6.8 g, 46.51 mmol) in 20 mL (1:1 water:1-4
N NJJ\/Cl
Boc dioxane) at 0°C, pH of reaction mixture was maintained
o)

1o at 8-9. After complete conversion of the starting
material, reaction mixture was concentrated under reduced presssure. Product was
extracted in 2x 50 mL dichloromethane. The organic layer was dried over anhydrous
sodium sulfate, concentrated and the product was purified by column
chromatography using gradient ethyl acetate—petroleum ether to get pure product 21.
3.0 g (yield 75%).

UV Amax(nm)(CH3CN)= 205(3.6), IR, v(cm™) (CHCl3) 3128, 3019, 2110, 1724,
1670.

'"H NMR (200 MHz, CDCls) & = 0.06 (s, 6H, Si-(CH3),), 0.86 ( s, 9H, Si-C(CHs)3),
1.24-1.27 (m, 3.0 H, COOCH,CH,), 1.48 (s, 9H, Boc (CH3)3), 1. 56-2.14 (m, 4H,
H3, 3°, NCH,CHy), 3.25-3.46 (m, 4H, H2, H5, NCH,CH, ), 4.00-4.33 (m, 7H, H4,
OCH,CHj3, NCOCH,T, NCH,COOE).

BC NMR (50 MHz, CDCl;) & = -4.9 (Si(CH3),), 14.0 (COOCH,CH3),
17.8(SiC(CHj3)3), 25.5 (SiC(CHs)3), 28.3 (BocCHs), 29.5 (CH,CH;,N), 33.7 (C3),
41.1 (NCH,CH,), 46.5 (C5), 47.7 (NCH,COOC;Hs), 53.4 (C2), 54.9 (NCOCH,Cl),
61.3 (COOCH,CHs3), 70.0 (C4), 79.5 (BocC(CHs);), 155.1 (BocCO), 155.3
(COCH,Cl), 166.6 (COOC,Hs).
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Mass (ESI) 507.59 (M+H"), 509.58 (C23H43CIN,O6Si requires 506.25)

Synthesis of Ethyl-[-N-(N-Boc-4R-O-TBS-pyrrolidin—2R-ethyl)-N-(N-1-
thyminylacetyl)|-glycinate (22)
The chloroacetyl derivative 21 (3.0 g, 6.32mmol), K,COs (0.87 g, 5.92 mmol) and

TBSO, 0  thymine (0.79 g, 6.32 mmol) were suspended in 5
Zj\/\ o ( NH mL dry DMF and stirred at RT for 6 hrs. After

EOC NJJ\/N_% completion of reaction DMF was removed under

cd 0 reduced presssure and compound extracted in 50

mL ethyl acetate. The organic layer was dried over
anhydrous sodium sulfate, concentrated to give crude product.The crude product
was purified by column chromatography using gradient dichloromethane—methanol
to give the pure product. 2.6 g (yield 72%).

UV Aax(nm)(CH3CN)= 267 (3.9) IR, v(ecm™") (CHCl3) 3128, 3019, 1724, 1670.
'H NMR (200 MHz, CDCl3) & = 0.06 (s, 6H, Si-(CHs),), 0.86 (s, 9H, Si-C(CHs)3),
1.26-1.45 (m, 3H, COOCH,CH3), 1.45 (s, 9H, Boc (CHs)3), 1.66-2.05 (m, 4H,
NCH,CH,, H3, H3’), 1.92 (s, 3H, thymine-CHs), 3.25-3.41 (m, 4H, H2, HS5,
NCH,CH,), 3.86-3.98(m, 1H, HS5’), 4.07-4.62 (m, 7H, H4, OCH,CH3;, NCOCH,T,
NCH,COOE), 7.03 (s, 1H, H6 thymine).
BC NMR (50 MHz, CDCl;) & = -49 (Si(CH3),), 12.2 (thymineCHj),
14.0(COOCH,CH3), 17.8(SiC(CH3)3), 25.5(SiC(CH3)3), 28.3(BocCH3),
29.5(CH,CH;,N), 33.9(C3), 40.7(NCH,CH,), 45.7(C5), 47.5(NCH,COOC,Hs),
53.6(C2), 54.9(NCOCH;thymine), 61.3(COOCH;,CH3), 70.0(C4),
79.6(BocC(CHs3);3), 110.4(C5thymine), 140.9(C6thymine), 151.1(C2thymine),
155.1(BocCO), 164.3(COCH;thyymine), 167.0(C4thymine), 168.7(COOC,Hs).
Mass (ESI) 597.68 (M+H), 619.71(M+Na") (C,sH4sN4O5Si requires 596.3241).
Synthesis of ethyl-[-N-(N-Boc-4R-hydroxypyrrolidin—2R-ethyl)-N-(N-1-
thyminylacetyl)]-glycinate (23)

Compound 22 (2.5 g, 3.35 mmol) was dissolved in 10

HO o
= }/—( mL dry THF, IM TBAF in THF (5.0 mmol) was added.
o NH
Q\/\NJJ\/N—QO After 30 min, THF was removed under reduced
Boc o presssure, product extracted in 50 mL dichloromethane,
EtO organic layer washed with 20 mL water. After
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evaporation of the solvent, the crude product was purified by column
chromatography using gradient methanol-dichloromethane to give the pure
compound 23 yield (1.75 g, 90%)

Synthesis of ethyl-[-N-(  N-Boc-4R-O-mesylpyrrolidin—2R-ethyl)-N-(N-1-
thyminylacetyl)]-glycinate (24)

The pure compound 23 (1.7 g, 3.52 mmol) was dissolved in 20 mL dry pyridine and

MsO, O mesyl chloride (0.4 mL, 5.2 mmol) was added drop
O\/\ 0 2/ NH wise to this solution at 0°C while stirring. After 2

N
EOC NJ\/ _< hrs., pyridine was removed under reduced presssure;

o residue was dissolved in 50 mL ethyl acetate.

Organic layer washed with 10% NaHCO; and dried

EtO

over anhydrous sodium sulfate. The orgaic layer was concentrated to give, the crude

product. This was purified by column chromatography using gradient methanol-

dichloromethane to give compound 24. 1.5 g (yield 78%)

Synthesis of Ethyl-[-N-(N-Boc-4S-azido-pyrrolidin—2R-ethyl)-N-(N-1-

thyminylacetyl)]-glycinate (25)

The mesylate obtained in the previous step (1.4 g, 2.5 mmol) and NaNj3 (1.65 g, 25.0
mmol) were suspended in 10 mL dry DMF and stirred

0
n\/\ o /? (NH at 60 °C for 6 hrs. After completion of the reaction,
N NJJ\/N—§

DMF was removed under reduced pressure and residue

N3

|
B
o¢ 0 was dissolved in 100 mL ethyl acetate. The organic

EtO layer was washed with water, dried over anhydrous
sodium sulfate, concentrated and the crude product was purified by column
chromatography using gradient methanol-dichloromethane to give 25. 0.88 g (yield
70%).

UV Amax(nm)(CH3CN)= 194(3.2), 266(3.8), IR, v(cm™) (CHCl;) 3128,
3019,2110,1724,1670.

'H NMR (200 MHz, CDCl3) § = 1.24-1.29 (m, 3H, COOCH,CHj ), 1.46 (s, 9H, Boc
(CH3)3), 1.92(s, 3H, thymine CHj3 ), 1.84-2.35 (m, 4H, H3, 3’, NCH,CH,), 3.32-3.74
(m, 5H, H2, HS, 5°, NCH,CH,), 4.10-4.64 (m, 7H, H4, COOCH,CHj3, NCH,COOEt,
COCH;thymine), 7.03 (s, 1H, thymine H6).

BC NMR (50 MHz, CDCls) & = 12.3 (thymineCHs), 14.0 (COOCH,CH3), 28.4
(BocC(CHs3)3), 29.6 (NCH,CH,), 33.7 (C3), 36.0 (NCH,CH;), 46.0 (C5), 47.7
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(NCH,COOC,Hs), 54.3 (C2), 59.4 (C4), 61.4 (COOCH,CH3), 80.4 (BocC(CHj3)3),
110.7 (C5thymine), 141.1 (C6thymine), 151.1 (C2thymine), 154.2 (BocCO), 164.3
(C4thymine), 167.2 (NCOCH,thymine), 168.8 (COOC,Hs).
Mass (ESI) 508.58 (M+H"), 530.64 (M+ Na") (C».H33N;07 requires 507.24)
Synthesis of  ethyl [-N-(N-Boc-4S-aminopyrrolidin—2R-ethyl)-N-(N-1-
thyminylacetyl)]|-glycinate (26)
Compound 25 (0.8 g 1.6 mmol) and 10% Pd-C (80
HZNZ_)\/\ 5 }/—{(N)H mg) were suspended in 10 mL methanol and
N N JJ\/N_< hydrogenation reaction was carried out at 40 psi
© hydrogen pressure. After completion of the reaction,
EtO the reaction mixture was filtered and solvent was
evaporated to give amino derivative (0.69 g, 92%) which was used without further
purification in the next step.
Synthesis of [-N-(N-Boc-4S-aminopyrrolidin—2R-ethyl)-N-(N-1-
thyminylacetyl)]-glycine (27)
The amino derivative obtained in the previous step (0.6 g, 1.24 mmol) was dissolved
in 2 mL methanol and to which was added 2 mL 1IN

0
HZNZ_)\/\ }/_( LiOH solution in water. Reaction was complete in
o] NH
N AN

30 min, methanol was removed and aqueous layer

N
|
6] . . . .
Boc { o was neutralized with Dowex H' resin and resin was
HO separated by filtration. The aqueous solution was

washed with ethyl acetate, concentrated to give free amino acid derivative 27 (0.5 g,
90%).

'"H NMR (200 MHz, D,0) & = 1.33 (s, 9H), 1.64-1.79 (m, 5H), 1.98-2.09 (m, 1H),
2.45-2.59 (m, 1H), 3.80-3.90 (m, 9H), 4.45-4.50 (d, J= 10.06 Hz, 1H), 7.26-7.30 (d,
1H).

PC NMR (50 MHz, D,0) § = 11.3, 27.6, 34.8, 44.5, 47.4, 49.0, 49.9, 51.0, 54.1,
54.4,82.0, 110.6, 143.2, 152.0, 155.6, 166.8, 168.6, 174.8.Mass (ESI) obsd. 454.53
(M+H"), 476.52 (M+Na") (C20H3,N507 requires 453.22) [a]*’p = 15 (c=1.3, MeOH).
Synthesis of [-N-(N-Boc-4S-Fmoc-amino—2R-pyrrolidinylethyl)-N-(N-1-
thyminylacetyl)]-glycine (28)

The amino acid obtained in the previous step (0.5 g, 1.1 mmol) was dissolved in 3

mL water-dioxan and NaHCOj3 (0.23 g, 2.75 mmol) and Fmoc —succinimide (0.44 g,
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1.32 mmol) was added to the reaction mixture.

@]

FmocHN The reaction was stirred for 6 hrs at RT. Then 1,4-

O / H .
JJ\/N dioxane was removed under reduced presssure
N N _§

Boc O and aqueous layer was
O
HO

washed with ethyl acetate until impurity of Fmoc

zZ

succinimide is removed. Then aqueous layer was neutralized with H™ dowex resin.
The compound was then extracted in 40 mL 5% methanol in ethyl acetate. Organic
layer was dried over Na,SOj, concentrated and the product was purified by column
chromatography using gradient methanol-dichloromethane to give thymine
monomer 28 (0.46 g, 61%).

UV Amax(nm)(CH30H)= 205(4.4), 265(4.03), 299(3.3), ), IR, v(cm) (CH;0H)
1724,1670

'H NMR (200 MHz, DMSO d¢) & = 1.41 (s, 9H, Boc (CH3)3), 1.55-2.36 (m, 4H,
H3,3’, NCH,CH,) ,1.76 (s, 3H, thymine CHj), 2.69 -3.92 (8H, m, H2, HS5.5’,
NCH,CH,, Fmoc CH,, CH), 3.16-3.75 (moisture from DMSO), 4.23-4.63 (m, 5H,
H4, COCH,thymine, NHCH,COOH) 7.31-7.92 (m, 9H, Fmoc, Thymine HS).

BC NMR (50 MHz, DMSO dg) & = 12.3(thymineCH3), 28.5(BocC(CH3)3), 29.4
(NCH2CHb»), 31.6 (C3), 41.2 (NCH,CH>) 44.4(C5), 47.1 (FmocCHCH,OCON), 48.1
(NCH,COOH), 50.8 (C2), 54.1 (C4), 65.8 (CH,OFMOC), 79.0 (BocC(CHs)3), 108.4
(C5 thymine), (FmocAr110.1, 120.5, 121.8, 125.6, 127.5, 128.0, 129.9, 137.9, 139.8,
141.2, 144.3) 142.7 (C6 thymine), 151.5 (C2thymime), 153.8(BocCO),
156.2(FmocCO), 164.2(C4thymine), 167.5(NCOCH,), 174.4 (COOH).

Mass (ESI) 698.68 (M+ Na'), 720.69(M+2Na") (C3sH4NsOy requires 675.29)
[a]*’p = 16.7(c=1.2, MeOH)

Oligomer Synthesis: The PNA oligomers were synthesized by standard Boc-solid
phase peptide strategy.” MBHA resin (4-Methylbenzhydrylamine resin) was selected
as solid polymeric matrix on which oligomers were synthesized. The free amine
content on the resin was determined by the picrate assay and was found to be 1.75
mmol/g and loading was suitably lowered to approximately 0.30 mmol/g by partial
acetylation of amine content using calculated amount of acetic anhydride. Free -NH;
groups on the resin available for coupling are again estimated before starting
synthesis. aN-Boc w/N CICbz lysine was linked to the resin through amide bond. All

the monomers and coupling reagent TBTU and HOBt were useed 3 equivalents of
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loading value. The completion of coupling was confirmed by kaiser test. PNA
oligomers were cleaved with standard TFA-TFASA protocol. Purification of all the
PNA oligomers was carried out by Varian dual pump PROSTAR model No.210
HPLC on RP-CI18 column with Water: CH3CN-0.1% TFA system. PNA oligomers
were characterized by MALDI-TOF mass spectrometry by using Voyager-DE-STR
(Applied Biosystems) MALDI-TOF. A nitrogen laser (337 nm) was used for
desorption and ionization. Spectra were acquired in linear mode. The matrix used for
analysis was CHCA (a-cyano hydroxyl cinnamic acid).

Post synthetic conversion of Am-pet-PNA to Gu-pet*PNA: Am-pet-PNA
synthesized MBHA resin (5mg) was suspended in dry DMF. Fmoc protected amino
groups in Am-pet units in the Am-pet-PNA deprotectd by 20% piperidine-DMF
solution and resin was then subjected for guanidinilation by suspending in the
solution of pyrazole-1-caboxamidine hydrochloride (10 eqivalents for each amino
group)/DIPEA in DMF-THF (1:2) mixture. After 6-7 hours, the resin was washed
with dry DMF and treated with the same guanidination mixture once again to ensure
completion conversion from amino to guanidino functionality. The resin was washed
with dry DMF and dry DCM and was then desscicated. Gu-pet-PNA was cleaved
from this resin with standard conditions employing TFMSA-TFA and purified by
reverse phase HPLC. (yield of conversion of amino to guanidino is > 95%). The
complete conversion of amino to guanidino groups was cheacked with reverse
phase HPLC analysis. This was confirmed by co-injection of amino-pet-PNA and
Guanidio-pet-PNA sequences.
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2.1.9 Appendix
1H and 13C spectra for compound 4-28 -Page no 82-100
HPLC and MALDI-TOF spectra for PNA sequences-30-46—Page no- 101-114
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Section II: Biophysical studies of H-pet-PNA, Amino-pet-PNA and
Guanidino-pet-PNA towards complementary DNA/RNA
2.2.1: Introduction

The purpose of the designed oligonucleotides is to achieve i) high binding
affinity and specificity to target nucleic acid. i1) stability to cellular enzymes iii) a long
enough half-life within the system to allow manifestation of its effect and iv) non-
toxicity to the system in which the activity is desired. All newly designed and
synthesized molecules were hence subjected to various biophysical and biochemical

studies to evaluate their potential as antisense agents.

2.2.2 Rationale and objectives of the present work

The preceding section reports the synthesis of chiral, conformationally
constrained backbone-extended PNA analogue pet-PNA. These pet-PNA units were
introduced at various positions in PNA oligomers in order to study the effect of
structural constraint, chirality and cationic nature of pyrrolidinyl ring functionalized
with amino and guanidino groups. In this section the studies that measure the influence
of modifications on the binding properties to target nucleic acids in the terms of

strength, specificity and directionality of binding is presented.

The objective of this Section is to present the results of the systematic study of
the different chiral, pet-PNA, Am-pet and Gu-pet-PNA backbone modifications in
terms of their ability and strength to form specific base paired complexes ( duplexes
and triplexes) with DNA/RNA. In order to explore the triplex forming potential,
polypyrimidine sequences were constructed and to enable the study of duplexes, mixed
purine-pyrimidine sequences were employed with mixed aeg/pet-PNA backbones. Also
the effect of cationic substituent in the pyrrolidinyl ring on the strength of binding with
the complementary DNA/RNA was studied. The specificity of binding was addressed
by performing experiments with mismatched pairing at a single site in the target
DNA/RNA sequences. This Section addresses the biophysical studies of pet-PNAs and
their hybrids with complementary nucleic acids using techniques such as UV

spectroscopy & CD spectrophotometry.
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2.2.3 Biophysical spectroscopic techniques for studying PNA- DNA/ PNA-RNA
interactions

Monitoring the UV absorption at 260 nm as a function of temperature has been
extensively used to study the thermal stability of nucleic acid duplexes and triplexes and
consequently, PNA:DNA hybrids as well. Increasing the temperature perturbs these
complexes, inducing a structural transition by causing disruption of hydrogen bonds
between the base pairs, diminished stacking interactions between adjacent nucleobases
and larger torsional motions in the backbone leading to a loss of secondary and tertiary
structure. This is reflected in the UV absorption at 260 nm, termed as hyperchromicity.
The magnitude of hyperchromicity is a measure of the extent of the secondary structure
present in nucleic acids. The process is cooperative and the plot of the absorbance at
260 nm vs the temperature is therefore sigmoidal. this also represents a two-state/All or
none model for nucleic acid melting i.e., the nucleic acids exist in only two states, either
in duplexes or single strands and at varying temperatures, the relative proportion
change. A non-sigmoid (e.g. linear) transition with low hyperchromicity is a
consequence of non duplexation ( non complementation). In many cases, the transitions
are broad and the exact 7y,s are obtained from the peak in the first derivative plots. This
technique has provided valuable information regarding complementary interactions in
nucleic acids hybrid involving DNA, RNA and PNA.**

The fidelity of base pairing in the PNA:DNA/PNA:RNA complexes can be
examined by changing the PNA oligomer with a DNA/RNA strand bearing mismatch at
a desired site, preferably opposite the site of modification. The base mismatch leads to
the absence of or incorrect hydrogen bonding between the bases and causes a drop in
the measured melting temperature. A modification of the PNA structure is considered
good if it gives a significantly lower 7, with RNA/ DNA sequences containg
mismatches as compared to unmodified PNA. It is to be pointed out that in all
biophysical experiments described herein, the modified PNAs were always evaluated by

comparision with unmodified control PNA.

Homopyrimidine thymine PNA sequences bind to the complementary
homopurine DNA sequences forming PNA,:DNA triplexes in which it is difficult to
distinguish the PNA strands that bind to the central DNA strand by WC hydrogen
bonding and by HG hydrogen bonding. Mixed-base sequences form duplexes of

antiparallel or parallel orientations that can be selected by proper design of the
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complementary DNA sequences. By convention, antiparallel PNA:DNA complexes are
defined as those in which the ‘N’ terminal of PNA faces the 3’-end of the DNA while
the ‘C’ terminal faces the 5’-end. Parallel PNA:DNA complexes are those in which the
‘C’ terminal of PNA faces the 3’-end of DNA with the ‘N’ terminal towards the 5’-end
of the DNA (Figure 9).

DNA DNA
5' -3 5' - 3
cC= N N = C
PNA PNA
antiparallel (ap) Parallel(p)

Figure 9: Schematic representation of the antiparallel and parallel modes of complexation of
PNA with complementary DNA.

Mismatch studies: The complexes of PNAs were constituted with DNA/RNA
containing a mismatch base (Figure 10). Mismatch studies show the sequence-
specificity of the PNA sequence; melting temperatures for PNA:mismatch DNA/RNA
complexes are typically lower than PNA:DNA/RNA complex. The binding strength is

less for mismatch DNA/RNA as now one base is not available for hydrogen bonding.

TTTTTTTT PNA
GCAAA TAAAACG DNA
TTTTTTTT PNA

Figure 10: Mismatched PNA,: DNA complex

Salt effect: Increase in the salt concentration in the medium is known to
destabilize PNA:DNA complexes.” Positively charged cations in salt compete with
cationic functional groups in the PNA backbone to have electrostatic interactions with
the phosphate backbone of DNA/RNA. Change in the melting temperature of
PNA:DNA/RNA complexes due to increase in the salt concentration of medium gives
the information about electrostatic contribution to melting temperature and thus stability

of complexes.
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Results

2.2.4 UV melting studies

In the present Section studies on PNA:DNA/ PNA:RNA interactions investigated by
UV and CD spectroscopic techniques are presented with discussion on effect of PNA

modification on duplex/ triplex formation.

2.2.4a Homopyrimidine PNA-Ts sequences: UV studies

The unmodified PNA Ts sequence and PNA sequence with H-pet-PNA, Am-pet-
PNA and gu-pet-PNA were annealed with DNA (50) and RNA (60) in 2:1
stoichiometry. Results for sequences with different pet units at the ‘C’ terminus are
tabulated in Table 5. The H-pet-PNA modification was found to be destabilised
PNA:DNA triplex. As a lower T, 27 °C was observed, 15 °C lower than the unmodified
PNA:DNA triplex. In case Am-pet and Gu-pet modifications, highly stable complexes
were formed with 4 °C and 10 °C increase in T;, respectively as compared to control
PNA. In the case of RNA, all the sequences containing pet units stabilized the resulting
complexes. These complexes showed increase in 71, depending on the pet unit in the
sequence. The stability increased from H-pet to Gu-pet modified unit containing
triplexes melting temperatures of 48.7 °C to 58.7 °C (AT =7 °C-17 °C) respectively.
The UV- T}, experiments are summarized in the Figures 10 and 11and data obtained is

tabulated in Table 5.

Table 5: UV melting studies for PNA-30-33 with DNA-50 and RNA-60

UV-T,°C
Code Sequence
DNA 50 RNA 60
aegPNA 30  H-TTTTTTTT-Lys-NH, 41.6 42.5
H-TTTTTTTA-Lys-NH,

PNA 31 R=H 26.7 48.7
PNA 32 R=NH, 45.7 49.9
PNA 33 R=NH-C(= NH) NH, 51.6 58.7

DNA 50 = 5°GCA3CG 3’; RNA 60 = 5’GCA3CG 3’°, Tm = melting temperature (measured in the buffer
10 mM sodium phosphate, 10 mM NaCl, 0.1 mM EDTA, pH = 7.0), of PNA,-DNA/ PNA,-RNA
complexes. The values reported here are the average of 3 independent experiments and are accurate to
+1.0°C.

Mismatch studies were also carried out to evaluate the sequence specificity of
binding and these are tabulated in the Table 6. All the pet-PNA sequences exhibited
better mismatch discrimination than control PNA sequence in both the cases of TT
mismatch in DNA and TU in mismatch RNA complexes. In the case of both Am-pet

and Gu-pet-PNAs decrease in the 77, was in the range of 17 °C-22 °C, much higher than
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that observed for unmodified PNA:DNA(AT,= 11.6 ) and PNA:RNA(ATw= 12.7)
triplexes. If the electrostatic interactions of amino/guanidine functions on modified
oligomers with phosphates in DNA/RNA were the most important contributors than H-
bonding for the higher melting temperatures seen in the Table 5 the mismatch
dicrimination would have been much less pronounced. The observed mismatcyh
discrimination means that the electrostatic interactions of amino/guanidino groups with

phosphates do not overrule the WC or HG hydrogen bonding interactions in triplexes.
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Figure 10: A UV melting curves of PNA-30-33 with DNA-50 and B corresponding derivative
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graphs.
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Table 6: Mismatch UV melting studies for PNA-30-33 with DNA-51 and RNA-61

UV-T,°C
Code Sequence
DNA 51 RNA 61
acgPNA 30  H-TTTTTTTT-Lys-NH, 30.0(-11.6) 29.8 (-12.7)
H-TTTTTTT/-Lys-NH,

PNA 31 R=H nd 20.9 (-17.8)
PNA 32 R=NH, 26.8(-18.9) 28.5(-21.4)
PNA 33 R=NH-C(= NH) NH, 32.6(-19.0) 31.8(-26.9)

DNA 51 = 5GCAAATAAAACG 3’°; RNA 61 = >GCAAAUAAAACG 3’°, Tm = melting temperature
(measured in the buffer 10 mM sodium phosphate, 10 mM NaCl, 0.1 mM EDTA, pH = 7.0), PNA,-DNA/
PNA,-RNA complexes. The values reported here are the average of 3 independent experiments and are
accurate to £1.0°C.Values in parentheses denote the difference in the 7m due to mismatch in the
DNA/RNA sequence. nd = not detectable.

UV melting studies of acgPNA Ts sequences with pet-PNA units in the middle
of the aegPNA, (Table 7) were carried out with complementary DNA-50 and RNA-60.
PNA sequence 34 with H-pet unit in the middle of the sequence destabilizes PNA: DNA
complex in a similar way as the ‘C’ terminus modified sequence PNA-31. In the case
of sequence Am-pet (PNA-35) and Gu-pet (PNA-36) units, the PNA: DNA complexes
were marginally destabilized as compared to control the aegPNA30. The binding
strength of PNAs 35 and 36 with RNA-60 was slightly les than with DNA-50. Both
amino and guanidino units destabilized the PNA:RNA complexes by 5-6 °C as
compared to control PNA 30. PNA-37 which is a homooligomer of H-pet thymine units
showed stabilization with DNA-50 but binds to RNA-60 almost as well as unmodified
acgPNA.

Table 7: UV melting studies for PNA-34-37 with DNA-50 and RNA-60

UV-T,°C
Code Sequence
DNA 50 RNA 60
aegPNA 30  H-TTTTTTTT-Lys-NH, 41.6 42.5
H-TTTTATTT-Lys-NH,

PNA 34 R=H 27.2 37.4
PNA 35 R=NH, 40.7 36.8
PNA 36 R=NH-C(= NH) NH, 36.0 36.4
PNA 37 H-#tttttt-Lys-NH, =H-pet 52.9 40.6

DNA 50 = 5°GCA3CG 3’; RNA 60 = 5°GCA3CG 3°, T, = melting temperature (measured in the buffer
10 mM sodium phosphate, 10 mM NaCl, 0.1 mM EDTA, pH = 7.0),of PNA,-DNA/ PNA,-RNA
complexes. The values reported here are the average of 3 independent experiments and are accurate to
+1.0°C. t is pet-PNA unit.
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260nm

Normalised A

Mismatch studies (Table 8) of these sequences with DNA-51and RNA-61 with
single base-pair mismatch (T-T/T-U), displayed large destabilization compared with
aegPNA. The sequence specificity of theses sequence was found to be better than
control PNA sequence. PNA-35 and PNA-36 with cationic pet units also exhibited the
decrease in the 7),, with mismatched DNA/RNA in the range of 14-22°C.

0.06 4
1.0
0.05
0.8 - |
z
=% 0044
0.6 § |
<
o 003
0.4 < @
2
® 0.024
0.2 E |
<]
Z 001+
0.0 °
0.00 4
02 T T T T T T T T T T T T v T T T N T T o T ' Ll I T T Ll I

0 50
temp °C temp°C
Figure 12: A UV melting curves of PNA-30,
derivative graphs.

34-36 with DNA-50 and B corresponding

0.025

1.0
0.020
0.8 3
E =
7 :
< 06+ < 0015
-]
3 3
2 04 R
g g 0.010 |
S
z 0.24 g
T 0.005 -
0.0
-02 T T T T T T T T T DOOD M T T T T T T T T T M T T T T T T T

temp °C temp °C

Figure 13: A UV melting curves of PNA-30, 34-36 with RNA-60 and B corresponding
derivative graphs

122



Table 8: Mismatch UV melting studies for PNA-34-36 with DNA-51 and RNA-61

UV-T,, °C
Code Sequence
DNA 51 RNA 61
acgPNA30  H-TTTTTTTT-Lys-NH, 30.0(-11.6) 29.8 (-12.7)
H-TTTTATTT-Lys-NH,

PNA 34 R=H nd

PNA 35 R=NH, 19.4(-21.3) 116852 ((12 g '69))
PNA 36 R= NH-C(= NH) NH, 21.4(-14.6) 18.9(-17.5)

DNA 51 = 5GCAAATAAAACG 3’°; RNA 61 = >GCAAAUAAAACG 3’°, Tm = melting temperature
(measured in the buffer 10 mM sodium phosphate, 10 mM NaCl, 0.1 mM EDTA, pH = 7.0), PNA,-DNA/
PNA,-RNA complexes. The 4 values reported here are the average of 3 independent experiments and are
accurate to £1.0°C. Values in the parentheses denote the difference in the 77, due to mismatch in the
DNA/RNA sequence. nd = not detectable.

2.2.4b Mixed pyrimidine PNA sequences (b2a;): UV studies

A sequence complementary to b,a, site in CML cells is a mixed pyrmidine
sequence. The binding of this sequence to the target complementary RNA and also to
DNA was studied by UV melting studies and the results are tabulated in the Table 9.
PNA 40 and 41 contain 4 modified units of amino and guanidino-pet units in the
aegPNA backbone respectively. To compare the results of these PNAs, we have carried
out UV melting studies of acgPNA 38 with four lysines attached at ‘N’ terminus (PNA
39). PNA 39 exhibited increase in the binding with both DNA and RNA compared to
the corresponding control PNA 38. Increase in the melting temperature was about 5 °C -
9 °C, Am-pet-PNA (PNA40) and Gu-pet-PNA (PNA41) formed complexes with DNA
with melting temperatures as good as PNA39.

Table 9: UV melting studies for PNA-38-41 with DNA-52 and RNA-62

Code Sequence UV-T, °C
q DNA 52 RNA 62
aegPNA 38 H-CTTCTTCCTT-Lys-NH, 52.0 55.6
H-Lys-Lys-Lys-Lys-
acgPNA 39 1T CTTCCTT-Lys-NH, 63.4 59.4
H-CTACTACCRR-Lys-NH,
PNA 40 R=NH, 63.7 65.5
PNA 41 R= NH-C(= NH) NH, 64.8 68.3

DNA 52 = 5> AAGGAAGAAG 3’; RNA 62 = 5> AAGGAAGAAG 3’, Tm = melting temperature
(measured in the buffer 10 mM sodium phosphate, 10 mM NaCl, 0.1 mM EDTA, pH = 7.0), of PNA,-
DNA/ PNA,-RNA complexes. The values reported here are the average of 3 independent experiments and
are accurate to £1.0°C.
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These sequences also formed strong complexes with complementary RNA, that
were even stronger than acgPNA38 and acgPNA39 giving melting temperatures 65.5°C
and 68.3 °C respectively. This increase in the melting temperature is 10 °C-18 °C more
than control aegPNA 38.As PNA 40 and PNA 41 and also aegPNA 39 showed increase
in binding with DNA and RNA as compared to control PNA, mismatch studies (Table
10) were carried out with DNAS3 and RNA63 with T-T andT-C mismatch respectively.
PNA 39 has showed less mismatch discrimination than aegPNA, due to the presence of
additional lysines that might have given rise to sequence independent electrostatic
interactions with the phosphates of DNA/ RNA. PNA 40 and PNA 41 showed mismatch
base discrimination as good as control acgPNA with mismatch DNA. For RNA 63

decreases in the melting temperature was just 1-2 °C less as compared to acgPNA 38.
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Figure 14: A UV melting curves of PNA 38-41 with DNA-52 and B corresponding derivative
graphs.
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Table 10: Mismatch UV melting studies for PNA-38-41 with DNA-53and RNA-63

Code Sequence UV-T,, °C
q DNA 53 RNA 63
aegPNA 38§  H-CTTCTTCCTT-Lys-NH, 42.6 (:9.4)  45.2(-10.4)
H-Lys-Lys-Lys-Lys-
aegPNA 39 T TCTTCCTT-Lys-NH, 57.8(-5.6)  53.1(-6.3)
H-CTACTACCAR-Lys-NH,
PNA 40 R=NH, 49.9(-13.8)  57.6(-7.9)
PNA 41 R=NH-C(= NH) NH, 54.5(-10.3)  59.2(-9.1)

DNA 53 = 5° AAGGTAGAAG 3’; RNA 63 = 5 AAGGACGAAG 3°, Tm = melting temperature
(measured in the buffer 10 mM sodium phosphate, 10 mM NaCl, 0.1 mM EDTA, pH = 7.0), of PNA,-
DNA/ PNA,-RNA complexes. The values reported here are the average of 3 independent experiments and
are accurate to =1.0°C. Values in the parentheses denote the difference in the 7, due to mismatch in the
DNA/RNA sequence.

2.2.4¢ Mixed purine-pyrimidine PNA sequences: UV-melting studies

The modified unit could show different effects in the mixed base sequences due
to the presence of purine as well as pyrimidine bases in the sequence. The mixed base
sequences can also be used to evaluate the ability to distinguish between the parallel and
antiparallel modes of binding. The chirality of the backbone may be an important factor
that influence the directional selectivity of binding. UV melting studies of mixed
purine-pyrimidine sequences with DNA 54, RNA 64 and parallel DNA 56 are

summarized in the Table 11.

Table 11: UV melting studies for PNA-42-46 with apDNA-54, RNA-64 and pDNA-56

UV-T,°C
Code Sequence pDNA 56
apDNA 54 RNA 64
P (A To=ap-p)

acgPNA 42 H-TTACCTCAGT-Lys-NH, 54.2 54.5 53.9 (0.3)

H-TTACCTCAG?®-Lys-NH,
PNA 43 R=H 57.6 52.5 55.4(1.8)

H-TTACCRCAG#*-Lys-NH,
PNA 44 R=H 63.2 48.1 59.3(3.9)
PNAA4S5 R=NH, 66.9 52.1 59.5(7.4)
PNA 46 R=NH-C(= NH) NH, 68.9 54.2 59.9(9.0)

apDNA 54 = 5° ACTGAGGTAA 3’; RNA 64 = 5> UGUAACUGAGGUAAGAGG 3, pDNA 56 =5’
AATGGAGTCA 3’ T, = melting temperature (measured in the buffer 10 mM sodium phosphate, 10 mM
NaCl, 0.1 mM EDTA, pH = 7.0), of PNA:DNA/ PNA:RNA complexes. The values reported here are the
average of 3 independent experiments and are accurate to +1.0°C. ap= antiparrallel p = parallel
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Mixed purine-pyrimidine PNA sequences form strong duplexes with complementary
DNA and RNA targets. There is no restriction of nucleobase sequence in the case , as in
the triplxes where polypyrimidine are necessary. Therefore theses sequences have wider
applicability in the antisence research.

The control acgPNA42 showed similar binding strength with DNA-54 and
RNA-64 giving melting temperatures around 54 °C. Replacement of one of the thymine
units in PNA-42 by a H-pet unit in the sequence stabilized the complex with apDNA 54
(AT, = +3.4), whereas a 2 °C destabilization was observed for the duplex with RNA
with compared to control PNA (ATy, = -2.0). The doubly modified sequence PNA 44
further stabilized the duplex with DNA-54. The effect of modified units thus being

additive. Binding with RNA was found to be further reduced by 4 °C, thus the
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destabilization of the duplexes with RNA was also additive. The doubly modified
sequences with Am-pet and Gu-pet units increase the stabilization in both DNA and
RNA duplexes. Both sequences bind to RNA as good as the control PNA whereas the
incase of DNA duplex, this stabilization has increase by 12 °C to 15 °C as compared to
PNA-42. The control PNA is known to have less discrimination for directionality in
binding. To see the effect of chirality of the modified units on antiparallel (ap) versus
parallel (p) orientation preference, binding studies were carried out with pPDNAS6 and
results are shown in Table 11 column 5. Values in the parentheses are the difference in
T values (ap-p). It is clear that introduction of modified units induced better binding
in ap orientation and this directional preference increased from H-pet-PNA(43) to gu-

pet-PNA(46).

Mismatch studies: To delineate the electrostatic interactions and nuclobase
fidelity of WC base pairing, mismatch studies of mixed purine-pyrimidine sequences
were carried out with DNA 55 with (T-T) and RNA 65 with (U-T) mismatches and the
results are shown in Table 12, values in the parentheses indicate the difference in T,
values, from these values it can be seen that mismatch discrimination is better than
control PNA for all the modified sequences. Mismatch base discrimination is more in
doubly modified aegPNA sequence with H-pet units (PNA 55) than Am-pet and Gu-pet
pet-PNA sequences. This mismatch discrimination could mean that electrostatic

interactions may not overrule the hydrogen bonding in the bases

Table 12: Mismatch UV melting studies for PNA-42-46 with DNA-55and RNA-65

UV-T,, °C
DNA 55 RNA 65

Code Sequence

acgPNA42  H-TTACCTCAGT-Lys-NH, 475(-6.7)  46.5(-8.0)
H-TTACCTCAG?®-Lys-NH,

PNA 43 R=H 51.2(-6.4) 38.8(-13.8)
H-TTACCRCAG®-Lys-NH,

PNA 44 R=H 50.8(-12.4) 34.5(-13.7)

PNA 45 R=NH, 58.1(-8.8)  43.8(-8.3)

PNA 46 R=NH-C(= NH) NH, 60.0(-8.9)  46.1(-8.1)

DNA 55 = 5 ACTGTGGTAA 3’; RNA 65 = 5> UGUAACUGCGGUAAGAGG 3’°, T;, = melting
temperature (measured in the buffer 10 mM sodium phosphate, 10 mM NaCl, 0.1 mM EDTA, pH = 7.0),
of PNA:DNA/ PNA:RNA complexes. The values reported here are the average of 3 independent
experiments and are accurate to 1.0°C. Values in the parentheses denote the difference in the 7m due to
mismatch in the DNA/RNA sequence.

127



Salt effect: Increase in the salt concentration reduce the electrostatic interactions of the

cationized PNA with anionic phosphates groups of DNA-RNA. Hence theses studies

were undertaken to study the effect of salt concentration. UV melting experiments were

carried out with RNA-54 at 200 mM NaCl salt concentration and the results are

summarized in Table 13, Values in parentheses indicate the difference in melting

temperature due increase in the salt concentration.

Table 13: UV melting studies for PNA-45, 46with RNA-64 at 200 mmol NaCl concentration

UV-T, °C
Code Sequence —_—
RNA 64
aegPNA42  H-TTACCTCAGT-Lys-NH, 52.8 (-1.7)
H-TTACCRCAG®-Lys-NH,
PNA 45 R=NH, 48.6 (-3.5)
PNA 46 R=NH-C(= NH) NH, 49.7 (-4.5)

260nm

Normalised A

RNA 64 = 5> UGUAACUGAGGUAAGAGG 3’, T, = melting temperature (measured in the buffer 10
mM sodium phosphate, 200 mM NacCl, 0.1 mM EDTA, pH = 7.0), of PNA:RNA complexes. The values
reported here are the average of 3 independent experiments and are accurate to £1.0°C. a. values in the
parentheses denote the difference in the 7m due to increase in the salt concentration in the RNA
sequence.
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Figure 18: A UV melting Curves of PNA 42, 45, 46 with RNA-64 at 200 mM NaCl
concentration and B corresponding derivative graphs.

The Salt effect can be seen more prominently when cationic groups are present in

backbone of PNA, thus salt effect studies were carried out with Am-pet- and Gu-pet-

PNA sequences. Decrease in the melting temperatures were observed for both modified

PNA sequences and this decrease was of 3-4 °C. Decrease in the melting temperatures

at 200 mM salt concentrations points out to the contribution of electrostatic interactions
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to the stability of Am-pet-, Gu-pet-PNA with DNA and RNA. Am-pet- and Gu-pet-
PNAs showed good mismatch discrimination. This could mean that electrostatic

interactions would not overrule the WC hydrogen bonding interactions in duplexes.

2.2.5 CD analysis of single stranded PNAs

Effect of incorporation of cyclic, chiral units in aegPNA sequences on structural

preorganisation was studied by CD analysis of single stranded PNA sequences at 2 uM

PNA concentration. This study is presented in Figure 19.
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Figure 19: CD analysis of single stranded mixed purine-pyrimidine sequences at 2 uM
concentration

The achiral acgPNA42 did not show any prominent CD signal, while
incorporation of one H-pet unit (PNA-43) showed a positive band centred at 280nm.
Introduction of one more H-pet unit in PNA (PNA-44) has led to a completely different
changed CD pattern giving a negative band centered at 270 nm and other doubly
modified sequences (PNA-45 & PNA-46) also showed same CD pattern.
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2.2.6 Summary

X/
L X4

The introduction of pet-PNA wunit in the middle of the thyminyl aegPNA
octamer destabilized the PNA,:DNA/PNA,:RNA complex, whereas the
sequences containing pet-PNA units at ‘C’ terminus of octamer stabilized the

complexes with RNA.

The complexes of thymine-cytosine contaning PNA decamer sequences
modified with four Am-pet-PNA/ Gu-pet-PNA units formed the stable complxes
with complementary DNA/RNA as compared to control aegPNA sequences.

In the mixed purine-pyrimidine PNA sequences, the stability of PNA:DNA
duplexes increased when pet-PNA units were introduced. The stability of
PNA:RNA duplexes decreased with increase in H-pet-PNA units. Whereas the
stability of duplexes of Am-pet-PNA and Gu-pet-PNA :RNA was found to be as
good as the control PNA:RNA duplexes.

The introduction of modified units induced better binding in ap orientation and

this directional preference increased from H-pet-PNA(43) to Gu-pet-PNA(46).

The effect of introduction of chiral, cyclic pet-PNA units in aeg sequences PNA
on structural preorganization of PNA was observed in CD analysis of single

strand PNA.
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Chapter 3

Section 3.1 Design and Synthesis of iSO-TANA dimers, their
incorporation into DNA oligomers and biophysical studies

3.1.1 Introduction

The preorganized structures of natural nucleic acids continue to attract broad
interest. Modifications of the nucleic acid backbone influence the geometry of the
double helical structures. Such modifications have been introduced to increase the
enzymatic stability and the hybridization properties of the artificial nucleic acids, so
they can be better antisense or antigene agents.' The development of artificial analogues
of DNA involves major modifications at sugar phosphate backbone or sugar
modifications.” The current backbone modifications include second and third generation
antisense ONs such as 2’-O-alkyl, 2’-O-methylthio ethyl, LNA, HeNA, Morpholino
NA, Peptide Nucleic Acids (aeg PNA, Figure 1) or PNA modifications. All these
modifications exhibit excellent properties in some way but lack some other important
properties. PNA is one of the modification where the complete sugar-phosphate
backbone is replaced by amide linkage. PNA forms strong PNA:DNA/PNA:RNA
complexes’. Replacement of phosphate linkages in DNA by the robust amide bond as in
PNA (Figure 1) was used as an alternative linker group between nucleosides, to get the
advantages of chirality and 3’-5’ directionality of backbone (Figure 1, amide linked
DNA). The five-atom amide linker in DNA improved the preference for binding to
RNA over DNA.*

NH
o
RO e o
e
O HIOH o 0
o7=° o 0-P=0
DNA/ RNA aeg PNA amide linked DNA

Figure 1A: Structures of DNA, PNA and amide linked DNA
In natural nucleic acids, pentose sugars are puckered or twisted to give preferred

helical conformations. These pentose sugar moieties are puckered in order to minimize
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non bonded interactions between their substituents. Sugar rings in natural nucleic acids
are found to be in equilibrium between two forms (Figure 1B) viz. N type (C-3’-endo)
and S type (C2’-endo). The 2’-endo (S type) sugar conformation is preferred in DNA
whereas the 3’-endo (N-type) form is preferred in RNA due to the presence of 2’-
hydroxy group in ribose sugar. In DNA, the 3’- substituent of the sugar ring and

anomeric effect of nucleobase affect the sugar puckering in the nucleoside.’

C-3' endo, C-2' exo C-2' endo, C-3' exo
N-type S-type

Figure 1B: Puckering of sugar ring

3.1.2 Rationale, Design of iSO-TANA and Objectives of the present work

Natural oligonucleotides (ON) with phosphodiester linkage are susceptible for
hydrolysis with various enzymes like nucleases and this limits their use for various
biological applications. PNA has emerged as promising DNA analogue due to its major
advantage of stability towards these enzymes. PNA suffers from other drawbacks like
less directiontional discrimination’ and to address this problem, chiral PNAs were
designed by introducing chirality in the backbone.’ Replacement of phosphodiester
linkage in DNA/RNA by amide linkage may solve the problem of directional selectivity
of PNA and give the stability towards different hydrolytic enzymes to natural nucleic
acids. There are reports about various amide-linked oligonucleotides (Figure 2) in the

literature.’

De Mesmaeker et al. reported the four atom amide linked oligonucleotides in
which the phosphodiester linkage was replaced with an amide linker (am-1). These
oligomers showed higher affinity for target RNA than DNA; also this analogue showed
better results than the other five atom amide linked analogous (am-2) for RNA
binding.”® As am-1 analogue was not investigated in detail, the general effect of this
modification on RNA binding is not known. The five atom amide linkers were
introduced to compensate for the shorter amide backbone as compared to the phosphate
linker in the dinucleoside to maintain the internucleotide distance complementarity.

This strategy was successful in increasing affinity to target RNA than DNA.*’ Pallen et
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al. carried out systematic study for RNA binding affinity of modified oligonucleotides
with five atom amide linked DNA analogues (Figure 2).** The five atom amide linked
oligonucleotides (am-3, am-4) showed increase in the binding affinity with target RNA,

than the wild DNA-RNA complex whereas am-5 modification decreased the RNA

binding affinity.
| L !
b i | i
(o) (0] o 0] (0]
OB \gs OB \Q/B
O NH
* * o)
o) o HN
NH NH (o) O
B B
\&O_Z/B \;(iZ/B O%\g
g 5 CI) OMe/H (I) OMe/H
| OMe/H | OMe/H -0-pP=0 0-P=0
0-P=0 "0-P=0 L s
- L
am-1(n =1) am-3R am-4R
am-2 (n=2) am-3S am-4S am-5 am-6

Figure 2: amide linked oligonucleotides

The 2’-methoxy substituent in am-3 and am-4 in the 3’-end sugar of dimer showed
favourable effect for binding with RNA irrespective of amide linkage. The effect of the
configuration of the stereocenter in the amide linkage also has been studied. The am-3R
modification was found to be more favourable for RNA-DNA duplex stability than
corresponding S configured backbone modification. The am-4S modification stabilized

the DNA-RNA duplex than am-4R configured amide.

L u
0 o) Q o)
\Q/B \cj/s O B XO—Z/B
NH NH OH/M 0 0 Ny—
O—FI’:O S—FI’=O g 0-P=0
O (@] 0] e}
B
\QB \Q/B \V_J/ \Q,B
(0]
0 NH | o

o I L IVX =0 2-O{2-(methoxy)ethyl]-RNA
Phosphoramidates Thiophospharamaidate Dialkyl sulfide y x=g 2'-0-[2-(methylthio)ethyl]-
DNA/RNA RNA

Figure 3: N3’—P5’ phospharamidate, N3’—P5’ thiophospharamidate, dialkyl sulfide linked
DNA/RNA , 2°-O-[2-(methylthio)ethyl] RNA

NMR study of 3’-aminonucleosides showed that 2’-deoxyfuranose ring
predominantly is in the N-type (C3’-endo) conformation.’” The N3’—P5’
phospharamidate (Figure 3, I) ONs exhibit preferred binding to RNA which was

138



attributed to the predominant N-type sugar conformation of the sugar ring due to the 3°-
amino substitution.® Moreover, circular dichroism (CD) spectroscopy of the
phospharmidate duplexes also indicated a general RNA-like A form of the duplexes

being formed.’

The presence of the thio group in the backbone of oligonucleotides is reported to
show improved bioavailability.'’ The 2’-modified, 2’-O-[2-(methylthio) ethyl] or 2’-O-
MTE, oligonucleotides (Figure 3, IV) exhibited high binding affinity to target RNA and
also improved binding to human serum albumin compared to the 2’-O-MOE modified
oligonucleotides.!" Nuclease digestion of 2°-O-MTE oligonucleotides showed that they
have limited resistance to exonuclease degradation. N3’—P5’ thio phosphoramidates
(Figure 3, 1II) ONs contain the combination of phosphorothioates and

phosphoramidates."'

These ONs showed comparable binding with complementary
RNA as phosphoramidate.'? Conjugates of these ONs with lipids showed good cellular
uptake and target specificity in vitro. In vivo, theses ONs show good bioavailability and
efficient bio-distribution to all organs. The alkyl sulfide linked oligonucleotides'
(Figure 3, III) were reported to form stable complexes with both DNA and RNA but
with reduced affinity. The less stability of complexes with RNA was improved by

. . . . o . . . 14
introduction of some ribo nucleoside units in the oligonucleotides.

\QB 5 ]
\Qo B
0 /J/
‘0-P=0 -O/IFO
O\Q U o
B \QO)/B
I 1
..|_.
DNA xylo DNA

Figure 4: xylo configured DNA

As discussed earlier, the anomeric effect of the nucleobase and gauche
interactions between 3’-a-substituent and O4’ are the major factors for S-type
conformational preference of sugars in 2’-deoxy nucleosides.” In DNA, due to the
presence of 3°-OH or 3’-O-phosphate group, sugars prefer to be in S-type
conformations. On the other hand, in the xylo (3’B-OH) DNA, (Figure 4) the preference

139



for sugar puckering changes from S-type to structurally more favourable N type.'” Thus

these sugars showed similar preference like 3’-amino substituted nucleosides.

Design of is0O-TANA: The thioacetamido (TANA, Figure 5) linked oligomers in which
the 3’-amino substituent is in ribo configuration, earlier reported from our laboratory
have shown preferential binding with RNA over DNA. These oligomers combine the
structural features of phosphoramidates, 2’-O-MTE ONs, 5-atom amide linker
containing ONs. NMR studies of TANA dimers showed that the predominant form of
sugar rings in the dimer was S-type. To take advantage of both the factors that favour
N-type sugar conformations, i.e 3’-amino substitution in xylo configuration, in the
present work, we designed the isothioacetamido linked analogue (iso-TANA) with
inverted stereochemistry at 3’-amino substitution compared with the ribo configured
TANA thioacetamido linkage. The aim of design of iso-TANA analogue is to study the
effect of change in the stereochemistry at 3’amino substitution on the sugar puckering,

base stacking interaction and binding affinity with complementary DNA/RNA.

o)
Thio-group improves
bioavailability
Rj 4o \q
( o B : o
NP Y
natural HN TANA o S
stereochemlstry (o) \
HN (o)
|
\Q/ 0O B 6%3
45
o 8,
§ - _ _ 7 . 4\
o/P\ 0 _F"_ 0 1
conserved 5-atom amide linker
sugar-glycosidic linkage iso-TANA

Figure 5: Design of iso-TANA

The designed iso-TANA linker will have all other attributes of TANA such as 5- atom
amide linkages, presence of thio group in backbone of ONs and the base attachment to

the sugar ring as in the natural nucleic acids.
Objectives:

1. a) Synthesis of iso-TANA dimers iso-tgt, iso-cgt and iso-cc and TANA dimer cgc and

their phosphoramidite derivatives
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b) NMR studies of the dimer blocks for sugar ring conformational analysis and the

CD spectroscopic analysis to study comparative base stacking interactions

2. Synthesis, purification and mass spectral analysis of the chimeric iso-TANA-DNA
oligomers and their binding studies with complementary DNA and RNA sequences

3.1.3 Methodology, Results and Discussion

3.1.3a Synthesis iso-thioacetamido linked Thymidine-Thymidine (iso-tgt), 2’-deoxy-
5-Methylcytidine-Thymidine(iso-cgt), 2’-deoxy-5-Mehtyl cytidine-2’-deoxy-
cytidine dimers (is0-csc) and thioacetamido linked 2’-deoxy-5-Mehtyl cytidine-2’-
deoxy-cytidine dimer (c¢c) and their phosphoramidite derivatives

Synthesis of the iso-thioacetamido linked dimers is divided into three parts, 1)
synthesis of xylo configured 3’- amino nucleosides (Scheme-1), 2) synthesis of
5 mercapto acetic acid derivatives of thymidine and 2’-deoxy cytidine (Scheme-2), and
3) synthesis of dimers by coupling reaction of amine and acid constituents and

conversion of these dimers into their phospharamidite derivatives (Scheme-3).
1) Synthesis of xylo configured amino nucleosides
0 o) o)
¢ ¢ NH ¢ NH
NH i i
O N i) O__N ii) O N
Ho/\Q’ \\g — DMTO/\Q’ \\g — DMTO/\g \<o
2
2\(0 )\(O
4 %
NH iv) NH

N o

— - DMTO/\Q’ \\g — DMTO/\Q’N\%
N3 4 HN
VV
N NH, NHBz
4 Iy 7 7% i,
N
N O_ _N . O LN
DMTO/\g \<o vi) DMTO/\g \% vii) DMTO/\SJ’ 5
—_— —_—

N3g N3 N3
7 8

Scheme 1: Reagents and conditions , i) DMTrCl/pyridine , 87%, ii) MsCl/ Et;N, DCM, 85%, iii)
NaN3/DMF, 60 °C, 45 %, iv) Hy/ Pd-C, MeOH, 86%,v) 1,2,4- triazole, POCIl;, Et;N, MeCN, 88%, vi)
conc. NHj3, 1-4 dioxane, 90%, vii) BzCl, pyridine, 75%, viii) H,S/ pyridine, Et;N, 78%
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3’-deoxy-xylo-3’-amino thymidine 5§ and 3’-deoxy-xylo-3’-amino-5-mehtyl-2’-
deoxycytidine 9 were synthesized from common natural precursor thymindine 1
(Scheme-1). 5’-OH of thymidine was protected as DMT by reaction with DMT-CI in
pyridine. The protected derivative 2 was converted to its 3’-O-mesyl derivative 3. The
3’-O-mesyl derivative was used without further purification in the next step. 3’-deoxy-
xylo-3’azido derivative 4 was obtained via SN* displacement of 3-O-mesyl group by
treatment with sodium azide with inversion of configuration at C3’. The isolated yield
of 4 was 45%. Pyrimidine nucleobases are known to interfere in the substitution
reactions at 3’ position of sugar, giving rise to side products and reduced yield of the
required compound products.'® Azide functionality in 4 was ascertained by IR
spectroscopy which showed absorption band at 2100 cm™. The azido derivative 4 was
reduced to amino derivative 5 by catalytic hydrogenation. The azido derivative 4 was
also used for its conversion to 5-methyl-2’-deoxycytidine derivative (Scheme-1). The
compound 4 was converted to triazole derivative 6 by reaction with triazole-POCIl;
complex. The crude triazole derivative was treated with conc. NH3 solution to give 5-
methyl-2’-deoxy-cytidine derivative 7. Exocyclic amino group in 5-methyl-cytosine
derivative was protected with benzyol group to give N*-benzoyl-2’, 3’-dideoxy xylo-3’-
azido-5’-O-dimethoxytrityl-5-methyl cytidine 8. Catalytic hydrogenation of 8 was
attempted but reaction was very sluggish and the starting material was recovered after
long reaction time. The reduction of azido functionality in 8 was then achieved by
hydrogen transfer reaction using H,S-pyridine complex to give N'-benzoyl-2’, 3’-
dideoxy xylo-3’-amino-5’-O-dimethoxytrityl-5-methyl cytidine 9."
2) Synthesis of 5’- mercaptoacetic acid derivatives of thymidine and 2’-deoxy
cytidine

The 5’-mercaptoacetic acid derivatives of thymidine and 2’-deoxy cytidine were
synthesized from corresponding nucleosides thymidine 1 and 2’-deoxy cytidine 10
(Scheme-2). The 5-’tosyl derivatives 1a/10a were obtained by selective tosylation of
thymidine and N*-benzoyl -2’-deoxy-cytidine. The selective tosylation was achieved
under high dilution conditions and by controlled addition of tosyl chloride at 0 °C.
Mercapto nucleophile generated in-situ by reaction of NaH and ethyl mercaptoacetate
was used to substitute the tosyl group from 1a/10a to give mercapto derivative 1b/10b.
3’-OH was protected as TBS ether by reaction with TBSCI in DMF to get 1¢/10¢. Silyl

protection was used to improved the solubility of these compounds. Hydrolysis of the
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ester group in 1¢ was carried out by 1N LiOH in methanol to give 5’-mercapto acetic

acid derivative of thymidine 1d.

OEt
O
O. .B ii)
- e e
HO Ho
1 B=Thymine la 1b0b
10 B= N*benzyol cytosine 10a 1
OEt , o
iii) o iv) (EO
[
—_— >
~y ~y
TBDMSO TBOMSO
1c 1d
10c 10d

Scheme 2 reagents and conditions: i) TsCl/pyridine, 60%, ii) ethyl mercapto acetic acid/NaH/DMF, 80%,
ii1) TBSCl/imidazole/DMF, 90%, iv) B = Thymine 1IN LiOH/MeOH, 88%, B= N4-benzy01 cytosine IN
NaOH/ THF, 0°C, 75%

While attempting ester hydrolysis for compound 10¢ under these conditions,
benzoyl protection of cytosine exocyclic amino group also got hydrolysed. Hydrolysis
of ester group in 10c was attempted with different conditions like triethyl amine/water,
DBU/water, but these conditions were not successful for hydrolysis of ester group. The
selective hydrolysis of the ester group in 10¢ was achieved with IN NaOH in THF-
water mixture at 0 °C. Under these conditions hydrolysis of ester group was achieved

keeping benzoyl protection of the cytosine base intact to give product 10d.

3) Formation of amide linked dithymidine (iso-tgt), 2’-deoxy-5-methylcytidine-

thymidine (iSo-cgt) and 2’-deoxy-5-methylcytidine-2’-deoxy cytidine (iSO-cgc)
dimers and their phospharamidite derivatives

OH T o T
(Eo DMTO/\SJ/ DMTO/\Q/ DMTO/\g
T N i) i iii) HN o
ey e e e =
S O T
TBDMSO H,N s S o. _T \(_7/
y i ~ U

)
o) TBSO HO >\ ’ CN
)/\( i 1 N-P=g" ™~
N NH /< 17
s \\( ;
o}

Scheme 3a: Reagents and conditions, i) TBTU/ HOBt, DIPEA, ACN:DMF(5:1), 61% ii) IN TBAF in
THF, 87%, iii) N,N'-diisopropylcyanoethyl chlorophosphine, DIPEA, DCM, 78%

143



The three dimers were synthesized by amide formation between the individual
xylo configured amino component 5/9 (scheme-1) with the corresponding
mercaptoacetic acid component 1d/10d (scheme-2). Synthetic scheme of these dimers is

outlined in scheme-3a-3c.

The protected iso-TANA tgt dimer 11 (scheme-3a) was synthesized by coupling of 3’-

amino thymidine derivative 5 with 5’-mercaptoacetic acid derivatives of thymidine 1d
with coupling reagent TBTU and HOBt. 5’-mercaptoacetic acid derivatives 1d was used
in excess than the amino derivative 5 to ensure the complete consumption of amino
derivative. Dimer 11 was isolated and purified by column chromatography. 3’-O-silyl
protection in 11 was subsequently removed by treatment with 1N TBAF in THF to give
the dimer 14. 3’-hydroxy in 14 was phosphitilated to get the phospharamidite 17.

O MeCBz

Me~Bz
OH C O_MecBz
=0 DMTO DMTo/\g DMTO
s 0 MecBz i) HN if) HN N
e e e
S (@]
0 \(_7’ |

0 TBSO HO' >\
NHBz B —~_=CN
2\/( 2\( 12 15 N-P-o
NH  MerBz — /< 18
N C
N .
2N A iso-cgt
© o

/

Scheme 3b: Reagents and conditions i) TBTU/ HOBt, DIPEA, ACN, DMF, 58%, ii) IN TBAF in THF,
80%, iii) N,N'- diisopropylcyanoethyl chlorophosphine, DIPEA, DCM, 70%

iso-TANA 5-mehtyl cytidine—thymidine dimer 12 (scheme-3b) was synthesized
by coupling of 5’-mercapto acetic acid derivative 1d with N'-benzoyl-2’,3’-
dideoxyxylo-3’-amino-5’-O-dimethoxytrityl-5-methylcytidine derivative 9.using TBTU
and HOBt. Dimer 12 was purified and converted to 3’- hydroxyl free dimer 15 by
treatment of 1N TBAF solution. This dimer 15 was converted to phospharamidite
derivative 18 by reaction of phosphitylation.

TANA and iso-TANA 5-mehtyl cytidine—cytidine dimers (13 iso-cqc /13a c4c
Scheme 3c/ Scheme 3d) were synthesized by coupling of 5’-mercaptoacetic acid 2’-
deoxycytidine derivative with 2’-3’-dideoxy-3’-amino-5-methyl cytidine (9a)*¢ and it’s
epimeric amino compound (9) respectively. (13/13a) dimers on desilylation gave

compounds 16/16a and on subsequent phosphitilation of these dimers gave
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corresponding phosphoramidites 19/19a. As the coupling efficiency of acid and amino

parts was low, moderate yields of coupling reactions were obtained. These

phospharamidite derivatives (17/18/19/19a) were used to incorporate dimers into DNA

sequences.
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Scheme 3c: Reagents and conditions i) TBTU/ HOBt, DIPEA, ACN:DMF(5:1), 54% ii) IN TBAF in THF,
78%, iii) N,N'-diisopropylcyanoethyl chlorophosphine, DIPEA, DCM, 70%

(0)
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Scheme 3d: reagents and conditions, i) TBTU/ HOBt, DIPEA, ACN, DMF, 55%, ii) IN TBAF in THF,
80%, iii) N,N'- diisopropylcyanoethyl chlorophosphine, DIPEA, DCM, 73%

3.1.3b NMR and CD studies of iso-TANA dimers

In natural nucleic acids, the pentose sugars are puckered or twisted to give

preferred helical conformations. These pentose sugar moieties are puckered in order to

minimize non bonded interactions between their substituents.

This puckering is

described by identifying the major displacement of carbon C-2’ and C-3° from the

median plane of C-1’-O4’-C-4’. The detailed study of X-ray crystal structures of

nucleosides and nucleotides revealed that ribo and deoxyribofuranosyl moieties occur

preferentially within two distinct major conformational(Figure 6) to as north (C-3’

endo) and south (C-2’ endo)."® In solution, N-type and S-type conformations are in

rapid equilibrium and are separated by low energy barrier.
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C-3'endo, C-2' exo C-2' endo, C-3' exo
N-type S-type

Figure 6: Puckering of sugar ring

The conformation of pentofuranose can be fully described in terms of the phase of
pseudorotation (P), and puckering amplitude (y)."” For North-type (N) sugars ( C3’-
endo, C2’-exo0), P ranges from -1° to 34° and for S-type (S) sugar ( C2’-endo, C3’-
exo), P ranges from 137°- 194°. The mole fraction of N and S conformers as well as
their geometry, expressed by their phase angle of pseudorotation Py and Ps and
puckering amplitude yy and s, can be calculated from vicinal proton-proton (*Jy )
coupling constants J;-»:, Ji-2», Jo.30, Jo37, J34.. These coupling constants can be used
as input for pseudorotation analysis of the sugar using PSEUROT.* PSEUROT
program can not be used in some cases where it is not possible to get the coupling
constants accurately over a range of different temperature due to spectral overlap.

»2lcan also be

Alternatively, a semi empirical method termed as “Sum Rule
employed to have some idea about NS equilibrium in the case of sugar
conformations. This method was employed in the present work to calculate
conformational preference of pentofuranose moieties of thioacetamido linked dimers
and other modified nucleosides. The empirical equation to calculate the percentage of S

conformer is as below.

% S = (X H1’-9.8)/5.9x100 where ZH1’ = Jy»+ Jyop

X=H,NH,, Y=H X= OH,0CHj;, N3, OPO,H, F
X=H,Y=0H Y=H
C-3'endo, C-2' exo C-2' endo, C-3' exo

N-type S-type

Figure 7: Effect of change in stereochemistry of 3’substituent on sugar conformation

The modified oligonucleotides with propensity for northern sugar conformation

could be pre-organized into the required conformation for A-type duplexes and
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therefore more likely to form stable hetroduplexes with complementary RNA. On the
other hand oligonucleotides with more S type sugar conformation could be preorganize
to B type duplex with DNA. Various steric and stereoelectronic effects of sugar
skeleton (gauche effect) and the nucleobase (anomeric effect) energetically dictate the
pseudorotational equilibrium between two preferred conformations (N/S).** The
stereoelectronic effect of 3’substituent in case of 2°, 3’-dideoxy-3’-substituted
nucleosides was studied by Chattopadhyaya et al”>. It was observed that in 2’-deoxy
sugars the equilibrium of N«S was shifted towards S conformation of sugar as
electronegativity of substituent increased. This may be due to guache effect of 3’a

substituent and O4’ which decides the predominance of one of conformer on other.

NMR studies of thymidine has shown that it prefers S-type sugar puckering (
58% S) whereas 2’-deoxy-xylothymidine prefers the N-type sugar puckering ( 84% N
type)*!, thus change in stereochemistry at 3’-carbon in nucleoside also shifts N> S
equilibrium. In the present section the studies towards finding out the conformational
preference of the deoxyribose ring in 3’-acetamido J5’-O-TBS-2’-3’dideoxy-
xylofuranosyl nucleosides and iso-TANA dimers are determined by NMR, and the
results are compared with the corresponding 3’-acetamido 5-O-TBS-2’-3’dideoxy
ribofuranosyl nucleosides 20 and 21 (Figure 8) and TANA dimers 22a and 23a(Figure
8). 3’-acetamido 5’-O-TBS-2’-3’dideoxy-xylofuranosyl nucleosides were synthesized

from intermediates described previously in the earlier section.

) )
B Ac,0l/py
Ro’\p’ RS Ro/\p‘ B

H,N 80%-90% AcHN

5 B= Thymine 20 B= Thymine
9 B= N*-benzyol 5-methyl cytosine 21 B= N*-benzyol 5-methyl cytosine

Scheme 4a: Synthesis of 5’-O-TBS-2’-3’dideoxy-xylofuranosyl nucleosides

The 3’-acetamido derivatives of 2°-3’dideoxy nucleoside were studied to see the

effect of conversion of amino group to the amide functional group on sugar puckering

of corresponding nucleosides. The completely deprotected dimers 22 (iso-tgt) and 23

(iso-cgt) were used for the NMR studies in water. These dimers were synthesized from

previously described 5’-ODMT protected dimers 14 and 15 (Scheme 4b).
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Scheme 4b: Reagents and condition, i) 2%-dichloracetic acid in DCM, ii) conc. NH;/ 40 °C

The assignment of the non-exchangeable proton resonances was achieved by using 2D
cosy experiments. The scalar coupling constants were determined from 1D 'H NMR
spectra. %S character was calculated the sum rule % S = (X H1’- 9.8)/5.9 x 100

The results of NMR studies for 3’-amino amd 3’-acetamido derivatives of 2°-3’-

xylofuranosyl nucleosides and iso-TANA dimers are summarized in Table 1

Table 1: The conformational analysis for 3’-amino amd 3’-acetamido derivatives of 2°-3’-
xylofuranosyl nucleosides and iso-TANA dimers

, s Predominant
Entry Compound = HI” (Hz) % sugar ring
pucker
xylo s
thymi dine®* - 16.0 3’-endo
) 5 11.1 22.0 3’-endo
Nucleosides 20 13.7 67.1 2’-endo
9 11.5 28.8 3’-endo
21 134 62.4 2’-endo
A 13.2 57.8 3’-endo/2’-endo
22
B 13.6 65.9 2’-endo
Dimers
A 12.5 46.7 3’-endo/2’-endo
23
B 13.5 63.7 2’-endo

The conformational analysis results for corresponding TANA monomers (Figure 8) and

dimers 22a, 23a (Figure 8), with natural counterparts are summarized in Table 2.
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Figure 8: Structures of TANA monomers and dimers

Table 2: The conformational analysis for TANA monomers and TANA dimers and natural
nucleoside and dimers®

, . Predominant
Entry Compound X HI” (H2) 708 sugar ring
pucker
thymidine - 66.0 2’-endo
1c 13.0 54.2 3’-endo/2’-endo
Nucleosides 20a 14.0 71.2 2’-endo
21a 13.7 66.0 2’-endo
A - 68 2’-endo
TpT
B - 61 2’-endo
. A 13.6 64.4 2’-endo
Dimers 22a
B 12.5 46.7 3’-endo/2’-endo
A 14.0 71.2 2’-endo
23a
B 13.3 59.3 2’-endo

The sugar rings of 3’-amino nucleoside are known to prefer 3’-endo (N-type)
conformation. The sugar rings of 3’-amino nucleosides with xylo (5, 9) showed
predomint N-type conformation. The shift in equilibrium from N-type sugar
conformation to S- type sugar conformation was observed after acetylation of 3’-amino
-2’3’-dideoxy nucleosides .

The effect of the change in the stereochemistry at 3’- amino part of thioacetamido
linkage was studied by comparing the sugar conformations of isotst (Table 1)with tgt
dimers (Table 2). Sugar ring A of tst dimer 22a was found to be predominantly in S-

type conformation, while in the case of B ring, equal preference for either S-type or N-
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type conformation was observed. In the isotgt dimer 22 with unnatural configuration at

3’amino part, both sugars remain in S-type conformation like in the case of
phoshophodiester linked dithymidine. The N-acylation of C-3’ amino functionality, in
either ribo or xylo configuration in the dimers, also shifts the nature of sugar pucker to

C2’endo (S-type and DNA like).

In iso-cgt dimer 23, sugar A ring was found to having equal proportion of S-type
and N-type sugar conformation, while sugar ring B was major in S-type conformation.
In the case of cgt dimer 23a both the sugars were observed to be in predominantly in S-
type conformation. The NMR analysis thus concludes that the sugar ring conformations
are not largely affected either TANA tgt, cgt or isoTANA tgt, cst dimers due to change in

the stereochemistry in the amino part of thioacetamido linkage.
CD analysis of TANA monomers and dimers and comparison study of
conformational and base-stacking interactions in iS0O-TANA and TANA dimers
Most biological molecules contain a number of electronic units that absorb light
nearly independently, called chromophores, which are asymmetrically disposed in the
space. Such asymmetric molecules will absorb left circularly polarized light differently
from right circularly polarized light. Circular dichroism (CD) is the difference in
absorption between left and right circularly polarized light, so that CD spectral bands
occur due to the change in the normal electronic absorption bands in an asymmetric

2
molecule.?

O O OH O
o
?////QNH /" NH < /" NH
HO (0) N HO O N S 0] N
s Reah '
H,N HO'
HoN- o5 " 25 26
3'-amino -3'-deoxy xylo thymidine 3'-amino -3'-deoxy thymidine 5'-mercapto acetic derivative of
thymidine

Figure 9: Structures of monomers used for CD analysis

The change in stereochemistry in the thioacetamido linkage of dimers has shown
minimal effects on the sugar puckering of dimers in NMR studies. It would be very
interesting to study the effect of the change in the chiral center in the backbone sugar on
the internucleobase-stacking interactions. It is reported that in xylo-configured

phosphodiester linked DNA analogues, a clear inversion in the CD spectrum is seen.**
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This change in CD spectrum i.e. minima at 280 nm is also observed in the case of Z-
DNA. To study the change in the backbone sugar configurations in TANA and iso-
TANA dimers on the base stacking interactions CD analysis was carried out. The CD
analysis of monomers was also carried out to see the individual contributions of
monomers to the CD pattern of dimers. The protecting groups in all the compounds
used for CD analysis were removed to increase the water solubility of compounds. CD
analysis of all the compounds was carried out at 100 umolar concentration. Temperature
dependent change in the base-stacking was studied by scanning CD of the dimer
solution with increase in temperature from 10 °C-80 °C.

CD spectra of the monomers: CD spectra of all the three monomers (25, 25a,
26) showed positive band at 270-280 nm. The addition spectra of the two monomer i.e
(25 + 26) and (25a+ 26) were recorded. Both the addition spectra also give rise to a

positive CD signal at 280 nm (Figure 10).

il 25a+26 2 25 +26
4

- A 25a 1 B 25
4] 26 4] 26
2} 5]

5 1

0

o o A
@ 2 2
= B 21
£ E 4
a 54 [= .
o O 7
8 -8
10 4 10 4
12 4 .12_-
14 14 ]

-16 : T & T ; T & T : T -16 T T T T T T T ¥ T

220 240 260 280 300 320 220 240 260 280 300 320
Wavelength (nm) Wavelength (nm)

Figure 10: A) CD spectra of monomers 25a and 26and their additive CD spectra, B) CD
spectra of monomers 25 and 26 and their additive CD spectra

CD analysis for dimers: The CD spectra of the iso-tgt /iso-cst dimer block and the tgt /cgt

dimer block (Figure 11) was investigated to see the effect of their epimeric nature on the

base stacking interactions.

For the tgt dimer block, a strong positive CD band was observed at 280 nm (Figure 12,

A). The amplitude in the CD spectrum at 280 nm of the tst dimer block was much larger
as compared to the additive CD of the two individual monomers (Figure 11 A). In

contrast, the CD minima at 275-280 nm observed in the case of iso-tst was found to be
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opposite in nature to the additive CD of the individual monomers which exhibited a

maxima at 280 nm (Figure 12 B).

0 o) NH,

(0] o
< $
HO HO HO HO
22 22a 23 23b
iSO-tst tst iSO'CSt cgt

Figure 11: Structures of dimers used for CD analysis

The resulting CD pattern in both the dimers could be thus due to the different stacking

interactions due to the adopted secondary conformations of the backbone in tst and iso-
tst. Temperature dependent CD changes were observed in the case of both the dimers.

For tgt, the amplitude of positive CD band gradually reduced on heating while for iso-tgt

dimer the minima found at 280 nm slowly changed to a maximum at 280 nm with
increasing temperature. At 80° C, when the dimers would be presumably in the de-
stacked state, the CD profiles in both the cases was qualitatively the same as the

addition CD spectra of the corresponding monomer units. This observation leads to the
conclusion that the CD maximum for the tgt dimer and CD minimum for iso-tgt dimer at

lower temperature are arising due to the stacking interactions which are different in two
epimeric dimers. Very similar patterns of CD differences were observed for TpT and

xylo- TpT dimer blocks reported earlier.”* Even in the region of the CD that arises due

to the amide absorption at 220 nm is different in two dimers. The minima for tgt dimer

(Figure 12 A) whereas maxima for iso-tgt dimer at 220 nm in CD spectra was
observed (Figure 12 B). The temperature dependant CD change was observed for both

dimers. For tgt dimer the amplitude of negative CD band gradually increased on heating

while for iso-tgt dimer the maxima found at 220 nm slowly changed to minima at 220

nm (Figure 12B) with increasing temperature. The effect of change in configuration of

amide part in thioacetamido linkage thus can be observed.
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Figure 12: A) Temperature dependant CD spectra of tgt dimer 22a B) Temperature dependant
CD spectra of iso-tgt dimer 22

For the cgt dimer 23, strong band at 280 nm CD spectrum was observed(Figure

13A). In contrast, the iso-ct dimer 29 showed CD at 280 nm with much less
amplitude(Figure 13B).

.CD (mdeg)
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wavelength (nm) % 220 0 60 80 300 320
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Figure 13: A) Temperature dependant CD spectra of ct dimer 23a B) Temperature dependant
CD spectra of iso-cgt dimer 23

The decrease in the amplitude of the positve band in CD signal at 280 nm with
increasing temperature was observed for cgt dimer. This decrease in the amplitude of

CD signal was less as compared to tst dimer. For iso-cit dimer, increase in the
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amplitude CD signal at 280 nm was observed with increase in the temperature (Figure
13).

It is known in the literature that the stacking interaction are maximum in

thyminyl dimers and the strength of stacking interactions reduces from thymine ~

guanine >> adenine ~ cytosine.” CD spectra of the present cgt dimer 23b and isocgt

dimer 23 show less changes on heating when compared with the tst (22a) and isotgt

(22) but the nature of the CD change i.e decrease in the CD signal amplitude at 280 nm
for 23b and increase in the CD signal amplitude at 280 nm for 23 was observed with

increasing temperature. No CD signatutre was observed at 220-240 nm range in the case

of cgt 23b and iso-cgt 23 dimers.

The CD spectra of the xylo configured TANA dimers thus qualitatively resemble
those reported for xylo-configured phosphodiester linked nucleic acids. It has been
recently observed that the xylo-modified oligothymidilate DNA form stable complexes
with RNA as compared with DNA,'*® but the mixed purine-pyrimidine oligomers
modified with xylo-nucleosides show reduced strength of the complexes with RNA and
DNA. "' In the next section we report the results of our studies towards the synthesis of
iso-TANA modified DNA and its effects on DNA/RNA binding selectivity in
comparison with the TANA modified DNA reported earlier.

3.1.4 Synthesis, purification and mass spectral analysis of the chimeric iSO-TANA-
DNA oligomers

3.1.4a Solid phase synthesis of iSO-TANA modified DNA oligonucleotides by
phosphoramidite method

General solid phase synthesis of oligonucleotides by B—cyanoethyl phospharamidite
method is given in Scheme 5.%” modified DNA sequences were synthesized using above
strategy, incorporating iso-TANA dimers at predefined positions. The sequences are
listed in Table 3.

Polypyrimidine sequences: Entry 1-3 (Table 3, ON-1-ON-3) are the Ts sequences
synthesized incorporating iso-tit dimer. GC clamps were introduced to increase the

binding strength and also to avoid the sliding of duplexes. ON-3 was synthesized where

all the thymine units were replaced with iso-tgt unit. Mixed polypyrimidine sequences

(ON-4-ON-8) were synthesized to see the effect of iso-TANA dimers on triplex
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forming ability of DNA sequences. Thsese sequences were synthesized by incorporating

both iso-cgt as well as iso-tgt dimers in the sequence at predefined positions.

Base o O-DMT Base O-DMT
(ol Lo
o —+ N° S._CHs
MO NCV\O\P’O Rl\l\/?/

o N(isoPr), 0.25 M 5-(S-ethyl tetrazole) in ACN
Activation

Step 1: detritylation
3% trichloroacetic acid/ DCM

Base o OH
Q NC O
oy TR
\

N,N S _CHs

(o}

Base o O-DMT

step 3: capping
CAP A: Ac,0/ py

CAP B: 10% N-methyl imidazole Base O-DMT Base o O-DMT
in THF o
Base, OAc w

O
step4: 0.1IM | | H,O/THF
NC_~g_ 0 P o py/ Hy O=P’—Oo
o + P\ - \
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Step 2: coupling

y
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Scheme 5: Solid phase synthesis of DNA

Mixed purine-pyrimidine sequences :In order to study the duplex formation potential

of the iso-TANA modified DNA sequences with DNA /RNA, ON-9, ON-10-ON-12
were synthesized by incorporating iso-tgt, iso-cgt and/or iso-cqc dimers. These sequences
are important with respect to their application for splice correction assay.”® Sequence

ON-10 and ON-11 are the sequence with single and double iso-tst units respectively.
Whereas, sequence ON-12 contains one iso-csc unit. We also synthesized sequence

ON-12, where the modified ribo configured c¢c unit was used for comparison that was
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not reported in the earlier reported data. These sequences would give information about
the individual effect of isomeric TANA dimers on duplex formation in comparison with
previously reported TANA modified sequences.*® ON-13 and ON-14 are the sequences
which are important antisense sequences for tageting bsa, gene present in cancerous
human cell lines causing chronic myloid leukema.”

3.1.4b Purification and MALDI-TOF characterization of iSO-TANA modified
oligomers

The purity of the oligomers listed in Table 3 was checked by analytical RP-
HPLC (C18 column, 0.1 N TEAA Buffer-acetonitrile) which showed more than 75-80%
purity. These oligomers were subsequently purified by reverse phase HPLC on C18
column. The purity of the oligomers was again ascertained by analytical RP-HPLC and
their integrity was confirmed by MALDI-TOF mass spectrometric analysis. THAP
(2,4,6-trihydroxy acetophenone) matrix with diammonium citrate as additive was used
for MALDI-TOF mass analysis of oligomers. HPLC retention time and observed values

of Mass in MALDI-TOF spectrometry are listed in Table 3.

Table 3: The ON sequences incorporating various iso-TANA dimers®

Entry | iso-TANA Sequence tI: l();l‘l(;l; Mass (calc./obsd.)
1 5’ CGT Ttst TTT TGC 3> ON-1 7.4 3606.54/3604.85
2 5> CGT Ttgt TTtgtGC 3’ ON-2 7.7 3596.6/3595.28

3 5> CGtgt tgt tt tst GC 3 ON-3 9.0 3576.8/3575.54

4 5" TCTCttTCTT 3’ ON-4 8.1 2928.03/2929.29
5 5" TCTC tgt TcgtT 3> ON-5 8.9 2935.08/2937.54
6 5" TcgtCTT TCTT 3’ ON-6 8.2 2942.05/2943.96
7 5 Tegt CTT TegtT 3° ON-7 8.4 | 2949.10/2950.44
8 5° Tegt cgtT TegtT 3° ON-8 9.0 2956.15/2955.49
9 5’ TCAcstAGATG 3’ ON-9 8.8 3036.12/3036.55
10 5°CCT CtstACCTCA GTTACA 3’ ON-10 8.2 5366.7/5370.44
11 5°CCT Ctst ACCTCAGtst ACA 3° ON-11 8.6 5356.9/5353.93
12 5°CCT CTTAccTCAGTTACA 3’ ON-12 9.1 5376.65/5376.85

93" | 5376.65/5382.82°

13 5" GAA GGGcgtTtstGAACTc T 3° ON-13 9.3 5841.03/5837.80
14 5" GAA GGG ctTttGA AcgtcgtT 3° ON-14 9.6 5849.08/5849.36

a HPLC and MALDI-TOF mass analysis of sequence containing iso-TANA unit
b HPLC and MALDI-TOF mass analysis of sequence containing TANA unit
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3.1.4c Synthesis of complementary oligonucleotides

The DNA oligomers (Table 2A) were synthesized on Applied Biosystems ABI
3900 High Throughput DNA Synthesizer using standard f-cyanoethyl phosphoramidite
chemistry.”” The oligomers were synthesized in the 3’-5° direction using control pore
glass (CPG) solid support. After synthesis, the sequences were cleaved from the support
by ammonia treatment to cleave the ester functionality that joins support to the 3’-
terminus of the oligomrs and deprotects the exocyclic amino protecting groups used
during the synthesis. The oligonucleotides were desalted by gel filtration; their purity
ascertained by RP-HPLC on a C18 column (0.1N TEAA:CH3CN) to be more than 95%
and was used without further purification in the biophysical studies. The RNA

oligonucleotides (Table 2B) were obtained commercially.

Table 4: DNA/RNA oligonucleotides used in present work

Entry | Sequence(5°—3’) Type

1 CGTTTTTTTTGC 20 control for ON-1-ON-3

2 TCTCTTTCTT 21 control for ON-4-ON-8

3 TCACTAGATG 22 control for ON-9

4 CCTCTTACCTCAGTTACA 23 control for ON-10-ON-12

5 GAAGGGCTT TTGAACTCTT 24 control for ON-13,0N-14

6 GCAAAAAAAACG 30 complementary for ON-1-ON-3

7 AAGAAAGAGA 31 complementary for ON-4-ON-8

8 CATCTAGTGA 32 Complementary or ON-9

9 TGTAACTGAGGTAAGAGG 33 complementary for ON-10-ON-12
10 AAGAGTTCAAAAGCCCTTC 34 complementary for ON-13,0N-14
11 r(GCAAAAAAAACG) 40 complementary for ON-1-ON-3
12 r(AAGAAAGAGA) 41 complementary for ON-4-ON-8
13 CAUCUAGUGA 42 Complementary for ON-9

14 UGUAACUGAGGUAAGAGG 43 complementary for ON-10-ON-12
15 AAGAGUUCAAAAGCCCUUC 44 complementary for ON-13, ON-14

3.1.5 UV-melting studies iso-TANA modified DNA

The binding affinity of iso-TANA-DNA chimeric ONs (Table 3) with
complementary DNA and RNA was investigated by measuring the melting
temperatures (7;,) of the duplexes and triplexes. The UV-melting experiments were
carried out in phosphate buffer (pH = 7.2) containing 100 mM NaCl. The iso-TANA-
DNA chimeric ONs were individually hybridized with complementary DNA/RNA

strand to obtain complexes. The results of UV-melting experiments of iso-TANA-
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DNA/RNA complexes were compared with the results of TANA-DNA/RNA
complexes. The comparison of these results would give the information about the effect

of change in stereochemistry on binding preferences of thioacetamido ONs with DNA

and RNA.

3.1.5a Polypyrimidine sequences

Table 5: T}, (°C) values of iso-TANA ONs: DNA/RNA complexes

Uv T,°C Uv T,°C
Entry ON Sequences (5°—3) (is0-TANA) TANA®*
DNA-30 | RNA-40 | DNA-30 | RNA-40
1 CGTTTTTTTTGC 20 32.5 26.7 40.0 32.0
2 CGTTttTTTTGC ON-1 21.8 nd 23.7 323
3 CGTTtstTtt TGC ON-2 nd 25.0 nd 50.0
4 CGtgttgttttstGC ON-3 nd 29.8 nd 47.8

DNA 30 = 5° GCA3CG 3’; RNA 40 = 5> GCA3CG 3°, T,,, = melting temperature (measured in the
buffer 10 mM sodium phosphate, 100 mM NaCl, pH = 7.2), of iso-TANA ONs:DNA/ iso-TANA
ONs:RNA complexes. The values reported here are the average of 3 independent experiments and are
accurate to =1.0°C.

The complex of unmodified DNA-20 with DNA-30 has higher melting
temperature than with RNA-40 (entry-1, Table 5). Introduction of one iso-tgt unit in
DNA-20 showed destabilization with both DNA and RNA. Increasing the number of
modified iso-tst blocks did not show consistent increase or decrease in the Tm for
complexes either with DNA or RNA. In contrast, the TANA ONs containing multiple

tst units had displayed consistent increase in the Tm of their complexes with RNA.
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Figure 14: A UV melting curves of ON-1-3, DNA-20 with DNA-30 and RNA-40 and B
corresponding derivative graphs
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The UV-Tm studies were then carried out for the mixed cytosine-thymine
pyrimidine sequences listed in Table 6. The iso-TANA ON-4-8 did not show any
binding with either DNA or RNA whereas the TANA ON-4-8 showed preferential
binding with RNA.

Table 6: T, (°C) values of iso-TANA ONs: DNA/RNA complexes

UV T,°C UV T,°C
Entry ON Sequences (5°—3%) (is0-TANA) TANA*
DNA-31 | RNA-41 | DNA-31 | RNA-41
1 TCTCTTTCTT 20 24.0 26.7 23.6 254
2 TCTCttTCTT ON-4 nd nd nd 29.6
3 TCTC tgt TegtT ON-5 nd nd nd 33.8
4 TetCTT TCTT ON-6 nd nd 19.5 26.2
5 Tegt CTTTTegtT ON-7 nd nd nd 33.8
6 Tegtegt TTegtT ON-8 nd nd nd 39.7

DNA 31 = 5 AAGAAAGAGA 3’; RNA 41 = 5> AAGAAAGAGA 3’°, T,, = melting temperature
(measured in the buffer 10 mM sodium phosphate, 100 mM NaCl, pH = 7.2), of iso-TANA ONs:DNA/
iso-TANA ONs:RNA complexes. The values reported here are the average of 3 independent experiments
and are accurate to +1.0°C.

3.1.5b Mixed purine-pyrimidine sequences
The duplexes of control DNA-23 showed similar binding strength with complementary
DNA-33 and with RNA-43. Introduction of one iso-tst unit (ON-10) in the DNA-23

showed preferential binding with DNA-33 as compared to that with RNA-43; although

in either case the complexes were less stabilized than the unmodified DNA. The doubly
modified ON-11 further destabilized the complexes with DNA-33 and RNA-43. The tt
modified sequences (ON-10, ON-11) showed increase in the stability of DNA:RNA

complexes with increase in tgt units in the sequence, but this modification destabilized

the DNA:DNA duplexes (Table 7).ON-12 containing a single cqc unit, in either ribo or

xylo configration, formed stable complexes with both complementary DNA and RNA.
The melting temperatures of these duplexes were as good as DNA-23:DNA-33 and

DNA-23:RNA-43 duplexes. ON-12 with iso-cgc unit showed similar binding efficiency

with DNA and RNA like cgc modified ON-12. The ONs with single modified iso-tgt/tgt
units (ON-10 with both stereochemistry) destabilized the DNA:DNA and DNA:RNA
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duplexes whereas introduction of cgc/iso-csc unit in DNA-23 did not destabilize

DNA:DNA complexes.

Table 7: T, (°C) values of iso-TANA ONs: DNA/RNA duplexes

UV T, °C UV T, °C

Entry | ON Sequences (5°—3) (is0-TANA) TANA*
DNA-33 | RNA-43 | DNA-33 | RNA-43

1 CCTCTTACCTCAGTTACA 23 54.6 53.8 54.6 54.7

2 CCTCttACCTCATTACA 10 49.3 46.7 39.6 475

3 CCTCttACCTCAGttACA 11 42.6 40.9 43.5 52.8

4 CCTCTTAc,cTCAGTTACA 12 51.6 51.5 522 52.5

DNA 33 =5 TGTAACTGAGGTAAGAGG 3’; RNA 43 = 5 UGUAACUGAGGUAAGAGG 3°, T, =
melting temperature (measured in the buffer 10 mM sodium phosphate, 100 mM NaCl, pH = 7.2), of iso-
TANA ONs:DNA/iso-TANA ONs:RNA complexes. The values reported here are the average of 3
independent experiments and are accurate to +1.0°C.
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Figure 15: A UV melting curves of ON-10-12, DNA-23 with DNA-33 and B corresponding
derivative graphs
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We then studied the effect of these modified dimer units in another sequence in
which three or more modified units were introduced. The complex of the control DNA-
24 with RNA-44 showed slightly more melting temperature than with DNA-34. The
duplexes of ON-13 with three modified dimer blocks and ON-14 with four modified

dimer blocks (iso-tst and iso-cgt) with DNA-34 and RNA-44 showed preferential

binding with DNA. The complexes with RNA were much more destabilized. Although
the Tm was less when compared to control DNA-24: DNA-34 and DNA-24: RNA-44

complex, the destabilization observed for duplex of ON-13 containing iso-tst and iso-cgt

units with DNA -34 was less than that with ON-13:RNA-44 duplex.

Table 8: T}, (°C) values of iso-TANA ONs: DNA/RNA duplexes

UV T,°C UvT,°C
Entry | ON Sequences (5°—3’) (iso-TANA) TANA
DNA-34 | RNA-44 | DNA-34 | RNA-44
1 GAAGGGCTTTTGAACTCTT 24 53.0 54.2 53.6 54.8
GAAGGGCcgtTtgtGAACTcegtT 13 44.7 39.7 42.7 54.5
3 GAAGGGctT tgt GAAcgtegtT 14 45.8 343 41.6 43.6

DNA 34 = 5> AAGAGTTCAAAAGCCCTTC 3’; RNA 44 = 5> AAGAGUUCAAAAGCCCUUC 3’,
T, = melting temperature (measured in the buffer 10 mM sodium phosphate, 100 mM NaCl, pH = 7.2), of
iso-TANAONs:DNA/iso-TANAONs:RNA complexes. The values reported here are the average of 3
independent experiments and are accurate to +1.0°C.
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Figure 17: A UV melting curves of ON-13-14, DNA-24 with DNA-34 and B corresponding
derivative graphs

Introduction of one more iso-cgt unit in ON-13 stabilized the DNA:DNA duplex
with 1°C than ON-13 whereas destabilized further DNA:RNA duplex with 5-6 °C.
ON-13 with tst and cgt units showed destabilization with DNA-34 whereas binding

strength to RNA-44 was as good as control DNA:RNA complex. Unexpectedly, with
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additional cgt block in ON-14, the duplex of ON-14:RNA-44 was destabilized (AT,,= 11

°C) than ON-13 whereas melting temperature of ON-14:DNA-14 did not change much
than ON-13:DNA-34 duplex.
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Figure 18: A UV melting curves of ON-13-14, DNA-24 with RNA-44 and B corresponding
derivative graphs

A single modified unit of LNA with a locked N-type sugar conformation in an
ON is known to effectively stabilize duplex structures with both DNA and RNA.* The
electronegativity of the 3’-substituents in 3’-N-phoramidates was shown to set the
sugars in preferred N-type conformation, but unlike LNA, show preferential binding to
RNA over DNA.?" Several other examples in the literature such as 2’-5° DNA**/RNA*
prefer to bind to RNA over DNA and it is not therefore entirely certain which factors
differentiate the DNA verses RNA selectivity.”! Native DNA and RNA prefer to be in
S- or N-type sugar conformations giving rise to either B- or A-form structures in
equilibrium. In this particular case, however, the 'H NMR studies point out
conformational equilibration in either ribo or xylo configured 3’-amino or 5’-
thioacetamido sugars to be similar to the native 3’-5’phosphate linked DNA. The
structural dissimilarity between ribo and xylo configured modified TANA and iso-
TANA units could be the reason for the differential binding selectivities of these
isomeric TANA modified DNA. The RNA selectivity of binding seems to be arising
from the extended backbone linker in TANA derivative, whereas change in

stereochemistry of the sugar affects this distance complementarity and the differently
folded iso-TANA allows better binding with DNA over RNA. The tgt and cgt dimer

blocks were found to be compatible in the DNA backbone to selectively stabilze the
ON:RNA complexes.
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3.1.6 Summary

% Various epimeric amide linked pyrimidine TANA dimers with inverted
stereochemistry at the 3’-amino substituent have been synthesized and
their phosphoramidite derivatives were incorporated into DNA

oligomers.

s The NMR studies showed that the acetylation of 3’-amino groups in
nucleosides shifted the conformational equilibrium for sugar rings from

N type to S type in both the stereisomers. The sugar ring conformations

are not largely affected in the iso-tst, iso-cst dimers as compared to

corresponding epimeric TANA tgt, cgt dimers.

% The base-stacking interactions for iso-TANA dimers were found to be
different than TANA dimers in the CD analysis. CD spectra of iso-tgt

dimer resemble the observed CD spectra of phosphate linked xylo
dithymidine.

% The binding preferences of iso-TANA modified ONs were found to be
better with DNA than RNA in contrast to TANA modified ONs. The
effect of different base stacking interactions reflected in the CD pattern

could be the cause of this difference in binding preferences.
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3.1.7 Experimental

General: The chemicals used were of laboratory or analytical grade. All solvents used
were purified according to the literature procedures. Reactions were monitored by TLC.
Usual reaction work up involved sequential washing of the organic extract with water
and brine followed by drying over anhydrous sodium sulphate and evaporation of the
solvent under vacuum. IR spectra were recorded on an infrared Fourier Transform
spectrophotometer using nujol, chloroform or neat. Column chromatographic
separations were performed using silica gel 60-120 mesh (Merck) and 200- 400 mesh
(Merck) and using the solvent systems EtOAc/petroleum ether and MeOH/DCM. TLCs
were carried out on pre-coated silica gel GF254 sheets (Merck 5554). TLCs were run in
either petroleum ether with appropriate quantity of ethyl acetate or dichloromethane
with an appropriate quantity of methanol for most of the compounds. TLCs were
visualized with UV light and iodine spray and/or by perchloric acid treatment then
heating. 'H and "°C spectra were obtained using Bruker AC-200, AC-400 and AC-500
NMR spectrometers. The chemical shifts are reported in delta (d) values and referred to
internal standard TMS for 'H. The optical rotation values were measured on
Bellingham-Stanley Ltd, ADP220 polarimeter. Mass spectra were obtained either by
LCMS techniques. Oligomers were characterized by RP HPLC (Varian /Waters) C18
column and MALDI-TOF mass spectrometry. The MALDI-TOF spectra were recorded
on Voyager-De-STR (Applied Biosystems) MALDI-TOF instrument and the matrix
used for analysis was THAP (2, 4, 6-trihydroxyacetophenone). DNA oligomers were
synthesized on Applied Biosystems ABI 3900 High Throughput DNA Synthesizer
using standard B-cyanoethyl phosphoramidite chemistry.
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Synthesis of 5°-O-dimethoxytrirylthymidine (2)
A mixture of thymidine (6 g, 24.7 mmol), dimethoxytrityl chloride (10 g, 29.7 mmol),
o DMAP (cat) in anhydrous 40 mL pyridine was stirred at RT
M for 4 hrs. Pyridine was removed under reduced pressure and
DMTO/\G’ N residue was redissolved in 400 mL ethyl acetate. The organic
Ho layer was washed with 10% NaHCOj; solution with (2x 30 mL)
followed by water (50 mL) and brine. The organic layer was
dried over anhydrous NaSO4 and concentrated to dryness. Column chromatography
purification of crude product using 3% methanol-dichloromethane gave pure product 2,
11.72 g (87%).
Synthesis of 3°-O-mesyl -5’-O-dimethoxytritylthymidine (3)
A mixture of 2 (11 g, 20.2 mmol), EtzN (7.0 mL, 50.5 mmol) in 40 mL anhydrous
dichloromethane was cooled to 0°C and mesyl chloride (2.35

2\(0 mL, 30.3 mmol) in 10 mL dry dichloromethane) was added

NH . . . . .

O N dropwise. After 10 min reaction mixture was taken in 100 ml
DMTO/\Q’ \\% P

MsG" dichloromethane, organic layer was washed with 10%

3 NaHCOj solution with (2x 30 mL) followed by water (2x50

mL). The organic layer was dried over anhydrous sodium sulphate and concentrated to

dryness. Column purification using 2% methanol-dichloromethane gave pure product 3,

11.3 g, 85%.

Synthesis of 3’-deoxyxylo-3’-azido -5’-O- dimethoxytritylthymidine (4)

Mesyl derivative 3 (11 g, 17.67 mmol) and sodium azide (11.48 g, 176 mmol) in 20 mL
?\(o anhydrous DMF was stirred at 60°C for 24 hrs. DMF was
7

y removed under reduced pressure and residue was redissolved

N
DMTO/\Q’N\\% in ethyl acetate. The organic layer was washed with water
N3 4 (2x 50 mL). The organic layer was dried on anhydrous

sodium sulphate and concentrated to dryness. Column purification using gradient of
ethyl acetate in petroleum ether gave pure 4, 4.52 g, 45%.
IR, v(cm™) (CHCI3) 3128, 3019, 2110, 1724, 1670.
'H NMR (200 MHz, CDCl3) & 1.84 (s, 3H), 2.12-2.19 (m, 1H), 2.64-2.78 (m, 1H), 3.32-
3.40 (m, 1H), 3.56-3.64 (m, 1H), 4.08-4.14 (m, 1H), 4.24-4.29 (m, 1H) 6.12-6.17 (dd,
1H, J=2.9 Hz, J=7.9 Hz), 6.82-6.87 (d, 4H), 7.3-7.48 (m, 10H).
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BCNMR (50 MHz, CDCl3) & 12.5, 38.6, 55.1, 61.1, 61.8, 81.7, 84.1,
86.7, 110.6, 113.0, 126.8, 127.8, 129.9, 135.5, 144.4, 150.5, 158.5, 164.0.
Mass calcd. for C3;H31N50g 569.22 obsd. 592.68 (M+ Na+).
Synthesis of 3’-deoxyxylo-3’-amino- 5°-O- dimethoxytritylthymidine (5)
Compound 4 (2.0g, 2.6 mmol) was dissolved in 10 mL ethyl acetate and 0.20 g (10%)
o Pd-C catalyst was added. Then reaction mixture was subjected
o f/\/ﬁH to catalytic hydrogenation at 40 psi of hydrogen pressure for 4
DMTO/\p’ \g hrs. The catalyst was filtered and washed with (10 mL x 2)
5 ethyl acetate. Organic layer was concentrated to give and The
crude product was purified with column chromatography with DCM —MeOH gave
compound 5 (1.7 g, 86%).
IR, v(em™) (CHCl3) 3398, 3019, 2924,2853,1701,1686.
'H NMR (200 MHz, CDCl3) & 1.81 (s, 3H), 1.91-2.07 (m, 2H), 2.63-2.78 (m, 1H), 2.92-
3.03 (m, 1H) 3.39-3.47 (m, 1H), 3.79 (s, 6H), 4.19-4.27 (m, 1H), 6.31-6.36 (dd,1H, J=
2.9 Hz,8. 2 Hz), 6.79-6.84 (m, 4H), 7.24-7.44 (m, 10H).
Mass calcd. for C3;H33N306 543.23 obsd. 566.14 (M+Na")
Synthesis of  3’-deoxyxylo-3’-azido-5’-O-dimethoxytrityl-C*-(1,2,4-triazol-1-yl)-
pyrimidine 2’deoxynucleoside (6)
Et;N(6.1 mL, 43.9 mmol) was added drop wise to a stirred mixture of 1, 2, 4-triazole
y (3.33 g, 48.3 mmol) and phosphoryl chloride (1.02 mL,
)\(Nr/\,\? 10.97 mmol) in 50 mL CH3CN at 0°C. The solution of 4
o N/\<\N (2.5g, 4.39 mmol) in 15 mL dry CH3;CN was then added
DMTO/\g o) drop wise. The reaction mixture was stirred at room

N3 temp for 2.5 hrs. The solvent was evaporated and
° residue was redissolved in 50 mL ethyl acetate. The
organic layers was washed with water (2x50 mL) and brine (2x20 mL), dried over
Na,SO,4 and evaporated to dryness to give triazolide derivative 6 (2.62 g, 88%) as
yellow foam, which was used immediately for next reaction.
Synthesis of 2°,3’-dideoxyxylo-3’-azido-5’-O-dimethoxytrityl-5-methylcytidine (7)
Concentrated aqueous ammonia (10 mL) was added to the solution of triazolide
derivative (2.6 g, 4.08 mmol) in 40 mL 1,4-dioxane. After complete conversion of

triazolide derivative to 5-methyl- 2’-deoxy cytidine derivative in lhr, solvent was

removed under reduced pressure and the residue redissolved in dichloromethane and
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methanol in dichloromethane) to afford product (2.12 g,

DMTo/\p’ N\% 90%) as white foam.
IR, v(cm™) (CHCl3) 3192, 2984, 2827, 2114, 1687.6

'H NMR (200 MHz, CDCl3) & 1.84 (s, 3H), 2.19-2.27 (m,
1H), 2.66-2.82 (m, 1H), 3.31-3.38 (m, 1H), 3.56-3.63 (m, 1H), 3.80 ( S, 6H), 4.19-4.21
(m, 1H), 6.12-6.17 (dd, 1H, J= 2.4 Hz, J= 7.5 Hz), 6.82-6.87 (d, 4H), 7.23-7.51 ( m,
10H).

Mass calcd. for C3;H3,N¢O5 568.24 obsd. 569.73 (M+ H"), 591.73 (M+Na")

NH purified by silica gel column chromatography (0-7%
2
2\\(
N

Synthesis of N*-benzoyl-2’, 3°-dideoxy xylo-3’-azido-5’-O-dimethoxytrityl-5-
methylcytidine (8)

NHB Benzoyl chloride (0.51 mL, 4.43 mmol) was added drop
2\% wise slowly to a solution 7 (2.1 g, 3.69 mmol) in 30 mL

O N e . . .
DMTO/\SJ’ \\g pyridine at 0°C. The mixture was then stirred at room
Ny temperature for 4 hrs.. The reaction was quenched with
8 addition of 5 mL 2N NH; solution. Reaction mixture was

further stirred for 30mins. The solvent was evaporated and residue redissolved in 50 mL
ethyl acetate, washed the organic layer with 10% NaHCOj; solution (3x30 mL), water
(2x50 mL) and brine (20 mL). The organic layer was then dried over anhydrous sodium
sulphate and evaporated to dryness. Compound was purified on column
chromatography (5-20% ethyl acetate in petroleum ether) to afford 8, 1.82 g (75%) as
white foam.

IR, v(em™) (CHCI3) 3192, 3024, 2110, 1715, 1705, 1696, 1685

'H NMR (200 MHz, CDCl5) & 2.02 (s.3H), 2.17-2.28 (m,1H), 2.66-2.77 (m,1H) 3.34-
3.42 (m,1H),3.59-3.67 (m,1H), 3.81 (s,6H), 4.07-4.29 (m,2H), 6.13-6.18 (dd,1H, J=2.5,
7.7 Hz), 6.84-6.88 (d,4H), 7.26-7.52 (m,13H), 8.30-8.33 (m,2H)

BC NMR (50 MHz, CDCls) & 13.8, 33.9, 55.1, 61.1, 61.9, 82.2, 84.9, 86.8, 111.3,
113.1, 126.9, 127.9, 128.08, 130.0, 132.3, 135. 5, 137.1, 144.4, 147.9, 158.6, 159.7,
179.4.

Mass Calc. for C3sH36NgOg 672.26 observed 673.72 (M+ H+), 695.71 (M+Na+)
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Synthesis of N*-benzoyl-2’, 3’-dideoxy-xylo-3’-amino-5’-O-dimethoxytrityl-5-
ethylcytidine (9)

NHE Compound 8 (1.8 g, 2.67 mmol) was dissolved in pyridine
z
2\\( (4 mL) and Et;N 0.5 mL was added to this solution. H,S

N
O N . : . :
DMTO ~ gas was bubbled into the solution at 0°C for 15minutes.
o}
N, Then solution was stirred at room temperature for
9 additional 1 hr. and solvent was removed under reduced

pressure . The residue was purified by column chromatography (2-5% methanol-

dichloromethane) to afford 9, 1.4 g (78%)).

IR, v(ecm™) (CHCI3) 3189, 3024, 2810, 1718, 1707, 1696, 1685
'H NMR (200 MHz, CDCl3) & 1.83 (s,3H), 1.88-2.07 (m,2H), 2.6-2.72 (m,1H), 3.07-
3.18 (q,1H), 3.39-3.59 (m,2H), 3.8 (s,3H), 4.13-4.18 (m,1H), 6.16-6.22 (dd,1H, J= 7.07
Hz), 6.84-6.88 (d,4H), 7.28-7.52 (m,13H), 8.04 (m, 1H), 8.28—38.32 (d, 2H).
C NMR (50 MHz, CDCls) & 13.1, 41.5, 51.1, 61.7, 81.8, 84.7, 86.7, 110.9, 113.2,
127.0, 128.0, 129.9, 132.2, 135.2, 137.0, 138.8, 144.2, 148.0, 158.6, 159.9, 179.3.
Mass calcd. for C3sH3sN4Og 646.27 obsd. 647.87 (M+H"), 669.82 (M+Na")
Synthesis of 5°-O-Tosyl-N*-Benzoyl 2°,3’-dideoxycytidine (10a)
N*-Benzoyl 2°, 3’-dideoxy Cytidine (5 g, 15.09 mmol) was
NHBz suspended in 50 mL dry pyridine and cooled to 0°C. Tosyl

7\
o N\<N chloride (4.3 g, 22.6 mmol) diluted with 10 mL pyridine was
TSO/\g o added to above mix over period of 4hrs at 0 °C. Then reaction
HO 10a mixture was stirred for 1 hr at RT and pyridine was removed

under reduced pressure; residue was redissolved in 250 mL of ethyl acetate. Organic
layer was washed with 10% NaHCOj; solution and concentrated to give crude product.
Compound was purified by column chromatography by 1-3 % methanol —
dichloromethane. Yield = (4.3 g 60%)

'H NMR (200 MHz, DMSO-dg) & 2.10-2.35 (m.2H), 2.45 (s, 3H), 3.99-4.07(m, 1H),
4.16-4.22(m, 2H), 4.25-4.39 (m, 2H), 6.11-6.18(t, 1H, J= 6.32 Hz), 7.31(d, 1H, J=7.32),
7.49-7.70(m, SH) 7.83-8.03(m, 5H)

PC NMR (50 MHz, DMSO-ds) § 13.9, 21.0, 33.2, 34.1, 60.7, 69.7, 69.9, 72.4, 83.9,
86.4, 96.2, 127.6, 128.4, 130.2,132.0, 132.7, 133.1, 144.6, 145.2, 154.0, 162.9, 167.5,
170.0.

168



Mass calcd. for Co3H23N304S 485.1257 obsd. 508.3680 (M+Na+)
Synthesis of ethyl [(2’-3’-dideoxy 5’-S-cytidinyl) mercapto] acetic acid (10b)
NHBz  ethyl mercapto acetic acid (1.2 mL, 9.6 mmol) was added

EtO,
dropwise to suspension of NaH (60% suspension in

T2 o
O__N
S/\g \g hexane) ( 0.38 g, 0.96 mmol) and in dry DMF to generate
HO 10b mercapto nucleophile. Tosyl derivative 10a (3.9 g, 8.03
mmol) in 5 mL dry DMF was added to it at 0°C. Then reaction was stirred for 1 hr at
RT, DMF was removed at in vacuo, residue was redissolved in 200 mL ethyl acetate,
organic layer was washed with 50 mL water. Organic layer was concentrated under
reduced pressure; compound was purified with column chromatography with 1-3%
methanol —dichloromethane. To white solid (Yield 3.0 g = 80 %)

'H NMR (200 MHz, DMSO-dy) & 1.18-1.25 (t, 3H), 2.11- 2.40 (m, 2H), 2.91-2.96 (m,
2H), 4.01-4.18 (m, 4H) 6.15-6.22(t, 1H, J= 6.44 Hz), 7.39-7.89( m, 4H), 8.01-8.05(m,
2H),8.18-8.22(d, 1H, J=7.45 Hz)

C NMR (50 MHz, DMSO-dg) & 14.2, 33.5, 34.4, 61.0, , 72.6, 86.2, 86.5, 96.6, 128.8,
132.9, 133.3, 145.1, 154.4,163.2, 167.7,170.2.
Mass calcd. for CooH23N306S 433.1308 obsd. 456.3636 (M+Na+)

Synthesis of ethyl S-5’-(3’-O-TBDMS-2’°, 3’-dideoxy cytidinyl)-mercaptoacetic
acid (10¢)

Compound 10b (2.7 g, 6.46 mmol) and imidazole (0.96 g,

NHBz
EtOZ:O /\\E 14.22 mmol) was dissolved in dry DMF. TBDMS-CI (1.07
O_ _N . ) )
S/\Q’ \\g g, 7.11 mmol) was added at 0°C. Reaction was stirred at
TBSO RT for 6 hrs, DMF was removed in vacuo, residue was
10c

dissolved in ethyl acetate, and organic layer was washed
with water. Organic layer was concentrated invacuo, crude product purified with 20 %
ethyl acetate —Petroleum ether to give product (2.9 g, Yield 90%)
'H NMR (200 MHz, CDCls) & 0.09 ( s, 6H), 0.89 (s, 9H), 1.27-1.34 ( t, 3H, J =
7.20Hz), 2.05-2.20 (m, 1H), 2.47-2.66 (m, 1H), 2.98-3.36 (m, 2H), 3.24-3.43 (q, 2H, J
= 23.62 Hz), 4.10-4.27 (m, 4H), 6.19-6.25( dd,1H, J = 5.81, 6.06 Hz), 7.48-7.63( m,
4H), 7.89-7.93 (m, 2H), 8.2-8.24(d, 1H, J=7.45 Hz)
BC NMR (50 MHz, CDCl;) & 4.7, 14.0, 17.7, 25.5, 33.8, 41.3, 61.3, 73.2, 86.1, 86.6,
96.5, 127.5, 128.7, 132.9, 144.0, 154.5, 162.2, 166.7, 169.9.
Mass calcd. for CH37N306SSi 547.21 obsd. 548.20(M+ H"), 570.15(M+ Na")
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Synthesis of (5°-S-3’-O-TBDMS-2°, 3’-dideoxy Cytidinyl) mercaptoacetic acid
(10d)

NHBz Compound 10c (2.0 g, 3.6 mmol) was suspended in 9:1

HO o /\\( .
Z: o. NN THEF: water 10 mL, 1 mL 1N NaOH solution was added at
~
S/\g o 0 °C. Reaction was stirred at 0 °C up to starting material
TBSO get finished. Then pH of reaction mixture was adjusted to

7 with cation exchange resin, Then resin was filtered and washed with methanol.
Reaction mix was concentrated to dryness at vacuo. Product was desiccated to give
foam (1.3 g, 75%)

'H NMR (200MHz, CDCI3) § 0.00 ( s, 6H), 0.78 (s, 9H), , 2.08-2.28 (m, 2H), 2.4 (m,
2H), 2.63-2.91(m, 2H), 3.88-3.394 ( m, 1H), 4.26-4.32 (m, 1H), 6.01-6.07( dd,1H, J=
6.31, 6.57Hz), 7.25-7.52(m, 5H), 7.89-7.99(m,2H), 8.11-8.25 (d, 1H, J="7.57 Hz)

PC NMR (50 MHz, DMSO-ds) 8- 4.6, 17.9, 25.9, 34.1, 34.4, 63.11, 74.3, 86.2, 86.6,
96.7,128.7, 130.49, 133.0, 133.4, 145.1, 154.5 163.2, 167.7, 171.7

Mass calcd. for CosH33N306SS1 519.18 obsd. 542.12 (M+Na+)

Synthesis of 5’-O-DMT-iso-tst-3’-O-TBDMS dimer (11)

o §-5’-(3’-O-TBDMS-thymidinyl)-mercapto- acetic acid 1d
?//(NH (1g, 2.32mmol) TBTU (0.89 g, 2.784mmol) and HOBt

o. N .
DMTO/\Q/ ’QO (0.15g 1.16 mmol) was taken inmixture of  dry
o CH3;CN:dryDMF(5:1) (5 mL), diisopropylethyl amine

HN
2:0 ?//4,\“_, (1.00 mL, 5.8 mmol) was added to this solution and
S\@;N’QO stirred for 15 min. Then amino compound 5 (1.25 g,

TBSO@‘ 2.32mmol) dissolved in 4 mL CH3;CN was added into
11

reaction mixture and further stirred for 2 hours. Then
reaction mixture was concentrated and product was extracted with ethyl acetate (50 mL)
and washed with 5% NaHCOs; solution (2x20 mL). The organic layer was dried on
anhydrous sodium sulphate and concentrated to get crude product. This was purified by
column chromatography with gradient dichloromethane-methanol yield product, 1.34 g

(61%).
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Synthesis of 5°-O-DMT-is0-c4t-3’-O-TBDMS dimer (12)

NHBz S-5’-(3’-O-TBDMS-thymidinyl)-mercapto- acetic acid

?//\<N 1d (1.3 g, 3.0lmmol) TBTU (1.12¢g, 3.62 mmol) and
DMTO/\YOJ/N/QO HOBt (0.2 g 1.50 mmol) was taken in mixture of dry
HN 0  CH3;CN:dryDMF(5:1) (5 mL), diisopropylethyl amine

2: © /7 N (1.2 mL, 7.52 mmol) was added to this solution and
S\G/N/QO stirred for 15min. Then amino compound 9 (1.74 g,

B 30\‘1 , 2.70 mmol) dissolved in 4 mL CH3CN was added into

reaction mixture and further stirred for 2 hours. The
reaction mixture was concentrated and product was extracted with (70 mL) ethyl acetate
and washed with 5% NaHCOs; solution (2x20 mL). The organic layer was dried on
anhydrous sodium sulphate and concentrated to get crude product. This was purified by
column chromatography with gradient dichloromethane-methanol yield product, 1.68 g
(58%).
Synthesis of 5°-O-DMT- iso-c4¢-3’-O-TBDMS dimer (13)

NHBz S-5’-(3’-O-TBDMS-cytidinyl)-mercapto- acetic acid
/N 10d (1.5 g, 2.88 mmol) TBTU (1.1 g, 3.45 mmol) and
DMTO/\YOJ/N/<0 HOBt (0.19 g 1.44 mmol) was taken in mixture dry

N NHBz CH3CN:dryDMF (5:1) (5 mL), diisopropylethyl amine
2: © / N (1.2 mL, 7.2 mmol) was added to this solution and
S\G/N’Qo stirred for 15min. Then amino compound 9 (1.67 g,
1850 2.59 mmol) dissolved in 4 mL CH3;CN was added into

= reaction mixture and further stirred for 2 hours. The

reaction mixture was concentrated and product was extracted with (70 mL) ethyl acetate
and washed with 5% NaHCOs; solution (2x20 mL). The organic layer was dried on
anhydrous sodium sulphate and concentrated to get crude product. This was purified by

column chromatography with gradient dichloromethane-methanol yield product, 1.62 g

(54 %).
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Synthesis of 5°-O-DMT-c4c-3’-O-TBDMS dimer (13a)

NHBz $-5’-(3’-O-TBDMS-cytidinyl)-mercapto- acetic acid

?//\<N 10d (1.5 g, 2.88 mmol) TBTU (1.1 g, 3.45 mmol) and

- OA@/N&O HOBt (0.19 g 1.44 mmol) was taken in dry
uN NHBz CH3;CN:dryDMF (5:1) (5 mL), diisopropylethyl amine

(: © / N (1.2 mL, 7.2 mmol) was added to this solution and

S\G‘N&o stirred for 15min. Then amino compound 9a (1.67 g,

TBS()‘ 2.59 mmol) dissolved in 4 mL CH3CN was added into

reaction mixture and further stirred for 2 hours. The

reaction mixture was concentrated and product was extracted with (70 mL) ethyl acetate
and washed with 5% NaHCOs; solution (2x20 mL). The organic layer was dried on
anhydrous sodium sulphate and concentrated to get crude product. Compound 13a was

purified by column chromatography with gradient dichloromethane-methanol yield

product, 1.68 g (55%).
Synthesis of 5°-O-DMT-iso-tst-3’-OH dimer (14)

0 Dimer 11 (1.3g, 1.36 mmol) was taken in 10 mL
?//(NH anhydrous THF and 1N TBAF in THF (2.04 mL, 2.04
DMTO/\YE/N&O mmol) was added. Reaction was stirred at RT for 1 h,

HN 0  then THF was removed under reduced pressure and
o
(E ?//(NH residue redissolved in dichloromethane (50mL). The
S o
*\Q’N&o organic layer was washed with water (2X20mL) followed

$

HO |, by brine and dried over anhydrous sodium sulphate and
evaporated to dryness. After purification by column

chromatography with gradient dichloromethane-methanol gave the pure product 14, (1.0
g, 87 %).
'H NMR (200MHz, CDCl;) & 1.50(s,3H), 1.90(s,3H), 2.18-2.42(m,4H),2.67-
2.84(m,4H), 3.78(s,6H), 3.92-4.00(m,1H), 4.21-4.34(m,2H), 4.73-5.05(m,1H), 5.98-
6.04(dd,1H, J = 6.82, 6.07Hz), 6.13-6.20 (t,1H, J=6.56Hz), 6.81-6.85 (m,4H), 7.25-
7.64(m,12H).
Mass calcd. for (C43H47N50;;S) 841.29 observed 865.66 (M+1+Na+).
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Synthesis of 5°-O-DMT-iso-cgt-3’-OH dimer(15)

NHBzZ Dimer 12 (1.6 g, 1.51 mmol) was taken in 10 mL
/ %N anhydrous THF and 1N TBAF in THF (2.2 mL, 2.22

O.__N
DMTO/\g o mmol) was added. Reaction was stirred at RT for 1 h,

HN o ?’/2 then THF was removed under reduced pressure and
2: / NH

S residue redissolved in dichloromethane (60mL). The
N
\Q’ O organic layer was washed with water (2X20mL)

Hdl5 followed by brine and was dried over anhydrous sodium
sulphate and evaporated to dryness. After purification by column chromatography with
gradient dichloromethane-methanol gave the pure product 15 (1.14 g, 80%).

'"H NMR (200MHz, CDCl3y) & 1.71(s,3H), 1.90 (s,3H), 2.16-2.40(m,3H), 2.73-
2.82(m,3H), 3.07-3.24(m,4H), 3.8(s,6H),3.83-3.93(m,1H) 4.24-436 (m,2H), 4.76-4.83
(m,1H), 6.04-6.11( dd, 1H, J= 6.84, 7.07), 6.12-6.18(dd,1H, J= 6.44, 6.70Hz), 6.84-
6.89(m,4H), 7.23-7.53(m,13H), 7.87(s,1H), 8.28-8.30(m,2H).

Mass calcd. for CsoH52NgO11S 945.04 observed 945.71 (M+ H+), 967.68 (M+Na+).

Synthesis of 5°-O-DMT-iso-c4c-3’-OH dimer (16):

NHBz Dimer 13 (1.6 g, 1.39 mmol) was taken in 10 mL

?//\<N anhydrous THF and 1IN TBAF in THF (2.1 mL, 2.09

0 N’< mmol) was added. Reaction was stirred at RT for 1 h,
DMTO/\Q’ o)

N NHBz then THF was evaporated under reduced pressure and
2: © / N
S\G’N’QO organic layer was washed with water (2X20mL)

Ho' followed by brine and was dried over anhydrous
16

residue redissolved in dichloromethane (60mL). The

sodium sulphate and evaporated to dryness. After
purification by column chromatography with gradient dichloromethane-methanol gave
the pure product 16 (1.12 g, 78%).
'H NMR (200 MHz, CDCl3) & 1.65 (s, 3H), 2.02-2.37(m, 4H), 2.59-2.69(m, 2H), 2.76-
2.81(m, 2H), 4.23-4.26(m, 2HO, 4.72-5.05(m, 2H), 6.11-6.20(m, 2H), 6.84-6.88(m, 4H),
7.29-7.5 (m, 19H), 7.88-7.92(m, 4H, 8.07-8.23(m, 1H)
Mass Calcd. for Cs¢HssN-,O;;S 1033.36 observed1057.15 (M+Na+)
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Synthesis of 5°-O-DMT-c4c-3’-OH dimer(16a):

NHBz Dimer 13a (1.6 g, 1.39 mmol) was taken in 10 mL

/ N anhydrous THF and 1N TBAF in THF (2.1 mL, 2.09
DMTOAG’N/QO mmol) was added. Reaction was stirred at RT for 1 h,
uN NHBz then THF was evaporated under reduced pressure and

© / N residue redissolved in dichloromethane (60mL). The
S\G’N&o organic layer was washed with water (2X20mL)

HO§16a followed by brine and was dried over anhydrous

sodium sulphate and evaporated to dryness. After
purification by column chromatography with gradient dichloromethane-methanol gave
the pure product 16a (1.15 g, 80%).
'H NMR (200MHz, CDCl3) & 1.5 (s, 3H), 2.02-2.09(m, 3H), 2.36-2.42( m, 2H), 2.91-
2.98 ( m, 2H), 3.29 (m, 1h), 3.40 (m, 1H), 3.47 9m, 2H), 3.76 (s, 6H), 4.95-5.04 (m,
1h), 5.72-5.84 (m, 1H), 6.2-6.18 (dd, 1H, J= 6.31, 6.19), 6.52-6.59 ( dd, 1H, J= 6.82,
6.32) 6.81-6.86 (m, 4H), 7.30-7.34( m, 6H), 7.42-7.57 (m, 10H), 7.84-7.93 (m, 3H),
8.03-8.07 (m, 1H), 8.24-8.26 (m, 3H)
Mass Calcd. for Cs¢HssN-,0O;;S 1033.3680 observed1057.2532 (M+Na+)

Synthesis of phospharamidite derivatives of thioacetamido linked dimers.

A common procedure was followed for synthesis

OB

DMTO/\g of phospharamidite derivatives of dimers.
H}:o Compound (14/15/16/16a) was dissolved in dry
S o_ B! dichloromethane (10 mL) followed by the
\5—7’ addition of diisoprpylethylamine (2.5 molar
>\N_p/(io/\/CN equivalents of dimer ) Then 2-cynoethyl-N,N,-
/< diisopropyl-chloro  phosphine (1.2  molar
17 B=B'= Thymine equivalents of dimer) was added to the solution

18 B =N“-benzyol 5-mehtyl cytosine
B1= Thymine at 0 °C and reaction mixture was stirred at room

19/19a B =N*benzyol 5-mehtyl cytosine

temperature for 3 hours. The contents were then
Bl= N*benzyol cytosine

diluted with DCM and washed with 5%
NaHCOj; solution. The organic phase was dried over anhydrous sodium sulphate and
concentrated to foam. The residue was redissolved in DCM and precipitated with n-

hexane to obtain corresponding phospharamidite derivatives.
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Synthesis of 5°-O-(4, 4’-dimethoxy) trityl-iso-tst-3’-O-(2-cyanoethyl-N,N-
diisopropylphoshoramidate)-dimer (17)
Compound 17 was synthesized following the procedure as described for (compound 17-

19a). Yield (0.7 g, 78%)
P NMR (200MHz, CDCls) §148.67, 148.73.
Synthesis of 5°-O-(4, 4’-dimethoxy) trityl-iso-c4t-3’-O-(2-cyanoethyl-N,N-

diisopropylphoshoramidate)-dimer (18)
Compound 18 was synthesized following the procedure as described for (compound 17-

19a). Yield (0.84g, 70%).
P NMR (200MHz, CDCls) 148.78, 148.90
Synthesis of 5°-O-(4, 4’-dimethoxy) trityl-iso-c4c-3’-O-(2-cyanoethyl-N,N-

diisopropylphoshoramidate)-dimer (19)
Compound 19 was synthesized following the procedure as described for (compound 17-

19a). Yield (0.84g, 70%).
P NMR (200 MHz, CDCl;) §148.70, 149.19
Synthesis of 5-0-(4, 4’-dimethoxy) trityl-csc-3’-O-(2-cyanoethyl-N,N-

diisopropylphoshoramidate)-dimer (19a)
Compound 19a was synthesized following the procedure as described for (compound

17-19a). Yield (0.82g, 73 %)

PP NMR (200 MHz, CDCl3) §148.72, 148.93

Synthesis of 3’-deoxyxylo-3’-N-acetyl-5’-OTBS thymidine (20)

3’-deoxyxylo -3’- amino-5’-OTBS Thymidine (0.5 g, 1.2mmol) was taken in 5 mL

O pyridine. Acetic anhydride (0.16 mL, 1.63 mmol) was added
;/ NH

TBSO/\SOJ}N«

o removed under vacuum and product was extracted in ethyl

at 0 °C and reaction was stirred at RT for 2 hrs. Pyridine was

AcHN acetate and purified by column chromatography ( gradient of
? MeOH in DCM) to give 20 (Yield = 0.5 g, 90 %)

'H NMR (200MHz, CDCls) & 0.16 (s, 6H), 0.96 (s, 9H), 1.90 (m, 1H), 1.93 (s, 3H),
1.99 (s, 3H), 2.70-2.85 9m, 1H), 3.79-4.05 (m, 2H), 4.10-4.84 (m, 2H), 6.00-5.03 (dd,
1H, J=7.93 Hz, 6.33 Hz), 6.88-6.9 (m, 1H), 7.41 (s, 1H).
C NMR (50 MHz, CDCl3) § -5.48, 12.3, 18.0, 23.1, 25.7, 38.1, 49.9, 62.8, 78.3, 83.6,
110.7, 135.6, 150.4, 134.1, 170.0
Synthesis of 2°, 3’-dideoxyxylo-3’-N-acetyl-5’-OTBS 5-methyl cytidine (21)
2’, 3’-dideoxyxylo-3’-amino-5’-OTBS 5-methylcytidine (0.5 g, 1.0 mmol) was taken in
5 mL pyridine. Acetic anhydride (0.14 mL, 1.41 mmol) was added at 0 °C and reaction
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? (NHBZ was stirred at RT for 2 hrs. Pyridine was removed under
/N

o N_<N vacuum and product was extracted in ethyl acetate and

TBS0 o purified by column chromatography (gradient of MeOH in
AcHN DCM) to give 21 (Yield = 0.48 g, 88 %)
'H NMR (200MHz, CDCls) § 0.18 (s, 6H), 0.98 (s, 9H),
1.97-2.15 (m, 1H), 2.00 (s, 3H), 2.12(s, 3H), 2.72-2.77(m, 1H), 3.81-4.08 (m, 2H), 4.14-
4.16 (m, 1H), 4.79-4.85 (m, 1H), 6.01-6.03 (dd, 1H, J = 6.88 Hz, 6.6 Hz), 6.86-6.07 (s,
1H), 7.43-7.46 (Ar, 4H), 8.31-8.32 (Ar, 2H)
PC NMR (50 MHz, CDCl3) 3-5.4, 13.5, 18.0, 23.2, 25.8, 29.5, 38.4, 49.9, 62.8, 78.7,

84.3,111.5,128.0, 129.7, 132.4, 136.7, 147.8, 159.5, 169.8, 179.4

Synthesis of 5°-OH-iso-tst-3’-OH dimer (22)

0 5’-O-DMT-iso-tst-3’-OH dimer (200mg, 0.2 mmol) was
?//A/i\“* dissolved in 5 mL 2% dichloroacetic acid and 50 pL
O N

HO/\g o) triisopropyl silane was added as scavenger. Reaction was
(0]

HN stirred for 2 hr. Reaction mixture was concentrated and
(SE ° o ?/N/B/QNH dietyl ether wash has been given to remove trityl impurities.
Y0 Yield. (89 mg, 70%)

' 9o 'H NMR (200MHz, D-,0) & 1.75(s, 6H, T*, T®, CHj), 2.04-

2.08(m, 1H, T* H2%), 2.21-2.31(m, 2H, T® H2’, H2’), 2.66-2.73 (m, 2H, T* H2",

TPH5”), 2.86-2.89 (m, 1H, T°, H5"), 3.20-3.28 (dd, 2H, SCH,CO, J= 15.65 Hz), 3.63-

3.75 (m, 2H, T, H5’, H5"’), 3.86-3.90(m, 1H, T®, H4’), 4.08-4.11(m, 1H, T, H4"),

4.23-427 (m, 1H, T, H3’), 4.49-4.53(m, 1H, T*, H3"), 5.86-5.89 (m, 1H, T HI'J =

5.87 Hz, 7.34 Hz ), 6.06-6.09 (m, 1H, T®, HI1’ J = 6.85 Hz, 6.84 Hz), 7.35, 7.59 (s, 2H
T, T®, H6)

LCMS caled. 562.15 obsd. 562.21 HRMS calcd. for (C22H29NsO9NaS) 562.1583 obsd.

562.1572

I
O..

Synthesis of 5’~-OH--is0-c4t-3’-OH dimer (23)

5’-O-DMT-iso-c4t-3’-OH dimer (200mg, 0.2 mmol) was dissolved in 5 mL 2%

dichloroacetic acid and 50 pL triisopropyl silane was added as scavenger. Reaction was
stirred for 2 hr. Reaction mixture was concentrated and dietyl ether wash has been
given to remove trityl impurities. The product was subjected for ammonia treatment for

removal of N'benzyol protection of 5-methyl cytosine base. Reacton was concentrated
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and crude product has been given washes of diethyl ether
/ AN for reomoval of impurities. Yield. (70 mg, 60%)

HOAQ/ "N 'H NMR (200MHz, D,0) & & 1.84, 1.92 (s, 6H, C*, T®

N ?’/2 CH3), 2.10-2.14(m, 1H, C* H2’), 2.31-2.40(m, 2H, T® H2’,

f o /NB NH  F2%),2.77-2.83 (m, 2H, C* H2”’, T®H5’), 2.91-2.95 (m, 1H,

\(_7” O T8, H5"),3.31-3.38 (m, 2H, SCH,CO,), 3.75-3.88 (m, 2H,

HO ’s C* H5’, H5"), 3.95-3.99(m, 1H, T®, H4’), 4.19-4.22(m,

1H, C*, H4’), 4.23-4.35 (m, 1H, T®, H3"), 4.56-4.60(m, 1H,

C%, H3’), 5.91-5.94 (m, 1H, C*, Hl'J=5.8 Hz, 6.8 Hz ), 6.14-6.18 (m, 1H, T®, HI" J=

6.7 Hz, 6.7 Hz), 7.44, 7.68 (s, 2H C*, T®, H6)

LCMS calced. 561.17 obsd. 561.20, 585.57 HRMS calcd. for (Cy;H30NgOgNaS) calcd.

561.1743 obsd. 562.1747, (C2oH30N¢OgKS) calcd. 577.1692 obsed. 577.1679
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3.1.8 Appendix:

'H and "C spectra for compounds 1-16a-, 10a-10d *' page no.176-195
P spectra for compound 17, 18, 19

HPLC and MALDI-TOF spectra for ON-1-ON-14 page no. 196-211
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Chapter 3

Section Il: Synthesis of Modified PNA sequences with iso-
thioacetamidonucleic acids monomers (iso-TANA) and their
Biophysical studies

3.2.1 Introduction

Previous work from our laboratory described the synthesis of thioacetomido linked
dimers and their incorporation into DNA ONs. DNA oligomers with TANA dimers
exhibited preferential binding with RNA over DNA. The homo-oligomeric pyrimidine
TANA oligomers showed preferential binding with complementary RNA and the
binding efficiency was found to be as good as PNA (Figure 1).! PNA oligomers
incorporating modified TANA thymine monomers also showed binding selectivity with
complementary RNA over DNA. As described in the previous section, the
stereochemistry of the sugar ring substituents, when incorporated in PNA may also

affect the binding preferences with DNA and RNA.
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Figure 1: Structure of DNA, PNA and iso-TANA

In this section we describe the synthesis of protected iSO-TANA thymine and 5-
methyl cytosine monomers amenable for their incorporation in PNA sequences. The 3’-
amino terminus was protected with Fmoc group with a free acid terminus at 5’-end of
the sugar. The synthesis of homogeneous backbone oligomers of iSO-TANA thymine
sequence (Figure 1) using these monomeric units, the chimeric PNA oligomers with iso-
TANA thymine units incorporated in aegPNA at selected positions and their binding
preferences with DNA and RNA is presented in this section. The results of UV-melting
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experiments will give information about effect of change in stereochemistry in the sugar

ring on binding preferences with complementary DNA and RNA.

3.2.2 Synthesis of iso-TANA monomers results and discussion

3.2.2a Synthesis of iso-TANA thymine monomer
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Scheme 1: Reagents and conditions i) TsCl/ Py ,60%, ii) ethyl mercapto acetic acid/ NaH/ DMF, 87%,
iii) MsCl/ Et;N -DCM, 90%, iv) NaNs;/ DMF, 60 °C 47%, v) H,S/ pyridine, Et;N, 82%, vi) IN LiOH
/MeOH, 78%, vii) Fmoc-succinimide, NaHCOs in 1,4-dioxane/water, 64 %

The natural nucleoside thymidine was used as starting material for the synthesis
of iS0O-TANA thymine monomer. 5’-OH of thymidine was selectively monotosylated to
give compound 2. This selectively was achieved by dilution of reaction mixture with
pyridine and slow addition of tosyl chloride at 0 °C. Tosyl derivative 2 was converted
to mercapto derivative 3 by nucleophilic substitution of tosyl group with in-situ
generated anion of ethyl mercapto acetic acid by NaH. Mesylation of 3’hydroxy of
compound 3 gave mesyl derivative 4. To synthesize the azido derivative 5 with
inversion of configuration at 3’ of thymidine derivative, 3’-O-mesyl derivative was
subjected for nucleophilic substitution with sodium azide. The moderate yield of this
nucleophilic substitution reaction may be due to the formation of other side products
due to interference of thymine nucleobase.” The azido functional group was
characterized by IR band at 2100 cm™. The conversion of azide group in 5 to amino
group could not be achieved by usual hydrogenation conditions, as sulphur containing
compounds are known to poison the catalyst. Thus reduction of azido group was carried

out with hydrogen transfer reaction using H,S-pyridine complex to give amino
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compound 6. The ester group in compound 6 was hydrolysed to give amino acid 7. The
synthesis of iSO-TANA thymine monomer was completed with Fmoc protection of
amino group of amino acid 7. This Fmoc protected monomer 8 was used in solid phase

synthesis of homooligomers of iS0O-TANA and aegPNA-iso-TANA chimeric oligomers.

3.2.2b Synthesis of iso-TANA 5-methyl cytosine monomer

o) 0 O
J % ) 4
o N NH ) o N NH i) 0 N\«NH
Ho/\g \\g - TBSO/\Q/ \\g —’TBSO/\g 5

HO o9

MsO 10

O Inn

HO 1

74
i) o, NNH W) o N/\N v)
> TBSO/\S_?, \\g TBso/\g \\g

TBSO/\g \\g TBSO/\p, \\g HO/\g \\g
N313 N3 14 N3 15
NHBz
NHB
2\\( . EtQ 4 ’ X)
viii) o N ix) 0 \N
—— 10 A G oM
S P S/\g {
N
3 16 N3 17
NHBz
O NHBz HO NHBz HO
7 7 3 7
@ N xi) 0o N xi) ° 5 N
D an G = SN e =N
H,N 18 H,N 19 FmocHN 5

5-methyl cytosine monomer
Scheme 2: Reagents and conditions , i) TBDMSCI/ imidazole/ DMF, 80%, ii) MsCl/ Et;N- DCM 88%,
iii) NaN3;/DMF, 60°C, 48 h, 47%, iv) 1,2,4-triazole- POCI;/Et;N, MeCN, 88%, v) conc. NH3/1-4 dioxane,
90%, vi) BzCl/pyridine , 78%, vii) IN TBAF in THF, 90%, viii) TsCl/ Pyridine, 80%, ix) ethyl mercapto
acetic acid/NaH, DMF, x) H,S/pyridine, xi) IN NaOH/THF, 0°C, xii) Fmoc-succinimide, NaHCOs , 1,4-
dioxane/ water

Thymidine was used as starting material for the synthesis of iSO-TANA 5-methyl
cytosine monomer. Selective silyl protection 5’-OH of thymidine was carried out to
give 5’-OTBS thymidine 9. The secondary hydroxyl of 3’ was converted to mesyl
derivative. 3’O-mesyl group was displaced with NaNj to give azido compound 11. The
conversion from mesyl to azide derivative was found to be very sluggish. Compound
11 was transformed into triazolide derivative 12. The conversion of thymine nucleobase
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to 5-methyl cytosine was achieved by treatment of triaole derivative with conc. NH;
solution. Exocyclic amino group of 5-methyl cytosine was protected with benzoyl to
give protected product 14. Silyl group was deprotected with IN TBAF to give
compound 5’-free hydroxyl compound 15. 5’-OH group was tosylated and tosyl was
substituted with mercapto group. This substitution was carried out by reaction of tosyl
derivative with in-situ generated anion of ethylmercapto acetic acid. acid with NaH.

The remaining synthesis was yet to complete.

3.2.2c Synthesis of Fmoc protected aegPNA thymine monomer

T T
o (o] ) (o)
B a) 50% TFA-DCM \)?\
N
BocHN™ >~ OH FmocHN" N OH

b) Fmoc-succinimide,
NaHCO,;, 1, 4-dioxane-water 22
(aeg T monomer)

21

Scheme 3: Synthesis of Fmoc protected acgPNA monomer

Fmoc protected acgPNA thymine monomer 22 was synthesized from Boc
protected aegPNA thymine monomer 21. Boc group of thymine monomer was
deprotected with 50% TFA-DCM and this free amine was subjected for Fmoc
protection to give Fmoc protected aeg thymine monomer. Fmoc protected aeg thymine
monomer was used to synthesize aeg thymine octamer sequence as well as for chimeric
acgPNA-iso-TANA sequences.

3.2.3 Solid phase synthesis of iso-TANA, aegPNA and aegPNA-TANA chimeric
oligomers

Solid phase peptide synthesis protocols can be easily applied to the synthesis of
1ISO-TANA as well as chimeric aegPNA-isO-TANA oligomers. The TANA monomers
contain sugar glycosidic bond which are susceptible for acidic hydrolysis. Thus the Boc
peptide strategy cannot be employed to synthesize iSO-TANA oligomers as it contains
high acidic conditions for deprotection of Boc group. The iso-TANA oligomers were
synthesized by Fmoc strategy using Rink-Amide resin as solid support which is
depicted in scheme-4. The TBTU/HOBt activation strategy’ was employed for the
coupling reaction. The first amino acid (B-alanine) is linked to this matrix via benzyl
amide linkage.* This can be cleaved with standard protocol 10% TFA-DCM to yield the

C-terminal amide. The amine content on the resin was determined by the picrate assay
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and was found to be 0.65 mmol/g and loading was suitably lowered to approximately
0.25 mmol/g by partial acetylation of amine content using calculated amount of acetic
anhydride.” Free -NH, groups on the resin available for coupling are again estimated

before starting synthesis.

The i1s0-TANA and acgPNA-iso-TANA oligomers were synthesized using repetitive
cycles, each comprising the following steps:

1) Deprotection of N-protecting Fmoc group using 20% piperidine in DMF

i1) Coupling of the free amine with the free carboxylic acid group of the incoming
monomer (3-4 equivalents). The coupling reaction was carried out in presence of
(TBTU) and (HOBt) in DMF solvent and DIPEA as base. The deprotection of N-Fmoc

protecting group and coupling reaction were monitored by Kaiser’s test®

1i1) Capping of the unreacted amino groups using AC,O in pyridine.

FmOCHN—ﬁ-aIanin@

i) Deprotection (20% piperidine in DMF)

HzN—B—aIanine—®

(0]
ii) Coupling HO )\f
] NH
(TBTU, HOBt, DIPEA, DMF) + S o) N~‘(
. NS
HN N\ ) FmocHN
),/N o) H
o) T_‘ZAS/—CO—N—[}-aIanine

t NHFmoc

iii) capping with AC,O/pyridine
i)-iii) n-1 times

\

-
FmocHNA4-M,-co | —HN—t ‘CO—N—B-alanlne—®

n iv) Fmoc removal, 20%- pipeeridin/ DMF
v) clevage 10% TFA-DCM, triisopropyl silane

NH
\
re O O iso-TANA oligomer
Q M=aegPNA/iso-TANA monomer

Rink amide resin

Scheme 4: Solid phase synthesis of is0-TANA oligomers
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3.2.3a Synthesis of iso-TANA homooligomer and iso-TANA-PNA chimeric
oligomers

The effect of iSO-TANA unit on triplex forming ability could be tested by
synthesizing thyminyl oligomeric sequences. These sequences are known to form
complexes with complementary adenine DNA/RNA oligomers in 2:1 PNA:DNA/RNA
stoichiometry. The control aminoethylglycyl (aeg) PNATs oligomer was first
synthesized following the Fmoc peptide strategy outlined Scheme 4. PNA sequences
were synthesized incorporating the iSO-TANA thymine units at predetermined position
within the octamer. The series of octamer sequences comprising different
aminoethylglycyl PNA-T and/iSo-TANA T units is listed in Table 1. With a view to
exploring the end effects of iSO-TANA monomeric unit, a single iSO-TANA unit was
introduced at ‘C’ terminus (Table- 1, entry 3). Also to explore the effect of isO-TANA
unit at middle of sequence, a single iISO-TANA unit was incorporated in the middle of
sequence (Table 1, entry 2). With view to see the combined effect of iSO-TANA unit in
C terminal as well middle positions a sequence with two iISO-TANA T units was
synthesized. A sequence with alternate amide and thioacetamido backbone was
synthesized. The contribution of both linkages on the binding of oligomers to nucleic
acids can be explored with this sequence. Fully modified oligomer with thymine iso-
TANA units also has been synthesized (Table-1, entry 1).
3.2.3bCleavage of the iso-TANA and aegPNA-iso-TANA oligomers from the solid
support

The oligomers synthesized were cleaved from solid support using 10%
trifluroacetic acid in DCM . The cleavage time of '2 hr was found to be optimum. After
the cleavage of oligomers, solution of oligomers in TFA-DCM was evaporated and

oligomers were precipitated out with cold diethyl ether.

3.2.4 Purification and MALDI-TOF characterization of oligomers

The purity of the oligomers was checked by analytical RP-HPLC (C18 column,
CH;CN-H;0- 0.1% TFA system), which showed more than 65-70% purity. These were
subsequently purified by reverse phase HPLC on C18 column. The purity of the
oligomers was again ascertained by analytical RP-HPLC and their integrity was

confirmed by MALDI-TOF mass spectrometric analysis.
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Table 1: Mixed iso-TANA and chimeric iS0-TANA-PNA thymine octamers , HPLC analysis
and MALDI-TOF mass analysis

Entry Sequence HPL.C Mass calculated/observed
tr (Min)

1 | H-TTTTTTTT-BAlanine aegT 9.0 2218.2/2218.8
2 | H-tttttttt-BAlanine Ty 13.1 2467.6/2488.91(M+Na")
3 | H-TTTTtTTT-BAlanine T 9.7 2249.4/2278.54(M+6+Na")
4 | H-TTTTTTTt-BAlanine T3 10.0 2249.4/2274.91(M+1+Na")
5 | H-TTTtTTTt-BAlanine T4 10.6 2280.6/2279.35
6 | H-TtTtTtTt-BAlanine Ts 11.1 2343.00/2343.99

T = aeg thymine unit, t = iSO-TANA thymine unit

3.2.5 UV-melting studies iso-TANA modified oligomers

The binding strength of is0-TANA Tg sequences (T to Ts) with complementary
DNA and RNA was investigated by UV spectroscopic techniques. The effect of
incorporation of iISO-TANA thymine units in PNA thymine octamer aegT sequence on
stability of PNA:DNA and PNA:RNA complexes also has been investigated. The

results of these studies are presented in this section.

Homopyrimidine iso-TANA-Tg sequences: UV studies
UV-melting studies of iSO-TANA and chimeric iSO-TANA-PNA octamers are
tabulated in Table 2. Control aegT sequence binds with complementary DNA-1 and
RNA-1 with similar strength (Table-2, entry-1). iSO-TANA homooligomers T; did not
showed any binding with DNA-1 while the complex with RNA-1 showed slight
destabilization as compared to aegT. Sequences T,-Ts with iSO TANA unit/s in the aeg

T also did not show any transition in the melting experiments with complementary
DNA-1.

Table 2: UV melting studies iSO-TANA and chimeric iSO-TANA-PNA thymine octamers with
DNA /RNA

UVv-T, °C
Entry | Code | Sequence DNAL RNAL
1 aegT | H-TTTTTTTT-BAlanine 41.6 41.2
2 T, H-tttttttt-fAlanine nd 37.6
3 T, H-TTTTtTTT-BAlanine nd 37.2
4 Ts H-TTTTTTTt-BAlanine nd 34.5
5 T, H-TTTtTTTt-fAlanine nd 37.3
6 Ts H-TtTtTtTt-BAlanine nd 55.0

DNA-1 = 5’GCA3CG 3’; RNA-1 = 5’GCACG 3°, a Tm = melting temperature (measured in the buffer
10 mM sodium phosphate, 10 mM NaCl, 0.1 mM EDTA, pH = 7.0), iso-TANA,-DNA/ iso-TaNA,-RNA
complexes. The values reported here are the average of 3 independent experiments and are accurate to
+1.0°C.
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The complex of T, with RNA-1 showed little destabilization than the control

aegT:RNA complex. Incorporation of ¢ unit at ‘C’ terminal of aegT (T3) destabilized

the complex with RNA more than the sequence T, in which the 7 unit was in the centre

of the sequence. The doubly modified sequence (T4) showed similar binding like

homooligomer T3 with RNA-1. The alternating aegPNA-iso-TANA backbone sequence

Ts showed increase in binding affinity with RNA-1 than homo-oligomer T;. The

increase in the melting temperature was about 15 °C than the control aegT:RNA-1

complex.

Normalised A,
260nm

0.2 4

d(Normalised A, )/dt

temp °C

Figure 1:A UV melting Curves iso-TANA ONs
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3.2.6 Summary

% The iso-TANA thymine monomer has been synthesized and its octmeric
homoligomer was synthesized. This monomer also has been incorporated into
acgPNA thyminyl octamer sequences.

% The biophysical studies of iso-TANA homoligomer and aegPNA-iso-TANA
chimeric sequences with DNA and RNA were carried out. These sequences
preferentially bind to RNA over DNA. The aegPNA sequences containing iso-
TANA thymine units as well as homoligomer of iso-TANA destabilized the

complex with RNA as compared to control aegPNA sequences.
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3.2.7 Experimental

General: The chemicals used were of laboratory or analytical grade. All solvents used
were purified according to the literature procedures. Reactions were monitored by TLC.
Usual reaction work up involved sequential washing of the organic extract with water
and brine followed by drying over anhydrous sodium sulphate and evaporation of the
solvent under vacuum. IR spectra were recorded on an infrared Fourier Transform
spectrophotometer using nujol, chloroform or neat. Column chromatographic
separations were performed using silica gel 60-120 mesh (Merck) and 200- 400 mesh
(Merck) and using the solvent systems EtOAc/petroleum ether and MeOH/DCM. TLCs
were carried out on pre-coated silica gel GF254 sheets (Merck 5554). TLCs were run in
either petroleum ether with appropriate quantity of ethyl acetate or dichloromethane
with an appropriate quantity of methanol for most of the compounds. TLCs were
visualized with UV light and iodine spray and/or by perchloric acid treatment then
heating. 'H and "°C spectra were obtained using Bruker AC-200, AC-400 and AC-500
NMR spectrometers. The chemical shifts are reported in delta (d) values and referred to
internal standard TMS for 'H. The optical rotation values were measured on
Bellingham-Stanley Ltd, ADP220 polarimeter. Mass spectra were obtained either by
LCMS techniques. Oligomers were characterized by RP HPLC (Varian /Waters) C18
column and MALDI-TOF mass spectrometry. The MALDI-TOF spectra were recorded
on Voyager-De-STR (Applied Biosystems) MALDI-TOF instrument and the matrix
used for analysis was CHCA (a-Cyano-4-hydroxycinnamic Acid). DNA oligomers were
synthesized on Applied Biosystems ABI 3900 High Throughput DNA Synthesizer
using standard B-cyanoethyl phosphoramidite chemistry.
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Synthesis of 5’-O-tosyl thymidine 2
Thymidine 1 (10 g, 41.28 mmol) was suspended in 60 mL dry pyridine and cooled to
o 0°C. Tosyl chloride (11.8 g, 61.92 mmol) diluted with 20 mL
2\( pyridine was added to above mix over period of 4hrs at 0 °C.

NH
O__N . . ; RT idi
Tso/\g \\<o Then reaction mixture was stirred for 1 hr at RT and pyridine was

S

HO removed under reduced pressure. 50 mL Ethyl acetate and 30 mL

’ of sat. NaHCOs solution was added. The only 5’-monotosylated

derivative was precipited out, which was filtered and washed with 50 mL ethyl acetate
and 50 mL water to give pure product (yield =9.8 g 60%)

'H NMR (200 MHz, DMSO-ds) & 1.89 (s, 3H), 2.10-2.25 (m.2H), 2.4 (s, 3H), 3.98-
4.1(m, 3H), 4.24 (m, 1H), 6.2 (t, 1H, J= 6.32 Hz), 7.33(d, 3H,), 7.78(m, 2H) Mass
calcd. for Ci7H9N,O7S 396.09 obsd. 396.46
Synthesis of ethyl [(5’-S-thymidinyl) mercapto] acetic acid 3

ethyl mercapto acetic acid (2.9 mL, 27.2 mmol) was added drop wise to suspension of

O
EtO,
fo
S

7
NH
/\Qf ~ 2 (9.0 g, 22.7 mmol) in 20 mL dry DMF was added to it at
O]

NaH (60% suspension in hexane) ( 1.0 g, 27.2 mmol) and in
dry DMF to generate mercapto nucleophile. Tosyl derivative

O_ N
uo' 0°C. Then reaction was stirred for 1 hr at RT, DMF was
° removed at in vacuo, residue was redissolved in 200 mL ethyl
acetate, organic layer was washed with 50 mL water. Organic layer was concentrated
under reduced pressure; compound was purified with column chromatography with 1-
5% methanol in dichloromethane to white solid (Yield 6.3 g =81 %)).

Synthesis of ethyl [(3’-O-mesyl-5’-S-thymidinyl) mercapto] acetic acid 4
A mixture of 3 (6 g, 17.4 mmol) and Et;N (7.2 mL, 52.2 mmol) in 100mL anhydrous

dichloromethane was cooled to 0°C and mesyl chloride (2.1 mL, 26.1 mmol) in 10 mL

o )\(o dry dichloromethane) was added dropwise. After 10 min
2’:0 o N\\<NH reaction mixture was taken in 100 ml dichloromethane,

S o) organic layer was washed with 10% NaHCOj solution (2x 30
MsO 4 mL) and water (2x50 mL). The organic layer was dried over

anhydrous sodium sulphate and concentrated to dryness. Column purification using 3%
methanol-dichloromethane gave pure product 4, 7.3 g, 85%.
Mass calcd. for C;sH2oN,OgS 422.7 obsd. 445.10 (M+ Na+).
Synthesis of ethyl [(3’-deoxyxylo-3’-azido-5’-S-thymidinyl) mercapto] acetic acid 5:
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Mesyl derivative 4 (7.0 g, 16.5 mmol) and sodium azide (8.6 g, 132 mmol) in 20 mL

)\(o anhydrous DMF was stirred at 60°C for 24 hrs. DMF was

Z:O ° 7 nn  removed under reduced pressure and residue was redissolved
S/\S—?/N\\(
o]

N3 water (2x 50 mL). The organic layer was dried on anhydrous

5
sodium sulphate and concentrated to dryness. Column purification using gradient of

in 200 mLethyl acetate. The organic layer was washed with

ethyl acetate in petroleum ether gave pure 5, 2.7 g, 45%.

IR, v(cm™) (CHCI3) 3128, 3019, 2110, 1724, 1670.

'H NMR (200 MHz, CDCls) & 1.19-1.26 (t, 3H, J = 7.08 Hz) 1.89 (s, 3H), 2.08-2.17 (m,
1H), 2.64-2.78 (m, 1H), 2.65-2.79 (m, 1H), 2.85-3.20 (m, 2H), 3.16-3.30 (dd, 2H, J =
15.03 Hz), 4.07-4.19 (m, 3H), 4.24-4.28 (m, 1H) 6.09-6.14 (dd, 1H, J=2.77 Hz, J=7.95
Hz), 7.38 (s, 1H).

BCNMR (50 MHz, CDCl3) § 12.4, 13.8, 31.2, 33.9, 38.4, 61.3, 61.4, 82.0, 83.7, 110.6,
135.2, 150.5, 164.0, 169.9.
Mass caled. for C14H;9Ns5OsS 369.11 obsd. 370.89, 392.93 (M+ Na+).

Synthesis of ethyl [(3’-deoxyxylo-3’-amino-5’-S-thymidinyl) mercapto] acetic acid
6:
Azido compound 5 (2.5 g, 6.77 mmol) was dissolved in pyridine (10 mL) and Et;N 3
mL was added to this solution. H,S gas was bubbled into the solution at 0°C for 5

o minutes. Then solution was stirred at room temperature for
M 9y additional 1 hr. and solvent was removed under reduced

o
Z’S:/\Si?/N\\g pressure. The residue was purified by column
H,N chromatography (2-5% methanol- dichloromethane) to
afford 6, 1.8 g (78%).

IR, v(cm™) (CHCl3) 3398, 3019, 2924,2853,1701,1686.
'H NMR (200 MHz, CDCl3) & 1.30 (t, 3H, J = 7.20 Hz), 1.80-1.82 (m, 1H), 1.93 (s 3H),
2.62-2.76 (m, 1H), 2.91-3.17 (m, 2H), 3.23-3.43 (dd, 2H, J = 15.03 Hz) , 3.72-3.78 (m,
1H), 4.03-4.12 (m, 1H), 4.16-4.27 (q, 2H, J = 7.20 Hz), 6.12-6.17 (dd, 1H, J = 3.16 Hz,
8.08 Hz), 8.01 (s, 1H).
Synthesis of [(3’-deoxyxylo-3’-amino-5’-S-thymidinyl) mercapto] acetic acid 7:
Compound 6 (1.8 g, 5.28 mmol) was dissolved in 5 mL MeOH, 3 mL 1IN LiOH
was added. The reaction was stirred for 1 hr. pH of reaction mixture was adjusted to 7

with Dowex H' resin. Then MeOH was evaporated and aqueous layer was washed with
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20 mL ethyl acetate. Aqueous layer was concentrated to give amino acid compound 7.
o The compound 7 was desiccated and used for next reaction.
ZS:O . N\\<NH ?(ield (1.4 g, 87%)
/\SJ, o] H NMR (200 MHz, D,0O) & 1.78 (s, 3H), 2.34-2.44 (m, 1H),
HaN 2.79-2.99 (m, 3H), 3.21-3.25 ( d, 2H), 4.01-4.08 (m, 1H), 4.16-
4.25 (m, 1H), 5.61-5.68 (dd, 1H, J=5.44 Hz, 8.47 Hz), 7.45 (s, 1H)
Mass calcd. for C;2H17N305S 315.08 obsd. 316.48, 338.49 (M+Na+)
Synthesis of [(3’-deoxyxylo-3’-Flurenylmethoxycabonylamino-5’-S-thymidinyl)
mercapto] acetic acid 8:

The amino acid obtained in the previous step (1.3 g, 1.1 mmol) was dissolved in 3
mL water-dioxan and NaHCOs3 (0.23 g, 2.75 mmol) and Fmoc —succinimide (0.44 g,
1.32 mmol) was added to the reaction mixture. The reaction was stirred for 6 hrs at
RT. Then 1,4-dioxane was removed under reduced presssure and aqueous layer was
washed with ethyl acetate until impurity of Fmoc succinimide is removed. Then
aqueous layer was neutralized with H dowex resin. The compound was then

HO

o extracted in 40 mL 5% methanol in ethyl acetate. Organic

o] )\/ﬁH layer was dried over Na,SOs, concentrated and the
@) N\\<
(0]

S product was purified by column chromatography using

FmocHN gradient methanol-dichloromethane to give thymine
monomer 8 (1.3 g, 62%).

'H NMR (200 MHz, CDCl; + drop of DMSO-ds) 6 1.91 (s, 3H), 2.05-2.25 (m, 1H), 2.28

(m, 2H), 3.20-3.49 (m, 2H), 4.19-4.49 (m, 4H), 5.67-5.70 (m, 1H), 6.70-6.79 (m, 1H),

7.27-7.77 (m, 9H)

BCNMR (50 MHz, CDCl; + drop of DMSO-dg) & 12.1, 28.7, 34.1, 46.9, 52.0, 66.4,

80.9, 110.6, 119.7, 124.9, 128.9, 127.5, 141.0, 143.5, 150.2, 156.0, 164.4, 172.3

Mass caled. for Co7H,7N305S 537.15 obsd. 560.14 (M+Na")

Synthesis of 5-O-TBS thymidine (9)
Thymidine 1 (10 g, 41.28 mmol) and imidazole (6.0 g, 90.75
2\(0 mmol) was suspended in 12 mL of dry DMF. TBS-CI (6.5 g,
NH o : ;
Oo. N 41.25 mmol) was added at 0 °C and reaction was stirred at RT
reso ™~ 7
\ o

2 for 7-8 hrs. DMF was removed under vacuume and product
HO o9

was extracted in ethyl acetate. Organic layer was concentrated
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and product was purified with column chromatography. Yield (12.1 g, 80 %),
'H NMR (200 MHz, CDCl3) § 0.11 (s, 6H), 0.92 (s, 9H), 1.91 (s, 3H), 2.05-2.51 (m,
2H), 3.80-4.07 (m, 3H), 4.4-4.46 (m, 1H), 6.38-6.40 (m, 1H), 7.55 (s, 1H), 9.42 (bs, 1H)
Synthesis of 3’-O-mesyl -5’-O-TBS thymidine (10)
A mixture of 9 (11 g, 30.0 mmol), EtsN (10.0 mL, 72 mmol) in 40 mL anhydrous
o dichloromethane was cooled to 0°C and mesyl chloride (2.7
2\( mL, 36.3 mmol) in 10 mL dry dichloromethane) was added

NH
O N
TBSO/\Q’ \% dropwise. After 10 min reaction mixture was taken in 100 ml

&

MsO
10

dichloromethane, organic layer was  washed with 10%
NaHCOs solution with (2x 30 mL) followed by water (2x50
mL). The organic layer was dried over anhydrous sodium sulphate and concentrated to
dryness. Column purification using 2% methanol-dichloromethane gave pure product
10, 11.3 g, 85%.
Synthesis of 3’-deoxyxylo-3’-azido -5’-O-TBS thymidine (11)
Mesyl derivative 10 (11 g, 24.78 mmol) and sodium azide (12.88 g, 198 mmol) in 20
?\(o mL anhydrous DMF was stirred at 60°C for 48 hrs. DMF was
74

N

o, N H removed under reduced pressure and residue was redissolved

TBSO O  in ethyl acetate. The organic layer was washed with water

N3 11 (2x 50 mL). The organic layer was dried on anhydrous
sodium sulphate and concentrated to dryness. Column purification using gradient of
ethyl acetate in petroleum ether gave pure 11, 3.9 g, 42%.

IR, v(em™) (CHCI3) 3128, 3019, 2110, 1724, 1670.

'H NMR (200 MHz, CDCl3) § 0.12 (s, 6H), 0.92 (s, 9H), 1.96 (s, 3H), 2.13-2.21 (m,
1H), 2.67-2.82 (m, 1H), 3.93-4.09 (m, 3H), 4.26-4.30 (m, 1H), 6.15-6.21 (dd, 1H, J =
3.03 Hz, 7.58 Hz), 7.47 (s, 1H), 8.96 (bs, 1H) .

CNMR (50 MHz, CDCl3) & -5.6, 12.6, 18.1, 25.7, 38.3, 53.3, 60.8, 61.0, 82.2, 83.7,
110.8, 135.4, 150.6, 164.0.
Mass calced. for C;6H27N504S1 381.18 obsd. 404.30 (M+Na+)

Synthesis of  3’-deoxyxylo-3’-azido-5’-O-TBS-C*(1,2,4-triazol-1-yl)-pyrimidine
2’deoxynucleoside (12)
Et;N (7.0 mL, 50.5 mmol) was added drop wise to a stirred mixture of 1, 2, 4-triazole
(1.5 g, 22.7 mmol) and phosphoryl chloride (2.1 mL, 22.7 mmol) in 50 mL CH;CN at
0°C. The solution of 11 (3.5 g, 9.1 mmol) in 15 mL dry CH3CN was then added drop
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e N/> wise. The reaction mixture was stirred at room temp for 2.5

hN\N hrs. The solvent was evaporated and residue was

. oO. N \(N redissolved in 50 mL ethyl acetate. The organic layers was
/\p, o washed with water (2x50 mL) and brine (2x20 mL), dried

Ns 12 over Na,SOy and evaporated to dryness to give triazolide

derivative 12 (3.5 g, 88%) as white foam, which was used
immediately for next reaction.
Synthesis of 27,3’-dideoxyxylo-3’-azido-5’-O-TBS-5-methylcytidine (13)
Concentrated aqueous ammonia (10 mL) was added to the

NH
2\\( ® solution of triazolide derivative 12 (3.5 g, 8.1 mmol) in 40
N

O N—( mL 1,4-dioxane. After complete conversion of triazolide
TBSO/\g Y
X derivative to 5-methyl- 2’-deoxy cytidine derivative in lhr,
3
13 solvent was removed under reduced pressure and the residue

redissolved in dichloromethane and purified by silica gel column chromatography (0-
7% methanol in dichloromethane) to afford product (2.77 g, 90%) as white foam.

IR, v(cm™) (CHCI3) 3192, 2984, 2827, 2114, 1687.6

'H NMR (200 MHz, CDCls) & 0.12(s, 6H), 0.92 (s, 9H), 1.96 (s, 3H), 2.08-2.15 (m,
1H), 2.65-2.80 (m, 1H), 3.94-3.98 (m, 2H), 4.04-4.10 (m, 1H), 4..22-4.27 (m, 1H), 6.13-
6.18 (dd, 1H, J=3.03 Hz, 7.58 Hz) , 7.47 (s, 1H).

Mass calcd. for C16H23NsO3S1 380.19 obsd. 403.39 (M+Na+)

Synthesis of N*-benzoyl-2’, 3’-dideoxy xylo-3’-azido-5’-O-TBS-5-methylcytidine
(14)

Benzoyl chloride (1.01 mL, 8.50 mmol) was added drop wise slowly to a solution 13

NHBz (2.7 g, 7.12 mmol) in 30 mL pyridine at 0°C. The mixture
2\\% was then stirred at room temperature for 4 hrs. The

O N ) . .\
TBSO/\Q’ \<O reaction was quenched with addition of 5 mL 2N NH;
N solution. Reaction mixture was further stirred for 30mins.
14 The solvent was evaporated and residue redissolved in 80

mL ethyl acetate, washed the organic layer with 10% NaHCOs; solution (3x30 mL),
water (2x50 mL) and brine (20 mL). The organic layer was then dried over anhydrous
sodium sulphate and evaporated to dryness. Compound was purified on column
chromatography (5-20% ethyl acetate in petroleum ether) to afford 14, 2.57 g (75%) as

white foam.
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IR, v(cm™) (CHCI3) 3192, 3024, 2110, 1715, 1705, 1696, 1685

'H NMR (200 MHz, CDCls) 0.13 (s, 6H), 0.93 (s, 6H), 2.15 (s, 3H), 2.10-2.24 (m, 1H),

2.68-2.82 (m, 1H), 3.96-4.00 (m, 2H), 4.06-4.12 (m, 1H), 4.28-4.32 (m, 1H), 6.15-6.20

(dd, 1H, J = 3.03 Hz, 7.83 Hz), 7.40-7.62 (m, 4H), 8.30-8.34 (m, 2H).

BC NMR (50 MHz, CDCl,) 6 -5.5, 13.7, 18.1, 25.7, 38.6, 60.9, 61.0, 82.8, 84.5, 111.5,

128.0, 129.8, 132.3, 136.8, 137.0, 147.9, 159.6, 179 4.

Mass Calc. for Co3H3NO4Si 484.22 observed 485.61 (M+ H"), 507.61 (M+Na").

Synthesis of N*-benzoyl-2’, 3’-dideoxy xylo-3’-azido-5-methylcytidine (15)

Compound 14 (2.5 g, 5.1 mmol) was taken in 10 mL THF
2\\( b and 7.7 mL 1IN TBAF in THF was added to this solution.
N

H O/\Q/N\\( The reaction mixture was stirred for 30 mins and THF was
(o]
\ removed under vacuume. The compound was extracted in
3
15 DCM. The organic layer was concentrated and crude

compound was used in the next step without purification. Crude yield = (1.7 g, 90%)
Synthesis of N*-benzoyl-2’, 3’-dideoxy xylo-3’-azido-5’-O-tosyl-5-methylcytidine
(16)
Tosyl chloride (1.13 g, 5.97 mmol) was added to the solution of compound 15 in 10
NHBz mL pyridine at 0 °C. The reaction was monitored by TLC
o Q and after completion of reaction, pyridine was under
TSO/\Q’ o) vacuume. The compound was extracted in 100 mL ethyl
N3 acetate and organic layer was washed with 50 mL sat.
e NaHCO;j solution. The organic layer was concentrated and
compound was purified with column chromatography (10-30% ethyl acetate in
petroleum ether). Yield = 1.2 g, 80%.
IR, v(em™) (CHCl3) 3128, 3019, 2110, 1724, 1670.
'H NMR (200 MHz, CDCl;) 2.13 (s, 3H), 2.2-2.31 (m, 1H), 2.47 (s, 3H), 2.72-2.86 (m,
1H), 4.07-4.35 (m, 4H), 6.15-6.20 (d, 1H, J =3.54 Hz, 7.58 Hz), 7.37-8.34 ( Ar, 10 H)
BCNMR (50 MHz, CDCl3) & 13.5, 21.5, 38.2, 60.3, 66.9, 79.1, 84.4, 111.8, 127.8,
129.9, 132.3, 132.2, 136.2, 136.6, 145.3, 147.8, 159.4, 179.38.
Mass calcd. for Co4H2aNgOgS 524.14 obsd. 547.33 (M+Na+)
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3.2.8 Appendix
'H and " C spectra for compound 5-16 page no. 221-229
HPLC and MALDI-TOF spectra for T;-Ts 230-233
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