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Abstract

The Thesis Title: “Synthesis and biophysical studies of 2°-5’isoDNA analogues

locked in N-type or S-type sugar ring conformations”

Chapter 1: Introduction: Nucleic acids in therapeutics
Chapter 2 : Conformationally locked isoDNA

Section A: Synthesis, characterization and conformational analysis of the N-type and
S- type locked monomer building blocks

Section B: Synthesis, characterization and biophysical studies of the 2'-5'- linked
iISODNA, modified iSODNA and their stability towards snake venom
phosphodiesterase

Chapter 3: Synthesis, characterization and biophysical studies of 2’-0-allyl/ 3’-O-
allyl derived DNA and isoDNA oligonucleotides

Section A: Synthesis of 2’-O-allyl / 3'-O-allyl uridine monomers and conversion of
2'-O-allyl / 3’-O-allyl-uridine derivatives to the respective cytidine monomers

Section B: Synthesis of 2'-O-allyl / 3'-O-allyl modified DNA and iSODNA sequences
and their biophysical study

Chapter 4: 2°-5’-linked thrombin binding aptamer (isoTBA), its quadruplex
formation, and application as a thrombin inhibitor

Chapter 1: Introduction: Nucleic acids in therapeutics

The recent past has witnessed intense research in the field of antisense technology,
owing mainly to the discovery of naturally-existing antisense-based regulatory
mechanisms, such as the RNA interference (RNAi), induced by short interfering RNA
(siRNA) or micro RNA (miRNA). A second antisense drug (ASO), Mipovirsen from ISIS
pharmaceuticals, by the US FDA, was also approved recently. The target-specific
hybridization via Watson-Crick hydrogen-bonding of complementary nucleobase sequence
and regulation of target gene expression is the basis of antisense therapy. The inherent
drawbacks of natural DNA or RNA oligonucleotides (ONs), viz., cellular delivery and short
half-life limit their in vivo application. This has in turn, spawned a large area of research in
the field of chemical modifications of nucleosides, nucleotides and their derivatives. This
chapter briefly reviews the important developments for chemical modifications of these

agents, directed towards improving RNA-specific selectivity, cellular delivery and stability

Abstract, Ph.D. thesis, A.D.Gunjal. vi



in biological systems. Exclusive RNA binding features of 2’-5'- linked iISODNA/RNA are
presented in this chapter from the literature. The sugar ring conformations and their
correlation with 3'-5" DNA versus 2'-5" iSODNA linked oligomers with respect to this
feature are discussed. The recently discovered and biologically important quadruplex
forming ONs are reviewed describing their important applications in therapeutics.

Chapter 2: Conformationally locked isoDNA

The 2'-5 linked ONs are a unique class of oligonucleotides for therapeutic applications
because, (1) They exhibit a remarkable preference for duplex formation with
complementary 3’-5’-linked natural RNA, (2) These hetero duplexes are less stable than the
normal 3’-5’-linked RNA:RNA duplexes allowing exploration of chemical modifications,
(3) The 2’-5’-linked nucleic acids show high resistance to nuclease digestion.

Section A: Synthesis, characterization and conformational analysis of N-type and S-
type locked monomer building blocks

We planned the synthesis of conformationally locked nucleosides and their incorporation in
3’-deoxy-2’-5’-ONs (iSODNA) in order to improve the binding strength of these iISODNA
ONs. As there is no conclusive experimental evidence in literature for the preferred sugar
geometries in ISODNA strands, we selected in this work to study both nucleoside analogues

that would be N-type and S-type locked.

o o]
NH NH
o | fk
HO
HO\%‘AO N/&O
: /" "oH
OH °
N-type locked S-type locked

Figure 1. N-type I and S-type IT locked nucleosides.
Herein, we report for the first time, a study of the effects of incorporation of these
monomers in locked N-type I and S-type II sugar conformation in iSODNA:RNA duplexes
(Figure 1). The locked N-type conformations of DNA oligomers are known to have
entropic advantage while binding to RNA. By applying such locks on the iSODNA strand,
the structural preferences of sugars in the ISODNA strand of the chimeric duplex could be
understood and that would provide important leads to design therapeutically useful

synthetic iISODNA.

Synthesis of N-type locked monomer: Synthesis of N-typed locked monomer is briefly

outlined in Scheme 1 starting from D-Glucose indicating important intermediates.

Abstract, Ph.D. thesis, A.D.Gunjal. vii
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Scheme 1. Synthesis of N-type locked monomer.

Synthesis of S-type locked monomer: Using uridine as starting material, the S-type locked

amidite monomer was synthesized in 8 steps according to literature procedure (Scheme 2).

o) o o
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Scheme 2. Synthesis of S-type locked monomer

|

All the compounds were purified by column chromatography and the pure compounds were

characterized using 'H, *C, *'P NMR and LCMS mass analysis.

Conformational analysis of the nucleoside analogues: The sugar conformations of 3’-
deoxyuridine and the N-type/S-type locked nucleosides (Figure 2b, ¢ I, IT) were compared
based on the Ji-mp. The 3’-deoxyuridine is 97% N-type, i.e. C3’-endo sugar pucker,
which is consistent with the 04’-C1°-C2’- 02’ gauche effect as well as the anomeric effect
which brings the nucleobase in pseudoaxial orientation. The xylo-3’-O-5’-C-methylene-
linked uridine (U™, I Figure 2b) and the 3’-0-4’-C-methylene—linked uridine (U®, IT Figure
2¢) would lock the nucleoside in N-type and S-type conformations respectively. The 2-D

NOE NMR experiments were performed to further study the orientation of nucleobase and

Abstract, Ph.D. thesis, A.D.Gunjal. viii



the 5°-OH groups. The results suggested anti conformation of the uracil nucleobase in
either case. Two forms of sugar conformations for I could be possible, in which the C5’-
carbon is fixed in R configuration as depicted in (Figure 2a). Predominantly 3’-endo sugar
pucker (N-type) and 2’-endo sugar pucker (S-type) were also confirmed by these studies for

compound I and II, respectively.

(@) (b) (c)

o. H oy K
N O

OH
WOH -\
, — OH
He 50 - o) il 0 N\‘(NH
.-||||H , H E \
H o] = z
HO Hs' 5 T ¥ : )
Hy' 4 \& H
e}
5' R configuration 5' R configuration | I
North sugar pucker South sugar pucker

Figure 2. (a) Two possible conformers for N-type locked due to flexible 5-membered locked ring in I. (b) NOESY UM I ; (¢) NOESY U
I

Section B: Synthesis, characterization and biophysical studies of the 2’-5'- linked
isoDNA, modified isoDNA and their enzymatic stability

Solid Phase synthesis (SPS) of isoDNA and modified isoDNA ONs using
phosphoramidite chemistry, purification and characterization:

The SPS of 2°-5” isoODNA ONs was accomplished using universal support (Scheme 3).
Commercially available universal solid support and protected 3’-deoxy
phosphosphoramidite building blocks (Figure 3) were used for the synthesis of unmodified
iISODNA ONs. Two 18mer sequences of biological relevance were selected. DNA-1 is used
for miRNA down-regulation and DNA-2 is used in the splice-correction assay developed
by Kole et al. The control, modified and complementary DNA ONs were also synthesized.
All the synthesized ONs were cleaved from solid support, purified and characterized by
MALDI-TOF mass analysis and used for the UV T,, experiments.

NHBz o o NHBz

N S
¢ f\JN \(‘L/Ngl (’NﬁiHN //N(Me)z ﬁl\i

DMTr—o—\(iYN N DMTr_O\C?’N o) DMTr—OWN DMTr_O\Q o)
. N’P/o ’O . P/o P’O
(isopr), o~ CN (i50pr)zN’Ro/\/CN (isopr),N o~CN (isopr),N~ o~CN
3'-dA-CE Phosphoramidite 3'-dT-CE Phosphoramidite 3'-dG-CE Phosphoramidite 3'-dC-CE Phosphoramidite

Figure 3. 3’-deoxy phosphosphoramidite monomers
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Scheme 3. 2°-5°-SPS ON synthetic cycle.

The N-type and S-type phosphoramidite monomers (Scheme 1, 14 and Scheme 2, 23)
characterized by *'P NMR were used for incorporation of modified monomer units into
iISODNA oligonucleotides at defined positions (Table 1).

UV melting studies of the modified isoDNA sequences: The UV T, determination was
carried out by monitoring the absorbance at 260nm wavelength by heating the annealed
samples from 10°C to 85°C. The T,, were obtained from the maxima of the first derivatives
of the melting curves (Azs nm VErsus temperature). The results obtained for the
ISODNA:RNA complexes are summarised in Table 1. Sharp, well-defined sigmoidal
melting curves were observed for the complexes with complementary RNA with a 10-20%
hyperchromicity at 260 nm As seen from the entries in Table 1 and the UV T, plots (Figure
4)for the complexes containing modified 2’DNA-1 and 2’DNA-2, the S-type locked units

were found to favour stable duplex formation with the complementary RNA (Figure 4a).
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The N-type locked units, on the other hand, caused destabilization of the complexes with
RNA (Figure 4b). The iSODNA sequences in this study did not bind to complementary
DNA, thus confirming specific binding to cRNA as earlier reported.

Table 1. Comparative UV T,, values of the N-type (U™) and S-type (U°) modified sequences. (A T, gives the difference in T,, between the
control and modified sequence).Complementary RNA oligonucleotides used:
RNA-15"UGGAGUGUGACAAUGGUG3’ RNA-2 5S’UGUAACUGAGGUAAGAGG3’

RNA
Sr. No. Code No. Sequence UV T, (°C) ATy
L. 2°’DNA-1 > CACCATTGTCACACTCCA® 50.5 0.0

2. 2’DNA-N-1s | > CACCATTGTCACACU"CCA® 49.4 -1.1

3. 2’DNA-N-1d | *CACCATTG U"CACAC U"CCA* 42.8 -7.7
4. 2’DNA-N-1t | *CACCA U"TG U"CACACU"CCA* 423 -8.3

5. 2°’DNA-S-1s > CACCATTGTCACACU’CCA* 51.0 +0.5
6. 2’DNA-S-1d | > CACCATTGL’CACACU CCA® 52.8 +2.3
7. 2’DNA-S-1t > CACCAU'TGU CACACU CCA® 503 -0.2
8. 2°’DNA-2 > CCTCTTACCTCAGTTACA” 46.0 0.0

9. 2’DNA-N-2s | *CCTCTTACCTCAGT UACA* 46.4 +0.4
10. 2’DNA-N-2d | *CCTCTTACC U"CAGT U'ACA” 41.9 -4.1

11. 2’DNA-N-2t | *CCTCT UY ACC U" CAGT U" ACA”® 41.9 -4.1

12. 2’DNA-S-2s | *CCTCTTACCTCAGTUACA™ 47.0 +1.0
13. 2’DNA-S-2d | *CCTCTTACCICAGTL ACA® 46.7 +0.7
14. 2’DNA-S-2t *CCTCTUACCU CAGTL ACA’ 47.2 +1.2
é 20 <2 DNA-S-1d:RNAL %oa kzﬁﬁiﬁifml

e i /

710720 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Temperature ('C) Temperature (°C)
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Figure 4. UV-melting plots and the respective first derivative curves of modified 2’DNA-1 (a) of the S-type
locked duplexes and (b) of the N-type locked duplexes.

CD spectroscopy of the duplexes: CD spectra of the duplexes were similar for all
complexes and resembled the A-type DNA:RNA duplex spectra, when compared to the CD
spectrum of 3°-5’-linked DNA1:cDNA-1 duplex- B-type, although the thermal stability was
affected.

Stability of the modified and unmodified 2°’-5’-linked oligonucleotides towards snake
venom phosphodiesterase (SVPD): The stability of unmodified and modified 2°-5’-linked
oligonucleotides towards the 3’-exonuclease, snake venom phosphodiesterase (SVPD) was
examined and compared with the natural DNA. The natural 3’-5’-ssDNA was completely
digested within thirty minutes. The 2°-5’-linked 3’-deoxy-oligonucleotides were found to
be stable under these conditions (Figure 5).

Conclusion: The results obtained provide for the first time an experimental proof that in

iISODNA:RNA complexes, the iISODNA strand prefers to assume S-type geometry that is
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complemented by the furanose ring locked in S-type geometry, resulting in A-type
duplexes with more stability. Also, these ONs are more stable towards SVPD than the
natural 3’-5’-phosphodiester linked ONs.
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Figure 5. Stability of the 2’-5’oligonucleotides towards degradation by SVPD.

Chapter 3: Synthesis, characterization and biophysical studies of 2’-0-allyl/ 3’-0- allyl
derived DNA and isoDNA oligonucleotides.

The encouraging literature reports of 2’-O-allyloligoribonucleotides as effective ASOs and
in continuation of the theme of synthesis and biophysical study of 2°-5’-linked iSODNA
analogues, the synthesis of 2’-O-allyl and 3’-O-allylribonucleotides was undertaken.

Section A: Synthesis of 2'-0-allyl and 3'-O-allyl uridine monomers and conversion of
2'-0-allyl and 3'-O-allyl-uridine derivatives to the respective cytidine monomers.

Synthesis of 2'-0-allyl and 3'-O-allyl-uridine monomers: A short and convenient method
for the synthesis of 2'-O-allyluridine and 3'-O-allyluridine phosphoramidite monomers is

given in (Scheme 4).

NH Sy —_—
fil” ‘ BN I NPro>CN
HO— o NS0 bwmFDBTO, MO\ 0 N" "Opyrgc), 26 —{
v TBAB. dry Pyridine, 60% 28 (o]
O P Yl 3 midite reagent,
Ri R, 60°C. 5-6 hrs Ri R, RT, 3 hrs. + 5 Ao R

15 (24+25) DMTrO— o N~ SO
R1=R2=0OH 24 R1=0H, R2 = O-allyl | /t' v
25 R1 = O-allyl, R2 = OH DMTrO—, o N~ YO = .
Doy ~9 3
— P, /4

§/\0\ bH NC—/ 0" °N
27
40% 29

Scheme 4. Synthesis of 2'-O-allyl and 3'-O-allyl Uridine monomers
Conversion of the 2'-O-allyl /3'-O-allyluridine to the respective cytidine monomers:

The isomeric 2’-O-allyl/3’-O-allyluridine nucleosides were converted to the respective

cytidine derivatives using reported procedure for conversion of uridine to cytosine. The N-
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benzoyl protected cytidine isomers were then converted into their respective amidite
monomers (Scheme 5). All the compounds were characterised by 'H and BC NMR
spectroscopy and LCMS mass. The 2’- O-allyl and the 3’-O-allyl isomers could be
differentiated on the basis of assignments of *C NMR shifts of the sugar carbons as
reported in the literature.
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Scheme 5. Synthesis of 2'-O-allyl, 3'-O-allyl Cytidine monomer

SectionB: Synthesis of 2’-0-allyl and 3'-0-allyl modified DNA and isoDNA sequences
and their biophysical study

Synthesis, purification and characterization of modified DNA and isoDNA
sequences:The four phosphoramidite monomers 2'-O-allyl-uridine monomer 28, 2’-O-
allyl-cytidine monomer 40, and the 3'-O-allyl-uridine monomer 29, 3’-O-allyl-cytidine
monomer 41 (Schemes 4 and 5) were characterized by *'P NMR and incorporated into
DNA and iSODNA ONs (DNA 1 and DNA 2) at the modified sites and as described in
Chapter 2. The RP-HPLC purified sequences were characterized by MALDI-TOF mass
spectrometry. The control and complementary DNA, iSODNA oligonucleotides were
synthesized in-house and used for the UV melting studies.

A comparative study of the thermal stability of modified 2°-5° DNA:RNA duplexes and
the modified 3°-5° DNA:DNA, DNA:RNA duplexes by UV melting experiments: For the
UV melting (Ty,) experiments the HPLC pure ONs were annealed with the complementary

DNA /RNA oligonucleotides and experiments were carried out as described in Chapter 2.
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Thermal stability of 2’-O-allyluridine modified sequences: The 2'-O-allyl uridine
modified DNA-1(sequences 2-6) and DNA-2 (sequences 8-10) exhibited marginal
stabilization (Table 2, Figure 6), when complexed with the complementary RNA, whereas,

the modified DNA:DNA duplexes were destabilised.

Table 2. The UV T, of the 3°-5’-linked 2’-O-allyluridine modified complexes with complementary DNA and RNA respectively. (The
values in parentheses with + or - sign gives AT,,, the difference in T, between the control and modified sequence).

Seq Code No  Name Sequence UvT,°C
No. cDNAI RNAI
1 3’DNAI DNA-1 “CACCATTGTCACACTCCA” 60.0 59.0
2 3’DNAl1-1  DNA2’allU-1s YCACCATTGTCACACUCCAY 59.2 59.4
(-0.8) (+0.4)
3 3’DNA1-2  DNA2’allU-1d  YCACCATTGUCACACUCCA®* 54.9 59.2
(-6.1) (+0.2)
4 3’DNA1-3  DNA2’allU-1t “CACCAUTGUCACACUCCA* 53.0 58.1
(-7.0) (-0.9)
5 3’DNA1-4 DNA2’allU-1S> S CACCAUTGTCACACTCCA®* 57.2 58.4
(-2.8) (-0.6)
6 3’DNAL-5 DNA2’allU-1D® YCACCAUUGTCACACTCCA®* 57.6 59.6
(-2.4) (+0.6)
7 3’DNA2 DNA-2 “CCTCTTACCTCAGTTACA* 54.0 56.0
8 3’DNA2-1 DNA2’allU-2s SYCCTCTTACCTCAGTUACA® 51.8 57.6
(-2.2) (+1.6)
9 3’DNA2-2 DNA2’allU-2d  *CCTCTTACCUCAGTUACA* 48.6 57.6
(-5.4) (+1.6)
10  3’DNA2-3  DNA2’allU-2t SYCCTCTUACCUCAGTUACA® 46.1 56.8
(-7.9) (+0.8)
E 3'DNA1-3:RNAL SONpLRNAL £ 25-
S 251 £
9 2 0] 3'DNA2:RNA2 —.
§ 201 3IDNAL-L:RNAL B 3DNAZBRNAZ — 2 35N p0-2:RNA2
5 15{  3'DNAI1-4:RNA1 £ 15 3'DNA2-1:RNA2
g 10l § 10
5 5 // 3DNA1L-2:RNAL g 5
2] — g
2 0f 3'DNAL-5:RNAL S I
X ° 0 10 20 30 40 50 60 70 80 90

0 10 20 30 40 50 60 70 80 90
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Figure 6. UV-Tm studies of the complexes of sequences 1-6 with RNA1 and of sequences 7-10 with RNA2

Temperature (°C)

Thermal stability of 2’-O-allylcytidine modified sequences: The 2’-O-allylcytidine-
incorporated 3°-5’ linked DNA-1 and DNA-2 oligomers 11-16 (Table 3) showed a trend
similar to the 2'-O-allyl uridine oligomers of destabilization when forming DNA:DNA
duplexes (ATym = -0.8 to —4.8°C). The DNA:RNA duplexes containing 2'-O-allylcytidine
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resulted in a modest stabilization for single (Sequences 11, 14), double (Sequences 12, 15)
and triple (Sequences 13, 16) modifications, especially the DNA-2:RNA complexes
(sequences 14, 15, 16; AT, = +2.2, +1.4 and +2.3°C respectively; Figure 7b) Thus, the 2’-
O-allylcytidine modification resulted in a better stabilization for the DNA:RNA duplexes as
compared to the 2'-O-allyluridine containing DNA:RNA duplexes.

Table 3. The UV T,, of the 3’-5’-linked 2’-O-allylcytidine modified complexes with complementary DNA and RNA respectively. (The
values in parentheses with+ or - sign gives AT,,, the difference in T,, between the control and modified sequence).

Seq No Code No Name Sequence uvr,°C
DNA  RNA
1 3’DNAI DNA-1 YCACCATTGTCACACTCCAY 60.0 59.0
11 3’DNAL1-6 DNA 2’allC-1s  *CACCATTGTCACACTCCA® 59.2 60.6
(-0.8) (+1.6)
12 3’DNA1-7 DNA2’allC-1d  ¥CACCATTGTCACACTCCAY 55.9 60.1
(-4.1) (+1.1)
13 3’DNA1-8 DNA 2’allC-1t  *CACCATTGTCACACTCCA* 53.9 59.9
(-6.1) (+0.9)
2 3’DNA2 DNA-2 “CCTCTTACCTCAGTTACA® 54.0 56.0
14 3’DNA2-4 DNA 2’allC-2s  YCCTCTTACCTCAGTTACA® 51.8 58.2
(-2.2) (+2.2)
15 3’DNA2-5 DNA 2’allC-2d  *CCTCTTACCTCAGTTACA® 49.2 57.4
(-4.8) (+1.4)
16 3’DNA2-6 DNA 2’allC-2t  *CCTCTTACCTCAGTTACA® - 58.3
(+2.3)
224
E 25{  3DNAL7:cDNAL E 20] 3DNA2-6:RNA2 —>
2 20/ N\ % ig: 3'DNA2:RNA2
T 3'DNA1-8:cDNA1 ‘; 144
\ gz
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Figure 7. UV-melting plots of complexes of sequences(a)11-13; (b) 14-16 with complementaryRNA1 and RNA2 respectively

Thermal stability of 3’-O-allyluridine modified sequences: The 2’-5° 1SODNA
oligonucleotides do not show complex formation with 3’-5> DNA as reported earlier.
Therefore, the thermal stability of only iISODNA:RNA duplexes were determined (Table 4).
Introduction of 3’-O-allyluridine unit in the 2’-5’-linked iSODNA oligonucleotides resulted
in stabilization of all the 2’DNA-1 oligonucleotides 18, 19 and 20 with increasing
modifications (AT, = +0.5, +1.8 and +1.4°C respectively; Figure 8). Surprisingly, however,
all the 2’DNA-2 modified sequences 22, 23 and 24 resulted in destabilization (AT, =-1.1, -

1.7 and -2.3°C respectively)
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Table 4. The UV Tm values of the 2°-5’-linked 2’-O-allyluridine modified complexes with complementary RNA . The 2’-5’-linked
iSODNA did not complex with DNA as reported in literature. (The values in parentheses with + or - sign gives AT,,, the difference in Tm
between the control and modified sequence).

Seq No Code No Name Sequence UV Tn"C
DNA RNA
17 2’DNAI1 2’DNA-1 “CACCATTGTCACACTCCA®> ND  50.5
18 2’DNAI-1 2°’DNA3’allU-1s SCACCATTGTCACACUCCA®> ND  51.0
, (+0.5)
19 2’DNAI-2 2’DNA3’allU-1d  *CACCATTGUCACACUCCA®> ND 523
! (+1.8)
20 2’DNAL-3 2’DNA3’allU-1t fCACCAUTGUCACACUCCAz ND 519
- _ (+1.4)
21 2’DNA2 2’DNA-2 "CCTCTTACCTCAGTTACA®  ND  46.0
22 2°DNA2-1 2°DNA3’allU-2s SCCTCTTACCTCAGTUACAY ND 449
(-1.1)
23 2’DNA2-2 2’DNA3’allU-2d  *CCTCTTACCUCAGTUACA®> ND 443
(-1.7)
24 2’DNA2-3 2°’DNA3’allU-2t SCCTCTUACCUCAGTUACA* ND 437
(-2.3)
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Figure 8. UV-melting plot for complexes of sequences 18-20 with complementary RNA.

Thermal stability of 3’-O-allylcytidine modified sequences: In the case of 3°-O-

allylcytidine containing 2’DNA-1 modified oligonucleotides (Table 5), only the sequence

25 with single modification stabilized the ISODNA:RNA duplex (AT, = +0.8°C). Sequences

26 and 27 caused considerable destabilization (AT, = -2.4 and -8.1°C respectively).

Table 5. The UV T,, values of the 2°-5’-linked 2’-O-allyluridine modified complexes with complementary RNA. (The bracketed values
with+ or - sign gives AT,,, the difference in T,, between the control and modified sequence).

Seq Sr No Code No Sequence UvT,'C
No DNA RNA
17 2’DNALI 2’DNA-1 *CACCATTGTCACACTCCA” ND 50.5
25 2’DNA1-4 2’DNA3’allC-1s SCACCATTGTCACACTCCA” ND 51.3
(+0.8)
26 2’DNAI1-5 2’DNA3’allC-1d SCACCATTGTCACACTCCA” ND 48.1
(-2.4)
27 2’DNAI1-6 2°DNA3’allC-1t “CACCATTGTCACACTCCA” ND 424
. _ (-8.1)
21 2’DNA2 2’DNA-2 SCCTCTTACCTCAGTTACA? ND 46.0
28 2’DNA2-4 2’DNA3’allC-2s “CCTCTTACCTCAGTTACAY ND 47.6
(+1.6)
29 2°’DNA2-5 2°DNA3’allC-2d SCCTCTTACCTCAGTTACA” ND 473
(+1.3)
30 2’DNA2-6 2’DNA3’allC-2t SCCTCTTACCTCAGTTACAY ND 44.6

(-1.4)
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On the other hand, the 2’DNA-2 modifications containing 3’-O-allylcytidine
stabilized the single and double modified sequences 28 (AT, = +1.6°C) and 29 (AT, =
+1.3°C)(Figure 9). The pattern of stabilization and destabilization observed for the
modified iISODNA oligonucleotides with the introduction of the 3’-O-allyluridine or 3’-O-

allylcytidine modification in these sequences seems to be sequence dependent.

25+
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104 —2'DNA2-5:RNA2

2'DNA2:RNA2

N

54

04

% hyperchromocity at 260nm

0 10 20 30 40 50 60 70 80 90
Temperature ('C)
Figure 9. UV-melting plot of complexes of sequences 28-30 with complementary RNA2

Conclusions: Introduction of the 2’-O-allyluridine and 2’-O-allylcytidine modifications in
3’-5’DNA, stabilized the resulting DNA:RNA complexes. Alkylation at the 3’position of
uridine did not result in uniform stabilization in the 2’-5’-linked iSODNA:RNA duplexes
containing 3’-O-allyluridine/cytidine as was seen in the 3’-5’DNA:RNA duplexes
containing 2’-O-allyluridine/cytidine modifications. It is unclear at this point to comment
upon the nucleobase and sequence dependence of the modifications and more work would
be necessary to understand the results in the context of sequence, nucleobase and site of
modification.

Chapter 4: Synthesis of 2°-5’-linked thrombin binding aptamer (isoTBA), its
quadruplex formation, and application as a thrombin inhibitor

Introduction:
G-quadruplexes are formed when four G-rich oligonucleotide strands associate through
hydrogen-bonding by means of G-tetrad formation resulting in a right-handed helical motif

(parallel quadruplex) or by folding of the single G-rich strand to form stacked G-tetrads

Figure 10. The G-tetrad motif and the structure of Thrombin binding aptamer(TBA).
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(antiparallel quadruplex, FigurelQ). The stacked tetrads are stabilized by sandwiched
monovalent cations co-ordinated to the O6 oxygen atoms of the guanines.

Present work: A 15-mer DNA oligonucleotide, 5’-GGTTGGTGTGGTTGG3’ thrombin
binding aptamer (TBA), obtained by SELEX, was found to inhibit fibrin-clot formation by
binding to the thrombin protein with high selectivity and affinity. The RNA binding
selectivity and stability of regioisomeric 2’-5’linked iISODNA towards endonucleases as
seen in the earlier work (Chapters 2, 3) prompted the synthesis of isomeric TBA
oligonucleotides aptamers, to examine their quadruplex forming possibility and consequent
anti-thrombin activity which remains unexplored. The stability and structural topology of
the quadruplex using 2’,5’-backbone (iISOTBA) and its effect on anti-clotting ability was
studied with reference to the control 3°,5’-linked TBA. The effect of riboU units in the loop

region of iSOTBA oligomer was also investigated.

Chemical synthesis of TBA, 2'-5'-linked TBA(isoTBA) and a modified isoTBA:

Two sequences, iso-TBA-2 and a modified iso-TBA-3 were synthesized using SPS
methodology described in Chapter 2. Replacement of 3’-deoxythymidine in the TGT loop
(T7 and T9 in iso-TBA-2) by uridine gave UGU loop-modified sequence iso-TBA-3.
Longer coupling times were used to ensure efficient coupling. The 3°-5’-linked TBA-1 was
synthesized for control experiments (Table 6). The sugar residues in the TT loop involved
in interactions with thrombin and the guanine nucleosides involved in the G-quartet

formation, were not changed in our design.

Table 6. Oligomers synthesized, MALDI-ToF mass spectrometric characterization and HPLC retention time and thermal stability in
presence of cations

Sequence Sequence MALDI-ToF Mass HPLC Ty, °C

code Maated. Mopsd te (Min) G 7 [K* | Thrombin (K')
TBA-1 5’-dGGTTGGTGTGGTTGG-3’ 4726 4728 10.05 222 | 52.0 22.2(52)
iso-TBA-2 | 5’-dGGTTGGTGTGGTTGG-2’ 4726 4731 8.45 249 | 371 <10.0 (37)
iSo-TBA-3 5’-dGGTTGGUGUGGTTGG-2’ 4730 4739 8.74 nd 42.5 13.2 (42.5)

G-tetraplex formation in the presence of monovalent cations using CD, UV and
Sfluorescence spectroscopy:
CD spectroscopy and T, measurement of the TBA sequences: The G-quadruplex

formation for the synthesized sequences was studied by CD spectroscopy in the presence of
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added monovalent cations such as K" and Na" and their stability was determined as a
function of temperature-dependent change in CD amplitude at 295nm (Figure 11, Table 6).

The 2’-5’-linked isoTBA-2 and isoTBA-3 and control sequence TBA-1 were found to
exhibit intense maxima at 295nm in the CD spectra in presence of K" ions (Figure 11A)
which corresponds to antiparallel G-quadruplex topology for 3°-5’-DNA. The stability of
the G-quadruplexes was followed by the change in the amplitude of the CD signal at
295nm with temperature (Figure 15B). The monovalent cations Na™ and K™ were necessary

for the for the stability of the quadruplex structure, K being most favoured(Figure 11C,D).

o B . TeAL . = TBAL
isoTBA-2 £ 10 * isoTBA-2
iSoTBA3 8 os

%
I >
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/ .
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isoTBA 10 — 018 s2sc—" s20°C
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Figure 11. A CD spectra of oligomers TBA-1, isoTBA-2 and isoTBA-3 in K* buffer, B Temperature-dependent changes in CD
amplitude at 295nm plotted against temperature. C CD-T,, of oligomers TBA-1, isoTBA-2 having a strand concentration of 5uM in
10mM Na-phosphate buffer (pH 7.5) containing 100mM NaCl D The first derivative curves of TBA-1, isoTBA-2 and isoTBA-3 in K-
phosphate and Na-phosphate buffers.

The CD and UV hysteresis between the heating and cooling curves (data not shown) was
found to be negligible in all the cases indicating unimolecular folding into G-quadruplex
form.

Comparision of TBA-1 and isoTBA-2 quadruplexes in the presence of different
monovalent ions:
The CD spectra of TBA-1 and iSOTBA-2 in the presence of different monovalent ions is

shown in Figure 13. In contrast to TBA-1, which exhibited characteristic CD signatures of
stable quadruplexes in the presence of all the monovalent ions under study, isoTBA-2
showed the characteristic maximum at 295nm for antiparallel quadruplex formation only in

the presence of Na" and K ions indicating a subtle difference in the quadruplex structure of

the isoTBA-2.
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Figure 12. CD spectra of TBA-1 and isoTBA-2 at 10°C, in the presence of different cations (Li", Na’, K', Cs").

Intrinsic Fluorescence of G-quadruplexes: The intrinsic fluorescence of G-quadruplexes

was also used to confirm the formation of G-quadruplexes, in addition to the CD and UV
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spectroscopic studies discussed above. Accordingly, a significant increase in fluorescence
emission was observed at ~330nm to 340nm for TBA-1 and isoTBA-2 in the presence of
cations, which was minimal with TBA-1, and absent with isoTBA-2, in the absence of any
added cations (Figure 13a).

Thermal Difference Spectra (TDS):The characterization of G-quadruplexes can be done
by the thermal difference spectra (TDS), obtained by subtracting the spectra of the folded
state from that of the unfolded state at temperatures below and above the melting
temperatures (T,s). TDS has a specific shape that is unique for each type of nucleic acid
structure. UV TDS complements CD spectroscopy as a tool for the structural
characterization of nucleic acids in solution. The TDS of isoTBA-2 and TBA-1 (Figure
13b) clearly illustrate the formation of G-quadruplexes in buffer containing K™ ions.
Fluorescence TDS is also similarly useful in characterization of G-quadruplexes (Figure

13c¢).
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Figure 13. (a) Fluorescence emission spectra, (b) UV-TDS and (¢) Fluorescence-TDS of TBA-1 and isoTBA-2 in the presence and
absence of added cations (K") at 25°C.

Imino proton NMR spectra of TBA-1 and isoTBA-2: The characteristic chemical shifts of
imino proton signals of the eight H-bonds formed between the guanines of each G-quartet
of a quadruplex structure were observed between 11.5ppm and 12.5ppm range in the 'H
NMR spectrum.The imino proton chemical shifts for isoTBA-2 are comparable with the
control TBA-1 and indicate the hydrogen-bonded quadruplex formation (Figurel4). In the
temperature-dependent '"H NMR, the 'H NMR signals between 11.5ppm and 12.5ppm
slowly disappeared with increasing temperature due to the loss of quadruplex structure near
Tm. The appearance of characteristic H-bonded imino protons supports the fact that
isoTBA-2 does form a G-quadruplex structure, although less stable (Table 6, T,, 37°C)
compared to the 3’-5’-linked TBA-1 (Table 6, T, 52°C) quadruplex structure. It is evident
from the "H NMR signals at 4°C between 11.5ppm and 12.5ppm that TBA-1 has significant
quadruplex structure even in the absence of K™ whereas isoTBA-2 is not structured without

monovalent cations such as K™ (Figure 14 Inset).
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Figure 14. Quadruplex imino proton spectral region for TBA-1 and isoTBA-2 in the presence of K* from 4°C to 50°C. Inset shows the
imino proton spectral region in the absence of K* at 4°C.

G-tetraplex formation in the presence of thrombin without added monovalent cations

It has been earlier demonstrated that thrombin can act as a molecular chaperone for the
folding of TBA-1. At low temperature, the quadruplex structure necessary for thrombin-
binding was formed, even in the absence of K", but as the temperature was increased, the
presence of K was needed to preserve the quadruplex integrity. CD experiments were done

with TBA-1, isoTBA-2 and isoTBA-3 in the presence of increasing concentrations of

thrombin at low temperature.
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Figure 15. Changes in CD signal at upon addition of thrombin to (a) TBA-1, (b) isoTBA-2, and (c) isoTBA-3

Thrombin was indeed found to display its chaperone effect on the folding of the G-
quadruplex. In the case of control TBA-1, (Figurel5a) a CD maximum at 295nm was
observed even in the absence of either thrombin or K’ revealing the preference of G-
quadruplex structure. In the case of isoTBA-2 and isoTBA-3, the CD band at 295nm and
G-quadruplex structure was not evident in the absence of either thrombin or K', a fact also
supported by '"H NMR. Upon incremental addition of thrombin, however, the characteristic
CD maximum at 295nm emerged for isoTBA-2 (Figure 16b) and isoTBA-3 (Figure 16c¢).

Changes in CD spectral amplitudes were not observed when serum albumin was used
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instead of thrombin in these experiments confirming the specific role of thrombin in
inducing quadruplex structures.

Anti-thrombin activity measurements: The inhibitory activity of the aptamers on thrombin-
catalyzed conversion of fibrinogen to fibrin (clotting) was investigated by measuring the
percent transmittance with time. TBA-1 slowed down the coagulation with an increased
induction time (# as coagulation parameter), confirming its reported inhibitory activity

(Figure 16).

Thrombin-Fibrinogin clotting assay
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Figure 16. Antithrombin activity measured by % transmittance at 450nm in the presence of TBA-1, isoTBA-2 and isoTBA-3.
< indicates induction time as coagulation parameter (#).
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Figure 17. Antithrombin activity measured by % transmittance at 450nm with TBA-1 and isoTBA-2 in the presence of SVPD and the
corresponding induction time plots.

The induction time for the ISODNA oligomers isoTBA-2 and isoTBA-3 was considerably
less than for TBA-1, but more than that in the absence of any aptamer. The thrombin-
fibrinogen clotting assay when carried out in presence of SVPD brought down the anti-
thrombin activity of TBA-1 as it is less stable to SVPD than isoTBA-2 as shown in
Figurel7. These experiments provide conclusive evidence that the isoTBA oligomers are
indeed capable of not only forming G-quadruplex structures but also hold similarity in
structural topology capable of taking active part in the assigned function of the TBA-1,
though less efficiently.
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Stability of aptamers to snake venom phosphodiesterase(SVPD): The enzymatic stability
towards SVPD of the 2°-5’ iSODNA quadruplex as compared to the 3’-5’-DNA quadruplex
aptamers was tested (Figurel8a). The 2’-5’-linked iSODNA oligomer isoTBA-2 was found
to be digested much slower compared to the control TBA-1.The observed higher stability
of the iISODNA oligomer offers obvious advantages for applications in biological systems,

where the control unmodified oligomer has a relatively low half-life.
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Figure 18. (a)Stability of the aptamers :TBA-1 and isoTBA-2 (7.5uM) towards Snake venom phosphodiesterase (SVPD) enzyme
(5mg/mL). (b) Non-denaturing PAGE analysis :showing the relative mobilities of TBA-1 and iSOTBA-2, visualized by UV shadowing.

Non-denaturing Gel electrophoresis study.
The quadruplex-forming ability of the synthesized oligomers was assessed by non-

denaturing polyacrylamide gel electrophoresis. As reference oligonucleotides, two
oligomers of differing lengths, viz., 5’-dAACCGATTTCAG-3’ (12-mer) and 5’-
dCACCATTGTCACACTCCA-3’ (18-mer) were used. PAGE analysis indicated similar
complex formation in the case of TBA-1 and isoTBA-2, evident from their similar
mobilities in the gel (Figurel8b).

Conclusions: The new findings prove that the 2’-5’-iSODNA aptamers, isoTBA-2 and
isoTBA-3 form quadruplex structures similar to the natural DNA aptamer (TBA-1) and are
functionally active, though their functional efficiency is lower compared to the TBA-1 but
with an additional property of stability towards nuclease enzyme can function as a better

anticoagulant than TBA-1.
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Chapter 1
Nucleic acids in therapeutics

1.1 Introduction

The recent past has witnessed a revival of interest and intense research in the field of
antisense technology, owing mainly to the discovery of naturally-existing antisense-based
regulatory mechanisms, such as the RNA interference’ (RNAi), induced by short
interfering RNA? (siRNA) or micro RNA® (miRNA). The beginning of the year 2013 also
saw the approval of only the second antisense drug, Mipovirsen® from ISIS
pharmaceuticals, by the US FDA, spurring on further research in this interesting area.

The antisense activity of the agents used in this technology arises mainly as a result of
target-specific  hybridization via Watson-Crick hydrogen-bonding of sequence-
complementary nucleobases. It is thus, useful in regulation of target gene expression at the
translation level. The activity of the antisense agent may be realized by various
mechanisms® such as by splice correction of the pre-mRNA, by steric blocking of the
translation machinery, by activation of ribozymes, by increasing the susceptibility to
nuclease degradation, such as by induction of RNase H and as seen in the RNAi pathways
involving siRNA or miRNA. As suggested by the mechanisms listed above, the antisense
action may downregulate the target gene or effect a correction in its expression. Owing to
the inherent drawbacks of natural DNA or RNA oligonucleotides, viz., mainly their cellular
delivery and short half-life as a result of low stability in biological systems, their
application as antisense agents is limited. This has in turn, spawned a large area of research
in the field of chemical modifications of nucleosides, nucleotides and their derivatives. This
research is directed towards improving not only the cellular delivery and stability of these
agents in biological systems, but also their hybridization to target sequences and RNA-
specific selectivity, coupled with the ease of synthesis and scale-up, while at the same time,

minimizing toxicity.
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1.2 Nucleic acid structure

1.2.1 Basic structure of DNA/RNA

The natural nucleic acids (DNA and RNA) are polymers of nucleotide units that are
joined by phosphodiester linkages between the 3’-OH group of one unit and the 5°-OH
group of the neighbouring unit. Each nucleotide unit in turn, is composed of a pentose
sugar (D-ribose in RNA and 2-deoxyribose in DNA) that is linked to a nitrogenous base
(nucleobase) by a B-glycosidic linkage(Figure 1).

Nucleobase

nucleoside
sugar

O=I|3—O‘ Nucleobase

| N
phosphodiester < O—=P—0" Nucleobase

> nucleotide

7
R = H in DNA 0O=P—0O"
R = OH in RNA I

o—%— J

Figure 1. Basic structure of natural DNA and RNA

The nucleobase may be a purine (adenine and guanine) or a pyrimidine (cytosine and
thymine in DNA or uracil in RNA). Other than these, several modified nucleobases or
pseudo-nucleobases are known to be present in tRNA. The presence or absence of the 2’-
OH group that serves to chemically differentiate the structures of DNA and RNA is also
responsible for the structural differences between the two. For example, DNA is
predominantly double-stranded, while RNA is mainly single-stranded, with a high tendency
to form secondary structures such as hairpins, loops, bulges, etc. Some RNAs can function
as enzymes. The 2’-OH group also makes RNA chemically more susceptible to hydrolysis
than DNA, because of neighbouring group participation.
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1.2.2 H-bonding patterns- Watson-Crick and Hoogsteen

Duplex formation generally involves hydrogen bonding between complementary
nucleobases on facing strands that run in antiparallel directions. Thus, adenine binds to
thymine/uracil by two hydrogen bonds, while guanine forms three hydrogen bonds with
cytosine. This hydrogen-bonding pattern was first proposed by J. D. Watson and F. H.
Crick in their model of the DNA double-helix in 1953.° As the purine of one strand binds to
the pyrimidine in the facing strand, the width of the A-T and G-C base-pairs, of the

resulting double helix, remains the same (Figure 2).

Figure 2. Watson-Crick hydrogen bonding

In addition to these Watson-Crick hydrogen bonds, the N7-face of the purines is also open
to hydrogen bonding by the Hoogsteen mode, where another strand of DNA/RNA can
potentially bind.

1.2.3 Higher order structures-duplex, triplex, quadruplex

Hydrogen bonding in the Hoogsteen mode is observed during the formation of
higher order structures such as triplexes and quadruplexes. Non-canonical base-pairing is
also observed in some cases, known as Wobble base-pairing, for example, the hydrogen-
bonding between guanine and uracil/thymine. In some triplexes, where the third strand is
purine-rich, reverse-Hoogsteen hydrogen-bonding is observed (Figure 3). Quadruplexes are
four-stranded structures and are mainly of two types, depending upon the nucleobases
involved in their formation. These are the G-quadruplexes that involve G-tetrad formation
by guanine nucleobases and the i-motif quadruplexes, that are formed by inter-digitating
hydrogen bonds between cytosine and protonated cytosine nucleobases of opposite strands

of the tetraplex.’ (Figure 4).
p g
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Figure 4. G-tetrads of G-quadruplexes and C-C" hydrogen-bonding of i-motif tetraplexes

1.3 IsoNucleic Acids

ISODNA or iSORNA differs from the native DNA or RNA in having regioisomeric
2’-5’-phosphodiester-linkages instead of 3°-5’-phosphodiesters-linkages (Figure 5). The 2’-
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5’-linkage is the major product of many non-enzymatic oligomerizations of nucleotide
monomers, depending on the conditions. The 2’-OH group is more reactive than the 3’-OH
group and consequently, the 2’-5’-linkage is formed more readily than the 3’-5’-linkage in
non-enzymatic oligomerizations.® Thus, the 2’-5’-linkage could have been a primary
substitute of the natural 3’-5’-linkage in evolution. The lower rates of hydrolysis of the 3’-
5’-linkage, coupled with the low helix-forming ability of the 2°-5’-linked oligonucleotides
could be the reasons for the evolutionary selection of the 3’-5’-phosphodiester as the
linkage in the carriers of genetic information-DNA and RNA. However, iSODNA/iSORNA
are not used to encode genetic information, and are therefore, sometimes referred to as non-

genetic nucleic acids.

5'vn 5' N
Base Base
0 0 0 0
O R R O
1 N .
O=F\’/O o=|\3’o
B |
0 o ase o Base
(ID R R e}
0=P-0 0=P—0
SN |
A 3 \/I\/\ 2
DNA:R=H isoDNA: R =H
RNA: R=OH isoRNA: R = OH

Figure 5. The natural 3’-5’-linkage and the isomeric 2’-5’-linkage.

ISORNA does occur naturally,” mainly as 2°-5’-linked oligoadenylate sequences and
forms a part of what is known as the 2-5A system that is believed to mediate certain actions
of interferon, and supposedly plays some role in the regulation of cell growth and
differentiation. Such 2’-5’-linked oligoadenylates have been reported to be able to activate
the enzyme RNaseL, an enzyme that is known to degrade the selected RNA. This property
has been exploited in the literature by the synthesis of chimeras of 2-5A with 3°-5’-linked
oligonucleotides for antisense applications."

In 1993, Giannaris and Damha'' reported the chemical synthesis of 2’-5’-linked

oligoadenylate and mixed base sequence RNA (iSORNA) oligomers, including
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phosphorothioate backbones. Binding studies with complementary nucleic acids revealed a
marked selectivity for single-stranded RNA over DNA. While the complexes with
complementary RNA were observed with all the sequences studied, the complexes with
complementary DNA were either not observed at all, or were found to be highly unstable,
could be observed only at high salt conditions, and that too, with very low melting
temperatures. The complexes formed with complementary RNA were further found to be
thermally less stable than the complexes formed by the natural 3°-5’-linked DNA or RNA.
This higher stability of the duplexes formed by natural RNA was a probable factor in the
favourable evolutionary selection of 3’-5’-linkages over the 2°-5’-linkages in iSORNA."
The lower stability of the complexes formed by 2’-5’-linked oligomers is a result of a less
favourable enthalpy change for association, rather than a more favourable entropy change

for the association. Modeling studies carried out by Yathindra et al."’

show that duplex
formation by the iISODNA/iSORNA oligomers mandates a displacement of the base-pairs
from the helix axis, which is a direct consequence of the lateral shift of the sugar-phosphate
backbone from the periphery (as in 3’-5’-linked oligomers) towards the interior of the helix
(in 2’-5’-linked oligomers). Similar to the duplexes, ISODNA triplexes are also found to be
thermodynamically less stable than the corresponding DNA triplexes, owing to lower
enthalpy, which could result from the lower base-stacking in the ISODNA duplexes.

Complex formation by iSODNA was independently reported by Breslow et al.'* and
by Hashimoto and Switzer."”” Duplex formation was found to be enthalpically driven.
ISoODNA was found to form either a triplex, or no complex at all, in contrast to DNA, when
either a duplex or triplex was formed, depending on the salt concentration.'® The stability
of the duplexes formed by iSODNA with complementary RNA was reported to be
comparable to that of the duplexes formed by DNA."

All these studies together seemed to suggest that the 2°-5’-linkage was a co-runner

in evolution, but eventually lost the race to the 3°-5’-linkage.
1.4 Sugar ring conformations in 3’5’ Vs 2’5’ linked oligomers

The furanose ring forms the central part of the sugar phosphate chain of nucleic

acids. From X-ray studies it is known that this five-membered ring occurs in two
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conformations, usually referred to as C(2’)-endo and C(3’)-endo forms. Bringing about a
changeover from one conformer of the furanose ring to the other conformer causes major
structural changes in the naturally occurring nucleic acids (e.g. B-DNA has a C(2’)-endo
and RNA C(3’)-endo) and has important bearing in their biological function. Several
important factors that govern the ultimate structure assumed by a natural 3’-5’DNA and a

2’-5” isomeric DNA are described in the following paragraphs.

1.4.1 Pseudorotation cycle, north type, south type, RNA, DNA

The pentafuranose sugar ring in DNA/RNA is puckered in order to attain an
energetically more favourable conformation, where the substituents on the ring carbon
atoms are as far from each other as possible. On the other hand, the planar ring
conformation is energetically unfavourable because all the substituents on the ring carbons
are eclipsed. Puckering reduces the energy of the system. The conformation of the sugar
ring is dynamic and is often described using the pseudorotation concept.'® The concept of
pseudorotation was first applied to furanose by Hall et al.'®, which considers the influence
of the endocyclic oxygen atom in inducing the ring pucker. It is defined by mainly two
parameters, ViZ., the pseudorotation phase angle, P [tan(P) = (V4+V;) - (V3tVg) / 2V, (sin36°+
sin72°)], which represents the part of the sugar ring that is mostly puckered, and the
maximum amplitude of puckering,”® Vimax or Wi (Vmax = Va/cos P), which represents the
extent of puckering. These are derived from the endocyclic torsion angles that are obtained
from the experimentally measured proton-proton coupling constants. The torsion angles in
the furanose ring, vy through vy, along with those in the phosphate backbone, a, 3, v, O, €
and &, and of the glycosidic bond, y, together define the conformation of the nucleotide.

These torsion angles are as defined in Figure 6.

The torsion angle y, about the glycosidic bond, can adopt two main conformations-
syn (-90° < y >90°) and anti (90° <y > 180°).*' The anti conformation is usually preferred
because of the lower steric penalty in this instance, between the sugar and the nucleobase.
However, the syn conformation may be observed with some substituted nucleobases or
depending on the sugar pucker. The six backbone sugar-phosphate torsion angles are often

roughly described as being in a conformational hyperspace as cis (¢) = 0 + 30°, + gauche
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Figure 6. The torsion angles in the furanose ring, the phosphate backbone, and the glycosidic bond.
(g+) = 60 £ 30°, + anticlinal (a+) = 120 + 30°, trans (t) = 180 = 30°, - anticlinal (a-) = 240
+ 30° and - gauche (g-) = 300 + 30°. The sugar pucker is described by considering the
major displacement of mainly the C2’ or C3’ atoms from the median plane of C1°-04’-C4’.
The endo face of the sugar ring is on the same side as C5’and the nucleobase, while the exo
face is on the opposite side to the base.
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Figure 7. Pseudorotational cycle for nucleosides showing the characteristic North, South, East and West
conformations. The radius of the cycle corresponds to Vy,x. The units of P and vy, values are degrees.
Envelope (E) and twist (T) forms alternate every 18°. (Mathé, C., Périgaud, C. Eur. J. Org. Chem., 2008,
1489-1505.)
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In the furanose ring, the unsymmetrical substitution (e.g., -CH,OH, -OH, -H and the
nucleobase) leads to the generation of potential energy thresholds limiting the
pseudorotation to preferred sugar pucker, The major puckers being the North-type and the
South-type puckers, that are involved in a two-state equilibrium in solution. The
pseudorotation cycle” is depicted in Figure 7. In DNA, the deoxyribose sugar adopts
preferentially the 2’-endo, 3’-exo twist that is commonly referred to the South- or S-type
conformation, while the ribose sugar in RNA exists predominantly in the North- or N-type
conformation that is characterized by a 3’-endo, 2’-ex0 twist. Although these two
conformations exist in dynamic equilibrium in solution, the placement of different
substituents on the sugar ring, and the aromatic nature of the nucleobase can influence the
predominance of one conformation. The two conformations have profound effects on the
overall DNA/RNA conformation in that they specify different phosphate-phosphate
distances along each strand (~7A for C2’-endo and ~6A for C3’-endo).

1.4.2 Stereoelectronic effects and the ribo/deoxyribofuranose conformation

The conformation adopted by the sugar is governed by stereoelectronic effects
which include mainly the anomeric and gauche effects.” The anomeric and gauche effects
influence the conformational equilibrium of nucleosides and nucleotides. The anomeric
effect in nucleosides is induced by the presence of the nucleobase at C1’ position and it is
maximum when the conformation of the furanose sugar is in the East position of the
pseudorotation cycle, as in this case, one of the lone pairs of the endocyclic oxygen of the
sugar ring is fully antiperiplanar to the exocyclic glycosidic C-N bond. However, due to the
large steric hindrance generated by the exocyclic 5’CH,OH and the nucleobase substituents
in these conformations, the existence of E-type pseudorotamers are prevented. The
anomeric effect thus, is strongest in N-type pseudorotamers. The gauche effects, in turn,
exhibit their influence on the sugar pseudorotation. Thus, the [03’-C3’-C4’-04’] gauche
effect favours the S-type conformation in 2’-deoxyribonucleosides. In ribonucleosides the
[02°-C2’-C1°-04°] gauche effect favours the N-type conformation and the [03’-C3’-C4’-
04’] gauche effect, in turn, favours the S-type conformation. The anomeric effect in

ribonucleosides along with the [02’-C2°-C1°-0O4’] gauche effect allows the favoured N-

2013 Ph.D thesis: AD.Gunjal, (NCL) University of Pune 9



type conformation. These stereoelectronic effects can be quantified by using the PSEUROT

programme developed by de Leeuw and Altona,*

which translates the experimentally
measured temperature-dependent proton-proton coupling constants for the furanose ring to

determine the relative populations of the N- and S-type pseudorotamers.
1.4.3 Base-stacking

The stability of the DNA double helix is due to mainly two factors, these being
base-pairing between complementary strands and the stacking between adjacent
nucleobases.”” Base-stacking is a significant stabilizing interaction in DNA and RNA 3-D
structures, such as duplexes, stem-loop structures, etc., playing an important role in their
folding and complexation. Stacking occurs more often between adjacent nucleobases, but
also between non-adjacent nucleotides. Since the nucleobases are aromatic and therefore,
mainly hydrophobic, stacking minimizes the solvent exposure of the base surfaces, leading
to the face-to-face stacking of bases and base-pairs. This n-r -stacking refers to attractive,
non-covalent interactions between aromatic rings. It has been found that differential
contribution of base-stacking in A:T and G:C-containing contacts is responsible for 50% of
the dependence of DNA stability on its G:C content.”® The specific orientation of stacked
base-pairs contributes to the conformational stability of the DNA duplex. The sugar pucker
has been shown to exert an effect on the base-stacking propensity, since it influences the
orientation of the nucleobase. Studies have implied that the North-type sugar conformation
(C3’-endo) causes the nucleobase to be pseudoaxially oriented,”™ which leads to more
efficient base-stacking, as opposed to the case in sugars with the South-type conformation
(C2’-endo), where the nucleobase is pseudoequatorial.”” Van der Waals forces, electrostatic
interactions and solvent effects also define the geometry and associated energies of stacked

bases.

It has been reported that the 2’-5’-linked nucleotides show a much stronger
tendency to stack than the 3°-5°-linked nucleotides.”® The mode of stacking is different
from the 3’-5’-linked ribonucleotides, where the sugar rings predominantly adopt an N-type

conformation. For example, A2’-5’U displays an A(S)2’-5’U(N) stacked state.
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1.4.4 Steric effects

Steric effect considerations alone for -D-nucleosides energetically favour the S-
type (C2’-endo) sugar puckers, since the pseudoequatorially-oriented nucleobase exerts less
steric repulsion from the other sugar ring substituents. On the other hand, in the N-type
(C3’-endo) sugar puckers, the nucleobase is pseudoaxially-oriented, leading to steric
clashes between the nucleobase and the sugar ring substituents. However, the energetics of
the North<——> South conformational equilibrium (Figure 8) is mainly determined by the

relative gauche and anomeric effects.
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Figure 8. The steric interactions of nucleobase in the North<——South equilibrium in DNA.

Therefore, as described above, the sugar pucker defines the intrastrand phosphate-
phosphate distance, the base-stacking defines the nucleobase-nucleobase distance, the base-
pairs define the radius of the double helix and all these combine to decide, as a rough

approximation, how the double helix twists into a specific conformation.
1.4.5 The double helix conformations

In single stranded RNA or the A-form helices (DNA:RNA and RNA:RNA), the
anomeric and gauche effects lead to predominantly N-type or C3’-endo conformations of
the sugar ring. In the B-form of DNA (DNA:DNA) under physiological conditions, the
sugars adopt the C2’-endo or the S-type conformations. Both A- and B-form helices are
antiparallel right-handed helices® that differ mainly in the sugar puckers as mentioned
above, which contributes to the other differences between the two forms, such as, (i) the
number of base-pairs per helical turn (10 in B-DNA Vs. 11 in A-DNA), (ii) the plane of the
nucleobases (perpendicular to the helix axis in B-DNA Vs. slightly tilted in A-DNA), (iii)

the major and minor grooves (the major groove is wide and deep in B-DNA Vs. narrow and
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deep in A-DNA; the minor groove is deep and narrow in B-DNA Vs. wide and shallow in
A-DNA). With increased nucleobase stacking and hydrogen bonding interactions in
pseudoaxial base orientation in N-type sugars, the RNA:RNA/DNA duplexes are more
stable than the DNA:DNA duplexes.

1.5 Conformational restriction/ pre-organization

Nucleosides locked in the N-type (3°-endo) sugar conformation by the introduction

of a methylene link between the 2°-O and 4°-C were reported independently by Imanishi et
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Figure 9. Constrained/preorganised modifications for enhanced stability.

al.>° (BNA, Bridged Nucleic Acids) and Wengel et al.’! (LNA, Locked Nucleic Acids).
The conformational locks in these systems lead to local organization of the phosphate
backbone, which increases the strength of base-stacking interactions (Figure 9). These
nucleic acids were found to bind with high affinity to complementary DNA and RNA,
specially with RNA, mainly as a consequence of entropic advantage. The LNA bases
within a mixed DNA-LNA strand of a complex with RNA induce flanking DNA bases to
adopt an A-type conformation. The A-type conformation of DNA affects the ability to
activate RNase-H-induced cleavage of bound RNA, detrimental to antisense applications.
Novel 2°-4° conformationally restricted nucleosides were designed that combined the

structural elements of 2°-O-methoxyethyl (MOE) residues and and locked nucleic acids.
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LNA (or 2°-4’BNA) is essentially a 2°-O-Me nucleoside where the methyl group is
constrained back to the 4‘- position of the furanose ring system (Figure 10).
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R = CHj, (S)-cEt. R = CHj, (R)-cEt.

Figure 10. Novel constrained cMOE and contrained cEt.nucleosides.

Similarly constraining the ethyl chain in the MOE residue back to the 4°-position,
the cMOE and cEt modifications®” were introduced leading to improved hybridisation and
steric and hydration attributes of MOE and thereby improve the safety profile of the
antisense oligonucleotides containing these modifications. Some other constrained
analogues, the 2°,4‘-C-bridged 2‘-deoxynucleosides® and the 2°-O,4¢-C-ethylene-bridged
nculeic acids (ENA)** were reported. These nucleic acids are also locked in the N-type (3¢-
endo) sugar conformation and exhibit enhanced binding to complementary RNA. They also
have dramatically increased resistance to exonucleases, enhancing their applicability as
antisense agents. 1°,5‘-anhydrohexitol nucleic acids (HNA)*> are completely stable towards
3‘-exonucleases and form very stable self-complementary duplexes as well as sequence-
selective duplexes with complementary DNA and RNA. The complexes involving
LNA/BNA, DNA-HNA closely resemble the A-form structure of dsRNA, as evident from

CD studies. Tricyclo-DNA was developed by Leumann et al.*

to explore the effect of
further conformational restriction on the association mode and affinity to complementary
nucleic acids. In comparison to bicyclo-DNA, there is additional conformational
stabilization of the carbocyclic five-membered ring and also a partial correction of the
torsional angle y toward the anticlinal range. These NAs exhibit no self-pairing, but form

stable duplexes with complementary NAs. They are also stable to enzyme degradation.

1.6 Antisense approach

In the antisense approach, an antisense drug works at the genetic level to interrupt

the process by which disease-causing proteins are produced. While traditional drugs only
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work with protein molecules that sustain or induce some disease, the antisense drugs have
the ability to inhibit the production of the disease-causing proteins. The antisense molecule
can control different types of diseases in a selective manner. This technology has become a
powerful tool to modulate gene expression in animals and represents an innovative
platform for therapeutics.’’ The targets for antisense drugs are RNA molecules and the
antisense oligonucleotide binds to messenger RNA (mRNA) and inhibits the production of
disease-causing proteins. A significant advantage of the antisense approaches to traditional
small molecule-based drug development is the possibility of targeting mRNA from any
gene. There are multiple mechanisms that can be exploited to interfere in the function of

RNA.®
1.6.1 Antisense mechanism

A natural enzyme called RNase H is frequently used to degrade the target mRNA.
When the antisense oligonucleotide binds to the target RNA, this enzyme cleaves the RNA
strand of an RNA-DNA hetero duplex thus preventing the translation process’ (Figure 11).

.

NUCLEUS
N
ONA T T T T T TTTTTTTTT] [ I I

| S

mRNA
Polymerase

RNase H

l Splicing medulation ’_‘#‘
Pre-mRNA _EXON1_} EXON2 EXON3 T ARAR

dsRNase

Splicing Inhibition of
polyadenylation
mRNA———| EXON1 [ EXON2 | EXON3 AdAA
Transport
Inhibit translation L
mRNADI:']_D:l—_[l—’_‘Exom [ EXON2 | EXON3 ARAA
A g

Y CYTOPLASM
Ribozymes

Figure 11. Different antisense mechanisms: different steps of maturation of mRNA where ASOs are known
to interact and block the function of the mRNA. Nondegradative mechanisms (modulation of RNA splicing,
modulation of polyadenylation, inhibition of translation.) and mechanisms that promote degradation of the
RNA ( RNase H, RNA interference(Ago2), ribozymes, and double-stranded RNases (dsRNase) (Bennett, F.C.
and Swayze, E.E., Annu. Rev. Pharmacol. Toxicol. 2010,50, 259-293.)
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Another antisense mechanism is RNA interference' or RNAi. This mechanism
involves using small interfering RNA or siRNA to target a mRNA sequence. The siRNA
molecules bind to a protein complex termed RNA-induced silencing complex (RISC),
which unwinds the two RNA strands allowing the antisense strand to bind to the target
RNA. ' Further the RISC also contains an endonuclease activity which hydrolyses the target
RNA.**? RNase L is also used in antisense applications.” RNase L is a ribonuclease
activated by 2’-5’linked oligoadenylates generated in response to interferon activation.
Linkage of 2’-5° oligoadenylates to an antisense oligonucleotide has been reported to
promote selective cleavage of the target mRNA.* In addition to utilising the cellular
nucleases to cleave the target RNA, oligonucleotides have been designed to chemically
cleave the target RNA after hybridization. These are ribozymes and DNAzymes.” A
translational arrest mechanism can be employed by sterically blocking certain sites in the
5’-untranslated region of an mRNA with an antisense oligonucleotide. The 5’-terminus of a
transcript is a good target site for oligonucleotides as the occupancy of this region prevents
the assembly of ribosome on the RNA.* Regulation of RNA processing or RNA splice
correction is another efficient mechanism in which oligonucleotides can be utilised to
regulate gene expression.”” Dean and Bennett*® have compared many of the antisense
mechanisms in cell-based assays and have found that once optimized, oligonucleotides that
work by each mechanism can be potent and selective inhibitors of gene expression and it
also shows that no single mechanism is vastly superior to the other mechanisms. Thus,

there is always a need to tailor the mechanism for a specific biological application.
1.6.2 Antisense Oligonucleotides

To enhance the properties of antisense oligonucleotides chemical modifications are a
necessity. The key issues to be addressed are: increase the stability, increase the nuclease
resistance, enhance potency and decrease toxicity. Among the first generation antisense
oligonucleotides are the phosphorothioates,*’ in which the non bridging oxygen atom in the
phosphodiester linkage is substituted by a sulfur atom (Figure 12). Phosphorothioates are
commercially available, easy to synthesize, support the RNase H activity and exhibit

acceptable pharmacokinetics for systemic and local delivery. The first antisense
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oligonucleotide drug in clinical use is Vitravene® which acts by blocking translation of
viral mRNA. Vitravene is a phosphorothioate oligonucleotide, this synthetic modification is
one of that has been shown to confer greater resistance to nuclease degradation. The
morpholino modification is a replacement of the furanose ring by the morpholine ring with
a neutral phosphorodiamidate linkage.”” They exhibit a binding affinity similar to DNA-
DNA duplexes and are nuclease stable but they do not support RNase H activity. They have
been reviewed in detail and show promising results for modulated splicing and translational
arrest.”’ Peptide nucleic acid (PNA) is unique in which the sugar phosphate backbone is
completely replaced with a peptide-based backbone.” This modification resulted in higher
affinity for complementary nucleic acids and completely resistant to nucleases and
peptidases. Poor solubility and cell penetration were the main drawbacks in using them as
antisense agents.”> The increase in binding affinity with 2’-sugar modifications is

energetically driven by the electronegative 2’-fluoro group (Figure 12). This has been
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Figure 12. Representation of three generations of nucleotide modifications for use in antisense
oligonucleotides. (Bennett, F.C. and Swayze, E.E., Annu.Rev. Pharmacol. Toxicol. 2010,50, 259-293.)
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employed in the design of siRNA oligonucleotides.”” The most advanced sugar
modifications 2’-O-methyl and 2’-O-methoxyethyl (MOE) resulted in a 3-10 fold increase
in potency in cell-based assays compared to phosphorothioate olgonucleotides, an increase
in nuclease resistance and decreased cytotoxicity.””**** Since the 2’-O-modified
oligonucleotides do not support RNase H mechanism, a chimeric strategy was developed
that focused on the design of high affinity, nuclease resistance oligonucleotides which
contain a ‘gap’ of continuous phosphorothioate modified oligonucleotides. Introducing
constraint in sugar modification gives rise to large entropic gains in binding affinity. The
2’4 bicyclic nucleic acid BNA/LNA***"*> showed dramatically improved hybridization

properties and nuclease resistance.
1.7 Quadruplex-forming DNA and applications in therapeutics

1.7.1 Quadruplex DNA-the beginning

The quadruplex DNA has attracted a lot of attention recently.’® The ability of
guanosine —rich DNA to form unusual structures characterized by the ready formation of
polycrystalline gels was observed much earlier by a medical doctor/ clinical laboratory
scientist Ivar Christian Bang (1869-1918)."°* In 1962, after almost five decades it was
proposed that short guanine rich stretches of DNA could assume unusual structure.”” On the
basis of diffraction studies and the UV melting experiments of polyguanylic acid gels, it
was concluded that if four guanines were close enough, together they could form planar

hydrogen-bonded arrangements, now called guanine quartets (Figure 13) The existence of

Figurel3. Proposed arrangement of bases in GMP gels.
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such planar tetramers in solution was found to result in the formation of linear aggregates
formed by the stacking of tetramers as the large planar surfaces would result in strong van

der Waals attractions. Such aggregates are now called G-quadruplexes.

The significance of DNA and RNA G-rich sequences having the ability to self-
associate and form novel higher ordered structures assumed importance when guanine-rich
repeat sequences were identified at the ends of human chromosomes.®” The d(TTAGGG)
repeat sequences, termed telomeres, were shown to play a major structural and regulatory
role in chromosomal maintenance, and crucially ended in an extended single stranded G-
rich 30 DNA overhang®' ideal for G-quadruplex formation. The enzyme telomerase, that is
involved in extending 30 telomeric repeats has recently received a lot of attention, when in
2009 the Nobel prize in physiology or medicine was awarded (Blackburn E.H., Greider,
C.W. Szostak, J.W.) with their focus on this vital enzyme and telomere maintenance. The
exploitation of DNA and RNA quadruplexes as therapeutic targets was first developed for
telomeric DNA. The formation of quadruplexes in telomeres decreases the activity of
telomerase. The recent findings® of abundant G-quadruplexes sprinkled throughout the
human genome and their ability in controlling gene expression through regulating
transcription and translation has given quadruplex cancer therapeutics an uplift beyond the

ends of chromosomes and telomerase inhibition.
1.7.2 Types of quadruplex structures

The three main structures of this type are the Holliday junction,” the G-
quadruplex® and the i-motif tetraplex®® (Figure 14). These show very different and
unique helical forms, starting with a conformation that is most similar to B-DNA, and

leading through forms that differ dramatically from the original Watson-Crick model.

Holliday junctions are four-stranded junctions that are formed as intermediates
during recombination of two homologous DNA duplexes, to enable the reciprocal exchange
of genetic information. These DNA junctions were shown to adopt either an extended
open-X form under low-salt conditions, or a more compact stacked-X conformation as the

negatively-charged phosphate backbone becomes shielded under high salt conditions.
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Figure 14. Structure Holliday Junction A; G-Quadruplex B; i-Motif C (Ho, P. S.; Carter, M. in DNA
replication-Current Advances, 2011, Ed. Seligmann, H., ISBN 978-953-307-593-8.

i-motif tetraplexes are formed by C-rich sequences, and involve intercalation
between two parallel C-strands in head-to-tail fashion.®® The two duplexes are stabilized by
base-pairing the Watson-Crick edges of two cytosines to form hemi-protonated C:C" pairs.

G-quadruplexes comprise four-stranded structures that are formed from guanine-
rich sequences. They are held together by hydrogen-bonding between the Watson-Crick
face of each guanine with the Hoogsteen face of an adjacent guanine, creating a cyclic
arrangement of four guanines in a G-tetrad (Figure 15a). These tetrads are stacked in a
right-handed helical motif,” with a helical twist of 30° and a diameter of 25A, and are
stabilized by monovalent cations co-ordinated to the O6 oxygen atoms of the guanines, and
sandwiched between the base-stacks. These cations neutralize the electrostatic repulsion

between the guanine O6 atoms and thus stabilize the overall structure (Figure15b).

(@ (b)
Figure 15 (a) The G-tetrad, (b) The G-quadruplex stacked structure arising from G-rich sequences.
(http://www.molecularstation.com/molecular-biology-images/)
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1.7.3 Structural polymorphism in G-quadruplexes

G-quartets can be formed from the association of one or more G-rich strands of
DNA, (Figure 16) i.e., they may be intra- or inter-molecular, and can display a wide variety
of topologies , based on strand polarity, loop length and geometry, the presence of metal

ions, the oligonucleotide concentration in the solution, etc.®’

Figure 16. Schematic representation of G-quartets, antiparallel, unimolecular and multimolecular parallel
DNA G-quadruplex.

The central charged cavity can accommodate a variety of different cations of
differing radii, that strongly influences not only the final folded topology of the
quadruplex, but also its stability. Potassium is generally found to be optimal and leads to
increased G-quadruplex stability. The phosphate backbone generates four grooves that
accommodate well-defined networks of ordered water molecules. In RNA and DNA G-
quadruplexes, the G-tetrad stacks remain planar with a similar rise and twist, but the
direction of the phosphodiester backbone may vary. Unlike in DNA/RNA duplexes, where
an antiparallel strand orientation is predominant, in G-quadruplexes, the strands may exist
in any combination of parallel and antiparallel orientations. The linkers between the G-
stretches forming the tetrads generally make three different types of connections in stacked
G-quadruplexes, viz., (i) lateral loops, which join adjacent antiparallel phosphate backbones
on the same quadruplex surface, (ii) cross-diagonal, which link opposite antiparallel strands
on the same surface and (iii) propeller loops, which link adjacent parallel strands on

opposite surfaces (Figure 17)
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Figure 17. G-quadruplex linker orientations. Linking loop motifs (black arrows). Backbone strand polarity:
parallel (yellow) and antiparallel (green). Glycosidic torsion angles: anti-conformation (grey) and syn-
conformation (dark green). (Collie, G. W., Parkinson, G. N., Chem. Soc. Rev., 2011, 40, 5867-5869).

The linker length is instrumental in defining the final topology and stability of the
quadruplex, and also determines if the resulting quadruplex will be intra- or inter-

A detail study on the influence of loop length on the stability and folding

molecular®
topology of intramolecular DNA G-quadruplexes has been reported. Balasubramanian et
al.*”? have designed G-rich DNA libraries (Figure 18) and used UV T,, and CD to examine
and compare the properties of 21 DNA quadruplex libraries. This study provided a

framework to identify or classify biologically relevant G-quadruplex forming sequence.

5’-GGG (L); GGG (L)k GGG (L) GGG-3’
j=123 k=123 1=1,23
Forj,k,I=1; L=N N=ATorC
Forj,k,1=2; L=NN
Forj,k,1=3; L=NMN M=AT,CorG

Figure 18. G-rich DNA libraries designed to determine the stability and folding topology of G-quadrupexes.

1.7.4 Influence of sugar, base conformations on the topology and stability of G-
quadruplexes

In G-quadruplexes, the sugar can assume both C2’- and C3’-endo conformations
and the guanine bases can be found in either anti or syn positions respectively. The
relationship between backbone strand orientation (+/-), glycosidic torsion angles (syn/anti)

and groove widths (w/m/n) is based on simple geometric relationships and structural
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constraints imposed by the guanines held in the stacked G-tetrads, and together impact the
quadruplex structure.”” All parallel stranded quadruplexes have the nucleobases either all
syn or all anti oriented, while in antiparallel stranded quadruplexes, mixed syn- and anti-
oriented nucleobases are observed. The groove widths are equal when all the strands are
aligned parallel (all syn or all anti) and antiparallel arrangement generates both wide and
narrow grooves (mixed syn, anti).””® The sugar pucker (N-/S-type) influences the
nucleobase orientation and can be used at predetermined positions, depending upon the
requirement, in order to stabilize the resulting quadruplex, e.g., LNA, which has the sugar
locked in the C3’-endo pucker, promotes a anti orientation of the nucleobase because the
syn orientation is prohibited due to a steric clash between H3’and N3.”" Stabilization could
also be achieved by addition of large aromatic chromophores, intercalating nucleic acids
(INA),”" or twisted intercalating nucleic acids (TINA).”* The differences between RNA and
DNA quadruplexes occur mainly due to the absence of the C5-methyl group in RNA and
the presence of the C2’-hydroxyl group in the ribose sugar of RNA, the hydroxyl group
having a larger effect. This —OH group influences the sugar pucker to be predominantly in
the C3’-endo or the N-type and favours and anti conformation about the glycosidic bond.
However, the RNA quadruplex displays a mixture of C2’-endo and C3’-endo sugar
puckers, similar to the DNA quadruplex. Additionally, the —OH group offers additional
sites for hydrogen-bonding interactions. The methyl group at the C5 position of thymine,
that is absent in uracil, is likely to affect the hydration structure within the loop around the

grooves.
1.7.5 The G-quadruplex in aptamers

Aptamers are single-stranded DNA or RNA or modified nucleic acids that can fold
into specific three-dimensional structures that can bind to specific targets with selectivity,
specificity and affinity equal or superior to those of antibodies. In 1990 Joyce,”> Szostak’*
and Gold” independently reported on the development of an in vitro selection and
amplification technique for the isolation of oligonucleotides able to bind non-nucleic acid
targets with high affinity and specificity. Several of these aptamers were found to be G-rich

with an ability to form G-quadruplex structures. The enhanced resistance to nuclease
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degradation and increased cellular uptake are advantageous in the development of G-
quadruplexes aptamers as drug candidates.”® Structural information is critical to the
development of G-quadruplex aptamers in order to enable modifications that enhance their
function. One of the most extensively studied G-quadruplex aptamer is the thrombin-
binding aptamer’’ (TBA), where the rational design could lead to several chemical
modifications to allow improvements. Besides TBA, several other G-quadruplex-based
aptamers have been designed successfully to target a number of HIV protein targets,”
bovine prion proteins” (RNA aptamers), anticancer targets such as nucleolin® and
STAT3.* In addition to targeting protein binding and function regulation, G-quadruplex
aptamers have also been reported in DNAzyme-based detection of drug molecules,®

protein and hormone detection,* drug delivery,* affinity capture of insulin and IGF-
1n.*

1.7.6 Thrombin-binding aptamer

The thrombin-binding aptamer was first discovered in 199277 as a 14-17 nucleotide
consensus sequence within artificially selected thrombin-binding single-stranded DNA
sequences which were able to inhibit clot formation. NMR and X-ray structural studies™
showed this sequence [d(GGTTGGTGTGGTTGG)] to be an intramolecular antiparallel G-
quadruplex, with two G-quartets stacked on each other and linked by edge-wise two TT
loops and one TGT loop (Figurel9). The quadruplex forming, Thrombin binding aptamer
TBA has been innovatively used as a DNA based nano machine that can cyclically bind
and release thrombin. In a communication Dittermer et al®” have used DNA-fuelled system

based on quadruplex— duplex transition to control the concentration of the human blood-

Figure 19 Thrombin binding aptamer. (Schultze, P., Macaya, R. F., Feigon, J., J. Mol. Biol. 1994, 235, 1532).
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clotting a thrombin in solution. The core sequence is the aptamer TBA that, when folded in
a quadruplex structure, strongly binds to thrombin; switching between a quadruplex and a
duplex conformation leads to trapping and releasing of thrombin, respectively (Figure 20).

This approach may be extended to regulate other biological processes too.

Figure 20. Schematic of the operation cycle of the aptamer —based molecular machine in the presence of
thrombin. (Dittmer, W.U., Reuter and Simmel, F.C., Angew.Chem. Int.Ed.,2004, 43,3550-3553).

1.8 Tools and techniques for structural studies of nucleic acid complexes,

and higher ordered G-quadruplexes
1.8.1 UV-spectroscopy

The absorbance of polynucleotide depends on the sum of the absorbance of all the
nucleotides and the effect of the interacting nucleotides. The interactions cause a single
strand to absorb less than the sum of its nucleotides and a double strand absorbs less than
its two component single strand. The effect is called hypochromicity which results from the
coupling of the transition dipoles between neighboring stacked bases and is larger in
amplitude for A-U and A-T pairs.*® Conversely, hyperchromicity refers to the increase in

absorption when a double stranded nucleic acid is dissociated into single strands. The UV

2013 Ph.D thesis: AD.Gunjal, (NCL) University of Pune 24



absorption of a DNA duplex increases typically by 10-20% when it is denatured. This
transition from a stacked, hydrogen bonded double helix to an unstacked, strand-separated
coil has a strong entropic component and is temperature dependent. The mid-point of this
thermal transition is known as the melting temperature (T,,). The converse of melting is

the renaturation of two separated complementary strands to reform the duplex.

Melting curve
Daidvatvecnrve | ﬂ

Absorbance at 260nm

; T
Tm
Temperature °C

Figure 21. An oligonucleotide duplex melting curve and derivative curve

Duplex melting: 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 at 260 nm against temperature gives a sigmoidal curve in case of duplexes and
the midpoint of the sigmoidal curve (Figure 21) called as the ‘melting temperature’ (T,)

(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 monitored at 260
nm shows characteristic double sigmoidal transition and UV melting temperature for each
transition is obtained from the first derivative plots. The lower melting temperature (T,1)
corresponds to triplex to duplex transition while the second higher melting temperature

(Tm2) corresponds to the transition of duplex to single strands.”

Quadruplex melting: Monitoring of melting for G-quadruplexes’ with increasing

temperature is carried out at 295 nm. This wavelength maximises hyper/hypochromic shift
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between the folded and unfolded states. The refolding of the DNA/RNA during the cooling
process can also like-wise, be monitored. Analysis of the UV-melting graphs can provide
information of the thermodynamics of the system, which can be combined with CD and
calorimetry data such as DSC or ITC to generate a fuller picture of the formation of the

stacked complexes.
1.8.2 Circular Dichroism (CD)

Circular dichroism is a spectroscopic technique that has been widely used for the
secondary structure elucidation of chiral molecules, including biomolecules. It has thus
been instrumental in the confirmation of the B- and A-form duplex of DNA/RNA. Circular
dichroism (CD) spectroscopy measures differences in the absorption of left-handed
polarized light versus right-handed polarized light which arise due to structural asymmetry.
The absence of regular structure results in zero CD intensity, while an ordered structure
results in a spectrum which can contain both positive and negative signals. CD is
particularly useful for studying chiral molecules and has very special significance in the
characterization of biomolecules (including the secondary structure of proteins and the
handedness of DNA). The commonly used units in current literature are the mean residue
ellipticity (degree cm® dmol™) and the difference in molar extinction coefficients called as
molar circular dichroism or Ae (liter mol'cm™). The molar ellipticity [6] is related to the
difference in molar extinction coefficients by [0] = 3298 (Ag). In the nucleic acid, the
heterocyclic bases are principal chromophores. As these bases are planar, they do not have
any intrinsic CD. CD arises from the asymmetry induced by linked sugar group. CD spectra
from the dinucleotide exhibit hyperchromicity, being more intense by roughly an order of
magnitude than those from monomers. It is when the bases are linked together in
polynucleotides, giving rise to many degenerate interactions that they gain additional
characteristics associated with the asymmetric feature of secondary structure such as in
proteins and nucleic acids.”

The simplest application of CD to DNA structure determination is for identification

of polymorphs present in the sample.”” The CD signature of the B-form DNA as read from
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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. 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
(Figure 22). 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 T, and binding stoichiometry of
DNA/RNA complexes respectively.

ADNA &DL
«260 nm positive

=210 nm intense negative 60
=190 nm intense pogitive
BDNA |
«275 nm positive K A-D“{:
*240 nm negative

=258 nm crossover

ZDNA 0
=260 nm positive
=290 nm negative

=] 85 nm crosgaover

=40

1 L L
13 200 220 240 260 2580 300

Wavelength

Figure 22. CD spectra of DNA secondary structure

1.8.3 Stoichiometry of binding

The binding stoichiometry of oligonucleotide to target DNA/RNA by UV-titration
(mixing) can be 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. CD has

been used to detect the primary structure of a G-quadruplex for a given sequence. In
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addition to the detection of G-quadruplex existence, CD is also able to provide some
information as to the relative nucleobase orientations anti or syn, exhibiting unique spectra
from which topological arrangements of either parallel (240nm,i,/260nmy,.x) or mixed
parallel-antiparallel or antiparallel (260nmyuyin/290nmyy,y) strand orientations can be inferred,
though not guaranteed.” CD spectra vary with ligand/salt binding, allowing these
conditions to be easily studied. Both DNA and RNA G-quadruplexes have been studied by
CD, which is an exceptionally useful tool in this area.”® However, care should be taken
while drawing conclusions regarding topology, since out of the 26 theoretically available
loop arrangements for a sequence containing four G-runs, 25 will be antiparallel, while one

will be parallel.*’

1.8.4 Fluorescence spectroscopy

Molecules of DNA rich in guanine, exhibit significantly higher fluorescence
(quantum yield of polyG at room temperature in aqueous solution is 4.7 x 10™) than
homologous sequences without consecutive guanines.”’ G-quadruplexes have been shown
to be intrinsically fluorescent,”® which makes fluorescence spectroscopy a very convenient
tool to monitor their formation, circumventing the necessity for any additional fluorescent

labels.
1.8.5 Polyacrylamide gel electrophoresis (PAGE)

Polyacrylamide gel electrophoresis has long been used to study and prove complex
formation in DNA/RNA, ranging from duplex to triplex and even quadruplex formation.
The stability of the complexes to enzyme digestion is also conveniently monitored by
PAGE, which can be used to prove the stability/susceptibility of native or modified
complexes and also the single strands. Footprinting studies afford information about
binding sequences. Native PAGE can be used to differentiate structural changes too, such
as caused by nicks, bends, or by the formation of folded and compact structures as in the
case of G-quadruplexes. Thus, folded G-quadruplexes migrate faster within the gel matrix
than the equivalent unfolded structure. Moreover, the addition of specific ions to the

running buffer/gel allows the formation of G-quadruplexes in reponse to ionic conditions to
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be investigated. Further association of the G-quadruplexes, such as dimers and higher
multimers can also be demonstrated by PAGE.” Here again, care must be exercised when
interpreting band patterns, as molecular species cannot always be unambiguously assigned,

as the exact size of each species will not be known.
1.8.6 Nuclear Magnetic Resonance (NMR)

NMR spectroscopy is a powerful experimental technique that is useful for
confirmation of the formation and topology of complexes of DNA and RNA such as
duplexes, triplexes and quadruplexes. It also can be used to study hydrogen-bonding
between the nucleobases. The information obtainable includes sugar pucker
characterization, backbone conformations and also local architecture. In the case of G-
tetrad formation, 1D proton NMR spectra provides characteristic imino, amino and
aromatic peaks, indicating the presence of Hoogsteen and Watson-Crick base-pairing.
Further structure elucidation, of course, necessitates the use of more specialized techniques
such as NOESY, TOCSY, HSQC-COSY, etc. The introduction of high field NMR and
cryoprobes have in turn, reduced the need for higher concentrations of sample and made the
analysis more affordable. This technique has clearly dominated the structure elucidation

research of quadruplex folding and topology.
1.8.7 MALDI TOF Mass Spectroscopy

Matrix-assisted laser desorption/ionization time-of-flight (MALDI TOF)is a
soft ionization technique'™ used in the analysis of biomolecules (biopolymers such
as DNA'", proteins, peptides and sugars) and large organic molecules (such as polymers,
dendrimers and other macromolecules), where these large ions obtain in gas phase
producing many fewer multiply charged ions. MALDI is a two step process. First,
desorption is triggered by a UV laser (nitrogen lasers 337 nm) beam. Matrix material
heavily absorbs UV laser light, leading to the ablation of upper layer (~micron) of the
matrix material. The hot plume produced during ablation contains many species: neutral
and ionized matrix molecules, protonated and deprotonated matrix molecules, matrix

clusters and nanodroplets. Second, the analyte molecules are ionized (more
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accurately protonated or deprotonated) in the hot plume. The time-of-flight (TOF) analyzer
uses an electric field to accelerate the ions through the same potential, and then measures
the time they take to reach the detector. If the particles all have the same charge, the kinetic
energies will be identical, and their velocities will depend only on their masses. Lighter
ions will reach the detector first. Their time-of-flight is proportional to their (MW) 2.

The matrix is the crystalline, a low molecular weight compound with
several conjugated double bonds. The some basic properties are that they should not
evaporate during standing in spectrometer, often acidic for acting as a proton source to
encourage ionization of the analyte molecules, strong optical absorption in either the UV or
IR range. Most commonly wused matrices are 3, 5-dimethoxy-4-
hydroxycinnamic acid (sinapinic acid, SA), a-cyano-4-hydroxycinnamic acid (alpha-cyano
or alpha-matrix, CHCA) and 2, 5-dihydroxybenzoic acid (DHB). 2', 4', 6’ trihydroxy
acetophenone (THAP). A solution of one of these molecules is made, often in a mixture of

highly purified water and an organic solvent (normally acetonitrile (ACN) or ethanol).

Trifluoroacetic acid (TFA) or Ammonium citrate may also be added.
1.8.8 HPLC

HPLC is a chromatographic technique that has been used traditionally for separation
of mixtures and also quantification of the components. When coupled to other analytical
techniques, such as mass spectrometry, it is a powerful analytical technique. In the present
work of this thesis, this technique has been successfully employed to study the degradation
of single-stranded nucleic acid oligomers (both modified and unmodified) by analysing the
elution profile of the digestion mixture at different time-points by reverse-phase HPLC.
Accordingly, the area under the peak can be used to quantify the amount of intact
oligonucleotide. When plotted against time, this gives an idea of the half-life of the

oligonucleotide under the given test conditions.

1.9 Present work
Chapter 1 comprises literature overview regarding nucleic acids (DNA/RNA) with respect
to their conformations in basic and higher ordered structures. The exclusive RNA binding

features of 2'-5'- linked iISODNA/RNA have been reviewed. The pre-organization or
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conformational restriction which gives greater stability to the natural DNA:RNA duplexes
for applications in antisense therapeutics designing was also surveyed. The recently
discovered and biologically important quadruplex forming DNA oligonucleotides have
been reviewed describing their important applications in therapeutics. With these recent
advances in chemical and structural biology, vast opportunities have opened up to design
novel DNA/RNA oligomers, both as antisense oligonucleotides and as aptamers, leading to

applications in therapeutics.

Chapter 2 Conformationally constrained and RNA-selective 2’-5° iSODNA
oligonucleotides exhibit preferred S-type sugar conformations over the N-type sugar

geometry in 2’°-5’ ISODNA : RNA duplexes.

The synthesis and biophysical studies of a unique class of 2’-5’ linked iSODNA
oligonucleotides containing nucleoside analogues locked in N-type or S-type sugar ring
conformations, selective binding to RNA and nuclease resistance of the 2’-5’linked
iISODNA oligomers and biophysical studies of these modified oligomers with target

DNA/RNA sequences is presented.

The chapter consists of two sections

Section A: The synthesis and structural studies of N-type- and S-type- conformationally
locked uridine nucleosides is described in this chapter.

Section B: Synthesis of 2°-5’ linked DNA oligonucleotides containing the N-type and S-
type modified units and their biophysical studies to determine the effects of these
modifications on the stability of duplexes with target DNA/RNA. Also the nuclease
resistance of the modified ISODNA oligomers in comparison with unmodified DNA and

1SoDNA to snake venom phosphodiesterase (SVPD) is described.

Chapter 3. Synthesis, characterization and biophysical studies of 2’-O-allyl/ 3’-O-allyl
derived DNA and iSODNA oligonucleotides.

As a part of antisense therapeutic approach the synthesis and incorporation of 2’-O-allyl

and 3’-O-allyl nucleoside analogues into DNA and iSODNA oligonucleotides for their
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comparative biophysical studies was undertaken and is presented. This chapter has two

sections

Section A: Synthesis of 2’-O-allyl and 3’-O-allyl-uridine monomers and conversion of

2’-O-allyl and 3’-O-allyl-uridine to the respective cytidine monomers.

Section B: Incorporation of the 2’-O-allyl-uridine and 2’-O-allyl-cytidine monomers into
3’-5’DNA oligomers . and that of the 3’-O-allyl-Uridine and 3’-O-allyl-cytidine
monomers into 2°-5’DNA oligomers respectively. A comparative study of the stability of
modified 2°-5° DNA:RNA duplexes and the modified 3°-5° DNA :DNA, DNA:RNA

duplexes was determined by conducting UV melting experiments.

Chapter 4 Synthesis of a 2°-5’-linked, non-genetic, regioisomeric thrombin binding

aptamer (iISOTBA) , its quadruplex formation, and application as a thrombin inhibitor.

The application of 2’-5’linked iSODNA as an aptamer, wherein a 2’-5’linked thrombin
binding aptamer (iSOTBA) is synthesized that folds into a quadruplex structure and binds to

thrombin is demonstrated using various spectroscopic techniques in Chapter 4.

This chapter describes the chemical synthesis of a 2’-5’linked thrombin binding aptamer
(iso0TBA) and modified iSOTBA, and the biophysical studies of iSOTBA using CD, UV,
NMR, fluorescence and gel electrophoresis. A fibrinogen clotting assay using percent
transmittance at 495nm was employed to study the inhibition activity of the thrombin
binding aptamers. Enzymatic stability of iISOTBA aptamer sequences to exonuclease

enzyme SVPD was also determined.
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Regioisomeric nucleic acids with the 2’-5’-phosphodiester linkages compared to the
3’-5’-linkage are highly interesting biomolecules. Their study has become an area of great
interest due to their possible role in the prebiotic world and their potential use in the
artificial regulation of gene expression. This isomeric DNA supports Watson-Crick base
pairing but with distinct properties. The 2°-5" iISODNA discriminates between single
stranded DNA and RNA and forms duplexes exclusively with RNA. A switch in the link
from 3’-5’ to 2°-5’ has to necessitate a concomitant switch in the preference of the sugar
pucker of the repeating units of 3’-5’and 2’-5’nucleic acids. In an effort to elucidate the
structural behaviour of the 2’-5’ iISODNA when complexing with RNA, N-type and S-type
conformational locks were introduced in the ISODNA strand so as to understand the
structural preferences of sugars in the isomerically—linked strand of the chimeric duplex
and thus provide for the first time an experimental evidence for their sugar pucker

preference in stable duplex structures.
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Section A

Synthesis, characterization and conformational analysis of N-

type and S-type locked monomer building blocks

2.1 Introduction to present work

Stimulated by the potential of antisense approach to achieve specific control of gene
expression, the synthesis of modified ONs has mushroomed during the past three
decades."” Among these, the 2'-5" linked ONs are specially interesting”*> because of the

interesting physical properties®’**!°

of these unique class of oligonucleotides such as: (1)
They exhibit a remarkable preference for duplex formation with complementary 3°-5’-
linked natural RNA. (2) These hetero duplexes are slightly less stable than the normal 3’-
5’-linked RNA:RNA duplexes. (3) The 2’-5’-linked nucleic acids show high resistance to

nuclease digestion.
2.1.1 2’-5’-linked isoDNA /RNA and relevant conformational restriction

In the 2’-5’-linked iSORNA self-complementary duplex, the NMR structure shows
that the preferred furanose ring conformation is C2’-endo (South type)'"'>  Whereas, NMR
studies on a 2’-5’-linked single stranded iISORNA and the crystal structure indicates a C3’-

endo (North type) conformation.'*'*

This switching over of the furanose ring conformation
implies that a reorganization of the structure of an ON single strand so as to match the
structure of the duplex form, can lead to increased duplex stability. The concept of

conformational restriction’!

wherein the nucleoside analogue is conformationally locked
into either the N-type or S-type can prove to be a powerful strategy for achieving duplex

stability when binding with complementary DNA or RNA.

A variety of 3°-5” linked analogues have been synthesized, such as LNA/BNA,'®
Hexitol nucleic acid HNA,' tricyclic DNA (tcDNA)" in which the sugar is locked in
matching N-type geometry. These show increased affinity towards complementary RNA

and compact A-type duplex formation without any base pairing properties being
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compromised (Figure 1). No such studies have yet been reported in literature for the 2°-5’
linked iSODNA analogues, which remains to be explored. Some preliminary molecular
modelling studies and CD, NMR studies of unmodified iISODNA/iSORNA point out the
reversed preferences of sugar puckers that could lead to efficient binding of iISODNA with
RNA.

/< Extra methylene M<
o

o B /\ 2 o a | '

< S

ié\ H h

6 © o

- e

Locked nucleic acid Hexitol nucleic acid Tricyclo-DNA
(LNA) (HNA) (tcDNA)

Figure 1. Examples of conformationally constrained natural nucleic acids

2.1.2 Unmodified single stranded isoRNA/isoDNA and isoRNA/isoDNA:RNA duplexes

The synthesis of unmodified 2°-5° RNA (iSORNA) which occurs naturally'® but
does not encode the genetic information has been reported by Damha et al.*"**° This
synthetic iSORNA, exhibited self pairing as well as pairing with RNA,*"*?° but did not
complex with complementary DNA.

The CD patterns of iSORNA:RNA duplexes were found to be very much similar to
those of the natural 3°,5’-DNA:RNA duplexes indicating comparable overall structures i.e.,
compact A-form duplex structure.'” Solution phase NMR studies indicated that the ribose
sugar pucker in the self pairing iSORNA duplexes'” was C2’-endo (S-type). From the above
described CD and NMR studies it appeared that the iISORNA strand in the iISORNA:RNA
duplex may be adopting the structural features giving rise to structures similar to compact
A-form in which the sugar residues of the iSORNA strand would be existing in the C2’-endo
conformations. In molecular modeling studies by Yathindra et al.*' a critical examination
of the stereochemistry of 2°,5’- and 3°,5’-linkages revealed an inverse relationship between
the nucleotide geometry and nature of the phosphodiester linkage (Figure 2). A 2°-5’-
linkage with a C2’-endo sugar produces a compact nucleotide geometry whereas the 3°,5’-

linkage with the same C2’-endo sugar gives rise to an extended nucleotide geometry. Thus
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Figure 2. 3’-5’-DNA/RNA and 2’-5-iSODNA/iSORNA in compact and extended conformations.

to have a compact A-type overall structure of iISORNA:RNA duplex, the S-type or C2’-
endo sugar pucker in the repeating nucleotides is stercochemically favoured in the
ISORNA strand of the duplex. Similar structural requirements were reported for 2°,5’-linked
iSODNA :RNA duplexes both by Breslow et al.® and Switzer et al.”> CD spectroscopy”™
and modeling studies™ predicted that the iSODNA strand in iSODNA:RNA duplexes would
predominantly have S-type sugar conformations. On the contrary, an extended structure
with N-type sugar conformations was reported on NMR studies done on single stranded
iSORNA'"? and 2’,5’—d(G4C4).13b Also the crystal structure'** obtained for a single strand
2°,5’-RNA showed a C3’-endo or N-type sugar pucker. Hence the sugar conformations (N-
type) observed in a single stranded iISODNA/iSORNA does not match with that of the sugar
conformations (S-type ) as seen in the iSODNA/iSORNA strand in iISORNA/iSODNA:RNA
duplex. In a single stranded 2°,5’-DNA oligomer, the gauche and anomeric effects of the
2’-hydroxyl group would dominate the preference for 3’-endo (N-type) sugar conformation
in the absence of a 3’-hydroxyl group. Therefore in the iISODNA:RNA duplex it was
assumed that the RNA strand would impose its structure'® on the iSODNA strand causing
the individual nucleosides in the iISODNA to adopt C2’-endo conformations so as to form a

stable duplex with RNA. However, this would lead to a conformational and topological
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constraint on iSODNA in the iSODNA:RNA duplex (Figure 3).* This constraint would lead
to reduced binding strength of the duplexes of iISODNA/iSORNA with RNA targets,
resulting in iISODNA/iSORNA:RNA duplexes with considerably lower stability compared to
the natural DNA/RNA:RNA duplexes.

;—O Base

\%/Base
3 ::- ;’o
3 - R |
A DEE— 0—P—0
-0—P—0 R=H,0OH _l_
S-type
N-type
isSoDNA/isoRNA isSoDNA/isoRNA:RNA
single strand duplex

Figure 3. Sugar conformations of the 2°-5” nucleoside in single stranded iSODNA/iSORNA and double
stranded iISODNA/iSORNA:RNA duplex.

2.2 Present work

Continuing the search for antisense oligonucleotides (ASOs) that bind selectively
to RNA and which are more resistant to degradation by cellular enzymes, we proposed to
synthesize conformationally locked nucleosides and incorporate them in 2’5’-iSODNA
oligomers in order to improve the binding strength of these iISODNA ASOs. As there is no
conclusive experimental evidence in literature for the preferred sugar geometries in
ISODNA strands, we selected in this work to study both nucleoside analogues that would be
N-type and S-type locked. Herein, we report for the first time, a study of the effects of
incorporation of these monomers in locked N-type I and S-type Il sugar conformation in

iISODNA:RNA duplexes (Figure 4).

o o]
NH NH
o ¢
HO
HO\QV?AO N/&O
v z 6H
OH °
N-type locked S-type locked

Figure 4. N-type I and S-type II locked nucleosides.
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Such studies have not been reported for the ISODNA:RNA duplexes although there
is abundant literature on locked/frozen DNA analogues in natural DNA:RNA duplexes.
The locked N-type conformation of the DNA oligomers have entropic advantage while
binding to RNA.'****** By applying such locks on the iSODNA strand, the structural
preferences of sugars in the isomerically-linked strand of the chimeric duplex could be
understood and that would provide important leads to design therapeutically useful

synthetic ISODNA.
2.2.1 Synthesis of N-type locked monomer

The synthesis of N-type building block is outlined in Scheme 1. D-glucose 1 was
protected as 1,2,5,6-glucose diacetonide (GDA) 2. The 3’-hydroxyl was oxidized using
PCC to give the keto compound 3 which was reduced using sodium borohydride to give
allose diacetonide (ADA) 4. Tosylation of 4 with tosyl-Cl yielded the 3’-O-tosyl compound
5. Selective hydrolysis of the 5,6-acetonide using 0.8% H,SO,4 in methanol gave the 5,6-
diol 6. The synthesis from glucose 1 to compound 6 was done following an earlier reported
multistep synthesis procedure.’* Compound 6 was cyclized by treating with sodium
methoxide in methanol giving the 3,6-anhydro compound 7. The free secondary hydroxyl
was protected with the allyloxycarbonyl group to give compound 8 in 99% yield
(purity>90%). The acetonide group in 8 was removed and converted into its diacetate 9 by
treatment with AcOH and Ac,0 in the presence of catalytic amount of H,SO4. Compound 9
on treatment with BSA, uracil and TMSOTf under Vorbriiggen conditions afforded
exclusively the B-anomer of uridine derivative 10, in 93% yield. The alloc group was
selectively cleaved in the presence of 3’-acetate using Pd(0) to get 11 (70%) . The free
secondary hydroxyl group was protected as its DMT derivative using excess of DMTr-Cl in
dry pyridine, to get 12 (85%). Compound 12 on ammonolysis gave the free 2’-hydroxyl
compound 13 (93%). Phosphitylation of the free 2’-hydroxyl with N, N-diisopropylamino-
2-cyanoethylphosphino-chloridite afforded the N-type locked uridine phosphoramidite
monomer 14 (60%). All the compounds were purified by column chromatography. The
new compounds were appropriately characterized using 'H, °C & *'P NMR and HRMS

analysis.
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Scheme 1. Synthesis of N-type locked monomer.
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2.2.2 Synthesis of S-type locked monomer

Using uridine as starting material, the S-type locked amidite monomer was
synthesized in 8 steps according to literature procedure (Scheme 2).*” The cis-diol of
uridine 15 was protected as a cyclohexylidene derivative 16 (95%) using cyclohexanone,
PTSA. The 5’-hydroxyl group was oxidized using IBX to give the 5’-aldehyde 17 (76.5%)
which on formylation, followed by sodium borohydride reduction gave the diastereotopic

hydroxymethyl compound 18 (38.3%). Selective tosylation of 18 afforded the monotosylate

(o)

(o}
ﬁNH f‘\ H | NH
HO—\ o N/&O 0=
v Cyclohexanone v v HCHO, NaOH,

PTSA,95% :‘ CH3CN, 76.5% d dioxane-H,0,

(o) (o NaBH,, 38.3%
o
or Cr
HO
HO— \ / Ts-Cl Tsov _ 95%TFA TsO}Q/

o o pyridine, 9% H(f bH
43%
18
ﬁNH DMTrO | o
r N
HO— o N/J“o \°
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o
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o OH
21 22
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Scheme 2. Synthesis of S-type locked monomer
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19 (43%) as per literature repor‘[,27a’27e

wherein the regioselectivity of tosylation at C4’
hydroxymethyl group was determined by means of NOE measurements. Acidic hydrolysis
of 19 gave triol 20 in 79% yield. Oxetane ring formation from 20 was accomplished on
treatment with a large excess of sodium hexamethyldisilazide in THF at room temperature,
yielding the desired product 21(90%). The exclusive oxetane ring formation is attributed to
the predominant S-conformation of the compound 20 in which only the 3’-OH is thought to
be located near the 4’-methylene carbon centre. The selective protection of the primary
hydroxy group in 21 with 4, 4’-dimethoxytrityl by using DMTr-Cl in five-fold excess gave
the DMTr protected compound 22(17.2%). The free 2’-hydroxyl on treatment with N, N-
diisopropylamino-2-cyanoethylphosphino-chloridite afforded the S-type locked uridine
phosphoramidite monomer 23 (65%). All the compounds were purified by column

chromatography and the pure compounds were characterized using 'H , °C, *'P NMR and

LCMS mass analysis.

2.2.3 Conformational analysis of the nucleoside analogues

The sugar conformations of 3’-deoxyuridine and the N-type/S-type locked
nucleosides (Figure 4, I and II) were compared (Table 1, Figures 5 & 6) based on the *J ;-
n2’ coupling constants. The homonuclear %) H1-H2° coupling constants are very sensitive to
the dihedral angle and therefore directly reflect on the sugar pucker in five-membered
ribonucleosides. The %S conformation for each unit was calculated from the HI’-H2’
NMR coupling constants as earlier reported.”’ A simple equation for the calculation of

percentage of S conformation is shown in equation (1).
S (%) = 100 x (Jy2> - 1)/6.9 1

A smaller J value of 0-3 Hz is typical of N-type whereas the J value between 6-9 Hz

is indicative of S-type sugar pucker.”

Thus 3’-deoxyuridine is 97% N-type , i.e. C3’-endo sugar pucker, which is
consistent with the 0O4’-C1°-C2’- 02’ gauche effect as well as the anomeric effect which
brings the nucleobase in pseudoaxial orientation.'* The xylo-3’-0-5’-C-methylene-linked
uridine (UN, T Figure 6a) and the 3’-O-4’-C-methylene—linked uridine(US, II Figure 6b)
would lock the monomer in N-type and S-type conformations respectively.
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Tablel. Conformational analysis of the nucleosides using H1°-H2’ coupling constants from 1H NMR spectra.

H1’-H2’coupling % S Reference
Nucleoside derivative )
J in Hz
3’-deoxyuridine 1.2 3 29
N-locked uridine (UY, I) 3.5 36 29¢
S-locked uridine (U®, II) 7.5 94 29
o)
o @4@
\\\OH |\\\OH
He  ols.0 O OH
|||||H anlllH
H's -0
H,

5'R conﬁguratlon
North sugar pucker

5' R configuration
South sugar pucker

Figure 5. Two possible conformers for N-type locked due to flexible 5-membered locked ring in L.

The 2-D NOE NMR experiments were performed to further show cross peaks
between H2’-H6 protons in compounds I and II suggesting anti conformation of the uracil
nucleobase.”® Also, no additional NOE peaks were observed between H6-HI’ proton,

indicating anti conformation of the nucleobase.

In compound I, the flexible 5-membered ring allowed ~36% S-type character to the
sugar ring (conformational analysis based on the *J gp.p). Two forms of sugar
conformations for I could be possible, in which the C5’-carbon is fixed in R configuration
(as in starting material) as depicted in Figure 5. The 04’-C4’-C3’-O3’ gauche effect in the
N-type xylo-sugar would stabilize the N-type sugar ring conformation shifting the
equilibrium to N-type. An additional proof for the sugar conformation in I being
predominantly N-type comes from a relatively less strong NOE cross peak (5%, Figure 6a)
between H2’ and H6.” An additional positive NOE cross peak (1.8%) between H6 and H6’
is observed. The preferred O5’-C5’-C4-C3’ geometry suggests the orientation of the 5’-OH
group to be y* due to the fixed R configuration at C5’in the preferred N-type conformer of I.
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The two-dimensional NOE NMR experiments revealed a strong NOE cross peak (II, 9.7%,
Figure 6b) between H2’ and nucleobase H6 thus confirming the 2’-endo sugar pucker and

anti nucleobase conformation for compound II.
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Section B

Synthesis, characterization and biophysical studies of the 2'-5'-
linked isoDNA and modified isoDNA and their stability towards

snake venom phosphodiesterase

2.3 Solid Phase oligonucleotide synthesis using the phosphoramidite

chemistry

Standard oligonucleotide synthesis uses a solid support that contains the first
nucleoside covalently linked to the support via a linker which gets hydrolyzed during the
post synthesis cleavage step. Since this forms the 3’-terminal residue of the oligomer, four

solid supports are required for DNA synthesis and another four for RNA synthesis.

A universal support does not have the limitation of 3’-nucleoside attached. Rather,
the 3’-end nucleoside is added in the first cycle, giving an undesired phosphate linkage

which gets removed during the cleavage/deprotection steps. (Scheme 3) Following are the

MeO,, O OMe

o)
DMTrO O N
NH Q
P, o]
o A5
o_ B \QB
O OH
O—P, o- % “‘\\O o
o - O/P\o
o_B o_ B
B ————
< O OH HO OH
+
0= ,':C?_ OMe B \\OMe
N o o ‘
o) ., 7 \0 .,
W “OMe o OMe

Scheme 3. Universal support structure and dephosphorylation cleavage mechanism (Commercial product from
Glen Research, 22825 Davis Drive, Sterling, Virginia 20164 USA).
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advantages of using universal supports in DNA/RNA oligomer synthesis. (a) It eliminates
the need for four supports for DNA synthesis and four additional supports for RNA
synthesis. (b) It simplifies the synthesis of oligomers with a modified or unusual nucleoside
at the 3’-terminus.’® This support was conveniently used for the synthesis of 2’-5’
oligonucleotides in the present work without the need of synthesizing individual solid

support for each 3’-deoxy-2’-nucleoside.

The principle of phosphoramidite chemistry was developed by McBride and
Caruthers in 1983 (Scheme 4).*' The phosphitylated nucleoside or the phosphoramidite

could be made in advance, isolated as a stable solid and stored under andydrous conditions.
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(o]
\P’o/\/CN + OM
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step 3: Capping
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OWKO
o

n— |
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Scheme 4. The oligonucleotide synthetic cycle.
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The solid phase synthesis is done in the 3’- 5° direction, on a solid support (CPG or
polystyrene based) with the required 3’-end nucleoside attached to it via a linker .The
A,G,C,T monomers are protected at the 5’-end with a lipophilic, acid labile 4, 4’-
dimethoxytrityl group and the exocyclic amines of nucleobases are protected with base
labile protecting groups. The coupling of each monomer takes place via an elegant
synthetic cycle (Scheme 4). Repetitions of the four steps in the cycle gives rise to the 3°-5°
linked requisite oligonucleotide. In the post synthetic treatment the synthesized
oligonucleotide is cleaved from the support by aqueous ammonia treatment which also
removes inter-nucleoside [-cyanoethyl phosphate protection, the exocyclic amino
protection of the bases and the 2’-end sugar residue to get a completely modified 3°-5’
DNA. The crude oligomer is then desalted and purified by RP-HPLC and characterized by
MALDI-TOF mass spectrometry.

2.4. Synthesis, purification and characterization of modified isoDNA

sequences

We used the same synthetic strategy for the SPS synthesis of 2’-5’ iSODNA
oligomers using universal support. The synthetic cycle is given in Scheme 5. The first base
was attached to the universal support giving an undesired phosphate linkage which gets
removed during the cleavage/deprotection steps as depicted in Scheme 3. Commercially
available protected 3’-deoxy phosphosphoramidite building blocks (Figure 7) were used

when the sites were unmodified.

NHBz o] o NHBz
NN NH N NH S
«ry \(ltf\\ CT N Nwe, N
DMTr-0 NN o N" NN N
r ‘\<i7 DMTr—O\QN DMTr-OW DMTr-O\Q o
P’o 0 P’o o
isopr),N—R . -4 i -R - -P
(isopr):N"T5~ CN (isopr,N R~ _cN (isopr)zN""g~CN (isopr)2N""y~_CN
3'-dA-CE Phosphoramidite 3'-dT-CE Phosphoramidite 3'-dG-CE Phosphoramidite 3'-dC-CE Phosphoramidite

Figure 7. 3’-deoxy phosphosphoramidite monomers
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Scheme 5. 2’-5’-Oligonucleotide synthetic cycle.

The

miRNAdown-regulation,” and DNA-2 which is used in the splice-correction assay

developed by Kole et al.*
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N-type and S-type phosphoramidite monomers (Figure 8, 14 and 23)
characterized by *'P NMR were incorporated into 2’-5’iSODNA oligonucleotides. Two

18mer sequences of biological relevance were selected, namely DNA-1, which is used for
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31P NMR 150.728, 152.148 3P NMR 150.785, 152.025.

Figure 8. Modified phosphoramidite building blocks.

The solid phase synthesis of control sequences 2’-5’-linked 2’DNA-1 and 2’DNA-2
was successfully completed on a Bioautomation, Mermade -4 DNA synthesizer with
commercially available 5’-DMT- 3’-deoxy-2’-phosphoramidite building blocks using the
universal support columns so as to get a 2’terminus for the synthesized sequence (Scheme
5). The modified units were coupled at pre-determined positions by double coupling and an
extended coupling time to achieve maximum yields of the synthesized oligomers. The
synthesized oligonucleotides were treated with aqueous ammonia solution at 55°C for six
hours for cleavage from solid support and removal of all protecting groups. The crude
oligomers were desalted on G-25 Sephadex NAP colums followed by purification using
RP-HPLC. Their purity was also re-checked by analytical HPLC prior to their use in
experiments. The synthesized sequences were characterized by MALDI-TOF mass
spectrometric analysis (Table 2). The control and complementary DNA oligonucleotides
were synthesized as shown in Scheme 4. After the post synthetic treatment they were
purified by RP-HPLC, characterised by MALDI-TOF mass and used for the UV T,
experiments. These are listed in Table 3. The two complementary RNA oligonucleotides
for the DNA-1, DNA-2, 2’DNA-1 and 2’DNA-2 sequences were obtained from Sigma
Aldrich.
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Table 2. N-type (U") and S-type (U®) modified sequences, HPLC and MALDI-TOF mass.
Code No Sequence HPLC Mass Mass
(tr) mins. (calcd.) (obsd.)
2’DNA-N-1s > CACCATTGTCACACU"CCA* 6.70 5377 5376
2’DNA-N-1d  °CACCATTG U CACACU"CCA* 7.05 5391 5391
2’DNA-N-1t  °CACCAU'TGU"CACACU"CCA* 825 5405 5405
2’DNA-N-2s > CCTCTTACCTCAGTU ACA* 1152 5383 5386
2’DNA-N-2d > CCTCTTACCU"CAGTU"ACA* 11.63 5397 5401
2’DNA-N-2t > CCTCTU'ACCU'CAGTUYACA* 10.64 5411 5409
2’DNA-S-1s > CACCATTGTCACACUSCCA* 580 5377 5380
2’DNA-S-1d  °CACCATTGU CACACU’CCA* 6.60 5391 5395
2’DNA-S-1t > CACCAUTGU°CACACUPCCA* 730 5405 5404
2’DNA-S-2s > CCTCTTACCTCAGTUSACA* 13.00 5383 5389
2’DNA-S-2d  °CCTCTTACCU*CAGTUACA* 13.20 5397 5395
2’DNA-S-2t  °CCTCTUPACCUSCAGTU ACA* 11.75 5411 5408

Table 3. Control and complementary DNA and iSODNA sequences, HPLC tg and MALDI-TOF mass.

Code No Sequence HPLC(tr ) Mass Mass
(min) (calcd.)  (obsd.)

DNA-1 SCACCATTGTCACACTCCA® 10.58 5363 5364

DNA-2 SCCTCTTACCTCAGTTACA® 12.70 5369 5368

c¢DNA-1 ¥ TGGAGTGTGACAATGGTG? 10.04 5634 5645

cDNA-2 STGTAACTGAGGTAAGAGG® 10.56 5627 5633

2’DNA-1 SCACCATTGTCACACTCCA? 8.91 5363 5363

2’DNA-2 SCCTCTTACCTCAGTTACA?Y 8.82 5369 5366

RNA-1 5"UGGAGUGUGACAAUGGUG 3’ Purchased from

RNA-2 5UGUAACUGAGGUAAGAGG 3’ Sigma Aldrich.
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2.5. UV melting studies of the modified isoDNA sequences

The thermal stability of the iISODNA complexes with the complementary DNA/RNA
was evaluated by conducting UV T,,, experiments. HPLC purified sequences were annealed
with the complementary DNA /RNA oligonucleotide. The strand concentration taken was
1uM in sodium phosphate buffer 10mM containing 150mM NaCl. The UV melting (T,
determination) was carried out by monitoring the absorbance at 260nm wavelength by
heating the annealed samples from 10°C to 85°C. The UV chamber was gently purged with
a stream of N, gas to remove traces of moisture from condensing on the cuvettes. The
melting temperatures of the modified N-type and S-type locked iISODNA oligonucleotide
duplexes with complementary RNA were determined. The melting temperatures were
obtained from the maxima of the first derivatives of the melting curves (Az60 nm VErsus
temperature) these were compared with the unmodified control 2’DNA-1 and 2’DNA-2
duplexes respectively. The results obtained for the ISODNA:RNA complexes are

summarised in Table 4.

Table 4. Comparative UV T, values of the N-type (I") and S-type (I/*) modified sequences (A Ty, gives the
difference in T, between the control and modified sequence).

Sr. Code No. Sequence RNA ATn
No. UV T,(°C)

1.  2’DNA-1 “CACCATTGTCACACTCCA® 50.5 0.0

2.  2DNA-N-1s “CACCATTGTCACACU"CCA* 49.4 -1.1

3. 2’DNA-N-1d > CACCATTGU"CACACU“CCA* 42.8 7.7
4. 2’DNA-N-1t “CACCAU'TGU"CACACU"CCA* 42.3 -8.3

5.  2'DNA-S-1s  >CACCATTGTCACACI’CCA* 51.0 +0.5
6. 2’DNA-S-1d *CACCATTGL’CACACU°CCA* 52.8 +2.3
7.  2DNA-S-1t  *CACCAU’TGU’CACACICCA* 50.3 -0.2

8. 2'DNA-2 CCTCTTACCTCAGTTACA® 46.0 0.0

9. 2’DNA-N-2s >CCTCTTACCTCAGTU"ACA* 46.4 +0.4
10. 2°DNA-N-2d >CCTCTTACCU“CAGTU"ACA* 41.9 4.1

11. 2°DNA-N-2t CCTCTU ACCU“CAGTU ACA* 41.9 4.1

12. 2°DNA-S-2s  >CCTCTTACCTCAGTU’ACA* 47.0 +1.0
13. 2°DNA-S-2d  °CCTCTTACCIU’CAGTIU®ACA* 46.7 +0.7
14. 2°DNA-S-2t  *CCTCTUACCUPCAGTU ACA? 47.2 +1.2
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The iISODNA sequences in this study did not bind to complementary DNA, thus
showed specific binding to RNA as earlier reported by Damha et al. ®*° for the iSORNA

sequences (Figure 10).
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Figure 10. UV-melting plots and corresponding first derivative curves of complexes of DNA1 and DNA2
with complementary RNA1, RNA2 and complementary cDNA1 cDNA2 respectively.

Sharp, well-defined sigmoidal melting curves were observed for the complexes with
complementary RNA with a 10-20% hyperchromicity at 260 nm, while complexes with
complementary DNA gave no sigmoidal transition, indicating no complex formation. As
seen from the entries in Table 4 and the UV T,, plots for the complexes containing modified
2’DNA-1 and 2’DNA-2, the S-type locked units were found to favour stable duplex
formation with the complementary RNA (Figurel1). The N-type locked units, on the other
hand, caused destabilization of the complexes with RNA (Figure 12).
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Figure 11. UV-melting plots and the respective first derivative curves of modified 2’DNA-1 of the S-type
locked duplexes.
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Figure 12. UV-melting plots and the respective first derivative curves of modified 2’DNA-1 of the N-type
locked duplexes.

The stabilization increased with the increasing number of S-type modified units
Table 4 entries5 and 6 (A T,= +0.5,+ 2.3°C). Likewise, destabilization was also more with
increasing number of N-type units as seen from entries 2 and 3 (A T, = -1.1, -7.7°C). The
triple S-type modified 2’DNA-1 sequence 7 was almost as stable as the control, whereas
the triple N-type modified 2’DNA-1 sequence 11 was destabilised even more (A Ty, =-0.2,
-8.3°C; entries 7 and 4 respectively). A similar increasing stabilization and destabilization
pattern was seen for the S-type and N-type modified 2’DNA-2 sequence. A single N-type
unit showed a slight stability however, double and triple N-type units considerably
destabilized the sequences (AT, = +0.4, -4.1,-4.1°C; entries 9, 10 and 11, Table 4, Figure
13). The S-type 2’DNA-2 sequences gave stable duplexes for single, double and triple
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modifications (A T, = +1.0, +0.7,+1.2°C, entry nos. 12, 13 and 14, Table 4, Figure 14).
The stabilization caused by the S-type locked monomer (U%) and the destabilization caused
by the N-type locked monomer (UY) were in accordance with the prediction of S-type
conformation for the iSODNA strand in an iSODNA:RNA duplex.” However the
pseudoequitorial orientation of the nucleobase in the U® unit results in weaker stacking and
hydrogen bonding interactions'** in comparison with the nucleobase being in the
pseudoaxial orientation (as in U™ unit and LNA modification). Hence the stability shown
by the U® unit was not as large as that by LNA. (AT, ~ +4°C/modification)'® in 3’-5’-
LNA:RNA duplexes. Thus the results obtained from this study confirm that in
iISODNA:RNA duplexes, the DNA strand would prefer to assume S-type geometry that is
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Figure 13. UV-melting plots and the respective first derivative curves of modified 2’DNA-2, of the N-

type locked duplexes.
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Figure 14. UV-melting plots and the respective first derivative curves of modified 2’DNA-2, of the S-
type locked duplexes.
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complemented by S-type locked units and the stability could be enhanced further,

depending on the flanking base in the sequence.
2.6. CD spectroscopy of the duplexes

The duplex formation was further confirmed, for the sequences in the present
studies, by CD spectroscopy of the 2’DNA-1 modified oligomers containing both S-type
and N-type units, and the unmodified 2’DNA1 complexes with the complementary RNA
sequence (Figure 15). CD spectra of the duplexes were similar for all complexes and
resembled the A-type DNA:RNA duplex spectra,®* when compared to the CD spectrum of
3’-5’-linked DNA1:cDNA-1 duplex- B-type. The structural features adopted due to the
incorporation of modified units were not found to alter the overall structural features of the

complexes formed, although the thermal stability was affected.
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Figure 15. CD spectra of duplexes

2.7. Stability of the modified and unmodified 2’-5’-linked oligonucleotides

towards snake venom phosphodiesterase (SVPD)

The stability of unmodified and modified 2’-5’-linked oligonucleotides towards the
3’-exonuclease, snake venom phosphodiesterase (SVPD) was examined and compared with

the natural DNA. The oligonucleotides in this study were incubated at 37°C in the presence
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of SVPD, and the reaction was monitored by RP-HPLC to determine the percentage of
intact oligonucleotides at several time intervals (Figure 16).
The natural 3°-5’-ssDNA was completely digested within thirty minutes. The 2°-5’-

linked 3’-deoxy-oligonucleotides were found to be stable under these conditions, however
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Figure 16. Stability assay of the 2’-5’oligonucleotides towards degradation by SVPD.
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Figure 17: RP-HPLC runs overlay (Black-2min, red-5min, blue-10min, , magenta-120min.)
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the 2’-terminal of the sequence, when a 3’deoxy-riboadenosine -5’-phosphate, was cleaved.
SVPD is known to cleave the tetrameric 2’-5’-adenine sequences,’> and the sequences used
in this study contain an adenine base at the 2’-end.This was investigated by collecting the
HPLC peak seen as a one base deletion. The peak was identified by MALDI-TOF mass
taken and was confirmed to be as the oligomer with one adenosine-5’-phosphate unit
deleted. As an additional confirmation, an unmodified 2’-5’linked oligonucleotide 2’ DNA-
3  GAAGGGCTTCTTCCTTAT?) was synthesized. This sequence had a thymine base at
the 2’end which when treated with SVPD remained stable towards the 3’-exonuclease
cleavage (Figure 17).

In conclusion, the 2’-5’linked oligonucleotides were found to be resistant to
digestion by the 3’-exonuclease SVPD, except for the hydrolytic cleavage of the 2’-end

adenosine-5’-phosphate.
2.8. Summary

1. Synthesis and characterization of the N-type and S-type locked monomer building
blocks was achieved.

2. Conformations of the N-type and S-type nucleoside analogues was determined using
the HI’-H2’NMR coupling constants and NOE experiments.

3. 2°-5’-linked unmodified oligonucleotides and modified oligonucleotides containing N-
type locked and S-type locked units were synthesized and characterised by MALDI-
TOF.

4. UV melting studies confirmed the stabilization of oligonucleotides with S-type locked
units and destabilization of the oligonucleotides containing N-type locked units.

5. CD analysis supported the A type duplex formation of the iISODNA:RNA duplexes.

6. The 2’-5’-linked unmodified oligonucleotides and modified oligonucleotides were

found to be resistant to 3’-exonuclease SVPD digestion.
2.9. Conclusion

The introduction of locked N-type and S-type nucleoside analogues in 2’-

5’oligonucleotides was thoroughly investigated. The results indicate that in the 2°-5’-linked
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oligonucleotides preferred geometry of the furanose ring is S-type. Thus the present
findings confirm that in iSODNA:RNA complexes, the DNA strand would prefer to assume
S-type geometry that is complemented by furanose ring locked in S-type geometry
resulting in A-type duplexes. The stability of these oligonucleotides towards SVPD is
definitely better than the natural 3’-5’-phosphodiester linked oligomers, with the exception

of a 2’-terminal adenosine-5’-phosphate.
2.10 Experimental

General remarks: All the reagents were purchased from Sigma-Aldrich and used without
further purification. DMF, ACN, were dried over P,Os and CaH; respectively and stored by
adding 4 A molecular sieves. Pyridine, TEA were dried over KOH and stored on KOH.
THF was passed over basic alumina and dried by distillation over sodium metal. Reactions
were monitored by TLC. TLCs were run in either Petroleum ether with appropriate quantity
of EtOAc or DCM with an appropriate quantity of MeOH for most of the compounds. TLC
plates were visualized with UV light and iodine spray and/or by spraying perchloric acid
solution and heating. Usual reaction work up involved sequential washing of the organic
extract with water and brine followed by drying over anhydrous Na,SO4 and evaporation of
the solvent under vacuum. Column chromatographic separations were performed using
silica gel 60-120 mesh (Merck) or 200- 400 mesh (Merck) and using the solvent systems
EtOAc/Petroleum ether or MeOH/DCM. TLC was run using pre-coated silica gel GF254
sheets (Merck 5554).

'H and ">C NMR spectra were obtained using Bruker AC-200, AC-400 and AC-500
NMR spectrometers. The chemical shifts (8/ppm) are referred to internal TMS/DMSO-dg
for 'H and chloroform-d/DMSO-d; for °C NMR. 'H NMR data are reported in the order of
chemical shift, multiplicity (s, singlet; d, doublet; t, triplet; br, broad; br s, broad singlet; m,
multiplet and/ or multiple resonance), number of protons. Mass spectra were recorded on
APQSTAR spectrometer, LC-MS on a Finnigan-Matt instrument. DNA oligomers were
synthesized on CPG solid support using Bioautomation MerMade 4 synthesizer. The RNA

oligonucleotides were obtained commercially (Sigma-Aldrich). RP-HPLC was carried out
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on a CI18 column using either a Varian system (Analytical semi-preparative system
consisting of Varian Prostar 210 binary solvent delivery system, a Dynamax UV-D2
variable wavelength detector and Star chromatography software) or a Waters system
(Waters Delta 600e quaternary solvent delivery system with 2998 photodiode array detector
and Empower2 chromatography software). MALDI-TOF spectra were recorded on a
Voyager-De-STR  (Applied Biosystems) MALDI-TOF instrument or AB Sciex
TOF/TOF™ Series Explorer™ 72085 instrument and the matrix used for analysis was
THAP (2’°, 4°, 6’-trihydroxyacetophenone). UV experiments were performed on a Varian
Cary 300 UV-VIS spectrophotometer fitted with a Peltier-controlled temperature
programmer. CD spectra were recorded on a Jasco J-715 Spectropolarimeter, with a

ThermoHaake K20 programmable water circulator for temperature control of the sample.
2.10.1 Synthesis of compounds/monomers

1,2:5,6-diisopropylidene D-Glucofuranose (2)

o) o D-Glucose 1, (10.0 g, 55.5 mmol) and anhydrous CuSO4 (17.5 g,
74(%@0 1.1 mmol) were mixed together and 100 mL dry acetone was
HO 0)< added. After vigorous stirring for few minute at ice cold

2 temperature, catalytic amount of conc. H,SO4 (0.6 mL) was

added dropwise. Reaction mixture was stirred at room temperature for 48 hrs. TLC showed
complete product formation. The reaction mixture was neutralized with saturated aqueous
solution of K,COs3. The reaction mixture was filtered and the filterate along with acetone
washings was concentrated to thick syrup. Co-evaporation with dichloromethane and

petroleum ether gave a white solid. The crude product was recrystallized from petroleum

ether to obtain compound 2 as a white solid. Yield: 8.1 g, 56%.

'"H NMR (200MHz, CDCls): 6 1.32 (s, 3H, CH3), 1.37 (s, 3H, CH3), 1.45 (s, 3H, CH3), 1.50 (s,
3H, CHj), 2.57 (d, 1H, J=3.66 Hz, exchanges with D,0, 3-OH), 3.95-4.21 (m, 3H, H4, H6), 4.29-
439 (m, 2H, H3, H5), 453 (d, 1H, J = 3.66Hz, H2), 5.95 (d, 1H, J = 3.67 Hz, H1). "C NMR
(50MHz, CDCls): & 25.1, 26.1, 26.7, 26.8, 67.6, 73.4, 75.1, 81.0, 85.0, 105.2, 109.6, 111.8.
Mass (ESI): m/z 260.1260, found 283.2372 (M+Na").
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1, 2:5, 6-Di-O-isopropylidene-a-D-ribohexofuranose-3-ulose (3)

0 o Pyridinium chlorochromate (5.3 g, 24.5 mmol) and powdered
740 o) molecular sieve (30 g) were added to compound 2 (1.3 g, 5.0
o O)< mmol) in dry CH,Cl, (100 mL) and the mixture was stirred

3 at room temperature for 18 hrs. The resulting suspension was

diluted with diethylether (50 mL) and filtered through a silica gel bed. Several washings
were added till collected fractions showed no product spot on TLC. The solvent was
removed from filtrate to give the crude compound 3 as pinkish white solid which is

unstable in nature, therefore was used for next reaction immediately. Yield: 1.2 g, 93 %.

IR (CHCL): vimax 3457, 2938, 2990, 1772, 1375, 1217, 1073.78, 846, 757.28 667.73.

1, 2:5, 6-Di-O-isopropylidene-a-D-allofuranose (4)

o) o The compound 3 (1.3 g, 5.03 mmol) dissolved in mixture of
74%0 MeOH (40 mL) and H,O (10 mL) and cooled to 0°C. NaBH,
HO‘\‘ o (0.476 g, 12.5 mmol) was added in portions over half hour and

4 reaction mixture stirred for 2 hrs. Reaction mixture was
concentrated to remove methanol. Reaction mixture was then neutralized with sat. aqueous
solution of NH4Cl, extracted with CH,Cl,, followed by water wash and drying over

Na,SO4. Removal of solvent yielded a sticky liquid which on coevaporation with petroleum

ether gave a white solid. Yield: 0.860 g, 65.6%.

"H NMR (200MHz, CDCl;) : § 1.38 (s, 3H, CH3), 1.39 (s, 3H, CH3), 1.47 (s, 3H, CHj),
1.59 (s, 3H, CH3), 2.63 (d, 1H, exchanges with D,0, 3-OH), 3.79-3.86 (dd, J=4.26 and 8.4,
1H, H3), 3.98-4.13 (m, 3H, H6, H4), 4.36-4.27 (m, 1H, H5), 4.60-4.65 (dd, 1H, J=5.06,
3.92Hz, H2), 5.83 (d, 1H, J= 3.8Hz, H1). *C NMR (50MHz, CDCl3): § 25.2, 26.2, 26.4,
26.5, 65.7, 72.4, 75.5, 78.9, 79.6, 103.8, 109.8, 112.8. Mass (ESI): m/z 260.1260, found
283.2372 (M+Na").

1, 2:5, 6-di-O-isopropylidene-3-O-p-toluenesulphonyl-a-D-allofuranose (5)
The substrate 4, well dessicated (0.860 g, 3.307 mmol) was dissolved in 14 mL dry
pyridine and cooled to 0°C. p-Toluenesulfonyl chloride (0.94 g, 4.95 mmol) was added in
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small portions and the reaction mixture was stirred for 2 hrs at

o) o room temperature. Pyridine was removed under reduced
%;X\\(IO pressure. Crude product was extracted with CH,Cl,, washed
’ with aqueous sodium bicarbonate and water. The extract was
/©/ © 5 dried over Na;SO4, concentrated and coevaporated with
petroleum ether to give a white solid. The crude product was

purified by silica gel (60-120 mesh) column chromatography using EtOAC / Petroleum
ether (3:7) to offer the compound 5 as white solid. Yield: 0.920 g, 67% yield.

"H NMR (200 MHz, CDCLs): & 1.29 (s, 3H, CHs), 1.30 (s, 3H, CH3), 1.33 (s, 3H, CH3),
1.53 (s, 3H, CH3), 2.45 (s, 3H, Tos-CHj3), 3.74-3.82 (m, 1H, H6), 3.90-3.97 (m, 1H, H6),
4.10-4.24 (m, 2H, H4, H5), 4.62-4.69 (m, 2H, H3, H2), 5.77 (d, 1H, J=3.42Hz, H1), 7.37
(d, 2H, Ar), 7.89 (d, 2H, Ar). *C NMR (50MHz, CDCls): & 21.6, 25.0, 26.0, 26.5, 26.6,
65.1, 74.5, 76.4, 76.9, 77.9, 103.7, 109.8, 113.5, 128.3, 129.6, 133.0, 145.1. Mass (ESI):
m/z 414.1348, found 437.3269 (M+Na")

1, 2-O-isopropylidene-3-0-p-toluenesulphonyl-a-D-allofuranose (6)

Compound 5 (1.3 g, 3.14 mmol) was dissolved in 20 mL

HO
HOJ\C’I methanol and 0.8% aqueous H,SO4 added to it. Overnight
(0]
8 )< stirring at room temperature gave the required selectively

~ O
A\ /O
SN hydrolysed product. After neutralizing the reaction mixture with
0]
/©/ 6 aqueous K,COs, solvent was removed to get a white solid which

was extracted with 15% methanol in ethyl acetate. The organic phase was dried over
anhydrous Na,;SO4. The crude white solid obtained on solvent removal was used without

any further purification. Yield: 1.0 g, 84 %.

"H NMR (200 MHz, DMSO-de):5 1.20 (s, 3H, CH3), 1.41 (s, 3H, CHz), 2.42 (s, 3H, CH;-
Tos), 3.12-3.17 (m, 2H, H6), 3.56 (m, 1H, H5), 4.05-4.10 (m, 1H, H4), 4.49-4.53 (m, 1H,
H2), 4.57-4.62 (m, 1H, OH, exchanges with D,0), 4.75-4.81 (m, 1H, H3), 4.97-4.99 (bd,
1H, OH, exchanges with D,0), 5.7 (d, 1H, H1, J= 3.58Hz), 7.46-7.50 (d, 2H, Ar, J=
8.02Hz), 7.80-7.84 (d, 2H, Ar, J= 8.58Hz). Mass (ESI) 374.1035, found 397.04 (M+Na")
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3, 6-anhydro-1,2-isopropylidene-a-D-glucofuranose (7)

HO Compound 6 (1.0 g, 0.267 mmol) was treated with 40 mL of

@. 0 sodium methoxide in methanol (0.125M) and the reaction heated at
@]
>V 60°C for 3h. Reaction mixture was moistened with 1mL water and

‘
O]
7 neutralized with H' resin. Reaction mixture was filtered quickly and
the resin washed with methanol. The filtrate was concentrated to give sticky solid which
was column purified on a silica gel column using and EtOAc/ petroleum ether as an eluant.

The compound eluted in 35% ethyl acetate in petroleum ether. Yield: 0.422¢g, 78.18%.

"H NMR (200MHz, DMSO-d6): § 1.26 (s, 3H, CH3), 1.39 (s, 3H, CHs), 3.30-3.38 (m, 1H,
H6), 3.71-3.78 (m, 1H, H6), 4.05-4.18 (m, 1H, H5), 4.37-4.39 (m, 1H, H3), 4.51-4.52 (m,
1H, H2), 4.56-4.60 (dd, 1H, H4, J= 3.92Hz), 5.03-5.07 (d, 1H, OH, J=6.7 Hz, exchanges
with D,0) 5.92 (d, 1H, H1, J= 3.68 Hz). Mass (ESI) 202.0841, found 225.2823 (M+Na"),
241.2968 (M+K")

5-0-allyloxy-3, 6-anhydro-1,2-isopropylidene-glucofuranose (8)

0 Compound 7 (0.46 g, 2.28 mmol) was dissolved in dry

dichloromethane (9 mL). Anhydrous pyridine (0.38 mL) was
% 'O added and the reaction mixture was cooled to 0°C in an ice-
o bath. Allyloxycarbonyl chloride (0.3 mL, 2.91 mmol) was
added dropwise and then the reaction was stirred at room temperature for 2 hrs. TLC
showed absence of starting compound. The reaction mixture was extracted with CH,Cl,,
followed by water wash and drying over sodium sulphate. Removal of solvent yielded a

sticky gum having compound 8, which was used without any further purification.

'"H NMR (200 MHz, CDCls):8 1.34 (s, 3H, CHs), 1.49 (s, 3H, CHs), 3.78-3.86 (m, 1H,
H6), 4.00-4.08 (m, 1H, H6), 4.54-4.56 (d, 1H, J= 3.66, H3), 4.61-4.67 (m, 3H, H2, H4,
HS), 4.99-5.09 (m, 2H, allyl-H), 5.25-5.43 (m, 2H, allyl-H), 5.84-6.03 (bm, 1H, allyl-H)
6.00 (d, 1H, J= 3.55 Hz, H1). ®C NMR (50MHz, CDCl;): & 26.7, 27.3, 68.7, 68.8, 76.0,
80.7, 84.8, 85.2, 107.1, 112.7, 119.1, 131.1, 154.1. HRMS (ESI) calcd. for C;3H;90
(M+H+) 287.1125, found: 287.1123.
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1,2-di-0O-acetyl-3,6-anhydro-5-O-allyloxy-a,B-glucofuranose (9)

o Compound 8 was desiccated (1.50 g, 0.52 mmol) and
=/\o/u\o dissolved in acetic acid (16 mL). Acetic anhydride (1.6 mL)
@'IOAC was added, after cooling the reaction flask to 10°C, followed

© ., by dropwise and slow addition of concentrated sulfuric acid

9 (0.16 mL). The reaction mixture was stirred overnight at

room temperature. TLC indicated complete product formation. The reaction was quenched
with ice and 5% aqueous NaHCOs3, then extracted with CH,Cl,, followed by water wash
and drying over sodium sulphate. After solvent removal the crude product was purified by
silica gel column chromatography using petroleum ether and ethyl acetate as eluants. The

compound 9 was eluted in 30% ethyl acetate in petroleum ether. Yield: 1.32 g, 76.3%.

IR (CHCL3): Vimay (cm™) 3024, 1749, 1650, 1428.16, 1371.84, 1266.85, 1114.45, 1061.37,
1024.79, 957.51, 879.82, 755.49, 667.5, 599.59. '"H NMR (200 MHz, CDCls): & 2.07 (s,
3H, CH3), 2.09 (s, 3H, CH3), 3.84-3.92 (m, 1H, H6), 4.05-4.11 (m, 1H, H6), 4.64-4.67 (m,
2H, allyl-H), 4.78 (dd, 1H, J=5.56, 3.66Hz, H3), 4.98 (m, 1H, H4), 5.15 (m, 1H, HS), 5.26-
5.31 (m, 2H, allyl-H), 5.41 (m, 1H, H2), 5.84-6.23 (m, 1H, allyl-H), 6.52 (d, 1H, H1, J=
4.2Hz). *C NMR (50MHz, CDCls): § 20.3, 20.75, 68.4, 68.5, 74.9, 80.3, 83.0, 85.2, 100.2,
118.7, 131.0, 153.8, 169.0. HRMS (ESI) calcd. for C;4H;309Na (M+Na+) 353.0843, found:
353.080

2’-0-acetyl-3’,6’-anhydro-5’-0-allyloxy-uridine (10)

o 0 Compound 9 (1.11 g, 3.36mmol), obtained from the
:/\OJL fj\ NH  previous step was dissolved in anhydrous acetonitrile (35
o N7 "0 mL). Reaction flask was flushed with nitrogen and uracil

O (045 g, 403 mmol) was added. N,O-

10 ‘onc Bis(trimethylsilyl)acetamide (BSA) (0.27 mL, 1.1 mmol)

was added to the reaction flask under nitrogen atmosphere. Then the reaction mixture was
refluxed at 70°C for one hour, followed by cooling in an ice bath. TMSOTf (0.23 mL, 1.27

mmol) was added slowly with a syringe and the reaction mixture was refluxed for three
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hours. TLC showed disappearance of starting material and appearance of a lower moving
UV-positive spot which charred on acid spraying and heating. The reaction mixture was
cooled to room temperature, diluted with dichloromethane, washed with NaHCO; and
water, dried over sodium sulphate followed by solvent removal. The crude product was
purified by silica gel column chromatography using dichloromethane and methanol as

eluants. Compound 10 eluted in 2.5% methanol in dichloromethane. Yield: 1.19g, 92.96%.

IR (CHCL): vinax (cm™") 3391.85, 3020.46, 2924.68, 2853.76, 1751.23, 1694.89, 1458.89,
1381.57, 1265.47, 1216.15, 1090.08, 1060.10, 758.86, 668.59. '"H NMR (200 MHz,
CDCly): § 2.13 (s, 3H, CHs), 4.09-4.12 (m, 2H, H6’, H6”), 4.54-4.57 (dd, J=4.55 Hz, 1H,
H3’), 4.62-4.66 (m, 2H, allyl-H), 4.96 (m, 1H, H5"), 5.15-5.32(m, 3H, H4' and allyl-2H),
5.41 (m, 1H, H2"), 5.79-6.01 (m, 2H, allyl-H, H5), 6.24 (d, 1H, HI’, J= 3.88Hz), 7.62 (d,
1H, J=8.21 Hz, H6), 8.84 (bs, 1H, NH). *C NMR (50MHz, CDCl;): § 20.4, 69.0, 70.9,
76.0, 79.2, 81.2, 85.5, 90.5, 103.4, 119.4, 130.8, 139.7, 150.3, 153.9, 163.1, 169.4. HRMS
(ESI) calcd. for C1gH 506N, (M+H+) 383.1085, found: 383.1086.

5’-hydroxy-2’-0-acetyl-3’,6’-anhydro-uridine (11)

o) Compound 10 (1.19 g, 3.14 mmol) obtained in the previous step, was
fLNH dissolved in dichloromethane (45 mL). PPh; (0.54 g, 2.06 mmol) was
@/N O added, followed by piperidine (2.0 mL, 0.02 mmol) and
© tris(dibenzylidene acetone) dipalladium [Pd(dba);] (0.15 g, 0.16

1 é Ac mmol). The reaction mixture was stirred for 10 minutes. TLC showed
absence of starting compound. Solvent was removed and the crude product was given a

wash with solvent ether. Column purification done on a silica gel column yielded the pure

compound 5, which eluted in methanol (3.5%) in dichloromethane. Yield: 0.65g, 70%.

"H NMR (200 MHz, CD;0D) : & 2.13 (s, 3H, CH3), 2.95 (d, 1H, J = 7.98Hz, OH), 3.85-
3.88 (m, 1H, H6™), 4.04-4.08 (m, 1H, H6), 4.51-4.52 (m, 2H, H4*, H5), 4.71-4.72 (m, 1H,
H3%), 5.28-5.29 (m, 1H, H2’) 5.82 (d, 1H, H5, J= 8.19Hz), 6.23 (d, 1H, H1’, J = 3.6Hz),
7.59 (d, 1H, H6, J= 8.32Hz), 8.45 (s, 1H, NH). *C NMR (50MHz, CD;0D): § 20.5, 72.3,
73.8, 79.8, 82.7, 85.5, 91.3, 103.8, 140.4, 150.0, 162.4, 169.5. HRMS (ESI) calcd. for
C12H1507 Ny (M+H+) 299.0874, found: 299.0873.
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5’-0O-dimethoxytrityl-2’-0-acetyl-3’,6’-anhydro-uridine (12)

o) The substrate 11 (0.43 g, 1.44 mmol) was co-evaporated with
fJ\NH anhydrous pyridine twice, and then dissolved in anhydrous pyridine

DMTrQ
N0 (10 mL). 4, 4’-Dimethoxytritylchloride (1.46 g, 4.32 mmol) was

o
o} added in one lot. The reaction mixture was stirred overnight at

12 oAc room temperature, when TLC showed a faster moving trityl-
positive spot which charred on acid spraying and heating. The reaction was quenched with
methanol, extracted with dichloromethane, washed with NaHCO; and water, dried over
sodium sulphate, followed by solvent removal. The crude product was purified by silica gel

column chromatography using dichloromethane, methanol and pyridine (0.5%) as eluants.

Compound 12 is eluted in methanol (1.5%) in dichloromethane. Yield: 0.73g, 84.3%.

'H NMR (200 MHz, CDCls): § 2.09 (s, 3H, CHs), 3.22-3.44 (m, 2H, H6’, H6”), 3.80 (s,
6H, OCHs), 4.13-4.30 (m, 3H, H4>, H3’, H5"), 5.14-5.16 (m, 1H, H2"), 5.79 (d, 1H, HS, J=
8.10Hz), 6.05 (d, 1H, HI’, J= 3.4Hz), 6.82-6.87 (m, 4H, DMTr), 7.31-7.5 (m, 9H,
DMTr.),7.81 (d, 1H, H6, J= 8.17Hz), 8.65 (s, 1H, NH). '*C NMR (50MHz, CDCls) § 20.5,
55.2, 70.8, 74.2, 80.4, 82.4, 84.6, 87.5, 90.4, 102.9, 113.3, 172.1, 172.8, 127.8, 129.9,
135.7, 135.9, 139.9, 144.8, 149.7, 150.3, 158.8, 163.1, 169.4. HRMS (ESI) calcd. for
C33H3,00N,Na (M+Na+) 623.2000, found: 623.2000.

5’-0-dimethoxytrityl-2’-hydroxy-3’,6’-anhydro-uridine (13)

o The substrate 12 (0.70 g, 1.16 mmol) was dissolved in AR grade
EJ\NH methanol (50 mL). Aqueous ammonia (15 mL) was added and the
DMTrO |

/go pinkish slightly turbid reaction mixture was stirred for one hour at
N .
0 © room temperature. TLC showed the absence of starting

X compound. The solvents were removed to get a yellowish solid.
OH
13 The solid was redissolved in dichloromethane and given a water

wash. The organic layer was dried over sodium sulfate and concentrated to get a pale
yellow solid foam. Purification was done by silica gel column chromatography using
dichloromethane, methanol and pyridine (0.5%) as eluants. Compound 13 eluted in
methanol (2.5%) in dichloromethane. Yield: 0.62g, 93.2%.
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"H NMR (200 MHz, CDCl;): § 3.21-3.31 (m, 2H, H6', H6"), 3.79 (s, 6H, OCH3), 4.17-4.18
(d, 1H, J=3.52 Hz, H3"), 4.34-4.38 (m, 1H, H4"), 4.44-4.47 (m, 2H, H2', H5"), 5.71 (d, 1H,
J=8.1Hz, H5) 5.79 (s, 1H, H1"), 6.83-6.86 (m, 4H, DMTr), 7.21-7.41 (m, 7H, DMTr), 7.48
(m, 2H), 8.30 (d, 1H, J= 8.1Hz, H6), 10.41 (bs, 1H). Note- Trace amount of pyridine
showed peaks at 7.29 (m, 2H) 7.69 (m, 1H), 8.62 (m, 2H) *C NMR (50MHz, CDCl;): &
55.2, 72.2, 75.0, 80.1, 85.3, 86.7, 88.0, 95.9, 101.2, 113.3-113.4, 123.8, 127.1, 127.8,
128.1, 129.9, 135.8, 136.0, 136.0, 140.6, 144.9, 149.6, 150.8 158.8, 164.2. MS (ESI)
558.2002, HRMS (ESI) caled. for C3;H30OgN,Na (M+Na+) 581.1894, found: 581.1896.

5’-0-Dimethoxytrityl-3’-0,5°-C-methylene (uridine) xylonucleoside-2’-0-
phosphoramidite (14)
o) Compound 13 (0.20 g, 0.36 mmol) was co-evaporated with
NH dry CH,Cl,, and then dissolved in dry dichloromethane (3.0
DMTrQ ﬁ PN 3 .
o N0 mL). Diisopropylethylamine (DIPEA) (0.19 mL, 1.07 mmol)
O was added, followed by chloro (2-cyanoethoxy)-N, N-
B g\ ._cn diisopropyl amino)-phosphine (0.16 mL, 0.72 mmol) at 0°C.
NT O The reaction mixture was stirred under argon atmosphere at
H >> room temperature for 3 hours, when TLC indicated the

absence of starting material. The reaction mass was diluted with dichloromethane, washed
with NaHCO; and water, dried over sodium sulphate, followed by solvent removal. The
crude product was purified by silica gel column chromatography using a 1:1 mixture of

dichloromethane:ethylacetate and 1% triethylamine. Yield: 0.16g, 58.9%.

3P NMR (50 MHz, CDCls) : 150.7, 152.0. HRMS (ESI) calcd. for C40H49OoN4(M+H+)
759.3153 found: 759.3155, CaoHasOsNsNa (M+Na+) 781.2973 found: 781.2974, and
C40H4909N4 K(M+K+) 797.2712 found: 797.2712.

2°,3’-0-cyclohexylidene-uridine (16)

To a mixture of uridine (5.0 g, 20.49 mmol) and pTSA (0.352 g, 2.0492 mmol), was added
cyclohexanone (30 mL). The reaction was stirred at room temperature for overnight. It was

warmed at 40-50°C, 3h, when a clear solution was obtained and TLC indicated
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consumption of starting material and appearance of a faster-moving
E‘\NH spot. Addition of petroleum ether resulted in the precipitation of a
HO ° | N/&O white solid, which was filtered off and washed thoroughly with
petroleum ether. It was then dried by desiccation to afford the desired

03 f’o 16 product 16 in pure form. Yield 6.30 g, 95 %.

"H NMR (CDCl;, 200MHz) : § 1.75, 1.58, 1.40 (m, 10H, cyclohexyl
CH,x5), 3.48 (br, 1H, OH), 3.86 (m, 2H, H5°,H5™), 4.29 (m, 1H, H4"), 4.93 (dd, J=3.29,
6.32Hz, 1H, H3"), 5.01 (dd, J=2.78,6.31Hz, 1H, H2’), 5.65 (d, J;»=2.65Hz, 1H, H1), 5.74
(d, J=8.09Hz, 1H, H5), 7.46 (d, J=8.09Hz, 1H, H6), 9.88 (s, 1H, N3H), *C NMR (CDCl;,
50.32MHz): & 37.0, 34.6, 24.8, 23.9 and 23.5, 62.4, 79.9, 83.3, 87.1, 95.3, 102.5, 115.1,
143.1, 150.5, 163.9. Mass (ESI) 324.1321, found 325.7817 (M+H").

5’-aldehydo- 2°,3’-O-cyclohexylidene-uridine (17)

o) 2’,3’-0O-cyclohexylidene-uridine 16 (0.2 g, 0.62 mmol) was dissolved
E\LNH in acetonitrile (20.0ml). To this, IBX (0.519 g, 1.85 mmol) was
0= o _N" 0 added and the mixture was heated at 80°C, 2.5h, when TLC

examination revealed absence of starting material. The reaction was

allowed to cool to r.t. and then, cooled on ice, before filtering off the
é IBX through a pad of Celite. The filtrate was concentrated, adsorbed
17 on silica gel and immediately purified by short column

chromatography on silica gel (60-120 mesh). Elution was carried out from 10 to 50%
acetone/petroleum ether. The pure fractions were concentrated to give a solid white foam

which was used for next reaction. Yield 160 mg, 76.5%.

Mass (EST) 322.1165, found 323.2378 (M+H")
2°,3’-0-cyclohexylidene-4'-hydroxymethyl uridine (18)

To a solution of 5’-aldehydo-2’,3’-O-cyclohexylidene-uridine 17 (150 mg, 0.466 mmol) in
dioxane (1.0 mL), was added aqueous formaldehyde (37%, 0.088 mL, 0.88 mmol), while
cooling in a water bath. This was followed by addition of aqueous NaOH (2N, 0.44 mL,
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o) 0.88mmol). After Smin, the reaction was cooled in an ice-bath and
fk NH  NaBH4 (32 mg, 0.839 mmol) was added. The clear yellow solution
HOWN O developed turbidity, but stayed yellow. Stirring was continued in an

HO :, ice-bath, 15min and then, at ~20°C (solution turned clear), 2h. TLC
o_ _©
Ej examination revealed the consumption of starting material and

appearance of a lower-moving spot. The reaction was neutralized using
18 Tulsion H' resin. A small amount of white solid was formed, which
did not dissolve in dioxane, water or ethanol. The resin and white solid were filtered off
and washed with dioxane and ethanol. The filtrate was concentrated, silica gel was added to
adsorb, and the mixture was immediately purified by column chromatography on silica gel
(60-120mesh). Elution was carried out from 5 to 10% MeOH in CHCls. The fractions of

pure product were concentrated under vacuum to get a white solid. Yield 60 mg, 38.3%.

"H NMR (DMSO-ds 200MHz): § 1.67, 1.51, 1.36 (m, 10H, CH,x5), 3.55, 3.63 (m, 4H,
CH,OHx2), 4.66 (t, J=5.56, 5.81Hz, 1H, 3’-OH), 4.76 (d, J,3=6.07Hz, 1H, H3"), 4.87 (t,
Ji2=4.17, J»3=6.06Hz, 1H, H2’), 4.87 (t, Jyp»=4.17, J» 3=6.06Hz, 1H, H2’), 5.19 (4,
J=4.93, 4.80Hz, 1H, 2’-OH), 5.66 (d, J=8.08Hz, 1H, H5), 5.90 (d, J=4.04Hz, 1H, H1"),
7.92 (d, J=8.08Hz, 1H, H6), 11.37 (br s, 1H, NH). *C NMR (DMSO-ds, 50MHz): & 23.2,
23.7,24.5,34.1, 36.3, 60.8, 62.9, 81.2, 83.6, 89.1, 89.7, 102.0, 113.4, 141.4, 150.6, 163.2.
Mass (ESI) 354.1427, found 377.3726 (M+Na").

2',3"-0-cyclohexylidene-4'-(p-toluenesulfonyloxymethyl)uridine (19)

o p-Toluenesulphonyl chloride (0.458 g, 2.40 mmol) was dissolved
E‘LNH in anhydrous pyridine (3.0 mL) and added drop-wise to a stirred,
Ho—@/N O ice-cooled solution of 2’,3’-O-cyclohexylidene-4'-hydroxymethyl

Tso—\—1 uridine 18 (0.5 g, 1.41 mmol) in anhydrous pyridine (10.0 mL).
o_ O

ij After 10min, the reaction was heated at 110°C, 4.5h. The reaction

was then cooled to r.t., and satd. NaHCO3; was added. The product

19 was extracted in CH,Cl, (x4). The organic layer was washed with
brine, dried (Na,SO,4) and concentrated to get a brown gum that was purified by silica gel

column chromatography (100-200mesh). Elution was carried out with 20 to 80% EtOAc in
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petroleum ether to get the pure product. Yield 310 mg, 43%. The un-reacted starting
material could be recovered by elution with 1-3% MeOH in EtOAc.

"H NMR (Acetone-ds, 200MHz): & 1.39-1.63 (m, 10H, CH,x5), 2.46 (s, 3H, CH3), 3.72
(ABq, J=11.25Hz, 2H, CH,OH), 4.21 (ABq, J=10.36Hz, 2H, CH,OTs), 4.94 (d, J=6.32Hz,
1H, H3’), 5.06 (dd, J=3.67Hz, 1H, H2"), 5.64 (d, J=8.08Hz, 1H, H5), 5.77 (d, J=3.66Hz,
1H, H1%), 7.51 (d, J=7.09Hz, 2H, Ar), 7.80 (dd, J=7.46, 7.07Hz, 2H, Ar, H6). *C NMR
(Acetone-ds SOMHz): & 21.6, 24.2, 24.6, 25.5, 34.8, 36.9, 63.5, 69.8, 82.5, 84.8, 87.8, 92.8,
102.9, 115.4, 128.9, 130.8, 133.7, 142.9, 146.0, 151.3, 164.0. Mass (ESI) 508.1516, found
509.1921 (M+H").

4'-(p-toluenesulfonyloxymethyl)uridine (20)

o To 2',3'-O-cyclohexylidene-4'-(p-toluenesulfonyloxymethyl)uridine

| ng 19 (120 mg) was added de-ionized water (0.020 mL) and

HO— o N/&o trifluoroacetic acid (0.98 mL). The reaction was stirred at r.t., 45
TsO;‘iQ/ min. The TFA was evaporated under vacuum and co-evaporated
HO  OH with ethanol (x3). It was adsorbed on silica gel and purified by

20 column chromatography (60-120mesh). Elution was carried out

from 0 to 20% MeOH in CHCI; to afford the product 20. Yield 80 mg, 79%. Unreacted

starting material (20mg) was recovered.

"H NMR (Acetone-ds) &: 2.44 (s, 3H, Ar-CH;), 3.71 (s, 2H, CH,OTs), 4.29 (ABq,
J=10.74Hz, 2H, CH,OH), 4.38 (m, 2H, H2’, H3"), 5.62 (dd, J=1.8, 8.21Hz, 1H, HS5), 5.85
(d, J=6.69Hz, 1H, H1"), 7.47 (d, J=7.96Hz, 2H, Ar), 7.83 (overlapping d, J=8.33, 8.21Hz,
3H, H6, Arx2), 10.11 (br s, 1H, NH). Mass (ESI) 428.0890, found 429.1259 (M+H"),
251.1037 (M+Na").

3'-0, 4'-C-methyleneuridine (21)

To a solution of 4'-(p-toluenesulfonyloxymethyl)uridine 20 (150 mg, 0.350 mmol) in
anhydrous toluene, was added sodium hexamethyldisilazane (1.0 M in THF, 3.51 mL, 3.50

mmol), while cooling in a water-bath (~20°C), under nitrogen atmosphere. The reaction
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0 was stirred 3.5 h. A satd. solution of NaHCO; was added and the

kaH solvents were evaporated under vacuum. The residue was adsorbed

/1,

HO o. N7 T0 onsilica gel (60-120mesh) and purified by column chromatography.
\Q/ Elution was carried out from 10 to 40% MeOH in dichloromethane.

The pure product was obtained as a solid. Yield 80 mg, 90%.
21

"H NMR (DMSO-dg) &: 11.48 (br s, 1H, NH), 7.69 (d, J=8.08Hz, 1H, H6), 6.25 (d,
J=7.83Hz, 1H, H1"), 5.72 (d, J=8.08 Hz, 1H, H5), 5.16 (t, J=5.93 Hz), 4.92 (d, J=4.30Hz,
1H), 4.75 (d, J=7.58Hz, 1H), 4.32 (d, J=7.71Hz, 1H), 4.01 (m, 1H), 3.60 (m, 2H).

5'-0-(4,4'-dimethoxytrityl)-3'-0,4"-C-methyleneuridine (22)

o 3'-0, 4'-C-methyleneuridine 21 (80 mg, 0.313 mmol) was co-
E‘\NH evaporated with anhydrous pyridine (x3) and re-dissolved in
| anhydrous pyridine (0.5 mL). Dimethoxytrityl chloride (0.529 g,

DMTrO 0. N0
}Q/ 1.563 mmol) and DMAP (0.191 g, 1.563mmol) were added and
\o:\ ;/OH the reaction was stirred at room temperature overnight. TLC
22 examination showed appearance of a faster-moving spot, but

starting material left largely unconsumed. However, the reaction was worked up. Methanol
(1.0ml) was added and the solvents were removed in vacuo. The residue was dried by co-
evaporation with dichloromethane (x3), adsorbed on silica gel (60-120mesh, pre-
inactivated with 1% Et;N) and purified by column chromatography. Elution was carried out
on pre-inactivated silica gel using 50 to 100% EtOAc in petroleum ether, when the upper
impurities were eluted. Subsequent elution with 2-3% MeOH in EtOAc yielded the pure
product in 17.2% yield (30 mg). The unreacted starting material was recovered by elution

with 20-30% MeOH in EtOAc.

"H NMR (CDCls) §: 2.84 (s, 1H, OH), 3.48 (m, 2H, H5°, H5), 3.79 (s, 6H, OCH:x2), 4.15
(m, 1H, H3"), 4.52, 4.73 (ABq, J=8.09Hz, 2H, 4’-CH,-0-3"), 5.08 (d, J=8.21Hz, 1H, H2"),
5.56 (d, J=8.21Hz, 1H, H5), 6.46 (d, J=6.57Hz, 1H, H1"), 6.84 (d, J=8.84Hz, 4H, Ar), 7.27
(m, 7H, Ar), 7.32 (m, 2H, Ar), 7.49 (d, J=8.21Hz, 1H, H6).
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2'-0-[2-cyanoethoxy (diisopropylamino)phosphino]-5'-0-(4,4'-dimethoxytrityl)-3'-
0,4'-C-methyleneuridine (23)

o) Compound 22 (0.15 g, 0.27 mmol) was co-evaporated with dry
NH CH;CN, and then dissolved in dry dichloromethane (3.0 mL).
\G/N 0 Diisopropylethylamine (DIPEA) (0.19 mL, 1.07 mmol) was

\\O 3 added, followed by chloro (2-cyanoethoxy)-N, N-diisopropyl
E\O ~_CN amino)-phosphine (0.09 mL, 0.40 mmol) at 0°C. The reaction
/ )N\ mixture was stirred under argon atmosphere at room temperature

for 3 hours, when TLC indicated the absence of starting material.
23 The reaction mixture was diluted with dichloromethane, washed
with NaHCO; and brine, dried over sodium sulphate, followed by solvent removal. The
crude product was purified by silica gel column chromatography using a 1:1 mixture of

dichloromethane:ethylacetate and 1% triethylamine. Yield: 0.13g, 65%.

3P NMR (50 MHz, CDCls): 150.03, 150.62.
2.10.2 Synthesis of buffers
Phosphate buffer (pH = 7.2, 150 mM NacCl)

Na,HPO4 (110 mg), NaH,PO4-H,0 (35.3 mg), NaCl (877.5 mg) was dissolved in minimum
quantity of water and the total volume was made 100 mL. The pH of the solution was

adjusted 7.2 with aq. NaOH solution in DI water, and stored at 4°C.
Triethyl ammonium acetate (TEAA) buffer

TEA (101.19 g = 139.38 mL, 1 M) was diluted up to 500 mL DI water and kept aside, then
in another container AcOH (60.05 g =57.24 mL, 1 M) was diluted up to again with 500 mL
DI water. Then slowly the AcOH solution was added to the TEA in ice bath with vigourous
stirring to make total volume 1 L, the pH of the solution was adjusted to 7.0 using either

AcOH or TEA, this 1M stock buffer was stored at room temperature.
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2.10.3 Synthesis of oligonucleotides

DNA oligonucleotides were synthesized on a CPG solid support using Bioautomation
MerMade- 4 synthesizer using standard pB-cyanoethyl phosphoramidite chemistry. The 2'-
5'-linked DNA oligomers were synthesized in 2'-5" direction using universal columns as
solid support. All the monomer (0.06M) solutions in anhydrous acetonitrile were prepared
freshly and stored over 3A molecular sieves. The modified amidite monomer solution
concentration was (0.1M) in acetonitrile. For the modified monomers double coupling and
longer coupling time(300 s x 2)were employed. Post synthesis, the sequences were
subjected to ammonia treatment for 6 h at 55°C, cleavage of the oligomer from the
support, deprotection of the P-cyanoethyl protecting group and the exocyclic amino
protecting groups used during the synthesis takes place. The crude oligonucleotides were
desalted by passing them over G-25 sephadex columns, followed by purification using
RP-HPLC (C18 column). The pure oligomers were characterized by MALDI-TOF before
using for the biophysical studies.

2.10.4 Purification and characterization
High performance liquid chromatography

The purity of synthesized oligonucleotides were ascertained using by RP-HPLC on
a C18 column with either a Varian system (Analytical semi-preparative system consisting
of Varian Prostar 210 binary solvent delivery system and Dynamax UV-D2 variable
wavelength detector and Star chromatography software) or a Waters system (Waters Delta
600e quaternary solvent delivery system and 2998 photodiode array detector and Empower
2 chromatography software). A gradient elution method 0% A to 100%B in 15 min was
used with flow rate 1.5 mL/min and the eluent was monitored at 260nm. [A = 5% ACN in

TEAA (0.1 M, pH 7); B=30% ACN in TEAA (0.1 M, pH 7)].
MALDI-TOF characterization

The MALDI-TOF spectra were recorded on both Voyager-De-STR (Applied
Biosystems) MALDI-TOF instrument or a AB Sciex TOF/TOF™ Series Explorer' ™ 72085
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instrument. A nitrogen laser (337 nm) was used for desorption and ionization. The matrix
used for analysis was THAP (2°, 4°, 6’-trihydroxyacetophenone), and diammonium citrate
used as addetive. The sample was prepaired by mixing 1 pL oligomer (10-50 uM in DI
H,0) with 10 pL of THAP (0.55 M in EtOH) mixed well followed by 5 pL diammonium
citrate (0.1 M in DI H,O) again mixed well and then 1 pL of the mixture was spotted on
metal plate. The metal plate was loaded to the instrument and the analyte ion were then
accelerated by an applied high voltage (15-25 kv) in linear mode and detected as an

electrical signal.

HPLC purified oligonucleotides were characterized through this method and were
observed to give good signal to noise ratio, mostly producing higher molecular ion signals.

The purity was re-checked and found to be >95%.
2.10.5 Biophysical techniques
UV-T,, experiments

UV experiments were performed on a Varian Cary 300 Bio UV-Visible
spectrophotometer fitted with a Peltier-controlled temperature programmer. The
concentration of DNA ONs were calculated on the basis of absorbance from molar
extinction coefficients of the corresponding nucleobases (A = 15400, T = 8800, C = 7300
and G = 11700, U = 9900 L/(M.cm) of DNA/RNA. The complexes were prepared by
mixing 1 uM strand concentrations of ONs and complementary strand together (1:1) in 1
mL of 10 mM sodium phosphate buffer, pH 7.2 containing NaCl (150 mM) and were
annealed by keeping the samples at 90°C for 2 min followed by slow cooling to room
temperature and refrigeration for at least 5 hours prior to running the experiments. The
sample was held at the starting temperature 10°C for at least 15 min, N,-gas was purged
through the cuvette chamber below 20°C to prevent condensation of moisture on cuvette
walls. Absorbance versus temperature profiles were obtained by monitoring the absorbance
at 260nm from 10-85°C at a ramp rate of 0.5°C per minute. The data were processed using

Microcal Origin 6.1 and T, (°C) values were derived from the maxima of the first
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derivative plots. All values are an average of at least 3 independent experiments and

accurate to within + 0.5°C.
CD experiments

The samples for CD experiments were prepared as for the UV-Tm experiments.
Thus, 1 uM concentration of each strand was used. The complexes were prepared in 10
mM sodium phosphate buffer, pH 7.4 containing NaCl (150 mM) and were annealed by
keeping the samples at 90°C for 2 min followed by slow cooling to room temperature then
refrigerated for at least 5 hours prior to running the experiments. CD spectra were recorded
in a 1 cm path length cuvette at 10°C, as an accumulation of 3 scans, and using a resolution
of 1 nm, bandwidth of 1 nm, sensitivity of 20mdeg, response of 1 s and a scan speed of 200

nm/min.
Snake venom phosphodiesterase stability experiments

Enzymatic hydrolysis of the DNA and iSODNA oligomers (7.5uM) was carried out
at 37°C in 100ul buffer (100mM Tris-HCI (pH 8.5), 15mM MgCl,, 100mM NaCl) and
SVPD (2pg, 1.2 x 10 U). Aliquots were taken at several time intervals. Each aliquot was
heated at 90°C for 2 min to inactivate the nuclease enzyme. The intact oligomer at each
time interval was monitored by RP-HPLC. Percentage of intact oligomer was plotted

against time to show the degradation of oligomers with respect to time.
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2.11 Appendix

| Compounds | Page No. _
~ compound 2: 'H, °C NMR and DEPT Y
compound 4: 'H, °C NMR and DEPT 83
| compound 5: 'H, °C NMR and DEPT Y
| compound 6: 'H NMR | 86
compound 7: '"H NMR 86
compound 8: 'H, °C NMR and DEPT 85-86
compound 9: 'H, °C NMR and DEPT 86-87
compound 10: 'H, °C NMR and DEPT 87-88
compound 11: 'H, C NMR and DEPT 88-89
compound 12: 'H, C NMR and DEPT 89-90
compound 13: 'H, °C NMR and DEPT 90-91
compound 14: *'P NMR and HRMS 91-92
compound 16: 'H, °C NMR and DEPT 92-93
compound 18: 'H, °C NMR and DEPT 93-94
compound 19: 'H, °C NMR and DEPT 94-95
Compound 20: 'H NMR 95
compound 21: '"H NMR 95
compound 22: 'HNMR 96
compound 23: °*'P NMR 96
HPLC spectra of Oligomers 96-97
MALDI spectra of Oligomers 98-103
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Chapter 3

Synthesis, characterization and biophysical studies of
2°0-allyl/ 3°-O-allyl derived DNA and iSODNA

oligonucleotides

_O—\I;=O R = -O-allyl

3'5'DNA

Antisense oligonucleotides (ASOs) play a major role in nucleic acid therapeutics. Among
the several oligonucleotide modifications, the 2’-sugar modifications particularly enhance
the potency and pharmacokinetics of ASOs. The properties of 2’-O-allyl
oligoribonucleotides have been reported to be superior to 2’-O-methyl and 2’-O-
dimethylallyl analogues and well suited for general use as antisense reagents." The
regioselective 2°’/3’-O-allylation of pyrimidine ribonucleosides using phase transfer
catalysis provided a short route to the synthesis of isomeric 2°/3°-O-allyl uridine derivatives
followed by their conversion to the isomeric 2°/3°-O-allyl cytidine derivatives. Since 2°-5’-
linked iSODNA are better ASOs, we have introduced the 3’-O-allyl uridine and cytidine
monomers into 2'-5'-linked iISODNA, similarly the 2’-O-allyluridine and cytidine monomers
were introduced in the 3’-5’-linked DNA oligomers to compare their thermal stability when

complexed with the complementary DNA as well as RNA.
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Section A

Synthesis of 2’-O-allyl/3’-O-allyluridine monomers and
conversion of 2’-O-allyl/3’-O-allyluridine derivatives to the

respective cytidine monomers

3.1 Introduction to present work

The antisense therapeutic approach discovered more than three decades ago by
Zamecnik and Stephenson” continues to attract chemists towards the design and synthesis
of modified antisense oligonucleotides (ASOs). The renewed interest is especially due to
potential applications in the siRNA® and miRNA* therapeutic targeting. Also an additional
encouraging factor is the approval of only the second antisense drug, Mipovirsen from ISIS
pharmaceuticals. There are numerous oligonucleotide modifications that enhance the
properties of antisense oligonucleotides.” Modifications to the base, sugar, and backbone
are known to increase the binding affinity for the target RNA.® Among the first generation
antisense oligonucleotides are the backbone modified phosphorothioates,” in which the
non-bridging oxygen atoms in the phosphodiester linkage is substituted by a sulfur atom.
They support the RNase H activity and exhibit acceptable pharmacokinetics for systemic
and local delivery. Modifications to the sugar have been useful, particularly the 2’-sugar
modifications, for enhancing the potency and pharmacokinetics of ASOs. The most
advanced second generation sugar modifications 2’-O-methyl and 2’-O-methoxyethyl
(MOE) (Figure 1) resulted in a 3-10 fold increase in potency in cell-based assays compared

to phosphorothioate oligonucleotides, an increase in nuclease resistance and decreased

cytotoxicity.®

o ‘ocH, ) b
g § \och,
OMe MOE
(2-O-Methyl)  (2-O-methoxyethyl)

Figure 1. Second generation ASO modifications.
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Chemically  synthesized ~ 2’-O-methyloligoribonucleotides™® and  2’-O-
alkyloligoribonucleotides earlier reported’'" are of interest as antisense probes due to their
high thermal stability as a RNA:RNA duplex. The modified duplex is not a substrate for
RNase H cleavage, but the 2’-O-alkyl oligomers are resistant to nuclease degradation and
as well as exhibit better cell uptake.” Since a uniform 2’-O-alkyl modified ASO does not
support an RNase H cleavage mechanism, a new chimeric strategy has been reported in
which the oligonucleotide has a central DNA region of 8-16 nucleotides, flanked on the
5’and 3’ends with 2 to 5 2’-O-methoxyethyl (  MOE) residues.”® This “gapmer” design
(Figure 2) supports the RNase H cleavage mechanism due to the central DNA region.The
potency of these gapmer ASOs was found to increase by reducing the ASO length, and
using constrained/locked-MOE residues on the 5’and 3’ends of the ASO.'? Sproat et al."
have reported 2’-O-allylribonucleotides as superior antisense compounds for investigating
inhibition of reverse transcription. Fully-modified 2'-O-allyl 17mers were able to
specifically block reverse transcription via an RNase H-independent mechanism, with
efficiencies comparable to those observed with phosphodiester (PO) and phosphorothioate
oligonucleotides. Sandwich(gapmer) 2'-O-alkyl/PO/2'-O-alkyl oligonucleotides, supposed
to combine the properties of 2'- -alkyl modifications (physical blocking of the RT) to those
of the PO window (RNase H-mediated cleavage of the RNA) were quasi-stoichiometric

inhibitors when adjacent to the primer, but remained without any effect when non-adjacent.

_ Central DNA region _
5'“MOE wing %| 3'MOE wing

GAPMER design

Figure 2. Chimeric gapmer design.

Hammerhead ribozymes can catalyze highly specific trans cleavage of any RNA
containing a dinucleotide UH (H= C,A,U)."* This high specificity suggests the use of these
ribozymes as therapeutic agents in gene regulation.'”” Incorporation of 2’-O-
allylribonucleotides at non-essential positions of the hammerhead ribozyme domain
resulted in catalytically active and stable ribozymes.'® Ribozymes having 2’-NH, uridine

2’-C-allyluridine, 2’-O-methyl uridine modifications resulted in the best combination of
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cleavage activity and nuclease stability.'” Recently, application of 3’-O-allyl group as a
reversible capping moiety for the 3’-OH of photocleavable nucleotide analogue for

sequencing by synthesis (SBS) and as probes for 3°-O-Mass Tag is also reported.'®
3.1.1 Present work

The encouraging literature reports of 2’-O-allyloligoribonucleotides as effective
antisense probes and in continuation of the theme of synthesis and biophysical study of 2’-
5’-linked iISODNA analogues, as better antisense oligonucleotides, the synthesis of 2’-O-

allyl and 3’°-O-allylribonucleotides was undertaken.

Methylation and benzylation of uridine using dibutyltin oxide (DBTO) are known'
to be directed to the 2°/3” cis-diol system without affecting the 5’-hydroxyl or the N3 ring
amide. This selectivity is attributed to the activation of the hydroxyls due to the formation
of cyclic 2°,3’-O-dibutylstannylidene intermediate resulting in monoalkylation at the 2°/3’-
hydroxyls of uridine. Regiospecific allylation of polyhydroxy compounds was reported® to
give high yields of O-monoallyl derivatives when tetrabutylammonium bromide (TBAB)
was used as a phase transfer catalyst along with DBTO. The catalysis by TBAB salt
probably involves the enhancement of nucleophilicity of the sugar oxygen in the
stannylidene complex by co-ordination of the halide ion to tin. DMF proved to be a better

solvent for the allylation reaction to proceed with an enhanced rate.

A short and convenient method for the synthesis of regiospecific 2°/3’-O-allylation
of pyrimidine ribonucleosides using phase transfer catalysis was reported®’ earlier by our
group. Following this simple but efficient method with some modifications, the synthesis of
2'-O-allyluridine and 3'-O-allyluridine phosphoramidite monomers was accomplished
(Scheme 3). The isomeric 2°-O-allyl and 3’-O-allyluridine nucleosides were converted to
the respective cytidine derivatives using reported procedure for conversion of uridine to
cytidine.”” The N-benzoyl protected cytidine isomers were then converted into their

respective amidite monomers (Scheme 4).
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3.1.2 Synthesis of 2’-O-allyl and 3'-O-allyl-uridine monomers

Uridine 15, was treated with allyl bromide (1eq), DBTO (1.2eq) and TBAB (1.1eq)
in DMF (Scheme 3), giving a mixture of 2’- and 3’-O-allyluridine 24+25 (60-70%) having
very close Ry values on TLC. The reaction gave very poor yield of the alkylated products,
in the absence of either DBTO or TBAB. The mixture 24+25 was converted into the 5°-O-
DMT derivatives which could be resolved by silica gel column chromatography. This
method gave 60% 5°-O-DMT-2’-O-allyluridine 26 and 40% 5’-O-DMT-3’-O-allyluridine
27. The compounds 26 and 27 were then converted into the respective 2'-O-allyl and 3'-O-
allyl uridine phosphoramidite monomers 28 and 29. All the pure compounds were

characterised by 'H and ?C NMR spectroscopy and LCMS mass analysis.

o
o] o o)
NH
NH |
| A fL
DMTrO 0
HO— o N’J%o pmF,peTO, 1O\ o Opwmrr-ci, DMTrO
_\Q/ TBAB dry Pyridine,
—_— A ”/ 2
R1\\\ —/Rz AIIZICBsrosmMe, Ri Ry RT, 3 hrs.
15 il (24+25) 26 65% 27 35%
R1=R2=0H 24 R1 = OH, R2 = O-aIIyI dWDCM,D|PEA,
25 R1 = O-allyl, R2 = OH Amidite reagent,
aw 56.44% RT, 2 hrs. \62.68%
fo) o

EL C [ K

2

o/\/ ~ 0 (I)
_P<
N P\o/\/ CN NC—/ 0" N/<

K

28
Scheme 3. Synthesis of 2'-O-allyl and 3'-O-allyluridine monomers
3.1.3 Conversion of the 2’-O-allyl and 3'-O-allyluridine to the respective cytidine

monomers

The 3'-OH and 2'-OH group of compounds 26 and 27, respectively, was protected
using TBDMS-CI giving the 2’and 3’-O-TBDMS protected derivatives 30 and 31(Scheme
4). Using a well established reported method'' compounds 30 and 31 were converted into

the 1,2,4-triazolyl intermediates 32 and 33. Treating 30 and 31 with a 2 fold excess of
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tri(1H-1,2,4-triazol-1-yl) phosphine oxide (prepared in Situ by treating phosphoryl chloride
with 3 mol equiv, each of 1,2,4-triazole and triethylamine) in acetonitrile solution in the
presence of additional 1,2,4-triazole and triethylamine in acetonitrile at room temperature
for 3 h gave the required products 32 and 33. Addition of aqueous ammonia to the
compounds 32 and 33 in dioxane at room temperature yielded the desired cytidine
derivatives 34 and 35. The exocyclic amino group of 2’-O-allyl and 3’-O-allylcytidine
derivatives was protected as N4-benzoyl, followed by TBDMS deprotection to get
compounds 38 and 39. The compounds 38 and 39 were then converted into the respective
2'-O-allyl and 3'-O-allyl cytidine phosphoramidite monomers 40 and 41. All the
compounds were characterised by 'H and >C NMR spectroscopy and LCMS mass.

R\
o U )N
i N
NH NH N
C C i
DMTrO o NAO DMTrO o N/J%o OMTrO o SN ’go
_\<_7/ dry ACN,TEA, _\Q/ POCl,, 1,2,4-Triazole, \Q/
N TBDMS-CI o TEA “/
Ry R _— Ry R R R,
RT, 3 hrs RT, 3 hrs
26 R1 = OH, R2 = O-allyl ’ 30 R1 = O-TBDMS, R2 = O-allyl
27R1=0alvl R2=0OH U 725% 4 o4 = Ouallvl R2 = O-TBDMS 32 R1= O-TBDMSR2 = O-allyl
" v 33 R1 = O-allyl, R2 = O-TBDMS
NH,

NHBz
A =N
N o |

DMTrO o A
Dioxane, NH4OH(1:1) v . DMTrO o. N O dry THF,
dry Pyridine,BzCl v 1M TBAF in THF

RT, 3 hrs R, <R,
68.21%:62.38%

RT, 2 hrs R, R, RT, 1 hr

34 R1=O-TBDMS R2 = O-allyl 91.26%;78.65% 87.96%:78.64%
35 R1 = O-a”yl, R2 = O-TBDMS 36 R1 = O-TBDMS, R2 = O-aIIyI

37 R1 = O-allyl, R2 = O-TBDMS

NHBz NHBz

| =N dry DCM, EtN(ipr),, | SN
/& N,N-diisopr.amino-2-

DMTrO N o] DMT!
W cyanoethylphosphino- ro\@/" °
/ chloridite /

R\1 ’1R2 R4 ;RZ
RT, 2 hrs.
38 R1=0H,R2 = O-allyl 71.69%:66.37%

39 R1 = O-allyl, R2 =OH

40 R1 = Phosphoramidite, R2 = O-allyl
41 R1 = O-allyl, R2 = Phosphoramidite

Scheme 4. Synthesis of 2'-O-allyl, 3'-O-allylcytidine monomers
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3.1.4 2’- O-allyl and the 3°-O-allyl isomers differentiation using BC NMR

The 2’- O-allyl and the 3’-O-allyl isomers could be differentiated on the basis of
assignments of *C NMR shifts of the sugar carbons. It is reported in literature” that in free
nucleosides, C3’ is shifted downfield as compared to C2’ by about Sppm. C2’-O-alkylation
leads to down field shifts of 10-12ppm for C2’, and an upfield shift by 4-6ppm for C3’. The
observed °C NMR signals for the isomers are largely in agreement with these reports. In
the case of C3’-O-allylation downfield shifts are observed for both C3’(=5ppm) and
C2’(=1.0ppm) carbons.(Table 1.)

Table 1. °C NMR shifts of the C2’and C3’ sugar carbons of the 2’-O-allyl and 3’-O-allylcytidine derivatives

3C NMR Chemical shift (8)
Nucleoside
c2 C3’

Uridine 73.20 70.60
5’-0-DMT-2’-O-allyluridine 26 81.39 68.51
5’-O-DMT-3’-O-allyluridine 27 74.05 76.17
Cytidine 73.20 70.60
5’-0-DMT-2’-O-allylcytidine 38 81.39 67.70
5’-0-DMT-3’-O-allylcytidine 39 74.30 75.77
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SectionB

Synthesis of 2’-O-allyl and 3’-O-allyl modified DNA and iSODNA

sequences and their biophysical study

3.2 Synthesis, purification and characterization of modified DNA and

ISODNA sequences

The four phosphoramidite monomers 2'-O-allyluridine monomer 28, 2’-O-allyl-
cytidine monomer 40, and the 3'-O-allyl-uridine monomer 29, 3'-O-allylcytidine monomer
41 were characterised by *'P NMR (Figure3) and incorporated into 3’-5’DNA (28 and 40)
and 2°-5’iSODNA (29 and 41) oligonucleotides respectively.

o) NHBz ﬁ
NH N
NH N fj\ |
Cy ! Ko oumo—_o_ow"o
DMTI‘OWN (o] DMTI’OWN (o]

N S = (o)
6 o 6 o~ | =0 ° /4 = 9 /4
' LA N
NP o ™>CN AN’P\o/\/CN N~ )N\ aad )N\
28 J\ 40 29 41
31p 150.14, 150.205 31p 150.07, 150.148 3P 150.33, 151.678 31p 149.52, 151.985

Figure 3. Modified phosphoramidite building blocks.

The 2’-O-allyl monomers of both uridine and cytidine were introduced as a single,
double and triple modifications in the 3’-5’-linked oligomers to compare their thermal
stability when complexed with the complementary DNA as well as RNA. The 3°-O-allyl
uridine and cytidine monomers were introduced similarly as a single, double and triple
modifications into 2'-5'-linked iISODNA oligomers, at predefined positions to determine
their stability with complementary RNA only, as the iISODNA oligonucleotides do not bind
to 3’-5’-linked DNA. The site of modifications selected in both DNA-1, 2’DNA-1 and
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DNA-2, 2’DNA-2 was such that these were separated by 4-5 nucleotides. In 3’-5’-linked
DNA-1 a single modification and a consecutive modification was also introduced towards
the 5’-end for comparing their relative thermal stabilities. The in-house, automated four
column DNA synthesizer (Bioautomation MM-4) was used for the synthesis of all the
sequences used for this study. For introducing the allyl modifications two 18mer sequences
were selected, which are used in biological studies. DNA-1 is used for miRNA down-
regulation® and DNA-2 is used in the splice-correction assay developed by Kole et al.
The solid phase synthesis was done as described in the DNA synthetic cycle (Chapter 2,
Section B). The activator used for coupling reaction was 5-ethylthiotetrazole. A double
coupling step was used along with longer coupling time for the modified monomers. The
2’-5’-linked oligonucleotides were synthesized using 3’-deoxy-2’-phosphoramidite
monomers procured from Glen Research Corporation, USA. As described in Chapter
2,Section B universal support columns were used for the synthesis, so as to get a 2’-
terminus for the synthesized sequence. The synthesis of control sequences 3’-5’-linked
DNA-1, DNA-2 was done using normal CPG support. Both 3’-5’DNA oligonucleotides
and 2'-5'DNA oligonucleotides were deprotected by ammonia treatment at 55°C for six
hours followed by removal of ammonia and concentrating the aqueous solution. The fully
deprotected crude oligomers were desalted using Sephadex NAP-5 column. Purification of
all the oligonucleotides was done by reverse phase-HPLC using a gradient elution. The
sequences were characterized by MALDI-TOF mass spectrometry. The Table 2a, 2b gives
the list of the synthesized oligonucleotides, the RP-HPLC retention time (tr) and the
MALDI-TOF mass obtained. The control and complementary DNA, iSODNA
oligonucleotides synthesized and used for this study are listed in (Table 3). The
complementary RNA oligonucleotides for the DNA, iSODNA oligomers were procured

from Sigma Aldrich.
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Table 2a. 2°-O-allyl uridine (U) and 2’-O-allyl cytidine (C) modified sequences, HPLC and MALDI-TOF
mass. (1s,1d,1t indicate single,double and triple modifications in DNA-1 18mer and 2s,2d,2t indicate
single,double and triple modifications in DNA-2 18mer).

HPLC  Mass Mass
Code No Name Sequence (tr) (caled.) (obsd.)

mins.

3’DNA1-1  DNA2’allU-1s  >CACCATTGTCACACUCCA* 9.52 5405 5406
3’DNA1-2  DNA2allU-1d  “CACCATTGUCACACUCCA®  10.06 5447 5450
3’DNA1-3  DNA2’allU-1t  “CACCAUTGUCACACUCCA® 1042 5489 5490
3’DNA1-4 DNA2’allU-1S> “CACCAUTGTCACACTCCA® 9.40 5405 5408
3’DNA1-5 DNA2’allU-1D® “CACCAUUGTCACACTCCA®  10.12 5447 5452
3’DNA2-1 DNA2allU-2s  *CCTCTTACCTCAGTUACAY 9.80 5411 5413
3’DNA2-2 DNA2%allU-2d  “CCTCTTACCUCAGTUACA® 1021 5453 5460
3’DNA2-3 DNA2’allU-2t  °CCTCTUACCUCAGTUACA®  10.63 5495 5502
3’DNA1-6 DNA2’allC-1s  >CACCATTGTCACACTCCA* 9.83 5419 5418
3’DNA1-7 DNA2allC-1d  “CACCATTGTCACACTCCA®  10.19 5475 5486
3’DNA1-8  DNA2’allC-1t  “CACCATTGTCACACTCCA®  10.62 5531 5536
3’DNA2-4 DNA2’allC-2s  *CCTCTTACCTCAGTTACA® 1021 5425 5424
3’DNA2-5 DNA2’allC-2d  >CCTCTTACCTCAGTTACA®* 10.48 5481 5477
3’DNA2-6 DNA2’allC-2t  “CCTCTTACCTCAGTTACAY 1094 5536 5533
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Table 2b. 3’-O-allyl uridine (U)and 3’-O-allyl cytidine (C)modified sequences, HPLC and MALDI-TOF
mass. (1s,1d,1t is single,double and triple modifications in DNA-1 18mer and 2s,2d,2t is single,double and
triple modifications in DNA-2 18mer)

HPLC Mass Mass
Code No Name Sequence (tr) (calc.)  (obt.)

mins
2’DNA1-1 2’DNA3’allU-1s ~ *CACCATTGTCACACUCCA* 10.79 5405 5413
2’DNA1-2 2’DNA3’allU-1d  *CACCATTGUCACACUCCA* 1126 5447 5463
2°’DNA1-3 2’DNA3’allU-1t  YCACCAUTGUCACACUCCA?* 11.73 5489 5502
2’DNA2-1 2’DNA3’allU-2s > CCTCTTACCTCAGTUACA* 10.69 5411 5432
2°’DNA2-2 2’DNA3’allU-2d ~ SCCTCTTACCUCAGTUACA* 11.02 5453 5465
2°’DNA2-3 2’DNA3’allU-2t CCTCTUACCUCAGTUACA* 11.10 5495 5507
2’DNA1-4 2’DNA3’allC-1s ~ *CACCATTGTCACACTCCA” 10.73 5419 5421
2’DNA1-5 2’DNA3’allC-1d ~ *CACCATTGTCACACTCCA® 10.94 5475 5484
2°’DNA1-6 2’DNA3’allC-1t “CACCATTGTCACACTCCA” 1021 5531 5544
2’DNA2-4 2’DNA3’allC-2s “CCTCTTACCTCAGTTACA® 10.92 5425 5449
2’DNA2-5 2’DNA3’allC-2d ~ CCTCTTACCTCAGTTACA” 10.83 5481 5500
2’DNA2-6 2’DNA3’allC-2t “CCTCTTACCTCAGTTACA® 9.06 5536 5547

(a) RNA-1 5’ UGGAGUGUGACAAUGGUG 3’ (b) RNA-2 5SUGUAACUGAGGUAAGAGG 3°

Table 3. Control and complementary DNA and iSODNA sequences ,HPLC tg and MALDI-TOF mass

HPLC Mass Mass
Code No Sequence (t)) min  (caled.) (obsd.)
DNA-1 *CACCATTGTCACACTCCA* 10.58 5363 5364
DNA-2 *CCTCTTACCTCAGTTACAY 12.70 5369 5368
cDNA-1 *TGGAGTGTGACAATGGTG® 10.04 5634 5645
cDNA-2 *TGTAACTGAGGTAAGAGG® 10.56 5627 5633
2’DNA-1 “CACCATTGTCACACTCCA” 8.91 5363 5363
2’DNA-2 *CCTCTTACCTCAGTTACA* 8.82 5369 5366
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3.3 A comparative study of the thermal stability of modified 2’-5’°
DNA:RNA duplexes and the modified 3°-5° DNA:DNA, DNA:RNA
duplexes by UV melting experiments

UV melting (T,) experiments were carried out to determine the binding efficiency
of the modified ONs with complementary DNA and RNA respectively. The HPLC pure
ONs were annealed with the complementary DNA /RNA oligonucleotide. The strand
concentration taken was 1puM in sodium phosphate buffer 10 mM containing 150 mM
NaCl. The UV melting (T, ) was carried out at 260nm wavelength by heating the annealed
samples from 10°C to 85°C. The UV chamber was gently purged with a stream of N, gas to

remove traces of moisture from condensing on the cuvettes.
3.3.1 Thermal stability of 2°-O-allyluridine modified sequences

The 2'-O-allyl uridine modified DNA-1(sequences 2-6) and DNA-2 (sequences 8-
10) exhibited stabilization (Table 4, Figure5, 6b), when complexed with the complementary
RNA as reported in literature,” whereas, the modified DNA:DNA duplexes were
destabilised (Figure4, 6a). The DNA:RNA duplexes of Sequences 5 and 6 with a single
and double modification towards the 5’end of the sequence in DNA-1, showed a
stabilization for sequence 6 having a consecutive double modification (AT, = +0.6°C),
(Table4, Figure5) when compared to the single modification in sequence S which had a

destabilizing effect (AT, =-0.6°C).
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Figure 4. UV-melting plots and corresponding first derivative curves of complexes of sequences 1-6 with
complementary cDNA1
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Table 4. The UV T,, of the 3’-5’-linked 2’-O-allyluridine modified complexes with complementary DNA and
RNA respectively. (The values in parentheses with + or - sign gives AT,,, the difference in T, between the

control and modified sequence).

Se UVT,°C
N q Code No Name Sequence
0- ¢DNA1 RNAI
1 3’DNAI1 DNA-1 SCACCATTGTCACACTCCA® 60.0 59.0
2 3’DNA1-1 DNA2allU-1s  YCACCATTGTCACACUCCA® 59.2 594
(-0.8) (+0.4)
3 3’DNAI1-2 DNA2’allU-1d > CACCATTGUCACACUCCA®* 54.9 59.2
(-6.1) (+0.2)
4 3’DNA1-3 DNA2’allU-1t  CACCAUTGUCACACUCCA® 53.0 58.1
(-7.0) (-0.9)
5 3’DNA1-4 DNA2’allU-1S* SCACCAUTGTCACACTCCA® 57.2 58.4
(-2.8) (-0.6)
6 3’DNA1-5 DNA2’allU- “CACCAUUGTCACACTCCA® 57.6 59.6
1D (-2.4) (+0.6)
7 3’DNA2 DNA-2 SCCTCTTACCTCAGTTACA® 54.0 56.0
8 3’DNA2-1 DNA2’allU-2s  ~CCTCTTACCTCAGTUACA® 51.8 57.6
(-2.2) (+1.6)
9 3’DNA2-2 DNA2’allU-2d  SCCTCTTACCUCAGTUACA® 48.6 57.6
(-5.4) (+1.6)
10 3’DNA2-3 DNA2’allU-2t >CCTCTUACCUCAGTUACA®* 46.1 56.8
(-7.9) (+0.8)
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Figure 5. UV-melting plots and corresponding first derivative curves of complexes of sequences 1-6 with
complementary RNA1
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The consecutive double modification towards the 5’end sequence 6 (3’DNAI-5)

also showed a marginally better stabilization (AT, = +0.6°C) as compared to the double

modification in the middle and towards the 3’end in sequence 3 (AT, = +0.2). This is in

accordance with the better stabilization obtained for consecutive modifications in the 3’-

5’LNA:RNA duplexes due to increased base stacking interactions”® when the nucleobases

are axially oriented.
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Figure 6a. UV-melting plots and corresponding first derivative curves of complexes of sequences 7-10 with

complementary DNA2.
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Figure 6b. UV-melting plots and corresponding first derivative curves of complexes of sequences 7-10 with

complementary RNA2

3.3.2 Thermal stability of 2’-O-allylcytidine modified sequences

The 2’-O-allylcytidine-incorporated 3’-5’linked DNA-1 and DNA-2 oligomers 11-

16 (Table 5) showed a trend similar to the 2’-O-allyl uridine oligomers of destabilization
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when forming DNA:DNA duplexes (AT, = -0.8 to —4.8°C; Figures 7a, 8a). The DNA:RNA
duplexes containing 2'-O-allylcytidine resulted in a fairly good stabilization for single
(Sequences 11, 14), double (Sequences 12, 15) and triple (Sequences 13, 16) modifications,
especially the DNA-2:RNA complexes (sequences 14, 15, 16; AT, = +2.2, +1.4 and +2.3°C
respectively; Figure 8b) Thus, the 2’-O-allylcytidine modifications resulted in a better
stabilization for the DNA:RNA duplexes as compared to the 2’-O-allyluridine containing
DNA:RNA duplexes.

Table 5. The UV T, of the 3’-5’-linked 2’-O-allylcytidine modified complexes with complementary DNA
and RNA respectively. (The values in parentheses with + or - sign gives AT,,, the difference in T,, between
the control and modified sequence).

Seq No Code No Name Sequence UvVT,°C
DNA  RNA
1 3’DNAL DNA-1 YCACCATTGTCACACTCCA®* 60.0 59.0
11 3’DNAI1-6 DNA 2’allC-1s  “CACCATTGTCACACTCCA?Y 59.2 60.6
(-0.8) (+1.6)
12 3’DNAI1-7 DNA 2’allC-1d  “CACCATTGTCACACTCCA?Y 55.9 60.1
(-4.1) (+1.1)
13 3’DNAI-8 DNA 2’allC-1t  “CACCATTGTCACACTCCA?Y 53.9 59.9
(-6.1) (+0.9)
2 3’DNA2 DNA-2 YCCTCTTACCTCAGTTACAY 54.0 56.0
14 3’DNA2-4 DNA 2’allC-2s  “CCTCTTACCTCAGTTACAY 51.8 58.2
(-2.2) (+2.2)
15 3’DNA2-5 DNA 2’allC-2d  ¥CCTCTTACCTCAGTTACAY 49.2 57.4
(-4.8) (+1.4)
16 3’DNA2-6 DNA 2’allC-2t  YCCTCTTACCTCAGTTACAY - 58.3
(+2.3)
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Figure 8a. UV-melting plots and corresponding first derivative curves of complexes of sequences 14-16 with

complementary DNA2.
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Figure 8b. UV-melting plots and corresponding first derivative curves of complexes of sequences 14-16 with
complementary RNA2

3.3.3 Thermal stability of 3’-O-allyluridine modified sequences

The 2°-5’isoDNA oligonucleotides do not show complex formation with 3’-5> DNA
as reported by Damha et al.”’ Therefore, the thermal stability of only iSODNA:RNA
duplexes was determined (Table 6). Introduction of 3’-O-allyluridine unit in the 2°-5’-
linked iSODNA oligonucleotides resulted in stabilization of all the 2’DNA-I
oligonucleotides 18, 19 and 20 with increasing modifications (AT, = +0.5, +1.8 and +1.4°C
respectively; Figure9). Surprisingly, however, all the 2’DNA-2 modified sequences 22, 23
and 24 resulted in destabilization (AT, =-1.1, -1.7 and -2.3°C respectively; Figure10)
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Figure 9. UV-melting plots and corresponding first derivative curves of complexes of sequences 17-20 with
complementary RNA1
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Table 6. The UV Tm values of the 2’-5’-linked 2’-O-allyluridine modified complexes with complementary
RNA . The 2’-5’-linked iSoDNA did not complex with DNA as reported in literature.”” (The values in
parentheses with + or - sign gives AT,,, the difference in Tm between the control and modified sequence).

UV T,°C
Seq N
eq No Code No Name Sequence DNA RNA
17 2°DNALI 2’DNA-1 YCACCATTGTCACACTCCA? ND 50.5
18 2’DNAI-1 2’DNA3’allU-1s YCACCATTGTCACACUCCA?Y ND 51.0
(+0.5)
19 2’DNA1-2 2°’DNA3’allU-1d YCACCATTGUCACACUCCA?Y ND 52.3
(+1.8)
20 2’DNAI-3 2’DNA3’allU-1t “CACCAUTGUCACACUCCA?Y ND 51.9
(+1.4)
21 2°DNA2 2’DNA-2 SCCTCTTACCTCAGTTACA? ND 46.0
22 2°DNA2-1 2°DNA3’allU-2s YCCTCTTACCTCAGTUACA? ND 44.9
(-1.1)
23 2’DNA2-2 2’DNA3’allU-2d S¥CCTCTTACCUCAGTUACA? ND 443
(-1.7)
24 2’DNA2-3 2°’DNA3’allU-2t ¥CCTCTUACCUCAGTUACAY ND 43.7
(-2.3)
- 1.0-
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Figure 10. UV-melting plots and corresponding first derivative curves of complexes of sequences 21-24 with

complementary RNA2
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3.3.4 Thermal stability of 3’-O-allylcytidine modified sequences

In the case of 3’-O-allylcytidine containing 2°’DNA-1 modified oligonucleotides
(Table 7, Figurell), only the sequence 25 with single modification stabilized the
ISODNA:RNA duplex (AT, = +0.8°C). Sequences 26 and 27 caused considerable
destabilization of the resulting complexes (AT, = -2.4 and -8.1°C respectively). On the
other hand, the 2’DNA-2 modifications containing 3’-O-allylcytidine (Figurel2) resulted
in stabilization of the single and double modified sequences 28 (AT,, = +1.6°C) and 29
(AT, = +1.3°C). Triple modification in sequence 30 again resulted in some destabilization
(ATm=-1.4°C).

Table 7. The UV T,, values of the 2>-5°-linked 2’-O-allyluridine modified complexes with complementary

RNA . (The bracketed values with + or - sign gives AT,,, the difference in T,, between the control and
modified sequence).

S UVT,°C
Neq Sr No Code No Sequence

0 DNA RNA
17 2’DNAL1 2°’DNA-1 YCACCATTGTCACACTCCA? ND 50.5

25 2’DNA1-4 2’DNA3’allC-1s  YCACCATTGTCACACTCCA? ND 51.3
(+0.8)

26 2°DNAL-5 2’DNA3’allC-1d  “CACCATTGTCACACTCCA? ND 48.1
(-2.4)

27 2°DNAI1-6 2’DNA3’allC-1t  “CACCATTGTCACACTCCA? ND 424

(-8.1)
21 2°DNA2 2°’DNA-2 YCCTCTTACCTCAGTTACA? ND 46.0
28 2’DNA2-4 2’DNA3’allC-2s  YCCTCTTACCTCAGTTACA? ND 47.6

(+1.6)

29 2’DNA2-5 2°DNA3’allC-2d  YCCTCTTACCTCAGTTACA? ND 473
(+1.3)

30 2’DNA2-6 2’DNA3’allC-2t  YCCTCTTACCTCAGTTACA? ND 44.6
(-1.4)
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Figure 12. UV-melting plots and corresponding first derivative curves of complexes of sequences 28-30 with
complementary RNA2

The pattern of stabilization and destabilization observed for the modified iSODNA
oligonucleotides involving introduction of the 3’-O-allyluridine or 3’-O-allylcytidine
modification in these sequences seems to be sequence dependent. It is unclear at this point
to comment upon the nucleobase and sequence dependence of the modifications and more
work would be necessary to understand the results in the context of sequence, nucleobase

and site of modification.

3.3.5 Summary

» Synthesis of 2'-O-allyluridine and 3'-O-allyluridine phosphoramidite monomers was
accomplished and the conversion of the 2'-O-allyluridine and 3’-O-allyluridine
derivatives into the respective 2'-O-allyl and 3'-O-allyl cytidine phosphoramidite

monomers was achieved.
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» 2’-O-allyl monomers of both uridine and cytidine were introduced as a single, double
and triple modifications in the 3’-5’-linked DNA oligomers and the 3’-O-allyluridine
and cytidine monomers were introduced similarly as a single, double and triple
modifications into 2'-5'-linked iSODNA oligomers.

» The 2'-O-allyl uridine oligomers exhibited stabilization when complexed with the
complementary RNA. Better still, the 2’-O-allylcytidine modification in these
sequences resulted in a higher stabilization for the DNA:RNA duplexes as compared to
the 2'-O-allyluridine containing DNA:RNA duplexes.

» Stabilization and destabilization observed for the modified iISODNA oligonucleotides
implies that the effects observed upon the introduction of 3’-O- allyluridine or 3’-O-
allylcytidine modification in these sequences may be sequence-specific. The sequences
with 3’-O-allyluridine modifications showed stability in 2’DNA-1, while the 3’-O-

allylcytidine modifications caused destabilization and vice versa.

3.3.6 Conclusions

» Introduction of the 2’-O-allyluridine modifications in 3’-5’DNA, stabilize the resulting
DNA:RNA complexes. 2’-O-allylcytidine modifications in 3’-5’DNA render even
better stability to the resulting DNA:RNA duplexes.

» Alkylation at the 3’position of uridine did not result in an a uniform stabilization in the
2’-5’-linked isoDNA:RNA duplexes of 3’-O-allyluridine/cytidine as was seen in the 3’-
5’DNA:RNA duplexes containing 2°-O-allyluridine /cytidine modifications.

» Both 3’-O-allyluridine and 3’-O-allylcytidine modifications introduced in the 2’-5’-
linked iSODNA showed a variation in stability in the iISODNA:RNA duplexes.

» However, both 3’-O-allyluridine and 3’-O-allylcytidine derivatives may be

successfully used in gapmer designs of ASOs.
3.4 Experimental

General remarks: All the reagents were purchased from Sigma-Aldrich and used without
further purification. DMF, ACN, were dried over P,Os and CaH,; respectively and stored by
adding 4 A molecular sieves. Pyridine, TEA were dried over KOH and stored on KOH.
THF was passed over basic alumina and dried by distillation over sodium metal. Reactions

were monitored by TLC. TLCs were run in either Petroleum ether with appropriate quantity
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of EtOAc or DCM with an appropriate quantity of MeOH for most of the compounds. TLC
plates were visualized with UV light and iodine spray and/or by spraying perchloric acid
solution and heating. Usual reaction work up involved sequential washing of the organic
extract with water and brine followed by drying over anhydrous Na,SO4 and evaporation of
the solvent under vacuum. Column chromatographic separations were performed using
silica gel 60-120 mesh (Merck) or 200- 400 mesh (Merck) and using the solvent systems
EtOAc/Petroleum ether or MeOH/DCM. TLC was run using pre-coated silica gel GF254
sheets (Merck 5554).

'H and °C NMR spectra were obtained using Bruker AC-200, AC-400 and AC-500
NMR spectrometers. The chemical shifts (6/ppm) are referred to internal TMS/DMSO-d,
for 'H and chloroform-d/DMSO-d; for B3C NMR. '"H NMR data are reported in the order of
chemical shift, multiplicity (s, singlet; d, doublet; t, triplet; br, broad; br s, broad singlet; m,
multiplet and/ or multiple resonance), number of protons. Mass spectra were recorded on
APQSTAR spectrometer, LC-MS on a Finnigan-Matt instrument. DNA oligomers were
synthesized on CPG solid support using Bioautomation MerMade 4 synthesizer. The RNA
oligonucleotides were obtained commercially (Sigma-Aldrich). RP-HPLC was carried out
on a CI18 column using either a Varian system (Analytical semi-preparative system
consisting of Varian Prostar 210 binary solvent delivery system, a Dynamax UV-D2
variable wavelength detector and Star chromatography software) or a Waters system
(Waters Delta 600e quaternary solvent delivery system with 2998 photodiode array detector
and Empower2 chromatography software). MALDI-TOF spectra were recorded on a
Voyager-De-STR  (Applied Biosystems) MALDI-TOF instrument or AB Sciex
TOF/TOF™ Series Explorer™ 72085 instrument and the matrix used for analysis was
THAP (2°, 4°, 6’-trihydroxyacetophenone). UV experiments were performed on a Varian
Cary 300 UV-VIS spectrophotometer fitted with a Peltier-controlled temperature

programmer.

3.4.1 Synthesis of compounds/monomers
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2°/3’-O-allyl uridine (24+25)

o) Uridine, 15 (2.44 g, 10 mmol) was dissolved in DMF (20 mL) and

| /l\ﬁl treated with allyl bromide (2.1 mL, 25 mmol) in presence of DBTO
HOWN O (2.8 g, 12 mmol) and TBAB (2.4 g, 11 mmol). The reaction mixture
was heated at 60°C for 5-6 hrs. The resulting clear solution was

concentrated at reduced pressure to remove DMF. The crude
24 R1 = OH, R2 = O-allyl
25 R1 =0O-allyl, R2= OH
increasing amounts of MeOH to obtain a mixture of 2°/3’-O-allyl uridine 24+25 in the

ratio of 60 : 40 as estimated from 'H NMR of the mixture. Yield 1.90 g, 67%.

product was purified on a silica gel column using CH,Cl, with

Mass (ESI): m/z 284.1008, found 283.05 (M-1).

2’-O-allyl- 5’-O-(4, 4'-dimethoxytrityl)-uridine (26) and
3’-0O-allyl- 5°-O-(4, 4'-dimethoxytrityl)-uridine (27)

The mixture, 2°/3’-O-allyl uridine, 24+25 (1.9 g, 6.69 mmol) was coevaporated with dry
pyridine twice (2 x 5 mL), then redissolved in 20 mL dry pyridine. DMTr-ClI (2.26 g, 6.69
mmol) was added in small portions over a period of 2 hrs. Reaction completion was
checked by TLC run in 5% MeOH in CH,Cl,, MeOH (1.0 mL) was added and the solvents
were removed in vacuo. Aq. NaHCO; solution was added and the product was extracted
with CH,Cl,. The organic layer was washed with water, dried over Na,SO4 and evaporated
to get foam. This was chromatographed on a silica gel (100-200 mesh) column using
CH,Cl, (containing 0.5% pyridine) with increasing amounts of MeOH to obtain compound
26 (1.82 g, 65%). On increasing polarity compound 27 (0.980 g, 35%) was eluted from the

column.

2’-0O-allyl- 5°-O-(4, 4'-dimethoxytrityl)-uridine (26):

o "H NMR (200 MHz, CDCl5): § 3.55 (m, 2H, H5> & H5”"), 3.80
| /Nl: (s, 6H, 2 X OCH3), 3.98-4.07 (m, 2H, -OCH, allyl), 4.20-4.29

DMTrO N (@]
—\é/ (ddd, J =1.2, 6.2, 12.8 Hz, H4’), 4.40-4.49 (m, 2H, H3> & H2),

Ho o 524-538 (m, 3H, H5 & =CH,), 5.88 (m, 1H, =CH), 5.97 (d, J
26
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=1.7 Hz, H1"), 6.62-6.87 (m, 4H, Ar), 7.26-7.40 (m, 9H, Ar), 8.02 (d, 1H, J =8.2 Hz, H6),
8.80 (bs, NH). ®C NMR (50 MHz, CDCl;): § 55.2, 61.2, 68.4, 71.3, 81.3, 83.3, 86.9, 87.3,
102.0, 113.2, 118.4, 123.7, 127.0, 127.9, 128.0, 130.0, 130.1, 133.3, 134.9, 135.2, 136.0,
139.9, 144.2, 149.5, 150.2, 158.6, 163.6. Mass (ESI): m/z 586.2315, found 609.16
(M+Na").

3’-O-allyl- 5’-O-(4, 4'-dimethoxytrityl)-uridine (27):

o "H NMR (200 MHz, CDCl3): & 3.36 & 3.57 (2 dd, 1H each, J

fLNH =2.15, 11.37 Hz, H5’ & H5""), 3.80 (s, 6H, 2 X OCH3), 4.07 (d,

DMTIO— o | N"So 2H, -OCH, allyl), 4.17-4.32 (m, 3H, H4’, H3’, H2"), 5.20-5.32

v (m, 2H,=CH, allyl), 5.38 (d, 1H, J =8.0 Hz H5), 5.76-5.93 (m,

1H, =CH allyl), 5.95 (d, J =3.9 Hz, H1"), 6.82-6.87 (m, 4H, Ar),

7.24-7.39 (m, 9H, Ar), 7.84 (d, 1H, J =8.0 Hz, H6). *C NMR

(50 MHz, CDCLy): & 55.2, 62.0, 71.5, 73.9, 76.0, 81.4, 86.9, 89.7, 102.4, 113.2, 118.5,

123.7, 127.1, 127.9, 130.0, 130.1, 133.5, 135.0, 135.1, 136.0, 140.0, 144.1, 149.6, 150.7,
158.6, 163.3. Mass (ESI): m/z 586.2315, found 609.14 (M+Na").

2’-O-allyl- 3'-O-[2-cyanoethoxy(diisopropylamino)phosphino]-5'-O-(4, 4'-
dimethoxytrityl)-uridine (28) and 3’-O-allyl- 2'-O-[2-cyanoethoxy (diisopropylamino)
phosphino]-5'-O-(4, 4'-dimethoxytrityl)-uridine (29)

N 0 Compound 26/27 (0.200 g, 0.340 mmol)

fj\NH | /’E was coevaporated with dry CH,Cl,, then

DMTrO o, N o DMTrO o N O dissolved in 25 mL of dry CH,Cl.
_:S—Zo/ o ~ G "2? Diisopropylethylamine (DIPEA) (0.320 mL,
/kN"%\o ~_CN NC \/\O’P\N/( 1.70 mmol) was added followed by N,N-
diisopropylamino-2-cyanoethylphosphino-

29 chloridite (0.245 mL, 1.02 mmol) at 0°C. The

28
reaction mixture was stirred under argon atmosphere at room temperature for 3 hrs. TLC

showed product formed and absence of starting material. The reaction was diluted with

CH,Cl,, washed with NaHCOj; and water, dried over Na,SO4 followed by solvent removal.

Ph.D thesis: AD.Gunjal, (NCL) University of Pune 130



The crude product was purified on a silica gel column using 1:1 mixture of CH,Cl,: EtOAc

and 1% triethylamine to afford compound 28 (0.162 g, 56.44%) /29 (0.179 g, 62.68%)).

2’-0O-allyl-3'-O-|2-cyanoethoxy(diisopropylamino)phosphino]-5'-O-(4,4'-
dimethoxytrityl)-uridine (28) :

3P NMR (50 MHz, CDCl3): & 150.14, 150.20.

Mass (ESI): m/z 786.3394, found 809.47 (M+Na").
3’-0O-allyl-2'-O-[2-cyanoethoxy(diisopropylamino)phosphino]-5'-O-(4,4'-
dimethoxytrityl)-uridine (29):

3P NMR (50 MHz, CDCls):  150.33, 151.67.

Mass (ESI): m/z 786.3394, found 809.29 (M+Na").

2°-0O-allyl-5’-O-(4, 4'-dimethoxytrityl)-3'-O-(tert-butyldimethyl silyl)-uridine (30) and
3’-0O-allyl-5’-O-(4, 4'-dimethoxytrityl)-2'-O-(tert-butyldimethyl silyl)-uridine (31)
Compound 26/27 (0.2 g, 0.341 mmol) was dissolved in dry DMF (2.0 mL). To this
suspension imidazole (0.058 g, 0.853 mmol) was added followed by TBDMS-CI (0.154 g,
1.02 mmol). The reaction was stirred at RT for 2 hr. TLC showed completion of reaction.
DMF was removed under reduced pressure. The crude compound was taken in CH,Cly,
washed with NaHCO; and water, dried over Na,SO4 followed by solvent removal. The
gummy solid was purified on a 60-120 mesh silica gel column using gradient system of
CH,Cl,, MeOH containing 0.5% pyridine to get pure compound 30 (0.167 g, 70%)/ 31
(0.172 g, 72.5 %).

2’-O-allyl-5’-O-(4, 4'-dimethoxytrityl)-3'-O-(tert-butyldimethyl silyl)-uridine (30):

"H NMR (200 MHz, CDCls): 8 -0.01 and 0.10 (2 x s, 3H each,
CH3), 0.85 (s, 9H, CH3), 3.38-3.44 & 3.72-3.78 (2 dd, 1H each, J

(0]

NH
DMTrO o | N/go =1.52, 10.9 Hz, HS’ & HS5’’), 3.84-3.86 (singlet merged with
v multiplet, 7H), 4.17-4.26 (m, 2H), 4.37-4.46 (m, 2H), 5.21-5.42
(m, 3H, H5 & =CH,; allyl), 5.92 (m, 1H, =CH allyl), 6.03 (d, J
=1.3 Hz, HI"), 6.87-6.91 (m, 4H, Ar), 7.27-7.43 (m, 9H, Ar),
8.20 (d, 1H, J =8.2 Hz, H6), 10.1 (bs, 1H, NH). *C NMR (50 MHz, CDCL3): & -5.1, -4.6,

s = =
TBDMSO 07

30
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17.9, 25.4, 55.1, 60.5, 69.1, 71.0, 81.6, 82.6, 86.8, 88.0, 101.9, 113.1, 117.5, 127.1, 127.8,
128.2, 130.1, 133.9, 134.8, 134.9, 140.1, 143.9, 150.2, 158.6, 163.9. Mass (ESI): m/z
700.3180, found 723.41 (M+Na").

3’-0O-allyl-5’-O-(4, 4'-dimethoxytrityl)-2'-O-(tert-butyldimethyl silyl)-uridine (31):

0 "H NMR (200 MHz, CDCls): & 0.14, 0.20 (2 x s, 3H each, CHs),

fL /NJ: 0.91 (s, 9H, CH3), 3.42, 3.60 (2 dd, 1H each, J =1.6, 11.24 Hz,

DMTFO“\@/N ° H5 & H5™), 3.80 (s, 6H, 2 X OCH;), 3.89 (m, 1H), 4.07-4.18

~~6 ‘omeoms (M, 2H), 4.24-4.35 (m, 2H), 5.17-5.32 (m, 3H, H5 & =CH, allyl),

a1 5.80 (d, J =1.5 Hz, H1’ ) merged with 5.75-5.94 (m, 1H, =CH

allyl), 6.82-6.86 (m, 4H, Ar), 7.30-7.40 (m, 9H, Ar), 8.14 (d, 1H, J =8.2 Hz, H6), 9.51 (bs,

1H, NH). *C NMR (50 MHz, CDCLs): & -5.2, -4.6, 18.0, 25.5, 55.2, 61.0, 71.4, 74.4, 75 .4,

80.8, 86.9,90.4, 101.7, 113.2, 117.7, 127.1, 127.9, 128.0, 130.0, 133.9, 134.9, 135.1, 140.2,
144.2,150.1, 158.6, 163.6. Mass (ESI): m/z 700.3180, found 723.42 (M+Na").

2’-O-allyl-5’-O-(4, 4'-dimethoxytrityl)-3'-O-(tert-butyldimethyl silyl)- 4-(1,2,4-triazol-
1-yDuridine (32)/ 3’-O-allyl-5’-O-(4, 4'-dimethoxytrityl)-2'-O-(tert-butyldimethyl
silyl)- 4-(1,2,4-triazol-1-yl) uridine (33)

N In a RB flask (having a side arm with a sinter, a stopper and
N

4

N B19 joint for vacuum filteration), 1,2,4-triazole (0.288 g, 4.17

SN
mmol) was suspended in dry CHs .5 mL). After stirring for
L I ded in dry CH;CN (2.5 mL). After stirring f
DMTrO o. JN"o

_\Q/ 10 mins under argon atmosphere, the flask was cooled to 0°C,
Ry Q’Rz POCI; (0.110 mL, 1.18 mmol) was added dropwise. The reaction
32 R1=TBDMS, R2=0-alyl mjxture was stirred at 0'C for 20mins. Triethylamine (TEA) (1.2

33 R1=0-allyl, R2=TBDMS
mL, 8.6 mmol) was added dropwise and stirring at 0'C was continued for half an hour. The
triazolide complex formed was filtered into a flask containing the substrate 30, (0.167gm,
0.238mmol) solution in dry CH;CN 1.0 mL, TEA 0.5 mL. The reaction mixture was stirred
for 3 hrs at RT. TLC showed product spot and no starting present. TEA 0.5ml was added
followed by 1.0 ml of ice water. The reaction mixture was concentrated to give a brown

solid. The crude compound was taken in CH,Cl,, washed with NaHCO; and water, dried
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over Na,SO4 followed by solvent removal to give brown foam. This crude compound 32/33

was used for the next reaction without further purification.

2’-O-allyl-5’-O-(4, 4'-dimethoxytrityl)-3'-O-(tert-butyldimethyl silyl)-cytidine (34)/
and 3’-O-allyl-5’-O-(4, 4'-dimethoxytrityl)-2'-O-(tert-butyldimethyl silyl)-cytidine (35)
The crude compound 32/33 was dissolved in 2 mL dioxane to which 2.0 mL aq. Ammonia
solution was added and stirred for 2 hrs at RT. TLC done showed product spot and no
starting present. The reaction mixture was concentrated to remove ammonia and dioxane.

The crude product was purified on a silica gel column to yield the pure product 34 (0.106 g,
68.21%) / 35 (0.090 g, 62.38%).

2’-O-allyl-5’-O-(4, 4'-dimethoxytrityl)-3'-O-(tert-butyldimethyl silyl)-cytidine (34):

NH,  "H NMR (200 MHz, CDCl3): & -0.09 and 0.02 (2 x s, 3H each,

| \/L CHs), 0.77 (s, 9H, CH3), 3.29 (dd, 1H, J =1.6, 10.7 Hz, H5"),

N 3.70-3.83 (8H, singlet for 2 x OCH; & multiplet for 2H), 4.15-

BomsS | orNF 431 (m, 2H), 438 (dd, 1H, J =4.4, 9.10 Hz), 4.45 (dd, J =5.17,

34 12.8 Hz), 5.12-5.39 (m, 3H, H5 & =CHj allyl), 5.83 (m, 2H,

=CH allyl & H1’), 6.82-6.86 (m, 4H, Ar), 7.24-7.37 (m, 9H, Ar), 8.30 (d, 1H, J=7.5 Hz,

H6). °C NMR (50 MHz, CDCL): & -5.1, -4.6, 17.9, 25.5, 55.2, 60.4, 68.7, 70.9, 81.9, 86.7,

88.9, 94.0, 113.0, 117.1, 127.0, 127.8, 128.3, 130.2, 134.3, 135.1, 135.2, 141.4, 144.1,
155.6, 158.6, 165.8. Mass (ESI): m/z 699.3340, found 722.49 (M+Na").

DMTrO o

3’-0-allyl-5’-O-(4, 4'-dimethoxytrityl)-2'-O-(tert-butyldimethyl silyl)-cytidine (35):

NH; "H NMR (200 MHz, CDCl;): & 0.13 and 0.23 (2 x s, 3H each,
| \/'L CHs), 0.90 (s, 9H, CH;), 3.38, 3.61 (2 x dd, 1H each, J=1.7, 10.9

DMTrO o. SN0
_\(_7/ Hz, 5° & H5”), 3.78 (s, 6H, 2 X OCHs), 3.89 (m, 1H), 4.03-
4.10 (m, 2H), 4.20-4.36 (m, 2H), 5.13-5.26 (m, 2H, =CH, allyl),
o 5.30 (d, 1H, J= 7.45 Hz, HS), 5.71-5.91 (m, 2H, =CH allyl &
H1), 6.82-6.86 (m, 4H, Ar), 7.22-7.43 (m, 9H, Ar), 8.22 (d, 1H, J=7.46 Hz, H6). *C NMR

(50MHz, CDCls): 6 -5.3, -4.4, 18.0, 25.6, 55.1, 60.8, 71.1, 73.8, 75.0, 80.1, 86.6, 91.5, 93.6,

=~_-~0 OTBDMS
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113.1, 117.5, 126.9, 127.8, 128.1, 130.1, 134.0, 135.3, 135.4, 141.4, 144.4, 155.6, 158.5,
165.8. Mass (ESI): m/z 699.3340, found 722.28 (M+Na").

N*-Benzoyl-2’-O-allyl-5’-O-(4,  4'-dimethoxytrityl)-3'-O-(tert-butyldimethyl  silyl)-
cytidine (36) and N4-Benzoyl-3’-O-allyl-S’-O-(4, 4'-dimethoxytrityl)-2'-O-(tert-
butyldimethyl silyl)-cytidine (37)

Compound 34/35 (0.200 g, 0.286 mmol) was dissolved in 2.0 mL dry pyridine. Benzoyl
chloride (0.100 mL, 0.858 mmol) was added and the reaction was stirred for lhr. TLC
showed completion of reaction. Reaction mixture was quenched with ice, extracted with
CH,Cl,, washed with NaHCOs3 and water, dried over Na,SO4 followed by solvent removal
to give crude product which was column purified to give pure compound 36 (0.209 g,

91.26%)/ 37 (0.180 g, 78.65%).

N*-Benzoyl-2’-O-allyl-5’-O-(4,  4'-dimethoxytrityl)-3'-O-(tert-butyldimethyl  silyl)-
cytidine (36):

NHBz  'H NMR (200 MHz, CDCls):  -0.07 and 0.04 (2 x s, 3H each,

| \/'L CH3), 0.79 (s, 9H, CHs), 3.39-3.46 ( dd, 1H, J =1.5, 10.9 Hz,
DMTrO—\G/N ° HS5’), 3.79 (m, 1H, merged with 3.84, H5"), 3.84 (6H, singlet for 2
TBDMSG '»O/v/ x OCH,), 3.92 (d, 1H, J =4.42 Hz), 4.25-4.44 (m, 3H), 4.60 (m

36 1H), 5.16-5.33 (dd, 1H, J =1.5 and 10.36 Hz), 5.34-5.44 (dd, 1H,

J=1.6, 17.06 Hz), 5.87-6.04 (m, 1H, =CH) 6.06 (s, 1H, H1’), 6.87 (m, 4H, Ar), 7.30-7.58
(m, 1H, Ar and H5), 8.71 (m, 2H, Ar), 8.87 (d, 1H, J =7.8 Hz, H6). *C NMR (50 MHz,
CDCl3): 6 -5.1, -4.6, 17.9, 25.5, 55.1, 60.0, 68.4, 71.1, 81.7, 82.2, 87.0, 89.3, 97.0, 113.2,
117.2, 127.2, 127.9, 128.2, 128.5, 130.0, 130.1, 132.8, 133.0, 133.2, 134.1, 143.5, 145.5,

154.4,158.7, 163.4, 167.1. Mass (ESI): m/z 803.3602, found 826.40 (M+Na").

N*-Benzoyl-3’-O-allyl-5’-O-(4,  4'-dimethoxytrityl)-2'-O-(tert-butyldimethyl  silyl)-
cytidine (37):
'"H NMR (200 MHz, CDCl3): 6 0.18 and 0.30 (2 x s, 3H each, CH3), 0.92 (s, 9H, CHj3),

3.47 and 3.66 (2 x dd, 1H each, J=2.02, 11.37 Hz, H5> & H5”"), 3.83 (s, 6H, 2 x OCHs),
3.89 (m, 1H), 4.04-4.14 (m, 2H), 4.33-4.43 (m, 2H), 5.20 (m, 2H), 5.73-5.92 (m, 1H, allyl
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=CH), 5.84 (s, 1H, H1"), 6.86-6.90 (m, 4H, Ar), 7.26-7.62 (m,

NHBz  |3H, Arand H5), 8.0 (m, 2H, Ar), 8.77 (d, 1H, J =7.6 Hz, H6).

| \/'L BC NMR (50 MHz, CDCL): & -5.3, -4.3, 18.0, 25.6, 55.2,

PMIIOTN o N™ ™0 605, 71.3, 73.7, 74.7, 80.5, 87.0, 92.1, 96.5, 1133, 117.7,

127.2, 127.9, 128.2, 128.8, 130.0, 130.1, 133.1, 133.8, 135.3,

135.5, 143.9, 145.4, 154.5, 158.7, 162.7, 170.8. Mass (ESI):
m/z 803.3602, found 826.36 (M+Na").

=0 OTBDMS

37

N*-Benzoyl-2’-O-allyl-5’-O-(4, 4'-dimethoxytrityl)-cytidine (38) and N*-Benzoyl-3’-O-
allyl-5’-O-(4, 4'-dimethoxytrityl)- cytidine (39)

Substrate 36/37 (0.120 g, 0.149 mmol) is dissolved in AR grade THF (1 mL) . To this IM
TBAF solution in THF (0.4 mL, 0.388 mmol) was added and reaction stirred for 1.5 hr, till
TLC showed no starting present. Reaction mixture was concentrated under reduced
pressure to remove THF. The crude product was extracted with CH,Cl,, given a water wash
followed by drying over Na,SO,. Then the CH,Cl, phase was concentrated followed by
column purification to give pure compound 38 (90 mg, 87.96%) /39 (80 mg, 78.64%).

N*-Benzoyl-2’-O-allyl-5’-O-(4, 4'-dimethoxytrityl)-cytidine (38):

nhez HNMR (200 MHz, CDCls): § 3.53- 3.67 (m, 2H, H5* & H5"),

| \/’L 3.83 (s, 6H, 2 X OCH3), 4.00 (d, 1H, J =5.18 Hz), 4.12 (dt, 1H, J

DMTIO—\ o N7 SO =2.20,9.09 Hz), 4.34-4.51 (m, 2H), 4.59-4.68 (m, 1H), 5.21 (dd,

_\Q/ 1H, J =1.5, 10.3 Hz, allyl), 5.34 (dd, 1H, J =1.5, 17.1 Hz, allyl),

5.92 (m, 1H, =CH allyl), 6.02 (s, 1H, H1’), 6.86 (m, 4H, Ar),

7.20-7.48 (m, 12H, Ar), 7.51(d, J =7.45 Hz, 1H, H5), 7.90 (m,

2H, Ar), 8.60 (d, 1H, J =7.45 Hz, H6). *C NMR (50 MHz, CDCl): & 55.1, 60.6, 67.6,

71.2, 81.2, 83.2, 87.0, 88.7, 96.8, 113.2, 118.1, 127.1, 127.9, 128.2, 128.7, 129.9, 130.0,

133.0, 133.5, 135.5, 143.9, 145.1, 149.1, 154.5, 158.6, 162.9, 168.8. Mass (ESI): m/z
689.2737, found 712.36 (M+Na").

RS _—
Ho o

38
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N4-Benzoyl-3’-O-allyl-S’-O-(4, 4'-dimethoxytrityl)- cytidine (39):

NHBz  'H NMR (200 MHz, CDCls): 6 3.45 and, 3.59 (2 x dd, 1H each, J

| \/'L =1.7,10.9 Hz, H5’ & H5’), 3.81 (s, 6H, 2 X OCH3), 4.00 (m, 1H),

DMTrO—\é/N © 4.13-4.25 (m, 2H), 4.33 (m, 1H), 4.46 (m, 1H), 5.22 (m, 2H,

=~~~ oH =CH, allyl), 5.77-5.96 (m, 1H, =CH allyl), 6.01 (d, J=2.02 Hz, 1H,

39 H1’) 6.85 (m, 4H, Ar), 7.24-7.46 (m, 12H, Ar), 7.53 (d, J =7.46

Hz, 1H, H5), 7.90 (m, 2H, Ar), 8.49 (d, 1H, J =7.46 Hz, H6). *C NMR (50 MHz, CDCl;):

o 55.1, 61.3, 71.4, 74.1, 75.6, 81.6, 86.8, 92.0, 96.7, 113.2, 118.0, 127.0, 127.5, 128.0,

128.8, 129.9, 132.9, 133.7, 135.1, 135.3, 135.9, 143.9, 144.7, 149.6, 155.1, 158.6, 162.3,
166.5. Mass (ESI): m/z 689.2737, found 712.31 (M+Na").

N*-Benzoyl -2’-O-allyl- 3'-O-[2-cyanoethoxy(diisopropylamino)phosphino]-5'-O-(4, 4'-
dimethoxytrityl)-cytidine (40) and 3’-O-allyl-2'-O-[2-cyanoethoxy(diisopropylamino)
phosphino]-5'-O-(4, 4'-dimethoxytrityl)-uridine (41)

Compound 38/39, (0.206 g, 0.3 mmol) was coevaporated with dry dichloromethane then
dissolved in 3.0 mL of dry CH,Cl, DIPEA (0.200 mL, 1.2 mmol) was added followed by
chloro(2-cyanoethoxy)-N,N-

NHBz NHBz
\ SN | SN diisopropyl amino)-phosphine
oMo~ o N,l\\o oMTIO— o SN )%O (0.190 mL, 0.837 mmol) at 0°C.
v —\Q/ The reaction mixture was stirred
/L cIS: o =~ 0 '/’cl) under argon atmosphere at room
N o ~CN NG/ ~O P\N{ temperature for 3 hours. TLC done
showed product formed and

40 41

absence of starting material. The
reaction was diluted with CH,Cl,, washed with NaHCO; and water, dried over Na,SO,
followed by solvent removal. The crude product 40/41 was purified on a silica gel column
using 1:1 mixture of CH,Cl, : EtOAc and 1% TEA. Compound 40 (0.190 g, 71.69%)/ 41
(0.176 g, 66.37%).
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N*-Benzoyl -2’-O-allyl- 3'-O-[2-cyanoethoxy(diisopropylamino)phosphino]-5'-O-(4, 4'-
dimethoxytrityl)-cytidine (40):

3P NMR (50 MHz, CDCl3): § 150.07, 150.14. Mass (ESI): m/z 889.3816, found 912.49
(M+Na").

3’-O-allyl- 2'-O-[2-cyanoethoxy(diisopropylamino)phosphino]-5'-O-(4, 4'-
dimethoxytrityl)-uridine (41):

3P NMR (50 MHz, CDCls): & 149.52, 151.98. Mass (ESI): m/z 889.3816, found 912.43
(M+Na").

3.4.2 Synthesis of buffers
Phosphate buffer (pH = 7.2, 150 mM NaCl)

Na,HPO4 (110 mg), NaH,PO4-H,0 (35.3 mg), NaCl (877.5 mg) was dissolved in minimum
quantity of water and the total volume was made 100 mL. The pH of the solution was

adjusted 7.2 with aq. NaOH solution in DI water, and stored at 4°C.
Triethyl ammonium acetate (TEAA) buffer

TEA (101.19 g = 139.38 mL, 1 M) was diluted up to 500 mL DI water and kept aside, then
in another container AcOH (60.05 g =57.24 mL, 1 M) was diluted up to again with 500 mL
DI water. Then slowly the AcOH solution was added to the TEA in ice bath with vigourous
stirring to make total volume 1 L, the pH of the solution was adjusted to 7.0 using either

AcOH or TEA, this 1M stock buffer was stored at room temperature.
3.4.3 Synthesis of oligonucleotides

DNA oligonucleotides were synthesized on a CPG solid support using Bioautomation
MerMade- 4 synthesizer using standard pB-cyanoethyl phosphoramidite chemistry. The 2'-
5'-linked DNA oligomers were synthesized in 2'-5" direction using universal columns as
solid support. All the monomer (0.06M) solutions in anhydrous acetonitrile were prepared
freshly and stored over 3A molecular sieves. The modified amidite monomer solution

concentration was (0.1M) in acetonitrile. For the modified monomers double coupling and

Ph.D thesis: AD.Gunjal, (NCL) University of Pune 137



longer coupling time(300 s x 2)were employed. Post synthesis, the sequences were
subjected to ammonia treatment for 6 h at 55°C, cleavage of the oligomer from the
support, deprotection of the P-cyanoethyl protecting group and the exocyclic amino
protecting groups used during the synthesis takes place. The crude oligonucleotides were
desalted by passing them over G-25 sephadex columns, followed by purification using
RP-HPLC (C18 column). The pure oligomers were characterized by MALDI-TOF before
using for the biophysical studies.

3.4.4 Purification and characterization
High performance liquid chromatography

The purity of synthesized oligonucleotides were ascertained using by RP-HPLC on
a C18 column with either a Varian system (Analytical semi-preparative system consisting
of Varian Prostar 210 binary solvent delivery system and Dynamax UV-D2 variable
wavelength detector and Star chromatography software) or a Waters system (Waters Delta
600e quaternary solvent delivery system and 2998 photodiode array detector and Empower
2 chromatography software). A gradient elution method 0% A to 100%B in 15 min was
used with flow rate 1.5 mL/min and the eluent was monitored at 260nm. [A = 5% ACN in

TEAA (0.1 M, pH 7); B=30% ACN in TEAA (0.1 M, pH 7)].
MALDI-TOF characterization

The MALDI-TOF spectra were recorded on both Voyager-De-STR (Applied
Biosystems) MALDI-TOF instrument or a AB Sciex TOF/TOF ™ Series Explorer' ' 72085
instrument. A nitrogen laser (337 nm) was used for desorption and ionization. The matrix
used for analysis was THAP (2°, 4°, 6’-trihydroxyacetophenone), and diammonium citrate
used as addetive. The sample was prepaired by mixing 1 pL oligomer (10-50 uM in DI
H,0) with 10 pL of THAP (0.55 M in EtOH) mixed well followed by 5 pL diammonium
citrate (0.1 M in DI H,O) again mixed well and then 1 pL of the mixture was spotted on
metal plate. The metal plate was loaded to the instrument and the analyte ion were then
accelerated by an applied high voltage (15-25 kv) in linear mode and detected as an

electrical signal.
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HPLC purified oligonucleotides were characterized through this method and were
observed to give good signal to noise ratio, mostly producing higher molecular ion signals.

The purity was re-checked and found to be >95%.
3.4.5 Biophysical techniques
UV-T,, Experiments

UV experiments were performed on a Varian Cary 300 Bio UV-Visible
spectrophotometer fitted with a Peltier-controlled temperature programmer. The
concentration of DNA ONs were calculated on the basis of absorbance from molar
extinction coefficients of the corresponding nucleobases (A = 15400, T = 8800, C = 7300
and G = 11700, U = 9900 L/(M.cm) of DNA/RNA. The complexes were prepared by
mixing 1 uM strand concentrations of ONs and complementary strand together (1:1) in 1
mL of 10 mM sodium phosphate buffer, pH 7.2 containing NaCl (150 mM) and were
annealed by keeping the samples at 90°C for 2 min followed by slow cooling to room
temperature and refrigeration for at least 5 hours prior to running the experiments. The
sample was held at the starting temperature 10°C for at least 15 min, N>-gas was purged
through the cuvette chamber below 20°C to prevent condensation of moisture on cuvette
walls. Absorbance versus temperature profiles were obtained by monitoring the absorbance
at 260nm from 10-85°C at a ramp rate of 0.5°C per minute. The data were processed using
Microcal Origin 6.1 and T, (°C) values were derived from the maxima of the first
derivative plots. All values are an average of at least 3 independent experiments and

accurate to within + 0.5°C.
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3.5 Appendix

Compound No.

compound 39:

compound 26:

compound 27:

compound 30:
compound 31:
compound 34:
compound 35:
compound 36:
compound 37:

compound 38:

'H, *C NMR and DEPT
'H, °C NMR and DEPT

compound 28: 'H, *'P NMR and Mass

compound 29: 'H, *'P NMR and Mass

'H, °C NMR and DEPT
'H, *C NMR and DEPT
'H, *C NMR and DEPT
'H, °C NMR and DEPT
'H, *C NMR and DEPT
'H, *C NMR and DEPT
'H, °C NMR and DEPT
'H, *C NMR and DEPT

compound 40: 'H, *'P NMR and Mass
compound 41: 'H, *'P NMR and Mass
HPLC chromatogram of oligomers

MALDI spectra of oligomers
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