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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.

» 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/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 3C 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 for *H
and chloroform-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 a Q Exactive Hybrid Quadrupole Orbitrap Mass
spectrometer (Thermo Fisher Scientific).

» DNA oligomers were synthesized on CPG solid support using Bioautomation
MerMade 4 synthesizer. The 2’-deoxy-3'-phosphoramidites were obtained from
ChemGenes and 3'-deoxy-2'-phosphoramidites from Glen Research. Universal
columns procured from Bioautomation.

» RP-HPLC on C-18 column using Waters system (waters Delta 600e quaternary
solvent delivery system, 2998 photodiode array detector and Empower2
chromatography software)

» MALDI-TOF spectra were recorded on a SCIEX TOF/TOF 5800 system, and the
matrix used for analysis was THAP (2, 4, 6-trihydroxyacetophenone) /Ammonium
citrate (2:1).
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General remarks

» UV experiments were carried out on a Varian Cary 300 UV-Visible
spectrophotometer equipped with a Peltier-controlled cell holder.
» CD spectra were recorded on a Jasco J-815 spectropolarimeter equipped with a

Peltier-controlled cell holder.
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Abstract

Name of the Candidate: Ms. Manisha Nilkanth Aher

AcSIR Enrolment No. & Ph. D. in Chemical Sciences (10CC17J26024); January
Date: 2017

Title of the Thesis: Effect of 3’-fluoro substitution and loop modification in
2’-phosphodiester-linked  thrombin-binding  aptamer
(TBA) on its structure and function

Research Supervisor: Dr. Moneesha Fernandes
Research Co-Supervisor: Dr. Vaijayanti A. Kumar

Abstract

The Thesis entitled ""Effect of 3'-fluoro substitution and loop modification in 2’'-
phosphodiester-linked thrombin-binding aptamer (TBA) on its structure and
function” has been divided into four chapters.

Chapter 1: Introduction to Guanine-rich nucleic acid aptamers with focus on the
Thrombin binding aptamer (TBA)

Chapter 2: S/N-type frozen 3'-deoxy, 3'-fluoro nucleosides in non-genetic 2'-5’ linked
thrombin binding aptamer (iSocTBA)

Section A: Synthesis of S/N-type-frozen 3'-deoxy-3'-ribo/xylofluoro thymidine (RTF
and *TF) and 3'-deoxy-3'ribo/xylofluoro uridine (RUF and *UF) nucleosides

Section B: 3'-deoxy 3'-fluoronucleosides in the thrombin binding apatamer (TBA):
Evaluation of stability and activity

Chapter 3: Truncated loops in 3'-5’ linked TBA Vs 2'-5' linked isoTBA: Effect on
quadruplex topology and thrombin binding

Chapter 4: Effect of 2'-5' and 3'-5' linkages in the loop region of TBA and isoTBA

respectively, on G quadruplex stability and function

Chapter 1: Introduction to Guanine-rich nucleic acid aptamers with focus on the
Thrombin binding aptamer (TBA)

This chapter briefly describes the structure of nucleic acids, the different kinds of
hydrogen bonding between the canonical nucleobases and the sugar puckering in nucleic
acids. The common higher order nucleic acid structures and parameters that control the
stability of these structures are presented.

The recent two decades have seen significant work in the field of aptamer

technology mainly focused on G-quadruplex forming aptamers. A particular folded
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Abstract

sequence which specifically binds to a target biomolecule is termed as an aptamer.
Guanine-rich DNA/RNA aptamers can fold into three-dimensional G-quadruplex
structures by stacking of two or more guanine quartets upon each other, and are
constructed by one, two or four guanine-rich oligonucleotide strands. G-quadruplex
strand orientation and polymorphism is discussed in this chapter. The thrombin-binding
aptamer 5-GGTTGGTGTGGTTGG-3' (TBA) is a G-quadruplex forming 15 mer DNA
oligonucleotide. It was discovered by the SELEX process, selectively binds to thrombin
(enzyme in the blood coagulation process) and inhibits its action. This chapter presents a
brief review about the research focused on the development of new TBA derivatives
with improved anticoagulant properties as well as the use of TBA as a model compound
for the study of quadruplex structure.

The principles of tools and techniques for structural and stability studies of nucleic
acid complexes including higher-ordered G-quadruplexes, such as UV-spectroscopy,
Circular Dichroism (CD) spectroscopy, Polyacrylamide gel electrophoresis (PAGE),
MALDI TOF mass spectrometry are outlined.

Chapter 2: S/N-type frozen 3’-deoxy, 3'-fluoro nucleosides in non-genetic 2'-5'
linked thrombin binding aptamer (isocTBA)

The 2’-5' linked ONs (figure 1) are a unique class of oligonucleotides for potential

therapeutic applications since they exhibit high resistance to nuclease digestion.

o o

5' 5'
'“"T"“ ([LNH '“"T'W NH

0 HioH HOH
-
3 2
DNA/RNA isODNAJisoRNA

3'-5'linkage- genetic DNA/RNA | 2'.5'linkage- nongenetic DNA
Figurel: Structures of natural DNA, RNA and isoDNA
We planned the synthesis of conformationally frozen nucleosides and their

incorporation in 3'-deoxy-2’-5"-ONs (isoTBA) in order to improve the thermal stability
and nuclease resistance of G-quadruplex forming isoTBA. As there is no conclusive
experimental evidence in the literature for the preferred sugar geometries in iSOTBA
strands, we selected in this work to study either nucleoside analogues that would be in

either N-type or S-type frozen conformation (figure 2).
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Figure 2: Sugar puckering for 3'-deoxy-3'-fluoro ribo/xylo nucleoside
Section A: Synthesis of S/N-type-frozen 3’-deoxy-3'ribo/xylofluoro thymidine (RTF
and *TF) and 3’-deoxy-3'ribo/xylofluoro uridine (RUF and *UF) nucleosides
Herein, we report the synthesis and conformational analysis of monomers frozen in
the N-type or S-type sugar conformation (Schemes 1&2). The synthesis of N-type frozen
monomer is briefly outlined in Scheme 1 starting from D-xylose, while the synthesis of

the S-type frozen monomer is outlined in Scheme 2, starting from D-glucose.
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Schemel: a) Acetone, conc.H,SO4, Na2COs; b) BzCl, dry CH,Cl,, 0°C; ¢) I, MeOH, reflux; d) DAST,
dry CH.Cly; e) Ac.0O, pyridine;f) N,O-Bis (trimethylsilyl) acetamide, TMS-Triflate, thymine,
ACN; reflux;g) N, O-Bis (trimethylsilyl) acetamide, TMS-Triflate, uracil, ACN,reflux; h) ag. NHs,
MeOH:H;0 (4:1), 50°C;i) DMTr-Cl, DMAP, pyridine; j) 2-cyanoethyl-N,N-diisopropylchlorophosphine,
dry CH:ClI,, DIPEA.
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thymine, ACN, reflux; j) N, O-Bis (trimethylsilyl) acetamide, TMS-Triflate, uracil, ACN,reflux; k) aq
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NHz;, MeOH:H.O (4:1), 50°C; 1) DMTr-Cl, DMAP, pyridine; m) 2-cyanoethyl-N,N-
diisopropylchlorophosphine, dry CH.Cl, DIPEA.

Conformational analysis of the nucleoside analogues:

The sugar conformations of S/N-type conformationally frozen 3'-deoxy-3’-fluoro

ribo/xylothymidine nucleosides (RTF and *TF) and 3’-deoxy-3'-fluoro ribo/xylouridine
nucleosides (RUF and *UF) were compared based on the homonuclear 3Ju1- 12 coupling
constants. The % S for 3'-deoxy-3'-fluoro-2'-hydroxy-thymidine (RTF) and 3’-deoxy-3'-
fluoro ribouridine (RUF) were found to be 91.5 % and 97 % respectively. This shows that
these compounds are frozen in the S-type conformation whereas the % S for 3'-deoxy-3'-
fluoro-2'-hydroxy-xylothymidine (*TF) and 3’-deoxy-3'-fluoro-xylouridine (*UF) were
found to be 2.9 % and 0.15 % respectively, indicating N-type sugar conformation.
X-ray crystal structure analysis of 3'-deoxy-3'-fluoro-2’-hydroxy-thymidine (RTF)
revealed that it crystallizes in the orthorhombic space group P2:2:2: with two unique
molecules, A and B, in the asymmetric unit (Figure 3). The furanose ring conformations
of molecules A and B of RT are 2T3 (P = 170.2°, vmax = 36.1°) and 2E (P = 164.3°, Vmax =
38.8°), indicating a C2'-endo puckered sugar conformation (S-type).
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Figure 3: ORTEP drawing for the molecular structure of 3’-deoxy-3'-fluoro-2'-hydroxy-thymidine (RTF);
molecules A and B are the two different conformers observed.

Section B: 3'-deoxy 3’ fluoronucleosides in the thrombin binding aptamer (TBA):
Evaluation of stability and activity

In this section, the incorporation of monomers with N-type or S-type sugar
conformation in isoTBA is reported, with a study of the effects in terms of their
quadruplex forming possibility and consequently anti-thrombin activity.

We chose the 3'-deoxy-2'-5'-linked isoTBA (Figure 1), as it exhibits high stability
against cellular enzymes. The four phosphoramidite derivatives of monomers 3'-deoxy-
3'-ribo/xylofluoro thymidine (RTF and *TF) and 3'-deoxy-3'-ribo/xylofluoro uridine (RUF
and *UF) (Figure 4) were incorporated into 2'-5' linked isoTBA in the central loop at

position T’ and T* or both.
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Figure 4: Phosphoramide monomer for this study
Evaluation of G-quadruplex formation and stability in the presence of monovalent
ions by circular dichroism spectroscopy
CD spectra recorded for all oligomers (Table 1) in the presence potassium ions
displayed the characteristic signals corresponding to the antiparallel G-quadruplex
topology. The thermal stability studies of modified isoTBA analogues showed an
enhancement in thermal stability compared to the parent isoTBA but less stability as

compared to TBA.
Table 1% TBA, isoTBA, modified oligomers used in the present work and their CD-Tnin 10 mM K
phosphate buffer (pH 7.2), containing 100 mM KCI.

Err:;lry Sequence code Sequence }-(ri”(;r:n:)n*
1. TBA 5'-GGTTGGTGTGGTTGG-3’ 50 (+16)
2. iSOTBA 5-GGTTGGTGTGGTTGG-2' 34
3. iSOTBARTF-7 5'-GGTTGGRTFGTGGTTGG 2-' 37 (+3)
4, iSOTBARTF-79 5'-GGTTGGRT GRTFGGTTGG- 2’ 38 (+4)
5. iSOTBARTF-9 5'-GGTTGGTG T GGTTGG- 2’ 35 (+1)
6. iSOTBAXTF-7 5'-GGTTGG*TFGTGGTTGG- 2’ 40 (+6)
7. iSOTBAXTF-79 5-GGTTGG T G*T GGTTGG- 2’ 42 (+8)
8. iSOTBAXTF-9 5'-GGTTGGTG*T GGTTGG 2-' 35 (+1)
9. iSOTBARUF-7 5'-GGTTGGRU'GTGGTTGG -2’ 37 (+3)
10. iSOTBARUF-79 5'-GGTTGGRUTGRUFGGTTGG -2’ 36 (+2)
11 iSoTBARUF-9 5'-GGTTGGTGRU GGTTGG -2’ 35 (+1)
12. iSOTBAXUF-7 5'-GGTTGG*U'GTGGTTGG -2’ 35 (+1)
13. isoTBAXUF-79 5'-GGTTGG U G*UFGGTTGG-2’ 36 (+2)
14. isoTBAXUF-9 5'-GGTTGGTG U GGTTGG- 2’ 36 (+2)

# The number in the sequence name indicates the position of the modified nucleotide unit in the central

loop. " Values in parentheses indicate the difference in T (ATm) W.r.t. iSOTBA.
G-quadruplex formation in the presence of thrombin without monovalent cations
In water, all the modified sequences showed maxima at ~ 260 nm. We performed CD

experiments with all the sequences of the study, in the presence of increasing
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concentrations of thrombin at 4 °C. We observed an increase in the CD signal amplitude
near 290 nm upon incremental addition of thrombin.
Antithrombin effect of modified oligomers

The effect of thrombin binding on the anti-thrombin activity of the 3'-fluoro
modified iSOTBA variants was assessed by carrying out a clotting assay. From Figure 7,
it can be seen that in comparison to the reference, the fluoro modified isoTBA oligomers
had a better anti-thrombin activity; however, in comparison to the TBA and isoTBA, the
fluoro modified isoTBA oligomers showed a lower anti-thrombin activity, the highest
activity being observed for the parent TBA (Figure 5).
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Figure 5: Antithrombin activity measurement using fibrinogen from human plasma and bovine thrombin.
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. We exposed
iSOTBAXTF-79 as a representative oligomer, to snake venom phosphodiesterase. We
found that the stability of TBA was very low; it was immediately cleaved within 2 min,
whereas both isoTBA and isoTBAXTF-79 were found to be digested much slower; even

after 60 min, nearly 40 % of both oligomers were intact (Figure 6).
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Figure 6: RP-HPLC at different time points upon SVPD digestion.
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Conclusion: Incorporation of S-type and N-type conformationally frozen monomers (3'-
deoxy, 3'-fluoro thymidine/uridine) in isoTBA with a 2'-5’-backbone is reported for the
first time. Newly reported isoTBA analogues showed antiparallel quadruplex topology
with an enhancement in thermal stability compared to the parent iSOTBA and better
nuclease stability as compared to the natural 3'-5'-linked TBA.
Chapter 3: Truncated loops in 3'-5’ linked TBA Vs 2'-5' linked isoTBA: Effect on
guadruplex topology and thrombin binding

Classification of G- quadruplex topology can be done into three groups which are
parallel (group 1), mixed or hybrid (group Il) and antiparallel (group I1l) based on the
orientation of the polyG strands and the preference of a syn or an anti glycosidic bond
angle (GBA) of guanine. Various factors affect the topology and stability of G-
quadruplexes, such as loop length, type of nucleobase in the loop, glycosidic bond angle
of guanine. This chapter summarizes the synthesis of 3'-5" linked TBA and 2'-5’ linked
iISOTBA variants (listed in Table 2) with truncated loops, their quadruplex formation and
topology studies.

Evaluation of G-quadruplex topology and thermal stability using CD spectroscopy
Table2: TBA and isoTBA loop modified sequences and their CD analysis

Sequence code Sequence Topology
TBA232(7) 5 GGTTGGTGTGGTTGG 3’ Antiparallel
TBA222(6) 5 GGTTGGTTGGTTGG 3 Hybrid or mixture of antiparallel and parallel
TBA131(5) 5 GGTGGTGTGGTGG 3’ Hybrid or mixture of antiparallel and parallel
TBA111(3) 5 GGTGGTGGTGG 3 Parallel
isoTBA232(7) 5 GGTTGGTGTGGTTGG 2’ Antiparallel
is0TBA222(6) 5 GGTTGGTTGGTTGG 2 Hybrid or mixture of antiparallel and parallel
isocTBA131(5) 5 GGTGGTGTGGTGG 2’ Hybrid or mixture of antiparallel and parallel
isocTBA111(3) 5 GGTGGTGGTGG 2’ Parallel

The quadruplex formation of all the TBA and isoTBA sequences was studied by
CD spectroscopy at a higher salt concentration and increased strand concentrations. We
observed that in the case of TBA, as the loop length decreased from 232(7) to 111(3), the
quadruplex topology changed from antiparallel to parallel structures. In case of iSOTBA
sequences, irrespective of loop length, all the modified isoTBA sequences (with
extended N-type conformation of nucleotides) containing 222(6), 131(5) or even 111(3)
loop nucleotides, exhibited antiparallel G-quadruplex conformation.

Antiparallel G-quadruplexes of iSoTBA showed a decrease in thermal stability

with decreasing loop length. The oligomer (TBA 111) with the shortest loop, existed in
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the parallel multimolecular quadruplex conformation, and consequently showed the

highest thermal stability compared to all other sequences.
Table 3: TBA and isoTBA loop-modified sequences and their CD-Ty, at 295 nm at varying salt and strand

concentrations.

Oligomer Tm (°C) at 5 uM, with 100 Tm (°C) at 20 pM, with Tm (°C) at 5 uM, with 500
code mM KCI 100 mM KCI mM KCI

Heat Cool Heat Cool Heat Cool
TBA232(7) 50 50 48 48 54.2 52.3
TBA111(3) 552 452 59.52 5252 63.82 532
iSOTBA232(7) 37 37 34 34 40 41
iso TBA222(6) 32 32 34.2 325 40 39.5
isoTBA131(5) 32 32 33.6 32.2 36.1 37.8
iS0TBA111(3) 22 20 20 20 21.5 19.1

2 indicates the CD-Ty, values at 260 nm while other values are at 295 nm
G quadruplex topology confirmation by UV-Thermal Difference Spectra
For TBA 111(3), the values of TDS factor (AA240 nm/AA295 nm) appeared well above
4, indicating a group | parallel quadruplex, while the TDS factor of un-edited
TBA232(7) was below 2, characteristic of antiparallel quadruplexes (group II1) (Figure
7a).
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Figure 7: a) TDS factor of TBA oligomers and b) TDS factor of isoTBA oligomers
The TDS factor of all the isoTBA sequences of the study was characteristic of

antiparallel G-quadruplex topology (Figure 7b). These results confirm the correct
assignment of parallel/antiparallel quadruplex structures in concurrence with the CD
signatures.
Polyacrylamide Gel Electrophoresis Experiments

A denaturing gel electrophoresis the mobility of the oligonucleotides displayed
molecular weight- and charge- dependency and marginally higher mobility were seen for
TBA111(3) and isoTBA111(3), as expected. The non-denaturing gel (Figure 8) clearly
brought out the differences caused by the differing loop length on the quadruplex
topology. The 15-mer sequences showed similar mobility corresponding to the

unimolecular antiparallel quadruplex. TBA222(6) showed the bands corresponding to a
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unimolecular quadruplex and highly retarded major band of suggesting multimolecular
quadruplexes were observed for TBA111(3). isoTBA222(6), isoTBA131(5) and
iIS0OTBA111(3) were observed as single bands corresponding to the unimolecular

complexes.

Figure 8: (a) Denaturing polyacrylamide gel mobility assay Lanel- Scrambled TBA (5'-
GGTGGTGGTTGTGGT-3") Lane2-TBA232(7), Lane3-isoTBA232(7), Lane4-TBA222(6), Lane5-
TBA131(5), Lane6-TBA111(3), Lane7-isoTBA222(6), Lane8-isoTBA131(5), Lane9-isoTBA111(3). (b)
Non-denaturing polyacrylamide gel mobility assay Lanel-Scrambled TBA (5'-GGTGGTGGTTGTGGT-
3'), Lane2-TBA232(7), Lane3-isoTBA232(7), Lane4-TBA222(6), Lane5- TBA131(5), Lane6-TBA111(3),
Lane7-isoTBA222(6), Lane8-isoTBA131(5), Lane9-isoTBA111(3).

Binding with Thrombin (by the Chaperone Effect of Thrombin)

We performed CD experiments in the presence of increasing concentrations of
thrombin to study the chaperone effect of thrombin. All the 3'-5'-linked TBA oligomers
(except TBA) with decreasing loop lengths did not show any change in the CD spectrum.
In the case of all isoTBA oligomers, upon incremental addition of thrombin, an increase
in the CD amplitude near 295 was observed, indicating the ability of thrombin to assist
the folding of these oligomers into the typical quadruplex structure known for TBA. The

strength of the TBA232 (7) G-quadruplex:thrombin complex was the highest.

Table 4: CD data showing the chaperone effect of thrombin on the TBA and isoTBA loop-modified
sequences and Tr, values of the resulting quadruplexes.

Sequence code - + Thrombin — Binding_to T"‘(TC) with
Maxima Minima thrombin thrombin Heat/cool
TBA232 (7) 298, 248 278-268 Yes 22/22
isOTBA232(7) 290, 245 265 Yes 13/13
iSOTBA222(6) 291, 250 265 Yes <10/<10
iSoTBA131(5) 296, 248 272 Yes <10/<10
isoTBA111(3) 260 295 No ]

Nuclease stability study-Exonuclease stability

We treated TBA and isoTBA131, with snake venom phosphodiesterase (SVPD)
that has predominantly 3’-exonuclease activity. The 2'-5'-linked isoTBA131 was
digested much slower compared to the control TBA. The half-life of isoTBA131 was
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found to be ~30 min (Figure 9) whereas TBA was completely digested within 10 min at
37°C.
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Figure 9: Stability of the aptamers isoTBA131 and TBA towards SVPD enzyme.
Conclusion: In this Chapter, we reported the topology and thermal stability of all the

TBA and isoTBA oligomers. The 2'-5'-linked isoTBA oligomers were found to be
amenable to form antiparallel G-quadruplex structures, independent of loop length. The
decreasing loop-length however, adversely affected the stability of the regioisomeric
antiparallel quadruplexes, and consequently, reduced their binding to thrombin.

Chapter 4: Effect of 2’-5' and 3'-5' linkages in the loop region of TBA and isoTBA
respectively, on G quadruplex stability and function.

The 3’-deoxy-2'-5'-linked non-genetic iSoODNA exhibits high stability against
cellular enzymes. Efforts toward improving stability to nucleases and thermal stability of
thrombin binding aptamer have mostly focused on the introduction of modified
nucleosides, or on changing the number of residues in the loop/stem regions. There are
only a few reports pertaining to modification of the phosphodiester internucleoside
linkage. This chapter summarizes the synthesis of chimeric oligomers with 3'-5’-(TBA)
and 2'-5’-phosphodiester-linked (isoTBA) backbones in which the loop region is
modified with 2'-5-phosphodiester linkages and 3'-5'- phosphodiester linkages
respectively. The stability and structural topology of the quadruplex and its effect on
anti-clotting ability as well as stability towards nuclease with reference to the control 3'-
5'-linked TBA was investigated.

Evaluation of G-quadruplex formation and stability in the presence of monovalent
ions by circular dichroism spectroscopy

All the TBA and isoTBA oligomers (listed in Table 5) were synthesized using
SPS methodology. The G-quadruplex formation and their stability were studied by CD
spectroscopy in the presence of K*and Na*. The unmodified TBA, isoTBA and loop-
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modified variants were found to exhibit a strong, positive maximum CD absorbance at
290 nm and minimum near 260 nm, which correspond to the antiparallel G-quadruplex

topology for 3'-5’-DNA, and as reported for TBA.
Table 5: TBA, isoTBA, modified oligomers used in the present work and their CD-Tyin K*/ Na* ions in
10 mM K/ Na- phosphate buffer (pH 7.2) containing 1200 mM KCI/NaCl and thrombin.

Segggg ” Sequence K.I;IEA?',:?* NZT(ET::)* thro-[rTbi(ri(o'ltm)*
TBA 5-GGTTGGTGTGGTTGG-3' 50 21 22
TBA232 5'-GGttGGtgtGGttGG-3' 20 (-30) 15 (-6) nd
TBA202 5'-GGttGGTGTGGttGG-3' 29 (-21) 18 (-3) nd
TBAO030 5-GGTTGGtgtGGTTGG-3’ 33 (-17) 25 (+4) nd
TBA200 5'-GGttGGTGTGGTTGG-3' 38 (-12) 13 (-8) nd
TBA002 5-GGTTGGTGTGGtGG-3' 38 (-12) 18 (-3) nd
iSOTBA 5'-ggttgotgtgottgg-2’ 34 (-16) 19 (-2) 13 (-9)
isocTBA232 5'-ggTTggTGTggTTgg-2’ 48 (-2) 36 (+13) 18 (-4)
iSoTBA202 5'-ggTTgotgtggTTgg-2' 54 (+4) 43 (+22) 26 (+4)
iSoTBA030 S'gettgg TGTggttgg-2' 33 (-17) 20 (-1) 12 (-10)
isocTBA200 5'-ggTTggtgtgottgg-2' 45 (-5) 39 (+18) 10 (-12)
isocTBA0O2 5'-ggttggtgtgg T Tgg-2' 44 (-6) 30 (+9) 11 (-11)

“Values in parentheses indicate the difference in T (ATm) W.r.t. native TBA, nd is not determinable.
G-quadruplex formation in the presence of thrombin
Chimeric TBA oligomers with 2'-5'- linkages in loops showed maxima near 280
nm in water, but upon incremental addition of thrombin showed a slight shift of maxima
near 290 nm and a negligible amplitude change in the CD signal near 290 nm. In
contrast, for isoTBA oligomers with 3'-5'-linked loop regions G-quadruplex structure
was not observed in water. However, upon incremental addition of thrombin, a marked
change was observed, with a concomitant increase in CD amplitude near 295 nm. The
effect of thrombin binding on the anti-thrombin activity was examined. It can be seen
that in comparison to the TBA oligomers, the isoTBA oligomers had a lower anti-
thrombin activity, with the highest activity being observed for the parent TBA. TBA202,
with 2'-5"-linked T3T*and T*2T?3 loops showed similar clotting time to TBA. Except for
TBAZ202, all other oligomers showed decrease in anti-thrombin activity relative to the

parent oligomer (Figure 10).
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Figure 10: Antithrombin activity measurement using fibrinogen from human plasma and bovine thrombin.
Ref indicates the clotting time measured with fibrinogen and thrombin in the absence of any added

oligomer.
Stability of oligonucleotides towards endonuclease and exonuclease

A comparative study of TBA002 and isoTBAQ002 against hydrolytic cleavage by
SVPD (Figure 11a) and S1 nuclease digestion (Figure 11b) of TBA, isoTBA, TBA202
and isoTBA202 was done. Compared to native TBA, isoTBA oligomers showed better

stability to nucleases.
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Figure 11: RP- HPLC at several time points for (a) SVPD and (b) Slendonuclease
Conclusion: A new class of chimeric thrombin-binding aptamers were found to be

similar to the native DNA aptamer (TBA) both in terms of structure as well as function.
The iSoTBA sequences showed better nuclease stability against exonuclease and
endonuclease which could prove beneficial in applications in biological systems where a

longer half-life is desired.
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Chapter 1

Introduction to Guanine-rich nucleic acid aptamers with a

focus on the Thrombin binding aptamer (TBA)
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Nucleic acid aptamers are single-stranded DNA or RNA or modified nucleic
acids that are able to fold into unique three-dimensional structures and able to bind to
small molecules, peptides, proteins with selectivity, specificity and affinity. G-
quadruplexes are a unique class of highly ordered nucleic acid structures. G-quadruplex
structures are stable and detectable in human genomic DNA and perform important
regulatory functions in many biological processes. The regular occurrence of quadruplex
structures in the genome suggests the designing of potential drug molecules based on
DNA/RNA G-quartets. A thrombin binding aptamer (TBA), a 15-mer DNA
5’-GGTTGGTGTGGTTGG-3’ inhibit
formation by binding to the thrombin protein with high selectivity and affinity. This

oligonucleotide, was found to fibrin-clot
chapter presents a concise review about the research focused on the development of new
TBA derivatives with improved thermal stability, Nuclease resistance and anticoagulant
properties as well as the use of TBA as a model compound for the study of quadruplex

structures.



Chapter 1

1.1 Introduction to nucleic acids: A structural overview

Nucleic acids are present in all forms of life on Earth. These are the most important
class of biopolymers dominating modern biomolecular science since double-helical
structure was brought to the light by Watson and Crick.! Deoxyribonucleic acid (DNA)
and Ribonucleic acid (RNA) are essential parts of our genetic make-up and are
comprised of nucleoside units connected through phosphodiester linkages (Figure 1).
Each nucleoside is a micromolecular component and consists of a heterocyclic
nitrogenous base (purine or pyrimidine) and a B—D-pentafuranose sugar moiety. In
DNA, the sugar is deoxyribose, while in RNA it is ribose. Both nucleic acids, DNA and
RNA contain the heterocyclic bases adenine (A), cytosine (C) and guanine (G); while
thymine (T) only occurs in DNA and uracil (U) is found in RNA. The presence or
absence of the 2’-OH group in RNA or DNA respectively dictates structural differences

as well as their chemical behaviour.

ﬁ*\m ' Nucleobase
0 ° 0 nucleoside
sugar H
H H
(I) R
O0=—P—0O
(l) Nucleobase

(0]

H H

H H
o R
. N
phosphodiester < O—P—0
Cl) Nucleobase
(o]
H .
H1g H > nucleotide
(I) R
R =Hin DNA O=P—0O"
R =OH in RNA |

3 /

Figure 1: Basic structure of natural DNA and RNA
The backbone of natural nucleic acids is formed by 3'- to 5’- phosphodiester
linkages. The nucleic acids that function in encoding, transmitting and expressing
genetic information, therefore are referred to as genetic nucleic acids. In most cases,
DNA carries the genetic information and RNA functions as a messenger to convert the

genetic information into amino acid sequences, which form proteins.
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1.2 Base pairing and structures of DNA

1.2.1 The double helix

The modern era of molecular biology began in 1953 after discovery of the double-
stranded helical structure of DNA. DNA predominantly consists of two associated
polynucleotide strands held together by hydrogen bonding often described as the double
helix. The two strands have an antiparallel orientation i.e., one strand runs in the 5'—3’
direction while the other in the 3'=5’. The basis of the structural features of DNA is the
strong hydrogen bonding between specific Watson—Crick base-pairs. G:C pair has three
hydrogen bonds; A:T pair has two hydrogen bonds (Figure 2).

Figure 2: Watson-Crick (W-C) base-pairing
1.2.2 Triplex structure

Triple-helical nucleic acid structures? are known since 1957 which are formed by
Hoogsteen® base pairing. The double-helical DNA binds to the third strand and forms a
triplex structure via Hoogsteen base pairing, which makes use of N7 of the purine as
acceptor and C6 amino group of adenine or C6 oxo group of guanine as a donor or
acceptor respectively for hydrogen bonding with the corresponding pyrimidine (Figure
3).

N (o) N N o}
N N
)\A I \> H /kG , \>
X NS
H N 'il \;\1 N |
R H R

Figure 3: Hoogsteen hydrogen-bonding
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1.2.3 Quadruplex structure - The 'G-quadruplex’

Both the ends of the eukaryotic chromosomes are protected by repetitive units of
specific sequences known as telomeres, that are crucial for genome integrity, play an
important role in cellular ageing and cancer.* The extreme terminal part of telomeric
DNA is either G-rich or C-rich and forms the unusual structures known as quadruplexes.
Two types of quadruplexes are formed depending on the major nucleobase involved in
their formation. Four-stranded G-quadruplex structure is formed by guanine-rich strands
which involves planar G-tetrads of four guanines associated through Hoogsteen
hydrogen bonding® ® (Figure 4a), while i-motifs are also four-stranded structures, but are
formed by intercalation of cytosine-cytosine® base pairs between cytosine-rich strands
(Figure 4b).”
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R” \Z H /k\ l >
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Figure 4: (a) G-tetrads of G-quadruplexes and (b) C:C* hydrogen-bonding of i-motif quadruplexes
1.3 Sugar puckering in nucleotides

The pentafuranose sugar moiety in nucleotides minimizes non-bonded stereo-
electronic interactions between substituents by puckering. The system reduces its energy
by puckering. Displacement of C2" and C3' carbons from the median plane of C1'-O4'-
C4' causes 'puckering’ of the planar sugar moiety. The endo face is that in which the
atom of the sugar is placed on the same side as the nucleobase and C5’ carbon (above the
median plane), while the exo face is that in which the atom is placed on the opposite side
of the nucleobase (below the median plane). In C2'-endo conformation the endo-
displacement of C2' is greater than the exo-displacement of C3’, and vice versa for C3'-

endo conformation (Figure 5).8
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Figure 5: N-type and S-type sugar puckering

The sugars in DNA favour the 3’-exo, 2’-endo twist form (often referred to as
South or S-type conformation), whereas sugars in RNA are predominantly in the 3'-endo,
2'-exo twist form (often referred to as North or N-type conformation) under
physiological conditions. In solution, the sugar moiety exists in rapid equilibrium
between Northern and Southern conformations as defined in the pseudorotational cycle®
and the energy barrier between both conformations is very low. The predominance of
one conformation of sugar is governed by stereoelectronic effects like anomeric and

gauche effects.©
1.3.1 Steric effect

In S-D-nucleosides, the S-type sugar conformation is energetically favoured as
compared to its N-type counterpart. In the S-type pseudorotamer, the nucleobase is
oriented pseudo-equatorially, causing less steric conflicts with other substituents on the
pentafuranose moiety, and in case of the N-type nucleoside, the nucleobase orientation is
pseudo-axial, which leads to more steric conflicts. Consequently, the two-state N«<>S

pseudorotational equilibrium shifts towards the S-type conformation (Figure 6).

NH,

H
H

\ o H —N

HO—C N/—_ NH,
H — 7 \
> H NN
OH ~/
C3'-endo (N- type) C2'-endo (S-type)

Figure 6: The steric interactions of nucleobase in the South «—— North equilibrium in DNA
1.3.2 Stereoelectronic effect

The sugar conformation is dictated by stereoelecronic effects, which mainly

involves the anomeric and gauche effects.!® The conformational equilibrium of
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nucleosides and nucleotides is influenced by these anomeric and gauche effects.
1.3.2.1 Anomeric effect

The anomeric effect is defined as a stereoelectonic effect; in cyclohexane or
cyclopentane ring a heteroatomic substituent adjacent to the heteroatom favours axial
orientation rather than the less hindered equatorial orientation, which is significant in
determining conformational preferences of glycosides. The presence of a nucleobase at
the C1’ position of the furanose sugar ring of nucleosides exerts optimal anomeric effect
in O4’-exo conformation (antiperiplanar orientation of Lp-O4’-C1'-N) but this
conformation is not favourable due to large steric interaction between exocyclic 5'-
CH20H and the nucleobase.

In nucleosides and nucleotides, N-type conformation is energetically favoured than
S-type conformation in terms of anomeric effect alone where the anomeric effect is
caused by the stabilizing interaction between the unshared electron pair of the endocyclic
oxygen of the sugar ring and the exocyclic glycosidic C-N bond (Figure 7). Thus, the

anomeric effect is strongest in N-type pseudorotamers (C3'-endo conformation).

( NH, )
P
4' N NH
VR N 2
nc* - nG* N/ \N
N=/
C3'-endo (N-type) C2'-endo (S-type)

Figure 7: O4'-C1’- N9 anomeric effect in adenosine as an example of a purine nucleos(t)ides in terms of

molecular orbital overlap
1.3.2.2 Gauche effect

The “gauche effect” is seen when the torsion angle between two vicinal groups is
60° and influences sugar ring conformation. In 2'-deoxyribonucleosides, the stronger
gauche effect of fragment [O3'-C3'-C4’-O4'] favours the S-type conformation whereas;
the gauche effect of fragment [O2'-C2'-C1'-O4'] stabilizes the N-type conformation in
ribonucleosides. The gauche effect is a major factor that controls sugar conformation

rather than anomeric effect.!!
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1.4 Base-stacking

The strands in DNA are held together by hydrogen bonds (base pairing between
the nucleotides of two complementary strands) and hydrophobic interactions (stacking
interaction among two adjacent aromatic nucleobases),*? that occurs when two or more
bases appear to have parallel ring planes. These interactions are mainly a combination of
Van der Waals and dipole-dipole interactions. Stacking interactions among aromatic
bases is the crucial force responsible for stabilization of DNA and RNA 3D structures
like duplexes, triplexes, quadruplexes and stem-loop structures by minimizing contact
with water. As the purines and pyrimidines are aromatic, -t -stacking interactions
minimize solvent exposure of the base surfaces, leading to the face-to-face stacking of
bases and base-pairs. The degree of stabilization afforded by base-stacking depends on
the DNA sequence. Sugar pucker has an impact on base stacking tendency, as it
influences nucleobase orientation. Studies have implied that the North-type sugar
conformation (C3'-endo) causes the nucleobase to be pseudoaxially oriented, that 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.
1.5 Isonucleic Acids

IsoODNA or isoRNA, in this thesis, refer to DNA or RNA that have regioisomeric
2'-5'-phosphodiester linkages instead of 3'-5'-phosphodiesters. They are different from
native DNA or RNA (Figure 8). The 2'-5'-linked constitutional isomers are known to
form duplexes via Watson-Crick base-pair association and do not encode genetic

information, thus are called non-genetic nucleic acids.'3

- N
5 ‘ncl’" Base 5 "g\ Base
(I) o R R o
O:F;/ o=é>’o
Base | Base
© 1 :o: o o
3 2'
c|> R R (o}
0=J|;;° o=F|’—o-
DNA: R=H isoDNA: R=H
L RNA: R=0OH isoRNA: R=OH

Figure 8: 3’-5’-DNA/RNA and 2'-5"-iSoDNA/isoRNA
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During non-enzymatic oligonucleotide synthesis, the 2'-5'-linkage is the major
product,* in comparison to 3'-5"-linkages. The higher reactivity of the 2’-OH group than
the 3’-OH group leads to the formation of the 2'-5"-linkage rather than the 3'-5'-linkage.*®
Therefore, the 2'-5'-linkage might have been a primary substitute of the natural 3'-5'-
linkage in evolution. However, the 3'-5' linkages were selected during evolution
probably because the rate of hydrolysis of 3'-5' linkages is slower than 2'-5' linkages'®

and 2'-5'-linked oligonucleotides have low helix-forming ability.
1.6 Sugar ring conformations in 3'-5’ Vs 2’-5'-linked oligomers

In the single-stranded 3’-deoxy, 2'-5’-linked oligomer, the 3’-endo (N-type) sugar
conformation is preferred due to gauche and anomeric (stereoelectronic) effects exerted

by the 2'-hydroxy group (Figure 9).
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(b) OR
. RO-2' B
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Figure 9: (a) S-type (C2'-endo) sugar conformation DNA and (b) N-type (C3’-endo) sugar
conformation in 2'-5"-linked iSODNA.

In 2'-5'-linked isonucleic acids, the internucleotide linkage changes from C3' to
C2'. This leads to an increase in the number of internucleotide bonds from six (in 3'-5'-
linked DNA) to seven (in 2'-5"-linked DNA). The 2’-5'-linkages maintain an extended
backbone geometry with the C3’-endo sugar conformation whereas the 3'-5' linkages
maintain extended backbone geometry with the C2'-endo sugar conformation (Figure
10).
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Figure 10: 3’-5'-DNA/RNA and 2'-5’-isoDNA/isoRNA in compact and extended conformations

showing their inverse relationship

1.7 Quadruplex-forming DNA

The most common image of DNA is a duplex formed by hydrogen bonding
between complementary A:T and G:C base pairs connected by the phosphodiester
backbone. For years, DNA has been recognized only as a molecule for genetic
information storage, but accumulated experimental data in the last few decades indicated
the dynamic properties of this macromolecule to catalyze and control biological
processes. To carry out diverse biological processes, with the canonical duplex structure,
other non-canonical and polymorphic nucleic acid structures such as triplex, hairpin and
higher-order structures like G-quadruplexes are necessary.

The story of quadruplex DNA-It started with a Bang!!’ Near the beginning of
the last century (1898) lvar Christian Bang'® discovered viscous gel formation by
guanosine and its derivatives in water. More than 50 years later, in 1962, X-ray
diffraction data explained its particular behaviour. It was proposed that guanine bases
associated in tetrameric arrangement!® and the structure was termed as a guanine tetrad.
The square co-planar arrangement of guanine bases is formed by the Hoogsteen
hydrogen bonding that entail N1, N7, O6 and C2-N of each guanine and every guanine
base acts both as a donor and acceptor of hydrogen bonds. The four-stranded motif is

formed by stacking of planar G-tetrads on each other which is termed as G-quadruplex.
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The significance of G-quadruplexes was overlooked for more than two decades and
guanine quadruplexes had remained as a structure in search of function. In early 1987,
ground-breaking work performed by Blackburn et al.?° identified that at the end of the
chromosomes, G-rich recurrent sequences are located and thereafter, interest in the
structural arrangement of G-quadruplexes was sparked. Guanine-rich segments present
widely in biologically significant regions of the genome that are associated with
regulatory activity like gene promoter regions,?*?2 immunoglobulin switch regions® and
telomeres.?® Several quadruplex-binding proteins have been discovered and some of
them assist the quadruplex formation.?* Various pharmacologically important molecules
like perylenes, cationic porphyrins and 2,6-diamido anthraquinones facilitate the
formation and stabilization of G-quadruplexes, and are considered plausible selective
inhibitors of telomerase, a potential target for anticancer therapy.?®

1.7.1 G-quadruplex structure

G-quadruplexes are four-stranded right-handed helical structures formed from
guanine-rich sequences. Four guanine bases are arranged in a cyclic manner in a G-tetrad
through hydrogen-bonding that involves the Hoogsteen face of each guanine with the

Watson-Crick face of the adjacent guanine (Figure 4a).

Figure 11: The G-quadruplex stacked structure arising from G-rich sequences.

(http://www.molecularstation.com/molecular-biology-images/)

Two or more G-tetrads can stack on one another with a helical twist of 30° and a
diameter of 25 A and are stabilized by monovalent cations coordinated to the O6 oxygen
atoms of the guanines, and sandwiched between the base-stacks. The overall quadruplex
structure is stabilized by cations as they neutralize the electrostatic repulsion between the

guanine O6 atoms (Figure 4a and Figure 11).
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1.7.2 Variations on the G-quadruplex theme (Polymorphism)

Not all G-rich sequences have the tendency to form a G-quadruplex structure, but
G-rich sequences are an important requirement for G-quadruplex formation.
Fundamental basis for G-quadruplex polymorphism are length of nucleic acid sequence,
strand polarity, glycosidic torsion angle variation and connecting loops.

1.7.2.1 Strand stoichiometry

The folding of a quadruplex is determined by the length of nucleic acid sequence
that participates in G-tetrad formation. Four separate strands create a tetramolecular
quadruplex by short sequences with a single consecutive stretch of three or more guanine

bases (Figure 12a).

Figure 12: Stoichiometries of the G-quadruplex structure (a) Tetramolecular (b) Bimolecular (c)
Unimolecular
A bimolecular quadruplex structure is formed by longer sequences comprising two
consecutive stretches of three or more guanine bases and the guanine regions are
separated by one or more bases (Figure 12b). A sequence that can form a quadruplex
structure by folding upon itself and consisting of four distinct G-runs is called a

unimolecular (intramolecular) quadruplex (Figure 12c).2
1.7.2.2 Strand polarity polymorphism

Strand polarity is another fundamental basis of structural variation in G-
quadruplexes; the strands which form a G-quadruplex can assemble in four ways, as
shown in Figure 13. Thus, the strands may be (a) all parallel, (b) three parallel one
antiparallel, (c) two pairs of adjacent parallel strands and (d) alternating parallel and

antiparallel strands.
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Figure 13: Different strand polarity arrangements in G-quadruplexes
1.7.2.3 Glycosidic torsion angle variation

The guanine nucleobases associated in a G-tetrad are found to be in both syn and
anti conformations, (Figure 14) though restrains apply to neighbouring guanines of the
same tetrad. In all parallel quadruplexes, the orientation of all nucleobases is either syn
or anti whereas mixed syn- and anti orientation of nucleobases is present in antiparallel
quadruplexes. When all the strands are oriented parallel, the groove widths are equal,
glycosidic torsion angles are all syn / all anti, whereas antiparallel alignment of strands

generates both wide and narrow grooves as glycosidic torsion angles are mixed syn and

anti.?’
H O
(0] N
HzN‘_<
N NH k /N
< gy
N
OH HO
anti syn

Figure 14: anti and syn conformations of guanosine
1.7.2.4 Connecting loops

The loops that connect guanine tracts generally make three different types of
connections, according to which, they may be (i) lateral loops, that connect adjacent
bases of the same tetrad, join adjacent strands and bases share hydrogen bonds, (ii)

diagonal loops link bases of the same tetrad and join opposite antiparallel strands but
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bases do not share hydrogen bonds and (iii) propeller loops that link nucleobases of
adjacent parallel strands that are not in the same tetrad (Figure 15).

Lateral Loop

05’
Propeller Loop

Diagonal Loop

Figure 15: G-quadruplex linking loop motifs (black arrows). Backbone strand polarity: parallel (brown)

and antiparallel (purple). Glycosidic torsion angles: anti-conformation (pink) and syn-conformation (blue).
1.8 Quadruplex stability dependence on metal ions

Arnott et al.?® for the first time, demonstrated the dependence of quadruplex
formation on metal ion coordination to the guanine O6 carbonyl oxygen. The negatively
charged cavity between the G-tetrads can be stabilized through coordination to a cation
(Figure 4a & 11). Several monovalent cations such as K*, Na*, Li*, Rb*, Cs*, etc., and
also divalent cations such as Mg?*, Ba®*, Ca?*, Sr?* etc. are known to influence the G-
quadruplex structure.?® The non-metal cation, NHs" is also able to induce stable G-
quadruplexes. Most of the studies explored the role of K™ and Na* ions on G-quadruplex

structure and stability as both ions are physiologically important ions.
1.9 Aptamers: An emerging class of therapeutics

Nucleic acid ligands termed as aptamers are single-stranded DNA or RNA or
modified nucleic acids that are able to fold into unique three-dimensional structures and
able to bind to an extensive range of molecular targets including proteins, small
molecules, ions, whole cell bacteria and viruses. The shape-forming feature of the
oligonucleotide imparts high selectivity, specificity and affinity towards the target.
Aptamers® are generally synthetic oligonucleotides and particularly designed for binding

to a specific target, often referred as chemical antibodies, however, natural aptamers also
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exist in riboswitches. They bind to their target of interest via van der Waals forces,
electrostatic interactions, hydrogen bonding and shape complementarity.®® Aptamers can
distinguish between minor structural variations probably arising due to differing chirality
or presence and absence of a small functional group. The term 'aptamer’ was first
introduced by Ellington and Szostak.3! In the 1990s, the groups of Gold®? and Szostak®!
independently demonstrated an in vitro selection and amplification technique for the
isolation of oligonucleotides able to bind non-nucleic acid targets with high affinity and
specificity from a large pool of random sequences. This process of selection is known as
SELEX (Systematic Evolution of Ligands by EXponential enrichment, Figure 16).

DNA/RNA Aptamer
lerary
Isolatlon of Boun
from Unbound

Repeat
The SELEX Cycle %Z@

-

-
7y

Cycle

Sequence
Identificatin Binding
Fraction
Elution

Ampliﬁc:N W \ 4

. J

Figure 16: Schematic representation of SELEX (Systematic Evolution of Ligands by EXponential
enrichment).

Aptamers act in a similar way to antibodies but have superior features like smaller
size (~10 fold) than antibody, can be chemically modified, longer shelf life, which
makes their use attractive in diverse diagnostic, therapeutic and imaging applications.
During the past 30 years, more than a hundred extremely selective and strong binding
nucleic acid aptamers have been developed for various molecular targets. The first
aptamer based drug approved by US FDA in 2004 was Pegaptanib sodium (Macugen)

for the treatment of age related macular degeneration.
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1.10 The G-quadruplex in aptamers

G-rich oligonucleotides comprise a significant proportion of aptamers that display
the ability to fold into stable G-quadruplex structures that enable molecular recognition
of their ligands. G-quadruplex-forming aptamers have several advantages over
unstructured oligonucleotides,® like chemical and thermodynamic stability, enhanced
resistance to nuclease degradation and increased cellular uptake.® The enhanced stability
of the G-quadruplex structure is advantageous for improving electrostatic interactions
with positively charged target proteins due to the negatively charged nature of the
backbone.

Aptamers exhibit different structural arrangements that account for their binding
efficiency and selectivity towards targets. Information about the G-quadruplex structure
is essential for the development of G-quadruplex aptamers so that modification can be
done for the improvement of their function. Thrombin binding aptamer (TBA) is one of
the most comprehensively studied G-quadruplex aptamers.®® Till date many G-
quadruplex forming aptamers against various human pathologies have been studied, for
example, AS1411 is anticancer aptamer to prevent tumor growth, antiviral aptamers like
ISIS 5320, T30177 against HIV, targeting the gp 120 protein, antithrombin aptamer RE
31, RA 36 binding with exosite of thrombin, GVEGF aptamer as an antifungal agent.
Besides targeting protein binding and function regulation, aptamers have been used as
aptasensors to mediate analytic detection in diseases such as Alzheimer’s disease,

diabetes and Wilson'’s disease.®’
1.10.1 Anticoagulation aptamer target: Thrombin (Master enzyme of hemostasis)

Thrombin is a central key regulatory enzyme in the process of hemostasis. It is a
multifunctional serine protease enzyme and has both procoagulant and anticoagulant
functions,®® generated from its inactive precursor prothrombin by factor Xa. Fibrinogen
is a soluble protein which is converted into insoluble fibrin, building block of blood clot
by the action of thrombin.®® Therefore thrombin is a primary target in the development of
anticoagulation therapy. Bock and co-workers® first used thrombin as the protein target,
to choose the first single-stranded DNA aptamer. One of the most explored targets for
aptamer binding is thrombin. Thereafter at least four aptamers, which are TBA (G15D,
HTQ and HD1), a 15-mer ssDNA of the sequence (5-GGTTGGTGTGGTTGG)%,
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HD22 (HTDQ) a 29-mer ssDNA aptamer of the sequence (5'-
AGTCCGTGGTAGGGCAGGTTGGGGTGACT-3"),*° NU172 (ARC2172), a 26- mer
ssDNA of the sequence (5-CGCCTAGGTTGGGTAGGGTGGTGGCG-3)* and
Toggle-25 (TOG25), a 25-mer RNA aptamer of the sequence (5'-
GGGAACAAAGCUGAAGUACUUACCC-3") *2 and their modified analogues were
reported. The significant structural features of thrombin are a) a deep active site cleft and
b) two positively charged surfaces, exosites | and I1. Fibrinogen binds to the exosite | of
thrombin and exosite Il is the heparin binding site of thrombin. A number of thrombin-
binding DNA aptamers have been developed during recent years, but probably TBA is
one of the finest.

1.10.2 Thrombin binding aptamer (TBA) — More than a simple aptamer

Along with the design of new aptamers, a lot of attempts have been devoted to the
modification of well-known aptamers, with the aim of improvement in affinity,
selectivity and stability to overcome potential drawbacks. The pentadecameric thrombin-
binding aptamer (TBA, 5- GGTTGGTGTGGTTGG-3') is probably one of the best-
known DNA aptamers. It has been extensively studied and well-characterized for its
spatial organization and interaction with thrombin. The thrombin-TBA pair has been
used as a model structure in the design of various drugs and diagnostics due to the
relative ease of evaluation of binding efficacy in biological environment.*® The binding
interaction of TBA with thrombin shows inhibition in its function due to which blood
clotting time decreases, that can be identified through a simple in vitro test (‘thrombin

time test’).*

(@) (b)

Source: PDB 148D

Figure 17: (a) Unimolecular Antiparallel Quadruplex structure of TBA (b) 3D structure of Thrombin

binding aptamer*®
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NMR and X-ray structural studies revealed the 3D structure of TBA, It folds into
an intramolecular antiparallel G-quadruplex that consists of two G-quartets (G?, G°, G*°,
G and G?, G° G, G™) that are connected by two TT loops and a central TGT loop in
a chair-like conformation (Figure 17).4°

Guanines in the same quartet exhibit alternating 5’-syn-anti-syn-anti-3’
conformation with respect to the glycosidic bond angle. All ribose sugar puckers are
predominantly in South (S-type, C2'-endo) conformation. The nucleobases in the loop-
G® and all thymines (T3, T4 T/, T° T2 and T'®) display anti conformation of the
glycosidic torsion angle. The crystallographic image reported by Padmanabhan et al.*’
showed that the central TGT loop and lateral TT loops spanned the wide and narrow

grooves respectively.
1.10.3 TBA- Thrombin interaction

The two lateral TT loops (T3, T* and T2, T¥) of TBA are particularly important
for the interaction with exosite I of a thrombin, and act as a pincer-like system.*® (Figure
18) T*and T*3are mainly engaged in polar interactions while T2 and T2 associated with
amino acid residues His71, Arg75, Tyr76, Arg77, Asn78, 1le79 and Tyrll7 in the
exosite | of thrombin through hydrophobic interaction. Studies done by Yeates and
coworkers*® suggested that the TGT loop is in the vicinity of the exosite Il of an adjacent

thrombin molecule.

Figure 18: G-quadruplex structure of the thrombin binding aptamer, X-ray structure when bound to

thrombin A) in the presence of Na* and B) in the presence of K*.48
1.10.4 TBA gquadruplex stability, dependence on cations

Together with the primary nucleotide sequence, the environmental conditions and

in particular, cations are also responsible for G quadruplex formation and its topology.
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The central negatively charged cavity can coordinate to a variety of cations with
different radii which significantly influences the stability as well as topology of the
folded G-quadruplex structure. Various measurements showed that the two G-tetrad
planes formed by the eight guanine moieties created a cavity in which metal ion fits
through coordination with four O6 atoms of each plane. The thrombin binding aptamer
(TBA), in the presence of K*, folds into a unimolecular antiparallel G-quadruplex.
Potassium is usually proved to be ideal for G-quadruplexes and leads to enhanced G-
quadruplex stability.*® A combination of various techniques such as CD spectroscopy,
UV spectroscopy, Nuclear magnetic resonance spectroscopy (NMR), X-ray,
Fluorescence spectroscopy, isothermal titration calorimetry and electrospray ionization
mass spectrometry (ESI-MS) has been used to study the impact on the stability and
thermodynamics of the monovalent and divalent metal ions in the formation of the 3D
structures of the TBA complexes.®® The monovalent cation NH4* and divalent cations
Mn?*, Pb?*, Ba?" and Sr** were found to result in stable intramolecular quadruplex
structures®'? with even greater stability than K*, whereas Li*, Na*, Mg?*, Cs*and Ca?*
formed less stable complexes that could be detected at low temperatures.>® TBA is able
to bind thrombin even in ion-deficient conditions, when thrombin acts as a molecular

chaperone and assists the formation of the TBA quadruplex.>
1.11 Modifications in TBA

1.11.1 Modifications in the G tetrads

It has been speculated that the stability and rigidity of TBA are crucial for
thrombin-TBA interaction. In the past several chemical and structural modifications have
been attempted to achieve the goal of improving its biological activity. The first and
possibly most popular approach for TBA optimization is chemical modification. The
most widely applied strategy is the systematic substitution by chemically modified
nucleotides with unique structural characteristics or physicochemical properties. This
aptamer has accordingly been subjected to several chemical modifications. The main
purposes were to: (a) enhance its affinity to thrombin; (b) improve its thermal stability
under physiological conditions; (c) make it resistant to degradation in biological

environments; and (d) focus on aptamer—target interaction studies.
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The various chemical modifications are classified depending on the position in G-
tetrads or loops. Modifications involving the replacement of sugar units, phosphate
groups as well as nucleobase have been reported.
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C8- alkyl guanine N2- alkyl guanine 6- thioguanine
o NH,
N
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Figure 19: Modified guanines in TBA tetrads

Some of the modifications that are analogues of guanine and have been introduced
in the G-tetrads are summarized in Figure 19, like C8-methylguanine, NZ2-alkyl
guanine, 6-thioguanine,> 8-aminoguanine®’ and isoguanine.®®

He et al.>® reported the effect of replacement of guanines in the G-tetrad by the
N2- and C8-alkyl substituted G residues.®® It produced different effects on thrombin
activity. Introduction of a small group such as methyl or propynyl at the C8 positions of
syn Gs showed enhancement in the activity, probably due to the stabilization of a chair
like structure, while steric hindrance caused by a large substituent group, like phenyl or
ethynyl decreased the activity. Inhibition of quadruplex formation due to Hoogsteen
hydrogen bonding destabilization was observed when guanines in the G-tetrads were
substituted by 6-thioguanine. Probably this is due to decreased electro-negativity and
increased radius of sulphur as compared to oxygen.®® 8-Aminoguanine reduced the
strength of stacking interactions, but the TBA quadruplex structure was not altered, and
thus had only a small destabilization effect on the TBA quadruplex. Nallagatla et al.*®
substituted guanine by isoguanine in all possible positions of TBA, and found that three
of the modified aptamers carrying one single isoguanine at position G*, G8or G° showed

greater binding affinity for thrombin than the unmodified TBA.
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1.11.2 Sugar modification

TBA is characterized by nucleotides with a C2’-endo (South, S) sugar pucker.
Several researchers demonstrated that alteration in the sugar puckering of the nucleoside
in the loops of TBA influences the folding ability of TBA. Most substitutions with LNA,
(2'-O-4'-C-methylene-linked ribonucleotide) with the C3’-endo sugar conformation led
to a reduction of anticoagulant activity.*® Eritja et al.®° reported the effect on quadruplex
stability of North-nucleoside, uridine (U) and 2'-fluorouridine (FU) in the loop regions
of TBA (Figure 20).
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Figure 20: Nucleoside modifications- uridine (U), 2'-deoxy-2'-fluorouridine (FU) and North-

methanocarbathymidine (NT)

Damha and

co-workers  examined the

impact of  2'-deoxy-2'-
fluoroarabinonucleoside residues (2'-F-araN) on TBA.®' 2'-F-araN confers a DNA-like
South conformation to nucleotides. Incorporation of 2'F-araN G or T residues was found
to stabilize the TBA quadruplex; when introduced in the loop, binding with thrombin
was improved by 4-5-fold. In addition, enhancement in thermal stability and better
nuclease resistance were seen.®® Wengel's group investigated the modified variants of
TBA, one at a time substituted with a UNA monomer in each possible position, and
recognized a single position (position 7) out of 15 investigated, that showed
improvement in anticoagulant activity.%? The substitution of four thymine residues (T3,
T', T°or T%) by 4-thio-dU resulted in a modified TBA analogue which showed 3-fold
enhancement in anticoagulant activity.®® Studies from our group showed a single 2'-OMe
chemical modification in the loop region to be able to favourably affect the topology and
stability of TBA and its binding with thrombin.5* Guan et al.%®> explored the impact of

sugar pucker and glycosidic torsion angles on the TBA quadruplex structures by
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substituting 2’-O-methyl nucleotide which possesses a C3'-endo sugar pucker. TBA has
been modified by incorporation of unlocked nucleic acid (UNA), 3’-amino-modified
UNA and abasic three-carbon spacer (spacer-C3) by Veedu and co-workers (Figure
21).%6 All three modifications were incorporated at loop positions T3, T’or T*2, out of
which, spacer-C3 introduction at the T’ loop position exhibited notable enhancement in

thermal stability and anticoagulation activity.%®
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Figure 21: Structure of the three monomer maodifications a) spacer-C3, b) amino-UNA and ¢) UNA
1.11.3 Sugar-phosphate backbone modification in TBA loops

The loop regions of TBA, particularly the TT loops are reported to be important for the
folding of the aptamer and interaction with its target, thrombin.*® Efforts towards
improving stability to nucleases have focused on backbone modifications. Different
phosphate-modified linkers have been reported including the phosphorothioate, methyl
phosphonate,®” formacetal® and triazole®® linkages (Figure 22). Phosphorothioate
linkages in the stem region resulted in decreased thermal stability, but in the TT loop,
caused increased nuclease stability, while retaining the thermal stability and
anticoagulant activity.** Methyl phosphonates caused a large destabilization of the G-
quadruplex.®” Replacement of the negatively charged phosphosphodiester by the neutral
formacetal linkage® had not much effect on the thrombin inhibitory activity. The
triazole internucleotide linkage led to a decrease in thermal stability of the resulting

quadruplexes but increased their resistance to nucleolytic digestion.
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Figure 22: Chemical structure of modified internucleotide phosphate a) phosphorothioate, b) formacetal,

c¢) methyl phosphonate and d) triazole internucleoside linkages

Significant impact of strand polarity inversion®® (Figure 23) on thermal stability

and thrombin affinity was seen, but decreased thrombin inhibition was observed

Figure 23: NMR solved structures of the (a) thrombin binding aptamer (TBA) [PDB Id 148D] and (b)
modified TBA with strand-polarity inversion [PDB Id 2IDN]. (Collie, G. W., Parkinson, G. N., Chem. Soc.
Rev., 2011, 40, 5867.)

Another interesting work has focused on TBA analogues consisting of an extra
residue added at both the ends or only at the 3'-end of native TBA, connected through
3’3" or 5'=5' phosphodiester bonds’® (Figure 24). The TT loops involved in interaction
with thrombin were thus, not affected by this straightforward modification.

Among the modified TBA derivatives, TBA-A (5'-
GG T TG GO TG TOGUOGUTI2TBGHGS-3"-3"-A%) characterized by enhancement in
the thrombin-binding affinity compared to TBA, showed the highest increase in the
melting temperature (+11 °C). Molecular modelling studies showed that TBA-A with the
extra 3'-3’ adenosine allowed a very efficient additional stacking interaction at the 3'-

end.
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Figure 24: The chemical structures of the 3’3" and 5’5’ inversion of polarity sites.

The folding patterns of an isosequential TBA RNA sequence’ showed formation
a multimolecular parallel G-quadruplex in contrast to the unimolecular antiparallel G-
quadruplex structure of TBA. Tang and Shafer’? examined the impact of a single
nucleoside conformation on the folding topology by selective replacement of dG by rG
in the TBA sequence. Depending on the position of the ribo- or deoxyribo-nucleotides,
whether the oligomers with a mixed DNA/RNA backbone folded in a DNA-like or
RNA-like quadruplex structure was evaluated. Our group earlier reported isoTBA,™
where the 3'-5'-phosphodiester backbone was replaced by the isomeric 2'-5'-
phosphodiester backbone throughout the TBA oligomer (Figure 25), that was able to
retain the unimolecular antiparallel quadruplex topology of TBA. IsoTBA was shown to
bind to thrombin and exhibit anticoagulant properties, though to a lower degree than
TBA. Recently we developed TBA analogues with substitutions at loop positions by 4'-
methoxymethyl threofuranosyl thymidine (4-MOM-T), where substitution at the T’
position was found to show enhanced thermal stability, anticoagulation activity and

nuclease resistance.’

(" | Mﬂ!wu )
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Figure 25: Structures of natural DNA, isoDNA, and 4'- methoxymethyl ~-TNA
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Many strategies for improving the stability and the target affinity of the thrombin
binding aptamer have been exploited. Results from the literature provide insights into
specific interactions between TBA and thrombin and provide a better knowledge of the

subtle characteristics involved in TBA and thrombin interaction.

1.12 Solid-phase synthesis of oligonucleotides: Brief history and

application in oligonucleotide synthesis.

Solid-phase synthesis is a commonly used method for the synthesis of peptides and
oligonucleotides. In 1960, it was invented by Bruce Merrifield, who received the Nobel
Prize in 1984. This synthesis is performed on a solid support like controlled pore glass or
polystyrene. Several methods have been developed for oligonucleotide synthesis in
solution phase. In the early 1950s, Michelson and Todd” pioneered the H-phosphonate
and phosphate triester approach, later Har Govind Khorana's group’® developed the
phosphodiester method. In the 1960s the phosphotriester’” approach was developed by a
group led by R. Letsinger and in the 1970s, a reinvestigation of the phosphotriester
method was done by the same group and they developed the phosphite triester’
approach. Each of these methods has its drawbacks. In the early 1980s, Marvin
Caruthers” provided a breakthrough and pioneered the phosphoramidite method that
was enhanced with the solid support and automation and proved to be the Gold standard
method for oligonucleotide synthesis.

Synthesis

Two types of solid supports can be used to perform oligonucleotide synthesis. One
of them is the standard support with a nucleosidic unit that becomes the 3'- end residue,
as the synthesis is carried out in 3'—5' direction, another type is the universal solid
support, which has an abasic sugar unit instead of the 3’-nucleoside unit, and does not
form a part of the final oligonucleotide. The benefit of using the universal support is that
four different supports (depending on whether the desired oligonucleotide has A/ T/ G or
C at the 3’-end) for DNA synthesis are not necessary and another key benefit is that 3'-
end modified oligomer synthesis can be done only on universal solid support which is
not feasible on conventional standard supports.

Phosphoramidite oligonucleotide synthesis proceeds in the 3'—5' direction, and is

outlined in Scheme 1. The synthesis is performed by the sequential addition of protected
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nucleotide residues. It involves a four-step cycle comprising 1) detritylation 2) coupling
3) capping and 4) oxidation. At the beginning of typical oligonucleotide synthesis, the
4,4'-dimethoxytrityl group of the support-bound nucleoside is removed by treatment with
3% trichloroacetic acid (step 1). Once the DMT group is removed, the activated
phosphoramidite monomer is added. Activation of the phosphoramidite monomer is
achieved by treatment with a 0.25 M solution of 5-(S-ethyltetrazole) in CHsN (step 2).
The activated phosphoramidite moiety of this added monomer reacts with the free 5'-
hydroxy group on the solid support to produce a one-nucleotide-extended
oligonucleotide on the support, bound by a phosphate triester linkage. The unreacted 5'-
OH groups of nucleosides on the support are blocked by capping as their acetate
derivatives, achieved using acetic anhydride and N-methylimidazole in pyridine (step 3).
The newly formed phosphotriester (P(I11)) is unstable to acid and therefore is
transformed to stable P (V) state by oxidation using iodine with water and pyridine (step
4).
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Reagents and conditions: (i) 3% TCA in DCM (ii) 0.25 M 5-(S-ethyltetrazole) in ACN (iii) 10% N-
methylimidazole in THF 0.1 M (iv) Ac.O/Py (v) 1o/Py/H.O/THF (vi) ag. NHs, 55 °C.

Scheme 1: The sequence of chemical reactions involved in the solid phase synthesis of oligonucleotides
on a universal support

Repetition of this cycle, once for each nucleotide, produces the desired
oligonucleotide sequence. In the post-synthesis treatment, cleavage from the solid
support is done by aqueous ammonia treatment. The protecting groups of exocyclic
amino groups of the nucleobases and inter-nucleoside B-cyanoethyl phosphate protection
were also removed in aqueous ammonia treatment. Purification of the crude oligomer

was done by RP-HPLC and characterization by MALDI-TOF mass spectrometry.

1.13 Tools and techniques for structural and stability studies of nucleic

acid complexes and higher-ordered G-quadruplexes

1.13.1 UV-spectroscopy

The heterocyclic bases of nucleic acids absorb ultraviolet light, and the Amax for all
nucleobases lies between 250 nm to 280 nm because of the ©- «* transitions associated
with purine and pyrimidine bases. Estimation of nucleic acid concentration can therefore,
be done by measuring the absorbance at 260 nm in aqueous solution. The concentration
can then be determined by using the Beer-Lambert law,

A=Ecl
Where, E = extinction coefficient, ¢ = the concentration and I= the length of the cuvette.

To monitor the folding and unfolding patterns of nucleic acids in solution, UV
absorption spectroscopy is widely used. As with duplex formation, the quadruplex
formation also can be inferred from UV spectroscopy studies. The formation of the G-
quadruplex structure is accompanied by an increase in absorbance at 295 nm. Thermal
denaturation experiments can provide information about the thermal stability of
DNA/RNA complexes such as duplexes, triplexes or quadruplexes. The
denaturation/renaturation of quadruplex at different temperatures can be monitored by
recording absorbance at 295 nm. Melting studies for G-quadruplexes® can be performed
on a UV-visible spectrophotometer by recording the absorbance at 295 nm with
increasing temperature. The melting temperatures (Tm) can be obtained from the

absorbance versus temperature curves. Recording a UV absorbance scan at different
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temperatures can be used to generate a thermal difference spectrum (TDS). Subtraction
of the spectral scan of the sample at a temperature below (e.g., 10 °C) from that above
(e.g., 90 °C) the melting temperature results in the TDS. The TDS is reported to provide
a fingerprint of G-quadruplex topologies.®!

The TDS shape illustrates the intricate details of base-stacking interactions that
occur peculiarly within each nucleic acid structure type. TDS offers an easy and quick

method for obtaining structural information of nucleic acids.
1.13.2 Circular Dichroism (CD)

Circular dichroism is an absorption spectroscopic technique based on differential
absorption of left- and right- circularly polarized light due to structural asymmetry. It has
been extensively used to investigate structural aspects of optically active chiral
molecules, biological molecules, and their interactions with metal ions and other
molecules. The value in CD arises from the ability to show conformational changes in
molecules. The spectrum resulting from an ordered structure may have both positive and
negative signals; lack of regular structure results in zero CD amplitude. The phenomenon
of CD is very sensitive to the secondary structures of biomolecules like proteins, DNA
and RNA, so it has very special significance in the characterization of biomolecules.
There are three sources of chirality in nucleic acids which are the asymmetric sugar, the
helicity of the secondary structure adopted by the nucleic acid and the long-range tertiary
ordering of DNA in some environments. In nucleic acids, the heterocyclic bases are
achiral but are the principal chromophores.®? CD spectroscopy is one of the most
significant tools and is a frequently-utilized method for studies of G-quadruplexes. It is a
well-known technique for studying the polymorphism of G-quadruplexes. In the case of
G-quadruplexes, two determining factors are the source of spectra in CD spectroscopy 1)
differential G-tetrad polarity, and 2) differential folding geometry. G-tetrad polarity
means directional orientation and can be defined in terms of strand orientation and

stacking orientation.

In parallel quadruplexes, all nucleobases are either syn oriented or anti oriented
and have the same stacking polarity (head-to-head). However, in antiparallel
quadruplexes, nucleobases are alternately syn or anti oriented and has the opposite

polarity stacking (head-to-tail). In the case of G-quadruplexes, the characteristic
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differences in the CD spectra are very much dependent on the folding topology which is
related to syn or anti glycosidic bond angles and orientation of nucleobases. The
different orientation of strands results in parallel, mixed parallel-antiparallel or
antiparallel topology. It is possible to differentiate between particular G-quadruplex
topologies, as parallel quadruplexes exhibit strong positive CD maxima at 260 nm, while
antiparallel quadruplexes show a characteristic signals positive at 295 nm and negative at
260 nm. In addition to the topology, denaturation/renaturation of quadruplexes at
different temperatures can be monitored by recording the amplitude at 295 nm in CD
spectroscopy.®® Melting studies for G-quadruplexes can be performed by CD by
monitoring the changes with increasing temperature. Ellipticity versus temperature

curves can provide the melting temperature (Tm) of the quadruplex (Figure 26).
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Figure 26: Representative CD thermal melting spectra
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In most cases of intramolecular quadruplexes, hysteresis is not observed. Most
bimolecular quadruplexes fold much faster, consequently shows hysteresis between their
melting and annealing profiles. G-quadruplex topology of DNA as well as RNA has
been studied by CD Spectroscopy. This is an outstandingly advantageous tool in this

area.®
1.13.3 Polyacrylamide gel electrophoresis (PAGE)

Several methods exist for the purification of oligonucleotides; among these,
polyacrylamide gel electrophoresis (PAGE) is widely used for purification and to study

complex formation in DNA/RNA. It separates the molecules on the basis of their electric
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charge, size and secondary or tertiary structure. Denaturing gel electrophoresis is used
for purification of DNA where denaturing agent such as urea is used. It is possible to
separate and purify an oligonucleotide of 'n’ base-pairs from a failure sequence of n-1’
base-pairs or others by means of PAGE. Depending on the percentage of polyacrylamide
used, denaturing polyacrylamide gels can separate oligonucleotides from 2 to 300 bases
in length. In the gel, molecules may be run in their native state, preserving the molecule’s
higher-order structure. Non-denaturing or native gel can be utilized to distinguish
structural changes in oligomers. The rapid recognition of folded and unfolded single-
stranded DNA states can be easily carried out under native conditions.

1.13.4 MALDI-TOF Mass Spectrometry

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry can be successfully utilized for the analysis of biomolecules like DNA,
RNA proteins and peptides due to its ease and speed of analysis. It is a two-step soft
ionization technique, in which the first step is desorption triggered by pulses of laser
light (nitrogen laser, 337 nm) to vaporize the matrix, heavy absorption of UV laser by
matrix leads to the ablation of the upper layers of the matrix. In the second step,
oligomer molecules are ionized in a hot cloud. In time-of-flight (TOF), ionized oligomer
molecules are accelerated by the electric field to the same kinetic energy and then the
time taken by them to reach the detector is measured. With the same charge and same
Kinetic energy, their velocities, and the TOF are dependent only on their masses, lighter
ions travel faster, heavier ions travel slowly. The mass spectrum is recorded as ion flux
versus time. The matrix is a crystalline material of low molecular weight; typically used
matrices are 3, 5-dimethoxy-4-hydroxycinnamic acid, 2', 4', 6’ trihydroxy acetophenone
(THAP), and 2, 5 dihydroxybenzoic acid. MALDI-TOF analysis can be used to confirm
the identity and integrity of a synthesized oligonucleotide sequence and can be used at
multiple stages during oligonucleotide synthesis to reveal potential problems during

synthesis.
1.13.5 High-performance liquid chromatography (HPLC)

High-performance liquid chromatography (HPLC) is an efficient method that has
been used conventionally for the analysis and purification of synthetic oligonucleotides.

For the purification of oligonucleotides, reverse phase RP-HPLC and anion exchange
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chromatography is routinely used. Anion exchange HPLC separates oligonucleotides on
the basis of charge differences using ion exchange resin containing positively charged
groups. Cationic resin binds to negatively-charged molecules; increasing the ionic
strength of the mobile phase reduces the interaction between ONs and cationic stationary
phase so that shorter ONs elutes first and the longer, highly charged ONs elutes later.

RP-HPLC separates oligonucleotides on the basis of difference in
hydrophobicity. Crude oligonucleotides contain terminated shorter sequences that differ
from the desired oligonucleotide in hydrophobicity. RP-HPLC uses a nonpolar stationary
phase. Mixtures of organic solvents and aqueous buffers are used as the mobile phase for
elution. In the present work of this thesis, RP-HPLC has been used for the purification of
oligonucleotides. Aqueous ammonium acetate and acetonitrile were used as solvents for
elution. Molecules with a greater degree of hydrophobicity are eluted more slowly and
polar compounds are eluted first with a gradient of increasing acetonitrile in aqueous
buffer. Further, degradation of single-stranded nucleic acid oligomers can be examined
by RP-HPLC. The amount of intact oligonucleotides can be estimated from the area
under the peak. A plot of the amount of intact oligonucleotide Vs time, provides an idea

of the half-life of the oligonucleotide under the specified experimental conditions.

1.14 Present work

Chapter 1: Introduction to Guanine-rich nucleic acid aptamers with a focus on the
Thrombin binding aptamer (TBA)

Aptamers are chemically synthesized short oligonucleotide sequences that bind to
their targets with high selectivity, specificity and affinity. The thrombin-binding
aptamer, 5-GGTTGGTGTGGTTGG-3' (TBA) is a 15mer guanine-rich sequence that
forms an antiparallel G quadruplex structure. It was discovered by the SELEX process
and selectively binds to thrombin (enzyme in the blood coagulation process), inhibiting
its action. TBA is a strong anticoagulant in vitro and has a short in vivo half-life which
makes it an ideal anticoagulant for cardiopulmonary bypass surgeries. Currently, heparin
is the most widely used anticoagulant, for which TBA is a promising alternative. This
chapter presents a brief review about the research focused on the development of new
TBA derivatives with improved anticoagulant properties as well as the use of TBA as a

model compound for the study of quadruplex structures.
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Chapter 2: S/IN-type frozen 3'-deoxy, 3'-fluoro nucleosides in non-genetic 2'-5’ linked
thrombin binding aptamer (isoTBA).

The highly electronegative nature of the fluorine substitution in different
orientations on the sugar ring imparts very different electronic effects that in turn
influence the sugar ring conformations. 3'-xylo and 3'-ribo configured 3'-fluoro, 3’-
deoxy nucleosides are frozen in the N-type and S-type geometry, respectively (Figure A
& B). In this chapter, we report the synthesis of 3’-deoxy-3'-ribo/xylo fluoro thymidine
(RTFand *TF) and 3’-deoxy-3' ribo/xylo fluoro uridine (RU" and *UF) nucleosides, their
incorporation into the TBA oligomer and compare the effects of these frozen sugar

geometries on the resulting G-quadruplexes.
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Figure A: C2'-endo is the most stable conformation for RBF

OH F B o
5'k‘4v o.,B — o 3 HOWB
l::F 3,:: ':2' 2' F 3 OH
- oM *BF C3'-endo o C2'-endo
Most stable

Figure B: C3'-endo is the most stable conformation for XBF

L B= Thymine or Uracil

This chapter is divided into two sections

Section A: Synthesis of S/N-type-frozen 3'-deoxy-3'-ribo/xylo fluoro thymidine (RTF

and *TF) and 3'-deoxy-3'-ribo/xylo fluoro uridine (RU" and *UF) nucleosides.

This section describes the synthesis of 3’-deoxy-3'ribo (RTF and RUF) and 3'-
deoxy-3'-xylo fluoro (*TF and *UF) nucleosides from D-xylose and D-glucose
respectively as appropriately protected phosphoramidite derivatives which are suitable

for solid-phase oligonucleotide synthesis of TBA.

Section B: 3'-Deoxy-3'-fluoro nucleosides in the thrombin binding aptamer (TBA):

Evaluation of stability and activity.

In this section we describe the synthesis of iSOTBA variants bearing the 3'-deoxy,

3’-fluoro modified units in loop positions and biophysical evaluation studies of their
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effect on the stability of the quadruplex structure and anticoagulation properties.
Incorporation of S-type and N-type conformationally frozen monomers (3'-deoxy, 3'-
fluoro thymidine/uridine) in isoTBA with a 2'-5-backbone is reported for the first time.
These newly reported isoTBA analogues showed antiparallel quadruplex topology with
an enhancement in thermal stability compared to the parent iSOTBA and better nuclease
stability as compared to the natural 3'-5'-linked TBA.

Chapter 3: Truncated loops in 3'-5’ linked TBA Vs 2'-5' linked isOTBA: Effect on
quadruplex topology and thrombin binding

The loop length, as well as the nature and identity of nucleotides in the loop
region, control the topology and stability of the quadruplex structures. This chapter
summarizes the synthesis of 3'-5' linked TBA and 2'-5' linked isoTBA variants with
truncated loops and the effect on the quadruplex topology and thrombin binding
properties. The 2'-5'-linked isoOTBA sequences of the present study were found to form
antiparallel G-quadruplex structures, independent of the loop length in the presence of
K* ions. The extended backbone geometry as a result of the 25’ linkages helps to
reduce the strain of the shortened loops compared to 3'-5’ linkages and allows the
formation of unimolecular folded structures. This result is in contrast to previously
reported studies of 3'-5’-phosphodiester-linked G-quadruplexes where reducing the loop
length resulted in a change from an antiparallel to a parallel quadruplex structural
topology. The decreasing loop-length in the iSoTBA sequences, however, adversely

affected the thermal stability of the quadruplexes.

Chapter 4: Effect of 2’-5" and 3'-5' linkages in the loop region of TBA and iSOTBA

respectively, on G-quadruplex stability and function

The 3'-deoxy-2'-5'-linked non-genetic isoDNA exhibits high stability against
cellular enzymes and therefore it is a promising alternative nucleic acid for developing
DNA therapeutics. This chapter summarizes the synthesis of oligomers with 3'-5'-(TBA)
and 2'-5'-phosphodiester-linked (isoTBA) backbones in which the loop regions are
systematically replaced by 2'-5’- and 3’-5’- phosphodiester linkages respectively. We
found that substitution of the 2'-5" linkage in ISOTBA with the 3'-5' linkage resulted in a
strong stabilization of the quadruplex structure. The isoTBA sequences showed better

nuclease stability against exonuclease as well as endonuclease.
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S/N-type frozen 3'-Deoxy, 3'-fluoro nucleosides in non-

genetic 2'-5'-linked thrombin binding aptamer (isoTBA)
. .

\ J/

The anticoagulant thrombin binding aptamer folds into antiparallel G-quadruplex
structure. The TBA loops (T3T4, T12T13 and T7GsTo) are crucial for the recognition and
binding to thrombin. Various chemically modified TBA analogues consisting of
conformationally restricted nucleotides (e.g. LNA, 2'F-ANA, 2’FRNA and North-
methanocarbathymidine) in which the sugar moieties are locked/ frozen in a specific
sugar pucker are reported and that are significant in terms of binding properties with
thrombin as well as their stability to nucleases. Fluorine substitution in different
orientations has a strong influence on the conformational preferences of the furanose
ring of the nucleic acid. In the stereoisomers, 3'-deoxy-3'-fluoro xylonucleoside and 3'-
deoxy-3'-fluoro ribonucleoside, the opposite configuration of fluorine at the 3'-carbon
freezes the sugar in the opposing N-type and S-type conformations respectively. We
have introduced N-type and S-type conformationally frozen nucleosides in the central
TGT loop of isoTBA to understand the structural preferences of sugars. Biophysical
experiments were carried out to study the structural implications of these modified

isoTBAoligomers on the stability of quadruplexes.



Chapter 2

2.1 Introduction

Fluorocarbohydrates constitute an important class of bioactive molecules which
show antiviral, anticancer activity. Examples include the 2'-difluoro cancer drug,
gemcitabine! and the 2',3’-dideoxyadenosine derivative, lodenosine.? 2'-Fluoro-5-
methyl-B-D-arabinouridine (FMAU) showed activity against Herpes Simplex Virus
(HSV).2 Its enantiomer, L-FMAU (clevudine), exhibits a more favourable therapeutic
index than D-FMAU against Hepatitis B Virus (HBV) and Epstein-Barr Virus (EBV).*
Clofarabine is one of the most successful 2’-deoxy-2'-fluoroarabino nucleoside approved
for the treatment of pediatric acute leukaemia by the FDA.® Substitution of hydrogen by
fluorine causes a change in the biological activity as well as enhances the chemical and
metabolic stability of the fluorinated nucleosides.® The synthesis and application of
fluorinated oligonucleotide analogues have been extensively investigated in the context
of antisense therapeutics. Watanabe and coworkers’ initially introduced pyrimidine 2'-
deoxy-2'-fluoroarabino nucleosides into oligonucleotides. Since then, oligonucleotides
containing derivatives of such fluorinated compounds remains an attractive area of
research mainly focused on therapeutic application. A large volume of work in this field
has been reported by Damha and coworkers. They synthesized oligomers containing
nucleotides with the 2'-OH group of arabino nucleic acid (ANA) substituted by either 2'-
ribofluoro- or 2'-arabino-fluoro group (Figure 1). These were found to have a major
impact on the thermal stability of the derived 3’-5'-linked 2'-fluoro-DNA:RNA (2'F-
RNA:RNA and 2'F-ANA:RNA) & duplexes caused by the favourable influence of the 2'-
fluoro group on the conformational preference of the sugar pucker. The 2'F-RNA-

modified duplexes further showed enhancement in serum stability.°

rio }{0 ;{0

o o o F
| | I

v vy b

ANA 2'F-ANA 2'F-RNA

Figure 1: Arabinose and 2'-deoxy-2'-fluoroarabino/ribo nucleic acid (ANA, 2'F-ANA and 2'F-RNA)
2'-deoxy-2'-ribofluoro modification (2'F-RNA) has been utilized for the study of
region-specific cleavage of RNA by RNase H,*® as modulators of RNA splicing.'! 2'F-
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RNA modified nucleic acids have been utilized for improving the properties of
oligonucleotide aptamers, e.g., 2'F-RNA-modified oligonucleotide aptamer approved by
US FDA in 2004 is Macugen (pegaptanib),'? for the treatment of age related macular

degeneration

2.2 Sugar ring conformation of C2’' and C3’ fluoro substituted (a/p)

nucleos(t)ides

The stronger gauche effect of the highly electronegative fluorine atom (O4-C1'-
C2'-F,' gauche effect) has a strong influence on both the electronic properties and stereo
chemical configuration of the adjacent group. Consequently, the fluorine substituent
dictates the overall conformation of the furanose ring, so that 2'-deoxy-2'-fluoro nucleic
acid in ribo configuration (2'F-RNA) takes up a North-type sugar pucker (C3’-endo
conformation) whereas 2’-deoxy-2'-fluoro nucleic acid in the ara configuration (2'F-

ANA) adopts a South-type (C2'-endo conformation) sugar pucker (Figure 2).

OH
' 3' .
5 o_1" B HO\\\ B HO 2 B
4 — HO\“\&V,: W
3 '—_2" (,5 2 3% F
N H 0
HO F‘,' F OH
C3'-endo
2'F-RNA Most stable C2'-endo
X: C3'-endo is the most stable conformation for 2'F-RNA
OH F
5' B , .
o1 HOj 3 B HO (‘ 2 B
4 »’ -.“ - H O\\\\“ (o) o
A . S
3:: £2 F 63
HO 2 OH
2'F-ANA C3'-endo C2'-endo
Most stable
Y: C2'-endo is the most stable conformation for 2'F-ANA

Figure 2: Sugar puckering equilibrium for 2'F- RNA and 2'F-ANA (B = Purine/pyrimidine)

3’-deoxy-3'-ribofluoro / xylofluoro uridine (Figure 3) represents another functional
chemical modification, with a fluorine substituent at 3’-position of the sugar. These very
interesting and novel studies were performed in our laboratory in which the effectiveness
of the introduction of one or more unit of 3'-deoxy-3'-fluoro nucleosides in iISODNA (2'-

5'-backbone) on the binding selectivity and affinity to complementary RNA
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(iIsoDNA:RNA duplexes) and increased resistance to the degradation by nucleases was

demonstrated.!®

(o] (o]
| NH | NH
HO /& HO
F OH F OH
RyF XyF

Figure 3: 3’-deoxy-3'-fluoro ribo/xylouridine (RU" and XUF)

In the stereoisomers 3'-deoxy-3’-fluoro ribouridine and 3’-deoxy-3’-fluoro
xylouridine, the differing orientation of fluorine at the 3'-carbon causes a distinct sugar
pucker due to the dominating O4'-C4'-C3’-F3’ gauche effect. The 3’-deoxy-3'-fluoro
xylouridine shows a strong preference for the C3’-endo (North) conformation whereas

the 3'-deoxy-3’-fluoro ribouridine prefers the C2'-endo (South) conformation (Figure 4).
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Figure 4: Fluorine-induced gauche effect is configuration-dependent
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Figure 5: Sugar puckering equilibrium for RBF and *B" B =Thymine/Uracil
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This is further clarified through Figure 5, which shows that the opposite
configuration of fluorine in 3'-ribo and 3’-xylofuranose sugars freezes the sugar in the

opposing S-type and N-type conformations respectively.
2.3 Rationale, design and objectives of the present work

DNA and RNA aptamers are short, single-stranded oligonucleotide entities that
bind to the desired target typically discovered through a selection process known as
SELEX.Y* Many so-discovered therapeutically important guanine-rich aptamers show
high affinity towards biologically important targets. Guanine-rich DNA/RNA aptamers
can fold into three-dimensional structures to form G-quadruplexes by the stacking of two
or more guanine quartets upon each other, and maybe constructed by one, two or four
guanine-rich oligonucleotide strands.

In the recent past, G-quadruplexes have been received increasing attention due to
their abundance in vivo and their role in meiosis, telomere maintenance, gene
regulation’* and also as aptamers for tumour-targeted drug delivery for cancer
treatments.®® The G-quadruplex structures, their folding mechanism, protein binding to
the quadruplex structures and ligands targeting the quadruplex over duplex were
extensively studied by various experimental and theoretical studies.'® Examples include
the thrombin-binding aptamer (TBA)," anti-cancer*® and anti-HIV aptamers.*®

The thrombin-binding aptamer is a 15-mer guanine-rich DNA oligomer (TBA;
d(GGTTGGTGTGGTTGG)), that binds to thrombin,?® a serine protease enzyme,?! and
acts as a catalyst in the process of hemostasis in which insoluble cross-linked fibrin is
formed. TBA shows remarkable anticoagulant properties in vitro. It adapts a
unimolecular antiparallel quadruplex topology with two stacked G-tetrads and is
associated with two external TT (T3T* and T*2T*%) loops and one central TGT (T'G8T®)
loop.?2 The TBA loops are crucial for the recognition and binding of thrombin.
Thymines in the loop display anti glycosidic bond configuration and all sugar puckers
are predominantly of the South (S, C2'-endo) conformation.?®* G-quadruplexes have very
specific requirements for glycosidic bond orientation and the sugar conformation,
therefore are highly sensitive to sugar modifications. Understanding the driving forces
that are responsible for the unique G-quadruplex fold of TBA is very essential for

expanding the conformational landscape and for enhancing its target-specific properties.
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Overwhelming efforts have been directed towards a better understanding of the folding
topology and stability of TBA. One of the approaches is to selectively replace
nucleotides with those possessing different structural characteristics or physicochemical
properties. To improve the biophysical and biological properties of nucleic acids, a
variety of chemical modifications have been reported in the past. Among these, various
chemically modified oligonucleotides consisting of conformationally restricted
nucleotides in which the sugar moieties are locked/ frozen in a specific sugar pucker are
significant in terms of binding properties with target nucleic acids as well as their
stability to nucleases. The primary target for such chemical modification has been the
C2' position in the sugar ring. The relevant modifications in the sugar ring (Figure 6) and
the resulting conformational changes are summarized here. 2’-Deoxy-2’-fluoro-D-
arabino nucleotides (2'F-araN) show a strong preference for the C2’-endo (South)
conformation, while 2'-Deoxy-2'-fluoro-ribonucleotides (2'F-RNA) prefer the C3’-endo
(North) conformation.?* 2'F-araN and 2'F-RNA differ only in the relative configuration
of the fluorine atom at the C2' position of the sugar ring. Damha et al.?® systematically
introduced 2'F-araN in the TBA loops and observed an enhancement in the thermal
stability as well as nuclease resistance. Eritja and co-workers studied the effect of
substitution of thymidines situated in the loops of TBA by ribonucleotides (uridine or 2'-
Deoxy-2'-fluorouridine) or by the conformationally-restricted pseudo nucleotide North-
methanocarbathymidine.?® 2'F-RNA and uridine were well-tolerated when incorporated
in the T” and T° loop positions and both substitutions caused an increase in thermal
stability of TBA (ATm= +2 °C in case of 2'F-RNA and ATm= +4.9 °C in case of uridine),
whereas North-methanocarbathymidine in the same position resulted in strong
destabilization (ATm= -17 °C). Replacement by 2'-deoxyribouridine having C2’-endo
(South) sugar pucker in all loops of TBA resulted in strong stabilization (ATm= +6 °C)
while Sacca et al.?” reported that 2’-O-methyl ribonucleotides or ribonucleotides in all
loops not only destabilized the TBA quadruplex, but also changed the quadruplex
topology in case of methoxy substitution. A comparative analysis of all three modified
TBA oligomers indicated that the thermal stability of the oligomer containing 2'-O-
methyl ribonucleotide (Tm= 34 °C) was the least, while the oligomer containing
deoxyribouridine showed the highest stability among the three oligomers, with a T of
54 °C, even more stable than unmodified TBA (Tm= 48 °C). This suggests the stabilizing
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role of thymine substitution by uracil. Our research group recently reported the
systematic replacement of single thymidine residues in the loop region of TBA by 2'-
OMe-uridine. These studies revealed that the compact N-type sugar geometry of 2'-OMe
derivatives in the loop regions stabilizes the TBA quadruplex when there is only one
modification either ina TT loop or the TGT loop.?

Figure 6: Summary of selective chemical modifications introduced into TBA

The substitution of G® by LNA-G (2-O-4'-C-methylene-linked ribonucleotide)
with the C3'-endo sugar conformation improved the stability, but the substitution of T’
led to a reduction in thermal stability as well as anticoagulant activity.?® Wengel's group
reported 15 different variants of TBA derived from single substitutions with unlocked
nucleic acid (UNA) at every possible position, where the oligomer with substitution at T’
position was found to be more capable of inhibiting blood clotting than the control
TBA.X® Recently, we reported the 4’-methoxymethyl threose nucleic acid (4’-MOM-
TNA) with a 2'-3’-linked backbone and C3’-endo sugar (North) conformation, where the
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oligomer bearing a single 4-MOM-TNA-T nucleotide substitution at the T’ position
resulted in a quadruplex with enhanced thermal stability, anticlotting activity and
nuclease resistance properties.®® In general, the central TGT loop modifications are more
tolerated, and modification at the T’ position has been shown to impart better quadruplex

stability and anticoagulation activity.
The work included in this chapter is divided into two sections.

Section A: Synthesis of S/N-type-frozen 3'-deoxy-3'-ribo/xylo fluoro thymidine (RT"and

XTF) and 3'-deoxy-3'-ribo/xylo fluoro uridine (RUF and *UF) nucleosides.

Section B: 3’-Deoxy-3'-fluoro nucleosides in the thrombin binding aptamer (TBA):

Evaluation of stability and activity.
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Section A
Synthesis of S/N-type-frozen 3'-deoxy-3’-ribo/xylo fluoro thymidine
(RTFand *TF) and 3’-deoxy-3’-ribo/xylo fluoro uridine (RUF and *UF)
nucleosides

2.4 Present work

In view of the demonstrated properties of fluoro-sugar-modified nucleotides and
impact of central TGT loop on the stability of G quadruplex, we proposed to synthesize
S/N-type conformationally frozen 3'-deoxy-3'-fluoro ribo/xylo thymidine nucleosides
(RTFand *TF) and 3'-deoxy-3'-fluoro ribo/xylo uridine nucleosides (RUFand *UF) (Figure
7) and incorporate them into 2'-5’-linked isoTBA, with a view to improving its thermal
stability. We had earlier reported the incorporation of these C3’-fluoro-nucleosides into
duplex-forming oligomers,® but their effect when incorporated in quadruplex-forming

sequences have not yet been reported.

F [o] (0]

HO
Base HO Base
z NH | NH
H bH - Base = | /& /&
N (o] N o

F + 7+

S-type N-type

Figure 7: Sugar puckering of 3’-deoxy-3'-ribo/xylo fluoro nucleoside

2.4.1 Synthesis of S-type monomer: 3'-Deoxy-3'-ribofluoro thymidine
phosphoramidite (RTF) and 3’-Deoxy-3'-ribofluoro uridine phosphoramidite (RUF)

A lot of attention has been paid to the introduction of fluoro group into
nucleosides; various efficient synthetic methodologies have been developed for the
selective formation of C-F bond. Incorporation of a-F moiety at C3 position was
reported in the literature. Opening of epoxide of methyl 2, 3-anhydro-D-lyxofuranoside
using potassium hydrogen fluoride (KHF2) used as a fluorinating agent in 1,2-ethanediol
was reported by Taylor et al.> Miyai and coworkers®® reported the ring-opening of the
epoxide, 9-(2,3-anhydro-p-D -lyxofuranosyl) adenine by KHF2. Epoxide opening
appears to provide the best strategy to the synthesis of 3-F nucleoside since highly
stereoselective scission of carbohydrate epoxides to the corresponding fluorohydrine has

been observed. Mikhailopulo and coworkers® developed the synthesis of 3'-Deoxy-3'-
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fluoro-ribonucleosides from D-xylose for all the nucleobases, where KHF2 and NaF in
ethylene glycol used for fluorination at C3 and the incorporation of the silylated bases at
Cl’ position was done in presence SnCls (Friedel-Crafts catalysts) and TMS-triflate
(Lewis acid). Later on, the same group used DAST as a fluorinating reagent for the
synthesis of 3'-Deoxy-3'-fluoro-ribonucleosides. Following the same synthetic route
reported by Mikhailopulo et al.®® in 1999, synthesis of ribofluoro nucleoside was
accomplished. The synthesis of 3'-deoxy-3'-ribofluoro thymidine phosphoramidite was

achieved from D-xylose as per the series of steps shown in Scheme 1 and Scheme 2a.

2.4.1.1 Synthesis of 3-deoxy-3-fluoro-1-O-methyl-2-O-acetyl-5-O-benzoyl-D-
ribofuranoside

3-Deoxy-3-fluoro-1-O-methyl-2-O-acetyl-5-O-benzoyl-D-ribofuranoside 6 was
prepared according to the reported procedure® outlined in Scheme 1 and used as the key
glycosylating agent.

It was synthesized from D-xylose 1 by conversion to its monoacetonide
derivative 2 (1, 2-O-isopropylidene-a-D-xylofuranose) using conc. H.SO4 and Na;COs
in acetone with 88 % vyield. Benzoylation to protect the primary hydroxyl group was
achieved using benzoyl chloride and triethylamine in CH2Cl> which yielded the 5-O-
benzoyl derivative 3 in 78 % yield. Acetal cleavage and methylation were done in one
pot by treating compound 3 with iodine in methanol under reflux conditions, which

afforded a mixture of B- and a-D-xyloside anomers 4 in 85% yield.

\ Acetone,

HO conc.HySOy, HO 8H . B0 o
o NaxCOg /3 BzCl, dry CH,Cly, OH % |2, MeOH, reflux

_ =

o

Oon

HO 88% 5%\ 0°C, 78% %\ 85%
HO 1 2 3
BzO O_ ,OMe BzO O_ ,OMe BzO O_ .OMe
OH
mﬂ DAST, dry CH,ClI, XJH Ac,0, pyridine w
oH 56% F  OH 68% F DAc
4

5 6

Scheme 1: Synthesis of 3-deoxy-3-fluoro-1-O-methyl-2-O-acetyl-5-O-benzoyl-D-ribofuranose
Introduction of the C3-a-fluoro substituent was achieved by treating 4 with

diethylaminosulfur trifluoride (DAST), a fluorinating reagent, at room temperature for
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19 h, when 3-fluoro o- and B-D-ribosides 5 were obtained in 56 % yield along with
arabino-difluoride 5a and ribo epoxide 5b as side-products (Figure 8).

o OMe o OMe
BzO/\q BZO/\@N
FF o
5a 5b

Figure 8: Side-products of fluorination reaction: 5a arabino-difluoride and 5b ribo-epoxide

The free secondary 2-hydroxy group of compound 5 was protected as its acetate
derivative by using acetic anhydride to get the expected 3-deoxy-3-fluoro-1-O-methyl-5-
O-benzoyl-2-O-acetyl-D-ribofuranose 6 in 68% yield. The substitution of the C1-OMe
group in compund 6 by the nucleobase (thymine or uracil) was achieved by using the
commonly known Vorbriiggen glycosylation reaction conditions.®® The synthetic
pathway for the S-type building block, 3’-deoxy-3'-ribofluoro thymidine
phosphoramidite monomer (RTF) and 3'-deoxy-3'-ribofluoro uridine phosphoramidite

monomer (RUF) from intermediate 6 is outlined in schemes 2a and 2b respectively.

2.4.1.2 Synthesis of 3’-deoxy-3’-ribofluoro thymidine phosphoramidite monomer
(*T%)

The coupling of an electrophilic sugar derivative and a nucleophilic silylated
heterocyclic base in the presence of a Lewis acid to get N-glycosides is known as the
Vorbriiggen glycosylation reaction. An anomeric mixture of 3-deoxy-3-fluoro-1-O-
methyl-5-O-benzoyl-2-O-acetyl-D-ribofuranose 6 on treatment with
bis(trimethylsilyl)acetamide, thymine and trimethylsilyl trifluoromethanesulfonate
(TMS-triflate) under Vorbriiggen glycosylation conditions exclusively afforded the B-
anomer of thymidine 7 due to the neighbouring group participation of the 2-O-acetyl
group. Compound 7 on ammonolysis yielded 3'-deoxy-3'-fluoro ribothymidine 8 (87%).
Protection of the primary hydroxyl group in compound 8 was achieved using DMTr-
chloride and a catalytic amount of 4,4’-dimethylaminopyridine (DMAP) in anhydrous
pyridine to obtain compound 9 in 60 % yield. Phosphitylation of the free 2’-hydroxyl
group in 9 by treating with 2-cyanoethyl-N,N-diisopropyl chlorophosphine and N,N-
diisopropylethylamine (DIPEA) under anhydrous conditions afforded the desired S-type
thymidine phosphoramidite building block 10 (57%).
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Scheme 2a: Synthesis of RT™ monomer
2.4.1.3 Synthesis of 3’-deoxy-3'-ribofluoro uridine monomer (RUF)

Using a similar reaction sequence to that shown in Scheme 2a, the 3'-deoxy-3'-
fluoro ribouridine (RUF) monomer 14 was synthesized from an anomeric mixture of 3-
deoxy-3-fluoro-1-O-methyl-5-O-benzoyl-2-O-acetyl-D-ribofuranose 6 as shown in
Scheme 2b.

(o] (o]
kaH fl\NH
N, O-Bis (trimethylsilyl) /& N/KO
BzO 0_ ,OMe scetamide, o NT O o

/\Qﬁ BzO Ag. NH, HO

\ / TMS-Triflate, uracil, ACN m

S % " “, e . : N “,

F OAc reflux, 75% B "OAc 2 = OH

91%
[o]
(o]
NH
| /g Y kaH
N___O
DMTr-Cl, DMAP, o ) ° P7" N N/Ko
pyridine Cl DMTrO’\(OJ/
B3% E on dry CHCly, DIPEA, 59%
b F tl) )\
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14

Scheme 2b: Synthesis of RUF monomer
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2.4.2 Synthesis of N-type monomer: 3’-Deoxy-3’-xylofluoro thymidine
phosphoramidite (*T%) and 3’-Deoxy-3'-xylofluoro uridine phosphoramidite (*UF)

One of the methods applied by which 3-p-fluorine in pentafuranose is substituted
for secondary hydroxyl group has been done by opening of 2'-3’-a-epoxide ring by
fluoride ion. Robins et al.®3 reported the opening of 2'-3'-a-epoxide of adenosine 2',3'-
ribo-epoxide by TBAF in acetonitrile afforded 3’-xylofluoro furanosyl nucleosides.
Wright et al.® reported fluorination of methyl 2,3-anhydro-5-O-benzyl-4-D-
ribofuranoside by the treatment with KHF. in ethylene glycol which afforded the
mixture of the 3'- and 2'-fluoro-D-arabinofuranoside with the 3'-pB-fluoro isomer as the
major product. Webber et al.®® reported nucleophilic displacement of the tosylate group
at C-3 of 1,2:5,6-di-O-isopropylidene-a-D-allofuranose (ADA) by TBAF in acetonitrile.
Fox and coworkers® also developed another approach for fluorination where KF in
acetamide at temperature ~210 °C used as a fluorinating agent for the nucleophilic
displacement of tosyloxy group at C-3. Tewson and Welch*® done fluorination reaction
of the same non-tosylated sugar with DAST avoided additional step of tosylation of C3-
hydroxyl. Fluorinated product was isolated by vacuum distillation. An efficient synthesis
of fluorinated nucleosides was developed by Komiotis et al.*! from glucose diacetonide
(GDA) where KF is used for fluorination and Vorbriiggen glycosylation for base
attachment. In this work, we have followed the same synthetic route reported by
Komiotis and coworkers with some modification. The synthesis of 3'-deoxy-3'-
xylofluoro thymidine phosphoramidite was achieved from D-glucose as per the series of

steps shown in Scheme 3 and Scheme 3a.
2.4.2.1 Synthesis of 3-deoxy-3-fluoro-1, 2, 5-tri-O-acetyl-D-xylofuranose

3-deoxy-3-fluoro-1,2,5-tri-O-acetyl-D-xylofuranose 23 was prepared from D-
glucose by a literature-reported procedure* detailed in Scheme 3 and used as a key
glycosylating intermediate in the synthesis of the N-type monomer. 1,2:5,6-di-O-
isopropylidene-a-D-glucofuranose (glucose diacetonide, GDA) 16 was obtained from D-
glucose 15 in 73% vyield by using acetone in the presence of catalytic amount of conc.
H>SOs and anhydrous CuSOs;. GDA 16 was oxidized by using pyridinium
chlorochromate (PCC) in dry DCM to give keto compound 17 in 93 % yield, which was
further stereoselectively reduced by sodium borohydride (NaBH4) in MeOH:H20 to get
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allose diacetonide (ADA) 18 (84%). Tosylation of the hydroxyl group in 18 using tosyl-
Cl in pyridine afforded the corresponding 1,2:5,6-di-O-isopropylidene-3-O-
tolunesulphonyl-a-D-allofuranose 19 in 68% vyield. Fluorination at C-3 carbon was
achieved by Sn2 displacement of the tosyloxy group, that was carried out by using KF in
acetamide at ~210 °C to obtain C-3 B-fluorinated compound 20 (62%). 3-deoxy-3-
fluoro-1,2-O-isopropylidene-a-D-glucofuranose 21 was obtained in 95% yield by
selective hydrolysis of the O-isopropylidene group using AcOH:H0O (1:1) at 50 °C.
Oxidation of compound 21 by NalOs resulted in an aldehyde which was further
reduced by sodium borohydride to afford 3-deoxy-3-fluoro-1,2-O-isopropylidene-a-D-
xylofuranose 22 (86%). In situ deprotection of the 1,2-acetonide in 22, followed by
acetylation using acetic acid and Ac2O in the presence of catalytic amount of
concentrated H.SO4 gave an anomeric mixture of the triacetate, 3-deoxy-3-fluoro-1,2,5-
tri-O-acetyl-D-xylofuranose 23 in 59% yield. Substitution of the C1'-OAc group by the
nucleobase (thymine or uracil) was achieved by using the well-knownVorbriiggen

glycosylation reaction conditions..

Q
Ho o <o
oy CuSOu, acetone, 1@ PCC, dry CH,Cl, NaBHy,,
HO Conc.H,S0, ( cat.) molecular sieves. MeOH: H20 (4:1)
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Scheme 3: Synthesis of 3-deoxy-3-fluoro-1, 2, 5-tri-O-acetyl-D-xylofuranose

The synthesis of N-type building blocks 3’-deoxy-3’-xylofluoro thymidine
phosphoramidite monomer (*TF) and 3'-deoxy-3'-xylofluoro uridine phosphoramidite

monomer (XUF) from intermediate 23 is outlined in Schemes 3a and 3b respectively.
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2.4.2.2 Synthesis of 3’-deoxy-3’-xylofluoro thymidine phosphoramidite monomer
1%

An anomeric mixture of 3-deoxy-3-fluoro-1,2,5-tri-O-acetyl-D-xylofuranose 23
when subjected to the Vorbriggen glycosylation coupling on treatment with
bis(trimethylsilyl)acetamide, thymine and TMS-triflate, exclusively afforded the f-
anomer of thymidine 24 due to the neighbouring group participation of the 2-O-acetyl
group. Compound 24 on ammonolysis yielded 3’-deoxy-3'-fluoro xylothymidine 25
(90%). Protection of the primary hydroxyl group in compound 25 was performed using
DMTr-chloride and a catalytic amount of 4,4’-dimethylaminopyridine (DMAP) in
anhydrous pyridine to obtain compound 26 (61%). Phosphitylation of the free 2'-
hydroxyl group by treatment using 2-cyanoethyl-N,N-diisopropyl chlorophosphine and
N,N-diisopropylethylamine (DIPEA) under anhydrous conditions afforded the desired
N-type thymidine phosphoramidite building block 27 (50%).

o o

T, T
N, O-Bis Trimethylsilyl) /&

AcO O ,OAc
w acetamide \Qy/ aq. NHs HO o

OAc TMS-triflate, thymine, MeOH H,0 (4:1) /
(o] 0, H
23 ACN,reflux,78% 24 OAc 50°C, 90% 25 OH
4 o) N\

N N/go
DMTr—CI,_D_MAP, N/go \( \e/o\/\cN DMTrO (o]
pyridine DMTrO lo) cl F

S

61% dry CH,Cly, H
H DIPEA, 50% I )\
OH NC—"No- P~

Scheme 3a: Synthesis of *T™ monomer

2.4.2.3 Synthesis of 3’-deoxy-3'-xylofluoro uridine phosphoramidite monomer(*UF)
Using a similar reaction sequence as described above for *TF, 3’-deoxy-3'-fluoro
xylouridine (*UF) monomer 31 was synthesized from an anomeric mixture of 3-deoxy-3-

fluoro-1,2,5-tri-O-acetyl-D-xylofuranose 23 as shown in Scheme 3b.
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Scheme 3b: Synthesis of *U" monomer

Purification of all the compounds was done by column chromatography and
characterization by *H, 3C, *°F & 3P NMR as applicable and HRMS analysis.

2.4.3 Preliminary study of sugar pucker using *H NMR J1 coupling constant

The S- and N- conformation of natural and modified sugar moieties exist in
equilibrium in solution; the conformation of a nucleoside can be determined from the
coupling constants of the sugar ring protons in the HNMR spectrum. The sugar
conformations  of  S/N-type  conformationally = frozen  3’-deoxy-3'-fluoro
ribo/xylothymidine nucleosides (RT and *T") and 3'-deoxy-3’-fluoro ribo/xylouridine
nucleosides (RUT and XUF) were compared (Table 1) based on the homonuclear 3Ju1-
coupling constants. The % S conformation of nucleoside unit was calculated from the
value of H1'-H2' NMR coupling constants as earlier reported.*? A simple equation for
the calculation of the percentage of S conformation is shown in equation (A). A coupling
constant value between 6-9 Hz represents the S-type sugar pucker whereas lower J value

between 0-3 Hz is characteristic of the N-type sugar pucker.
S (%) = 100 x (Jir - 1)/6.9 (A)

The % S for 3'-deoxy-3'-fluoro-2'-hydroxy-thymidine 8 and 3'-deoxy-3’-fluoro
ribouridine 12 were found to be 91.5 % and 97 % respectively. This shows that

compound 8 and 12 are frozen in S-type conformation whereas the % S for 3'-deoxy-3'-
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fluoro-2'-hydroxy-xylothymidine 25 and 3’-deoxy-3'-fluoro-xylouridine 29 were found
to be 2.9 % and 0.15 % respectively indicates N-type sugar conformation.

Table 1: Conformational analysis of the nucleosides using H1'-H2' coupling constants from *H NMR

spectra
Nucleoside derivative H1'-JH2i'nc(|)_1|12pling %S
3’-deoxy-3'-fluoro-2'-hydroxy-thymidine (8) 7.32 91.5
3’-deoxy-3'-fluoro-uridine (12) 7.7 97
3'-deoxy-3'-fluoro-2'-hydroxy-xylothymidine (25) 1.2 2.9
3’-deoxy-3'-fluoro-xylouridine (29) 1.01 0.15

2.4.4 X-ray crystal structure of modified nucleoside analogue, 3'-deoxy-3'-fluoro-2'-
hydroxy-thymidine (RTF)

The conformation of 3’-deoxy-3'-fluoro-2'-hydroxy-thymidine 8 was analyzed
from the X-ray crystal structure. The estimation of the contribution of % S conformation
for 3’-deoxy-3'-fluoro-2'-hydroxy-thymidine 8 from the H1'-H2’ coupling constant gave
a value of 91.5%. This indicates that compound 8 (RTF) shows a conformational
equilibrium in aqueous solution. Hence, to verify the actual puckering of the furanose
ring (N or S) in the crystalline state we investigated its single-crystal structure. The X-
ray crystallographic data for compound RTF has not been reported before. It has been
reported that the presence of a hydroxy group at the C3’ position produces an N-type
sugar puckering.*®* We examined the effect of the replacement of the C3’ hydroxy group
by an F atom on the sugar puckering by X-ray crystallographic study. The four structural
parameters are glycosidic torsion angle (y), torsion angle (y), the phase angle of
pseudorotation (P) and the puckering amplitude (vmax), Were calculated from X-ray
crystallographic data which ultimately gives S-type and N-type population for each
monomer in solid-state. The X-ray crystallographic data for 5-methyluridine (RT°H)
(Figure 9) was reported earlier. The crystal structure of 3’-hydroxy-substituted 5-
methyluridine (refcode MEURID)* was retrieved from the Cambridge Structural
Database (CSD; Version 5.39)* in order to have a direct structural comparison between

RTOH and RTF,
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Figure 9: 3'-deoxy-3'-fluoro-2"-hydroxy-thymidine (RTF), 5-methyluridine (RT°H)

The compound RTF (8) was crystallized from methanol by slow evaporation. A
single-crystal X-ray diffraction analysis was undertaken in order to investigate its
crystal-state conformation. RTF crystallizes in the orthorhombic space group P212:2; with
two unique molecules, A and B, in the asymmetric unit (Figure 10). In order to
determine the conformational differences between the two conformers, molecules A and

B were superimposed over the thymine moiety (Figure 11a).
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Figure 10: ORTEP drawing for the molecular structure of 3'-deoxy-3’-fluoro-2'-hydroxy-thymidine 8,
molecules A and B are the two different conformers of compound 8 (RTF)

The structure overlay of molecule B of RT" and RT° is shown in Figure 11b. Both
molecules show a significant change in the conformation of the furanose ring. The mode
of puckering of the furanose ring of these two nucleosides is exactly the opposite. In RTF,
C2' is found to be in the endo conformation (i.e., South, S), whereas in RT°" C3’ adopts

an endo conformation (i.e., North, N).
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Figure 11: (a) X-ray crystal structure overlay of the two observed forms of compound RTF(8) (b) Structure
overlay of molecule B of compound, RTF(8) and 5-methyluridine, RT°" retrieved from the CSD (refcode
MEURID).

A comparison of the endocyclic torsion angles clearly reveals the differences
caused by the F substituent at C3’ position on the furanose ring puckering (Table 2). As
shown in equation (B), the phase angle P is determined from the endocyclic torsion
angles (vo— v4). The vmax value determines the deviation of the furanose ring from

planarity, calculated from P and vz, as shown in equations (B) & (C).

(v4+vy)- (v3Hvp)
tan P = B
5, (Sin 36°+Sin 72°) B)

V2
Vmax = oo p

©

The furanose ring conformation can be characterized from the pseudorational cycle
where values of P (pseudoration phase angle) are plotted in combination with Vmax.
(Figure 12).% The phase angle values range from 0 ° to 360 ° and are presented in
multiples of 36 °. The sugar can exist in a range of conformations- twist (T), envelope
(E), based on the different relative phase angles as elucidated in the pseudorotation
cycle. Twenty distinct envelope (E) and twist (T) conformations are found alternatively
at every 18°. The E conformation is observed at odd multiples of 18°, and T is found at
even multiples. For the majority of natural nucleosides, the value of P is either 18° (C3'-
endo, N-type conformation) or 162° (C2’-endo, S-type conformation). In both regions,

the values of vmax range from 30 to 46° and, in the majority of cases, it falls around 38°.4
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Table 2: Geometrical parameters of the torsion angles (°) and pseudorotation parameters (°) of the
furanose ring for molecules A and B of RTF and 5-methyluridine, RTM. (a) for anti, x = 180°£90°, and for
syn, x = 0°£90°; (b) v* = 180°, y*= 60° and y" = 60°; (c) for south S-type, P = 180°+90°, and for north N-
type, P = 0°+90°; (d) data for 5-methyluridine (RT°") was retrieved from the CSD (refcode MEURID).*

3'-deoxy-3'-fluoro-2'-hydroxy- 5-methyluridine

Torsion Angle

Molecule A Molecule B T
vo = [C4"-04"-C1"-C2'] -17.6 (2) -22.3(2) 2.5
v1 = [04'-C1'-C2'-C3'] 33.3(2) 37.1(2) -25.5
v2 = [C1’-C2'-C3'-C4] -35.5(2) -37.4 (2) 38.5
v4 = [C1-O4"- C4'C31] -5.6 (3) -2.0(2) 22,5
va = [C2'-C3'-C4-04'] 26.3(2) 25.2 (2) -38.2
1= [C2- N1- C1-04/] -128.7 (2) -134.4 (2) -154
X anti® anti anti
y =[C3'-C4'"- C5'-05'] 54.8 (3) 56.1(3) 49.3
Yy P v ' '
Phase angle (P) 170.2 164.3 21.2
Puckering amplitude (vmax) 36.1 38.8 41.29
S or N° S S N

The furanose ring conformations of molecules A and B of RTF (8) are T3 (P =
170.2°, vmax = 36.1°) and 2E (P = 164.3°, vmax = 38.8°), indicating a C2'-endo puckered
sugar conformation (S-type). Conversely, for the RT°" molecule, the furanose ring
conformation is 3E (P = 21.2°, vmax = 41.29°) and the sugar conformation is C3’-endo (N-
type) (Table 2).
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HO B

(North, C2'-ex0-C3'-endo)

E
HO B
N “0

5T
1
HO— AP
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Figure 12: Pseudorotational cycle for nucleosides showing the characteristic North, South, East and West
conformations. The radius of the cycle corresponds to Vmax. The units of P and vmax Values are degrees.
Envelope (E) and twist (T) forms alternate every 18°.4°

From the crystal structure analysis of the C3'-fluoro substituted furanose ring, the
S-type conformation of the sugar ring was confirmed, in contrast to the N-type

conformation adopted by the C3'-hydroxy substituted sugar ring.
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Section B
3'-Deoxy, 3'-fluoro nucleosides in the thrombin binding aptamer
(TBA): Evaluation of stability and activity

2.4.5 Synthesis of TBA, isoTBA and modified isoTBA variants, their purification
and characterization

0 o B o) o)
B o_,B
3 3. 12
¢ H o OH 6
Ozjfo -o:Jml::o 0—P=0
DNA RNA isoDNA

Figure 13: Structures of natural DNA, RNA and isoDNA

We chose the 3’-deoxy-2'-5'-linked isoTBA sequence (Figure 13) as it exhibits
high stability against cellular enzymes.*” The four phosphoramidite monomers 3'-deoxy-
3'-ribo/xylo fluoro thymidine (RTF and *TF) and 3'-deoxy-3'-ribo/xylo fluoro uridine
(RUF and *UF) (Figure 14) were incorporated into 2'-5' linked iSoTBA in the central loop
at position T” and T° or both.

(o} o [0} (o}

| NH | NH ‘ NH | NH
N/&O N/&O N/g N/&O

o
DMTrO/\CY DMTrO ° DMTrO/\G/ DMTrOW
= F\ ’/9 6
|

F o 1 Y I I
NC— o PN NC—o PN NC— o Py NC— o Py
- - >~ -

10 27 14 31

RTF XTF RyF XyF

Figure 14: Phosphoramide monomers for this study

All the isoDNA ONs (listed in Table 1) were synthesized on a Bioautomation
MM4 DNA synthesizer using commercially available protected 3'-deoxy-thymidine-2'-
phosphoramidite and 3’-deoxy-guanosine-2’-phosphoramidite by standard B-cyanoethyl
phosphoramidite chemistry*® using re-coupling for modified nucleotides. The
synthesized oligonucleotides were cleaved from the solid support by ag. ammonia

treatment at 55 °C. Purification of synthesized oligomer was done by RP-HPLC and
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their integrity was confirmed by MALDI-TOF mass spectrometric analysis. The general
scheme for solid-phase oligonucleotide synthesis is explained in Chapter 1, Scheme 1.
The synthesized oligomeric sequences and their MALDI-TOF characterization data are
listed in Table 1. Their purity was confirmed by RP-HPLC on a C18 column and

polyacrylamide gel electrophoresis (Figure 15).
Table 3" isoTBA and loop-modified oligomers used in the present work, MALDI-TOF mass

spectrometric data.

MALDI TOF
Err:;ry Sequence code Sequence Mass (Da)
' Mealcd. Mobsd.
1. iISOTBA 5-GGTTGGTGTGGTTGG-2' 4726 4731
2. iSOTBARTF-7 5-GGTTGGRT GTGGTTGG 2- 4744 4750

3. isSoTBARTF-79 5-GGTTGGRT GRTFGGTTGG- 2’ 4762 4766
4. isoTBARTF-9 5-GGTTGGTGRT GGTTGG- 2’ 4744 4748
5. iSOTBAXTF-7 5-GGTTGG*T' GTGGTTGG- 2’ 4744 4755
6. isSoTBAXTF-79 5-GGTTGG T G*T'GGTTGG- 2’ 4762 4774
7. isoTBAXTF-9 5-GGTTGGTG*T'GGTTGG 2-' 4744 4753
8. isoTBARUF-7 5-GGTTGGRUFGTGGTTGG -2’ 4730 4733
9. isoTBARUF-79  5-GGTTGGRUFGRUTGGTTGG -2 4734 4737
10. isoTBARUF-9 5-GGTTGGTGRUFGGTTGG -2’ 4730 4730
11. isoTBAXUF-7 5-GGTTGG*U"'GTGGTTGG -2’ 4730 4731
12. isoTBAXUF-79  5-GGTTGG*U"G*UGGTTGG-2' 4734 4738

13. isoTBAXUF-9 5-GGTTGGTG U 'GGTTGG- 2’ 4730 4742

#The number in the sequence name indicates the position of the modified nucleotide unit
in the central loop.

Polyacrylamide gel electrophoresis was used to examine the purity of the
synthesized oligomers using a 20% denaturing gel. All the 15-mer oligonucleotides

showed similar mobility.
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Figure 15: Denaturing gel electrophoresis analysis of TBA, iSoTBA oligomers, indicating their purity.
Strand concentration of TBA and isoTBA oligomers was 320 uM and the gel was run in TBE buffer at 25
°C at 150V. The gel was visualized by UV- shadowing.

Figure 15(a): 1-TBA, 2-isoTBA, 3-isoTBART"-7, 4-isoTBARTF-79, 5- isoTBART-9, 6- isoTBAXTF-7, 7-
iSOTBAXTF-79, 8- isoTBAXT-9
Figure 15(b): 1-TBA, 2-isoTBA, 3-isoTBARU-7, 4- isoTBARUF-79, 5- isoTBARUF-9, 6- isoTBAXUF-7,
7- isoTBAXUF-79, 8- isoTBAXUF-9
2.4.6 Evaluation of G-quadruplex formation and stability in the presence of

monovalent ions by circular dichroism spectroscopy

The impact of the 3'-fluoro-modified units on the structural topology of TBA can
be studied by CD spectroscopy. CD spectra were recorded for TBA, isoTBA and all
modified oligomers to monitor the influence of the different sugar substitutions in the
central loop of TBA on its overall topology. TBA is known to form an antiparallel G-
quadruplex in the presence of K* ions; the CD spectrum of TBA shows a CD maximum
at 295 nm and a minimum at 265 nm, that are characteristic of antiparallel G-

quadruplexes.*®
2.4.6.1 G-quadruplex topology

Firstly, we examined the effect of modification in the loop on the folding topology
of all oligomers by CD spectroscopy in the presence of potassium ions. The CD spectra
of these derivatives displayed the characteristic signals corresponding to the antiparallel
G-quadruplex topology known for TBA and isoTBA at the same concentration.®® All the
modified oligomers showed two maxima at 292 nm and ~240 nm and minima at ~265
nm in presence of potassium ions (Figure 16), whereas the CD spectra recorded in water,
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in the absence of any added cations, except in the case of TBA, failed to show any of
these characteristic signals. TBA showed the characteristic antiparallel quadruplex
signals even in water (Figure 17).

K* K*
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Figure 16: CD spectra of the TBA, isoTBA and modified isoTBA oligomers (5 uM) in the presence of K*
ions. Spectra were recorded at 4 °C in 10 mM K-phosphate buffer, pH 7.2, containing 100 mM KCI.
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Figure 17: CD spectra of the TBA, isoTBA and modified isoTBA oligomers (5 pM) in water
2.4.6.2 Evaluation of G-quadruplex thermal stability using CD spectroscopy
Denaturation — renaturation profiles and melting temperature (Tm) can be
monitored by CD spectroscopy at varying temperatures. The stability of the G-
quadruplexes in the presence of K* ions was monitored by the temperature-dependent

change in the amplitude of the CD signal at 295 nm for all oligomers.
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Table 4: CD-Tn values of modified sequences in the presence of K* ions. AT represents melting

difference compared to 2isoTBA and b TBA

Entry Sequence code Tm°Cin AT ATrP
1. TBA 50 +16 -
2. ISOTBA 34 - -16
3. iSOTBARTF-7 35 +2 -15
4, iSOTBARTF-79 36 +2 -14
5. iSOTBARTF-9 36 +2 -14
6. iSOTBAXTF-7 37 +3 -13
7. iSOTBAXTF-79 36 +2 -14
8. iSOTBAXTF-9 35 +1 -15
9. iSoTBARUF-7 40 +6 -10
10. isoTBARUF-79 42 +8 -8
11. isoTBARUF-9 35 +1 -15
12. isoTBAXUF-7 37 +3 -13
13. iSoTBAXUF-79 38 +4 -12
14, isoTBAXUF-9 35 +1 -15

The results were compared with native TBA and isoTBA. In comparison to TBA
(3'-5' linked backbone Tm = 50 °C), all the oligomers, including isoTBA (Tm = 34 °C)
with 2’-5' linked backbone, were destabilized to a large extent (ATm= -8 °C to -15 °C).
The extended backbone in isoTBA, together with the altered sugar pucker conformation
could be the reason for the observed lower stability. The results are summarized in Table
4, and the melting plots are shown in Figure 18. As discussed above in the introduction,
modification at T’ position has often been shown to be favourably tolerated in terms of
quadruplex stability. In this study, we observed that substitution by 3'-deoxy-3'-
ribofluoro uridine (with S-type sugar conformation) at T’ and T° positions in
iSOTBARUF-7 (Tm = 40 °C) and isoTBARUF-79 (Tm = 42 °C) displayed remarkable
enhancement in quadruplex stability by +6 °C and +8 °C respectively as compared to
iSOTBA. The effect of replacement of T by RUF in oligomers isoTBARUF-7(Tm = 40 °C)
and isoTBARUF-79 (Tm = 42 °C) showed stabilization as compared to iSoTBARTF-7 (T
= 35 °C), isoTBARTF-79 (Tm = 36°C). Sacca et al.?’ reported similar stabilization effect
when thymidine was replaced by 2'-deoxyuridine at T’ position of TBA.
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Figure 18: CD melting profiles of the TBA, isoTBA and modified isoTBA oligomers at a strand
concentration of 5uM in 10 mM potassium phosphate buffer (pH 7.2) containing 100 mM KCI.

Substitution at T° position by all modified monomers showed a modest
stabilization by +1°C/+2°C, whereas moderate enhancement by +3°C/+4°C was
observed in case of isoTBAXUF-7 and isoTBA*UF-79 oligomers with a 3’-xylofluoro

uridine unit at T” and T'T® positions respectively in comparison to isoTBA.
2.4.7 Formation of G-quadruplex in the presence of thrombin

Thrombin may act as a molecular chaperone for the folding of TBA, as has been
reported previously by Baldrich and O'Sullivan.®! Nagatoishi and co-workers>? showed
that at low temperature, TBA forms an antiparallel G-quadruplex in the presence of
thrombin and in the absence of any cation, which can be monitored through the CD
amplitude at 295 nm. In our earlier studies, we observed that the iSOTBA sequence was
also able to attain the folded G-quadruplex topology by the chaperone activity of
thrombin.®® Therefore, we carried out CD experiments with the addition of thrombin,
which was added incrementally to the individual oligomers at 4 °C. The CD spectrum of
TBA in water, even in the absence of K* or any other cation shows a CD maximum at
290 nm (Figure 19a). With the incremental addition of thrombin to TBA, we observed a

increase in the CD signal amplitude with a concomitant shift towards 300 nm.
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Figure 19: Changes in CD signal at 295 nm showing the chaperone effect of thrombin on (a) TBA and (b)
iSoTBA Black: in water (No thrombin), Red: 0.44 uM, Green: 0.85uM, Blue: 1.25 pM, Magenta: 1.63
MM, Dark yellow: 2 uM
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Figure 20: Changes in CD signal at 295 nm showing the chaperone effect of thrombin on the TBA and
iSoTBA loop-modified oligomers Black: in water (No thrombin), Red: 0.44 puM, Green: 0.85uM, Blue:
1.25 uM, Magenta: 1.63 uM, Dark yellow: 2 uM

In water, all the modified sequences showed maxima at ~ 260 nm (Figure 17). We
performed CD experiments with all the sequences of the study, in the presence of
increasing concentrations of thrombin at 4 °C (Figure 20). We observed an increase in
the CD signal amplitude near 290 nm upon incremental addition of thrombin, in
accordance with its chaperone effect.

2.4.8 Antithrombin effect of modified aptamers

Thrombin transforms fibrinogen to fibrin and that leads to coagulation.®® The
effect of thrombin binding on the anti-thrombin activity of the modified oligomers was
assessed by carrying out a clotting assay and the inhibitory effect on thrombin-catalyzed
fibrin polymerization (thrombin time/clotting time) was measured at 37 °C. The
thrombin reagent was pre-incubated with the oligomer before addition to fibrinogen-
containing saline and the time for clotting was measured using a STart Max Coagulation
analyzer (Diagnostica Stago). The anti-thrombin activity reflects the additional time
required for clotting in the presence of the oligomer, relative to the reference in the

absence of any added oligomer.
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Figure 21: Antithrombin activity measurement using fibrinogen from human plasma and bovine thrombin.
Error bars represent the standard deviation obtained from triplicate experiments. Ref indicates the clotting

time measured with fibrinogen and thrombin in the absence of any added oligomer.
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From Figure 21, it can be seen that in comparison to the reference, the fluoro
modified iSoOTBA oligomers had a better anti-thrombin activity, however in comparison
to the TBA and isoTBA the fluoro modified isoTBA oligomers had shown a lower anti-

thrombin activity, the highest activity being observed for the parent TBA.
2.4.9 Stability of oligonucleotides towards exonucleases

Nuclease resistance of oligonucleotides is an essential aspect that decides the
efficacy of oligonucleotides in vivo. Many strategies have been applied to develop the
stability against nucleases without affecting the binding affinity of the aptamer and
specificity to their target. C2'-modification in the sugar ring such as 2’-F-RNA, 2'-amino,
2'-methoxy, locked nucleic acid (LNA, ribonucleotide with methylene linkage between
2'-0 and 4'-C of the sugar ring), unlocked nucleic acid (UNA, in which the bond
between C2’' and C3’ carbons is absent) and 2'-F-ANA are some of the notable
modifications that showed good nuclease resistance.

In addition to the enhancement of the thermal stability and thrombin affinity,
another purpose of incorporation of our synthetic 3'-fluoro-modified units into 2'-5'-
linked isoTBA was to increase the resistance of the resulting oligomers to degradation by
nucleases. To test the enzymatic stability, we exposed isoTBAXTF-79 as a representative
oligomer, to snake venom phosphodiesterase, an enzyme which possesses predominantly

3’-exonuclease activity, and compared it to TBA and isoTBA.

120 -

100 -| N TBA M isoTBA m isoTBAXTF-79
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Figure 22: RP-HPLC at different time points upon SVPD digestion of oligonucleotides TBA, isoTBA and

iSOTBAXTF-79. Experiments were done in duplicate and the error bars (standard deviation) are indicated.
We found that the stability of TBA was very low; it was rapidly cleaved within 2

min, whereas both isoTBA and isoTBAXTF-79 were found to be digested much slower;
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even after 60 min, nearly 40 % of both oligomers were intact (Figure 22). This reaction
was monitored by HPLC analysis, by measuring the peak area of the intact oligomer at
progressive time periods (Figures 22a, 22b and 22c¢).
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Figure 22a: HPLC profiles of isoTBA, towards SVPD at increasing time intervals. Black: without SVPD
enzyme, Green: 2 min Cyan: 10 min, Magenta: 20 min, Brown: 30 min, Dark blue: 60 min, Dark Green:
120 min.
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Figure 22b: HPLC profiles of isoTBAXTF-79, towards SVPD at increasing time intervals. Black: without
SVPD enzyme, Red: 2 min, Green: 10 min, Cyan: 20 min, Magenta:30 min, Brown:60 min, Dark blue:
120 min.
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Figure 22c: HPLC profiles of TBA, towards SVPD at increasing time intervals. red: without SVPD
enzyme, Blue: 2 min, Green: 10 min, Black: 20 min.
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2.5 Key highlights of this study

>

Synthesis of the 3’-deoxy-3'-fluoro ribo/xylo thymidine monomers (RTF and *TF)
3'-deoxy-3'-fluoro ribo/xylo uridine monomers (RUF and *UF) were done.

These modified units were incorporated into isoTBA as single substitutions either
at T" or T position or at both T” and T° positions.

CD spectroscopy studies in the presence of K™ ions showed that all isocTBA
variants studied in this work were able to form unimolecular antiparallel G-
quadruplexes, similar to native TBA.

Thrombin-binding studies brought out the chaperone effect of thrombin on the
quadruplex topology of individual oligomers.

Antithrombin effect (anticlotting ability) was examined, which revealed that
fluoro modified isoTBA quadruplexes showed thrombin inhibition but exhibited
lower anticlotting ability in comparison to TBA and isoTBA.

Enhanced stability to nucleases was shown by isoTBA and isoTBA *TF-79

oligomers compared to TBA.

2.6 Conclusion

Incorporation of S-type and N-type conformationally frozen monomers (3'-

deoxy, 3'-fluoro thymidine/uridine) in iSOoTBA with a 2'-5’-backbone is reported for the

first time. Newly reported isoTBA analogues showed antiparallel quadruplex topology

with an enhancement in thermal stability compared to the parent isoTBA and better

nuclease stability as compared to TBA.
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2.7 Experimental

2.7.1 Experimental procedures and spectral data

1, 2-O-Isopropylidene-a-D-xylofuranose (2)

o Commercially available D-xylose compound 1 (15.0 g, 99.91

HO 0 mmol) was dissolved in acetone (400 mL) containing conc. H2SO4
HO °)<

30 min solution of Na2CO3 (19.0 g, 179.26 mmol) in H>,O (230 mL) was dropwise added
within 30 min maintaining with external cooling to maintain the temperature below
20°C. After addition, the mixture was stirred for a further 3 h. Then, solid Na,COs (10.5
g, 99.07 mmol) was added till the neutral pH (pH = 7.0), Solid Na>SOs was filtered off

and washed with acetone, and the combined filtrates were concentrated under reduced

(15.0 mL, 268.68 mmol) with stirring at room temperature. After

pressure to yield 18.2 g of crude 2 contaminated with 5% of 1,2:3,5-di-O-
isopropylidene-a-D-xylofuranose, and 5% of starting D-xylose. The crude compound 2
was purified by silica gel filtration using 30:1 DCM/MeOH and pure compund 2 was
obtained as syrup, which crystallized on standing. Yield: 16.8 g, 88%.

Mol. Formula . CsH140s

Exact Mass :190.0841

HRMS: © 213.0734 (M + Na")

'H NMR : dnH(ppm) 1.23 (s, 3H), 1.40 (s, 3H), 3.87 (br, 2H), 4.08—4.11

(m, 2H), 4.19 (br, 1H), 4.44 (d, J = 3.5 Hz,1H), 4.63 (d, J =
4.3 Hz, 1H), 5.88 (d, J = 3.5 Hz, 1H)

(400MHz, CDCls)

BC NMR : dc(ppm) 25.9, 26.4, 60.2, 75.5, 79.4, 85.1, 104.5, 111.5
(50MHz, CDCls)

13C-DEPT - dc(ppm) (CH/CHs): 26.0, 26.4, 75.5, 79.5, 85.2, 104.5.
(50MHz, CDCly) (CHo): 60.2
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5-O-Benzoyl-1, 2-O-isopropylidene-a-D-xylofuranose (3)
Compound 2 (8 g, 42.06 mmol) and dry TEA (14.52 g, 20 mL,
143.49 mmol) was added into dry DCM (120 mL) under N2
G o/ﬁo atmosphere with stirring. The reaction mixture was cooled to
o' © 0°C. A solution of benzoyl chloride (6.42 g, 5.3 mL, 45.62
mmol) in dry DCM (20 mL) was dropwise added to the reaction mixture at the same

temperature. Reaction mixture was stirred for another 3 h. TLC indicated complete
consumption of the starting material, DCM (100 mL) was added into the reaction
mixture, washed with NaHCO3z and H>O, dried over Na.SQOs, solvent was evaporated
under reduced pressure. Crude product 3 was purified on a silica gel column

chromatography using EtOAc/petether (2:8) as eluent. Yield: 9.7 g, 78%.

Mol. Formula : CisH180s

Exact Mass : 294.1103

HRMS © 317.0990 (M+Na")

IH NMR : 8n (ppm) 1.33 (s, 3H), 1.52 (s, 3H), 3.35 (d, 1H), 4.17-4.18

(200MHz, (m, 1H), 4.35-4.44 (m, 2H), 4.61 (d, J = 3.5Hz, 1H, H-2),

CDCls) 4.76-4.87 (m, 1H), 5.97 (d, J= 3.5 Hz, 1H, H-1), 7.43-7.65
(m, 3H, Ar-H), 8.04-8.08 (m, 2H, Ar-H)

1BC NMR . oc(ppm) 26.1, 26.7, 61.4, 74.4, 78.5, 85.0, 104.7, 111.8,

(50MHz, CDCly) 128.5, 129.19, 129.8, 133.5, 167.3

BC-DEPT : dc(ppm) (CH/CHa): 26.1, 26.7, 74.4, 78.5, 85.0, 104.7, 128.5,

(50MHz, CDCly) 129.9, 133.5, (CHo): 61.4

Methyl 5-O-benzoyl-D-xylofuranoside (4)

Compound 3 (9.3 g, 31.60 mmol) was dissolved into dry MeOH
(150 mL), crystalline 12 (1.8 g, 14.18 mmol) was added into the
solution with stirring, and the mixture was refluxed for 4 h.

HO  ©OH | Progress of reaction was monitored by TLC, after completion of

the reaction, reaction mixture cooled to room temperature, the mixture was poured into
saturated aqueous Na;S,03 solution (300 mL) and extracted with CHClIs (3 X 200 mL),
the combined organic extract was washed with saturated NaCl solution (200 mL), dried

over anhydrous Na»>SOs. Solvent was evaporated under reduced pressure to yield oily
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residue (8.5 g). This was purified on a silica gel column chromatography using pet
ether/EtOAc (6:4) as solvent system. Compound 4 was obtained as a mixture of o/p
isomer. Yield: 7.2 g, 85%.

Mol. Formula : Ci3H1606

Exact Mass : 268.0947

HRMS : 269.1016 (M+1)

'HNMR (o)  : Ou(ppm) 3.43 & 3.53 (B: s, 2.25 H, OCHs, a: s, 0.75H,

(500MHz, OCHs), 4.19-4.27 (m, 2H), 4.39-4.75 (m, 3H), 4.92 & 5.07 (P:

CDCls) s, 0.3H, H-1, a: d, 0.7H, Ji> = 4.27 Hz, H-1), 7.44-7.48 (m,
2H, Ar-H), 7.56-7.61(m, 1H, Ar-H), 8.04-8.09 (m, 2H, Ar-H)

BC NMR (0+B) : dc(ppm) 55.3, 56.1, 62.6, 64.3, 76.3, 76.5, 76.9, 77.9, 79.5,

(125MHz, 80.8, 102.0, 108.6, 128.4, 128.5, 129.1, 129.8, 129.9, 129.9,

CDCly) 133.1, 133.4, 166.6, 166.9

BC-DEPT (0+B) : &c(ppm) (CH/CHs): 55.3, 56.1, 76.3, 76.5, 77.9, 77.9, 79.5,

(125MHz, 80.8, 102.0, 108.6, 128.4, 128.5, 129.7, 129.7, 133.1, 133.4

CDCls) (CH.): 62.6, 64.3

3-Deoxy-3-fluoro-1-O-methyl-5-O-benzoyl-D-ribofuranoside (5)

To a solution of compound 4 (2.3 g, 8.57 mmol) in dry DCM
(50 mL), DAST (6.8 mL, 51.47 mmol) was added and the

o g mixture was stirred at room temperature for 24 h. TLC
o O/\Qw examination revealed the appearance of the product and the

disappearance of the starting material. After cooling to 0 °C, the

reaction mixture was poured into saturated cold agueous NaHCOs3 solution (100 mL),
organic phase was separated and the aqueous phase extracted with DCM (3 X 100 mL),
the combined organic extract was dried over Na.SO4 and evaporated under reduced
pressure Crude compound 5 was further purified by column chromatography using 6:4

petether/EtOAC solvent system to get pure compound 5. Yield: 1.3 g, 56%.

Mol. Formula : Ci3HisFOs

Exact Mass . 270.0904

HRMS : 293.0791 (M+Na")

'H NMR (o-+p) . dn (ppm) 3.33 & 3.48 (two S, 3H, OCHs, o+p), 4.24-4.26
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(400MHz, CDCls) (m, 1H), 4.39-4.62 (m, 3H), 4.90-4.98 (m, 1H) 5.09-5.12 &
5.23-5.25 (dt, Jy, F = 53.91 Hz, 4.7 Hz, 2H), 7.42-7.58 (m,
3H, Ar-H), 7.97-8.07 (m, 2H, Ar-H)

13C NMR (a+p) - dc (ppm) 55.4, 55.6, 63.6, 63.8, 64.0, 64.1, 72.1, 72.3, 74.2,

(50MHz, CDCls) 74.3, 78.1, 78.4, 80.3, 80.5, 89.4, 91.2, 91.3, 93.1, 102.2,
107.8, 107.9, 128.3, 1285, 129.2, 129.5, 129.5, 129.6,
133.2, 133.3, 166.0, 166.2

BC-DEPT (0+f) : oc(ppm) (CH/CHs): 55.5, 55.7, 72.1, 72.4, 74.1, 74.4, 78.1,

(50MHz, CDCls) 78.5, 80.1, 80.6, 88.5, 90.3, 92.2, 94.0, 102.2, 107.8, 107.9,
128.4, 128.5, 129.5, 129.6, 133.2, 133.4. (CH2): 63.6, 63.8,
64.0, 64.1

¥F  NMR(a+p) dr(ppm) -213.09, -195.38
(376MHz, CDCls)

3-Deoxy-3-fluoro-1-O-methyl-2-O-acetyl-5-O-benzoyl-D-ribofuranoside (6)
Acetic anhydride was added (1.07 mL, 11.32 mmol) to a
solution of compound 5 (0.5 g, 1.850 mmol) in dry pyridine (25

mL). The mixture was stirred at room temperature for 3 h.
F o Pyridine was removed under reduced pressure. The residue was

’< dissolved in EtOAc (100 mL), washed with saturated NaHCOs3
(2 x 50 mL) and saturated aqueous NaCl (2 x 50 mL). The EtOAc layer was dried over

Na,SOq, filtered and solvent was evaporated under reduced pressure to dryness. The
crude compound 6 was purified by silica gel column chromatography using EtOAc/pet

ether (2:8) to get pure compound 6 as yellow syrup. Yield: 0.392, 68%.

Mol. Formula : CisH17FOs

Exact Mass : 312.1009

'H NMR . 8n (ppm) 2.15 (s, 3H, OAc), 3.35 (s, 3H, OCHa), 4.42-4.57
(200MHz, (m, 3H), 4.98-5.38 (m, 3H), 7.43-7.58 (m, 3H, Ar-H), 8.06-
CDCls) 8.08 (m, 2H, Ar-H)

BC-NMR . &c (ppm) 20.5, 55.6, 63.78-63.83 (d), 74.98-75.0 (d), 79.0-

(50MHz, CDCls) 79.3 (d), 88.97, 90.89, 105.93-105.93 (d), 128.4, 129.5, 129.6,
133.2, 166.0, 169.7

2020 Ph.D. Thesis: Manisha N. Aher, (CSIR-NCL, Pune) AcSIR Page 74



Chapter 2

13C-DEPT © 8¢ (ppm) (CH/CHs): 20.5, 55.6, 74.76-74.90 (d) 78.9-79.2 (d),
(50MHz, CDCls) 88.9, 90.8 (d), 105.85-105.87 (d), 128.3, 129.6, 133.2. (CH):
63.72-63.76 (d)

2'-0-Acetyl-5-0O-benzoyl-3’-deoxy-3'-fluoro-thymidine (7)

0 Compound 6 (0.6 g, 1.92 mmol) was added to solution
?/_[{NH thymine (0.29 g, 2.30 mmol) in dry acetonitrile (30 mL)
o N i . : :
o /\Q, 5 under N2 atmosphere. N, O-bis (trimethylsilyl acetamide)
o = % (0.94 mL, 3.84 mmol) was added to above reaction mixture

’§ at room temperature. The reaction mixture was refluxed for
o

1 h to give a clear solution and then cooled to room
temperature. TMS-triflate (1.04 mL, 1.28 g, 5.75 mmol) was added to the reaction
mixture and the resulting mixture was again refluxed for 3h. The reaction mixture was
cooled to room temperature and concentrated to dryness under reduced pressure. Crude
residue was dissolved in DCM (200 mL), washed successively with saturated ag.
NaHCO3 (3 X 100 mL) and H>O (100 mL), dried over Na2SO4 and concentrated to
dryness under reduced pressure and further purified by column chromatography using
EtOAc/Pet ether (8:2) as solvent system. The pure compound 7 was collected as a white
product. Yield: 0.60 g, 77%.

Mol. Formula : Ci9H19FN207

Exact Mass : 406.1176

HRMS : 429.1064 (M+Na")

'H NMR . &n (ppm) 1.57 (d, J = 1.14 Hz, 3H, CHa3), 2.18 (s, 3H), 4.49-

(200MHz, CDCls) 4.77 (m, 3H), 5.26-5.53 (m, 2H), 6.25 (d, J = 7.33, 1H), 7.04 (d,
J = 1.14 Hz, 1H), 7.46-7.67 (m, 3H, Ar-H), 8.04-8.09 (m, 2H,
Ar-H), 9.30 (s, 1H).

13C NMR © 8¢ (ppm) 11.9, 20.4, 63.4-63.6 (d), 72.7-73.0 (d), 80.2-80.7 (d),

(50MHz, CDCly) 85.9, 87.1, 90.9, 112.1, 128.8, 128.9, 129.5, 133.7, 134.8 150.5,
163.6, 165.8, 170.0

13C-DEPT © 8¢ (ppm) (CH/CHa): 11.9, 20.3, 72.6-72.9 (d), 80.1-80.6 (d),

(50MHz, CDCl5) 85.8, 87.0, 90.8, 128.7, 129.4, 133.7, 134.7 (CH,): 63.4-63.5 (d)
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3’-Deoxy-3'-fluoro-2'-hydroxy-thymidine (8)

Compound 7 (0.5g, 1.23 mmol) was dissolved in methanol (10

/) ml). The aqueous ammonia (5 mL) was added to a solution
HO/\@,N«O and stirred for 4 h at room temperature. TLC examination
S revealed the appearance of the product and disappearance of

the starting material. The solvent was removed under reduced

pressure to yield deprotected compound 8. The crude product was further purified by
column chromatography using DCM/MeOH (9:1) and the pure compound 8 was
collected as a white solid and recrystallized using MeOH as a solvent. Yield: 0.28 g,
87%.

Mol. Formula : Ci10H13FN20s

Exact Mass : 260.0808

HRMS : 283.0695 (M+Na")

IH NMR : &u (ppm) 1.89 (s, 3H, CHs), 3.78-3.86 (m, 2H, H-5a, H-
(400MHz, D20) 5'b), 4.39-4.53 (m, 2H, H-2', H-4"), 5.02-5.17 (dd, J= 4.27

Hz, J 3¢ = 53.71 Hz, 1H, H-3'), 6.04-6.06 (d, J1-2= 7.32 Hz,
1H, H-1'), 7.63 (s, 1H, H-6)
13C NMR © 8¢ (ppm) 12.6, 62.5-62.6 (d), 74.5-74.7 (d), 84.9-85.2 (d),
(100MHz, CDsOD)  88.4, 93.2-94.9 (d), 112.3, 138.1, 153.1, 166.4

5'-0O-Dimethoxytrityl-3’-deoxy-3’-fluoro-2’-hydroxy-thymidine (9)

To a solution of compound 8 (0.514 g, 1.98 mmol) in

\
o}
pyridine (3.0 mL), 4, 4'-dimethoxy trityl chloride (0.803
O O o!| g, 2.37 mmol) and cat. amount of DMAP (0.022 g, 0.18
o HH mmol) was added. The reaction mixture was stirred at rt
SRS
Lg 0
\o < >
F OH

for 4h. The pyridine was removed under reduced

pressure. The residue was dissolved in EtOAc (100 mL),

washed with saturated NaHCOs (2 x 50 mL) followed by saturated aqueous NaCl (2 x 30
mL). The EtOAc layer was dried over Na.SOq, filtered and evaporated to dryness. The
crude product was purified by silica gel (pre-neutralized with TEA) column
chromatography using DCM/MeOH (9.7:0.3) afforded compound 9 as a white solid.
Yield 0.67 g, 60%.
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Mol. Formula
Exact Mass
HRMS

'H NMR
(400MHgz,
CDCl)

1BC NMR
(100MHgz,
CDCls)
8C-DEPT
(100MHz,
CDCls)

Ca1H31FN207

562.2115

585.2003 (M+Na")

dH(ppm) 1.47 (d, J = 0.98 Hz, 3H, CH3), 3.35-3.38 (dd, J =
1.96 Hz, 10.76 Hz, 1H, H-5a), 3.53-3.56 (M, 1H, H-5'b), 3.80
(s, 6H), 4.43 (d, J = 28.12 Hz, 1H, H-4') 4.50-4.58 (m, 1H, H-
21), 5.00-5.15 (dd, J = 4.65 Hz, Jor = 54.78 Hz, 1H H-3"), 6.13
(d, J = 7.58 Hz, 1H, H-1'), 6.84 (d, J = 8.8 Hz, 4H, Ar-H),
7.23-7.37 (m, 9H), 7.55 (s, 1H, H-6), 8.35 (bs, 1H)

dc(ppm) 11.7, 55.2, 62.9-63.0 (d), 74.7-74.8 (d), 82.1, 82.3,
87.3-87.5 (d), 91.8-93.6 (d), 111.9, 113.4, 127.4, 127.9, 128.1,
130.0, 134.8, 135.0, 143.9, 150.9, 158.8, 163.1

dc(ppm) (CHICHa): 11.7, 55.2, 74.7-74.8 (d), 82.1-82.3 (d),
87.3, 91.8-93.6 (d), 113.4, 127.3, 127.9, 128.1, 130.0, 135.1
CHa: 62.9-63.0 (d)

5'-0O-Dimethoxytrityl-3’-deoxy-3’-fluoro-thymidinyl-2’-O-phosphoramidite (10)

Compound 9 (0.19 g, 0.34 mmol) was desiccated and co-
evaporated with dry DCM and again dissolved in dry
DCM (5 mL). Diisopropylethylamine (DIPEA) (0.23 mL,
1.34 mmol) was added to the ice-cooled solution under an
o | argon atmosphere followed by 2-cyanoethyl-N, N-
diisopropylchloro phosphine (0.09 mL, 0.403 mmol).

After stirring the reaction mixture at room temperature for

3 h, TLC indicated complete consumption of the starting

material. DCM was added to the reaction mixture, washed with saturated NaHCO3 and

H>O, dried over Na»>SO4, Solvent was evaporated under reduced pressure afforded a

crude product 10 that was further purified by column chromatography on a silica gel

(pre-neutralized with TEA) The pure compound 10 was eluted using 1:1 mixture of
DCM/EtOAc and 1% TEA. Yield: 0.147 g, 57%.
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Mol.Formula
Exact Mass
HRMS

3P NMR
(161MHz, CDCls)

CaoHasFN4OsP
762.3194

763.3271 (M+1)
dr(ppm) 150.78, 152.02

2'-0-Acetyl-5-O-benzoyl-3'-deoxy-3'-fluorouridine (11)

N '/

F o

—

o

0]

</ NH

o N—<\o

Compound 6 (0.5 g, 1.60 mmol) was added to solution uracil
(0.215 g, 1.92 mmol) in dry acetonitrile (30 mL) under N>
atmosphere. N, O-bis (trimethylsilyl acetamide) (0.78 mL,
0.649 g, 3.19 mmol) was added to a reaction mixture at room

temperature. The reaction mixture was refluxed for 1h to give

a clear solution and then cooled to room temperature. TMS-

triflate (0.868 mL, 4.79 mmol) was added to the reaction mixture and the resulting

mixture was again refluxed for 3h. The reaction mixture was cooled to room temperature

and concentrated to dryness under reduced pressure. Crude residue was dissolved in
DCM (200 mL), washed successively with saturated agq. NaHCO3z (3 X 100 mL) and

H20O (100mL), dried over Na,SO4 and concentrated to dryness under reduced pressure

and further purified by column chromatography using EtOAc/Pet ether (8:2) as solvent

system. The pure compound 11 was collected as a white product. Yield: 0.47 g, 75 %.

Mol. Formula
Exact Mass
HRMS
'HNMR
(200MHz,
CDs0D)

BC NMR
(50MHz,
CDs0OD)

13C-DEPT
(50MHz,
CDs0D)

C1sH17FN207

392.1020

415.09 (M+Na")

8u(ppm) 2.18 (s, 3H, OAC), 4.54-4.71(m, 3H), 5.25-5.53 (m,
2H), 5.60 (d, J =8 Hz, 1H, H-5), 6.15 (d, J = 6.9 Hz, 1H, H-
1, 7.25-7.29 (d, J= 8 Hz, 1H, H-6), 7.46-7.67 (m, 3H, Ar-H),
8.02-8.06 (m, 2H, Ar-H), 9.03 (bs, 1H,-NH)

dc(ppm) 20.2, 63.2-63.3(d), 72.7-73.0 (d), 80.1-80.6 (d), 86.8,
90.6, 103.2, 128.6, 128.8, 129.4, 133.5, 139.6, 150.2, 163.3,
165.8, 169.8 .

8c(ppm)(CH/CH3): 20.2, 72.7-73.0(d), 80.1-80.5 (d), 86.8, 90.6,
103.2, 128.6, 129.35, 129.6, 133.5, 139.6. CH>: 63.2-63.4 (d)
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3'-Deoxy-3'-fluoro-uridine (12)

o To a solution of compound 11 (0.5g, 1.274 mmol) in methanol

(/—/(NH (10 ml). was added aqueous ammonia (5 mL), and the reaction

o N— mixture was stirred for 4h at room temperature. TLC

HO 0 .
/\g examination revealed the appearance of the product and

N

F ©OH

disappearance of the starting material. The solvent was removed
under reduced pressure afforded deprotected compound 12. The crude product was
further purified by column chromatography using DCM/MeOH (9:1) and the pure
compound was collected as a white solid. Yield: 0.284 g, 91%.

Mol. Formula : CoH11FN2Os

Exact Mass © 246.0652

HRMS : 269.0544 (M+Na")

IH NMR : du(ppm) 3.75-3.77 (m, 2H, H-5a, H-5'b), 4.21-4.46 (m,
(200MHz, CD30D) 2H, H-2', H-4"), 4.84-5.15 (ddd, Js+ = 54.44 Hz, J = 4.5Hz,

J=0.7 Hz 1H, H-3"), 5.75 (d, J= 8 Hz, 1H, H-5), 6.06 (d,
Jior = 7.7 Hz,1H, H-1"), 7.96 (d, J = 8 Hz, 1H, H-6)

13C NMR © dc(ppm) 62.4-62.6 (d), 74.6-74.9 (d), 84.9-85.4 (d), 88.6,
(50MHz, CDsOD) 92.2-95.9 (d), 103.5, 142.5, 152.8, 166.1
13C-DEPT © dc(ppm)(CH/CHs): 74.6-74.9 (d), 84.9-85.4 (d), 88.6, 92.2-
(50MHz, CDsOD) 95.9 (d), 103.5, 142.5. CHy: 62.4-62.6 (d)

5'-0O-Dimethoxytrityl-3'-deoxy-3'-fluoro-uridine (13)

% To a solution of compound 12 (0.250 g, 1.015 mmol) in

pyridine (3.0 mL), 4, 4’-dimethoxy trityl chloride (0.41 g,

O O o| 1.21 mmol) and cat. amount of DMAP (0.012 g, 0.098
O o o QH mmol) was added. The reaction mixture was stirred at rt
5 \\g o) for 4h. The pyridine was removed under reduced pressure.
F_ ©H The residue was dissolved in EtOAc (100 mL), washed

with saturated NaHCOs (2 x 50mL) followed by saturated aqueous NaCl (2 x 30 mL).
The EtOAc layer was dried over Na>SOyg, filtered and evaporated to dryness. The crude
product was purified by silica gel (pre-neutralized with TEA) column chromatography
sing DCM/MeOH (9.7:0.3) obtained compound 13 as a white solid. Yield: 0.351 g, 63%.
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Mol. Formula
Exact Mass
HRMS

'HNMR
(400MHz, CDCl3)

3C NMR
(50MHz, CDCls)

SC-DEPT
(50MHz, CDCl)

Chapter 2

CsoH29FN207

548.1959

571.1840 (M+Na®)

Su(ppm) 3.42-3.50 (m, 2H), 3.79 (s, 6H), 4.37-4.53 (m, 2H),
4.95-5.23 (dd, Jz¢ = 54.3 and J = 2.0 Hz, 1H), 5.44 (d, J =
8.0 Hz, 1H), 6.17 (d, J = 6.5 Hz, 1H), 6.86 (d, J = 8.8 Hz, 1H,
4H, Ar-H), 7.22-7.33 (m, 9H), 7.72 (d, J = 8.0 Hz, 1H), 9.89
(bs, 1H)

dc(ppm) 55.2, 62.5-62.7 (d), 74.8-75.1 (d), 81.8-82.3 (d),
87.4, 90.0-93.7 (d), 103.1, 113.4, 127.3, 128.1, 128.1, 129.9,
130.0, 134.8, 134.9, 139.7, 143.9, 151.3, 158.7, 163.5
dc(ppm) (CH/CH3): 55.2, 74.8-75.2 (d), 81.8-82.3 (d), 87.5,
90.1-93.7 (d), 103.1, 113.4, 127.3, 128.0, 128.1, 130.0, 139.8.
(CHy): 62.6-62.8 (d)

5'-0O-Dimethoxytrityl-3'-deoxy-3'-fluoro-uridinyl-2'-O-phosphoramidite (14)

/
O—P\
~—~/ N

,«

NC

Compound 13 (0.15 g, 0.273 mmol) was desiccated and
co-evaporated with dry DCM before reaction.
Compound 13 was dissolved in dry DCM (5 mL).
Diisopropylethylamine (DIPEA) (0.2 mL, 1.15 mmol)
was added to the ice-cooled solution under an argon
by
diisopropylchlorophosphine (0.1 mL, 0.448 mmol).

atmosphere followed 2-cyanoethyl-N,N-

After stirring the reaction mixture at room temperature

for 3h, TLC indicated complete consumption of the starting material DCM was added to
the reaction mixture, washed with saturated NaHCOz and HO, dried over Na>SOs,
Solvent was evaporated under reduced pressure afforded a the crude product 14 which
was further purified by column chromatography on a silica gel (pre-neutralized with
TEA) using 1:1 mixture of DCM/EtOACc containing 1% EtsN as an eluent. Yield: 0.12g,
59 %.

Mol.Formula

Exact mass
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31p NMR - dn(ppm) 151.41, 152.51
(161MHz, CDCly)
HRMS © 749.3112 (M+H), 771.2930 (M+Na"),

1, 2:5, 6-Di-O-isopropylidene-a-D-glucofuranose (16)

o To a solution of D-glucose (10 g, 55.51 mmol) in dry acetone

o
74;%_2\0 (130 mL), anhydrous CuSOs (18 g, 112.78 mmol) was added
HO 0)< under N2 atmosphere. Reaction mixture was cooled it to 0 °C in

ice bath. After stirring for few minutes at ice-cold temperature, catalytic amount of conc.

H2S04(0.6mL, 11.20 mmol) was added dropwise. Then reaction mixture was brought to
room temperature and stirred for another 48 h. After which the reaction mixture was
neutralized with saturated aqueous K>COs solution of and filtered using whatman filter
paper. The filtrate was concentrated under reduced pressure and obtained solid
compound was recrystallized using pet-ether afforded pure compound 16 as a white
crystal. Yield: 10.5 g, 73%.

Mol. Formula : Ci12H2006

Exact Mass : 260.1260

HRMS : 283.1150 (M+Na")

'H NMR : dn(ppm) 1.32 (s,3H), 1.37 (s,3H), 1.45 (s,3H), 1.50 (s,3H),

(200MHz, CDCls) ~ 3.96-4.21 (m, 3H), 4.30-4.39 (m, 2H), 4.54 (d, J = 3.66 Hz,
1H, H-2), 4.79 (bs, 1H), 5.95 (d, J12 = 3.66 Hz, 1H, H-1)

BC NMR : dc(ppm) 25.1, 26.1, 26.7, 26.8, 67.6, 73.4, 75.2, 81.0, 85.0,
(50MHz, CDCls) 105.24, 109.7, 111.8
3C-DEPT : dc(ppm)(CH/CH3): 25.1, 26.1, 26.7, 26.8, 73.5, 75.2, 81.0,

(50MHz, CDCly) 85.0, 105.2. (CHo): 67.6

1, 2:5, 6-Di-O-isopropylidene-a-D-ribohexofuranose-3-ulose (17)

o o Pyridinium chlorochromate (15 g, 69.78 mmol) and powdered
#;X;Io molecular sieve (30 g) were added to compound 16 (5 g, 19.35
o 0)(

mmol) in dry DCM (50 mL) and the mixture was stirred at rt for

6 h. The resulting suspension was diluted with diethyl ether (50mL), triturated and

filtered through a silica gel bed (eluted with diethyl ether). The filtrate was concentrated
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under reduced pressure obtained the crude compound 17 as white solid which was

unstable and used as such for the next reaction. Yield 4.6 g, 93 %.

1, 2:5, 6-Di-O-isopropylidene-a-D-allofuranose (18)

Compound 17 (2.3 g, 8.905 mmol) was dissolved in mixture
o]
74&(0—2\0 of MeOH (80 mL) and H20 (20 mL) and cooled to 0 °C. To
o above solution NaBHs (0.948 g, 25.06 mmol) was added
HO °)< ¢ J )

portionwise and solution stirred for another 2 h. The resulting

solution was concentrated, and the crude material was dissolved in EtOAc (100 mL), and
washed with H.O (2 x 100 mL), dried over anhydrous Na>SOs and solvent was
evaporated under reduced pressure afforded compound 18 as white solid, which was
used for the next reaction without any further purification. Yield: 1.94 g, 84 %.

Mol. Formula : C12H2006

Exact Mass : 260.1260

HRMS : 283.1148 (M+Na")

'H NMR : oH(ppm) 1.38 (s, 3H, CHzs), 1.39 (s, 3H, CHa), 1.47 (s,
(200MHz, CDCls) 3H, CHz3), 1.59 (s, 3H, CH3), 2.57 (d, J = 8.34 Hz, 1H, 3~

OH), 3.79-3.85 (dd, J = 4.67, 8.46, 1H,), 3.98-4.13 (m,
3H), 4.28-4.37 (m, 1H), 4.60-4.65 (dd, J = 4.0 4, 4.93
Hz, 1H), 5.82 (d, J = 3.79 Hz, 1H, H-1)

13C NMR : dc(ppm) 25.2, 26.2, 26.4, 26.5, 65.7, 72.3, 75.4, 78.9,
(50MHz, CDCly) 79.5,103.8, 109.7, 112.7

13C-DEPT : dc(ppm) (CH/CHa): 25.2, 26.2, 265, 26.5, 72.3, 75.4,
(50MHz, CDCly) 78.9, 79.5, 103.8. CH2: 65.7

1, 2:5, 6-di-O-isopropylidene-3-O-p-toluenesulphonyl-a-D-allofuranose (19)

o o Compound 18 (1.9 g, 7.3 mmol) was dissolved in dry
740 o) pyridine (8 mL) and cooled to 0 °C. P-toluene sulphonyl
0, /o‘\‘ O)T chloride (2.8 g, 14.68 mmol) was added in two portions and
/©/ S\\o the reaction mixture was stirred for 4h. TLC indicated

complete consumption of the starting material. The mixture

was concentrated under reduced pressure and EtOAc (100 mL) was added into the
residue obtained clear solution, washed with saturated Na;HCO3 (2 X 50 mL), H2O (2 X
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50 mL), and finally with saturated aqueous NaCl (1 X 20 mL). Then EtOAc layer dried
over NaxSOyg, filtered, and concentrated under reduced pressure. The crude product 19
was further purified by silica gel column chromatography using EtOAc/Pet ether (2:8)
afforded a white solid of pure compound 19. Yield: 2.06 g, 68 %.

Mol. Formula : CioH2608S

Exact Mass » 414.1348

HRMS © 437.12 (M+Na"), 453.097 (M+K*)
IH NMR : Sn(ppm)

(200MHz, CDCly) 1.29 (s,3H), 1.30 (5,3H), 1.32 (s,3H), 1.53 (s,3H), 2.46 (s,
3H), 3.74-3.94 (m, 2H), 4.14-4.22 (m, 2H), 4.54-4.79 (m,
2H), 5.77 (d, J12=3.15 Hz, 1H, H-1), 7.35 (d, 2H, J = 8Hz),
7.88 (d, 2H, J = 8 Hz)

13C NMR - dc(ppm) 21.6, 25.0, 26.0, 26.5, 26.6, 65.1, 74.6, 76.5, 76.9,
(50MHz, CDCly) 77.9,103.7, 109.9, 113.6, 128.3, 129.6, 133.0, 145.2
13C-DEPT - dc(ppm)(CH/CHa): 21.6, 25.0, 26.0, 26.6, 26.6, 74.5, 76.4,
(50MHz, CDCly) 76.9, 77.9, 103.7, 128.3, 129.6. CHy: 65.1

3-Deoxy-3-fluoro-1, 2:5, 6-di-O-isopropylidene-a-D-glucofuranose (20)
Compound 19 (2 g, 48.25 mmol), KF (3.5 g, 60.24

vfo o mmol), and acetamide (17.5 g, 296.26 mmol) were mixed
(0]
heated to 210 °C (internal temperature), TLC examination
F °)<

revealed the appearance of the product and disappearance

of the starting material (~15min). After 45 min, the dark reaction mixture was cooled to
70 °C and poured into a saturated solution of NaHCO3 (50 mL). The mixture was filtered
to separate insoluble tar. Both the tar and filtrate were extracted with diethyl ether (2 X
20 mL and 4 X 25 mL, respectively). The combined ether extract was washed with water
(2 X 30 mL) dried with Na2SO4 and ether evaporation yielded under crude product as a
yellow syrup which was further purified by column chromatography using EtOAC/Pet

ether (2:8) as eluent. Pale-yellow syrup of pure compound 20 was obtained. Yield:

0.79g, 62%.
Mol. Formula i C12H19FOs
Exact Mass 1 262.1217
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HRMS : 285.1107 (M+Na*)

'H NMR : dn(ppm) 1.33 (s, 3H,CH3), 1.37 (s, 3H, CHs), 1.45(s, 3H,

(400MHz, CDCls) CHs), 1.51 (s, 3H, CHa), 4.02-4.16 (m, 3H), 4.27-4.32 (m,
1H), 4.68-4.72 (dd, J = 3.75 Hz, 10.76 Hz, 1H, H-2), 4.95-
5.08 (dd, J=1.75 Hz, J3r = 49.90 Hz, 1H, H-3), 5.95 (d, J =
3.75 Hz, 1H, H-1)

13C NMR - dc(ppm) 25.1, 26.1, 26.6, 26.8, 67.1, 71.8-71.9 (d), 80.4-80.8

(50MHz, CDCls) (d), 82.1-82.8 (d), 91.9-95.6 (d), 105.1, 109.4, 112.3

BC-DEPT © dc(ppm) (CHICHa): 25.1, 26.1, 26.7, 26.8, 71.8-71.9 (d),

(50MHz, CDCls) 80.4-80.8 (d), 82.2-82.8 (d), 91.9-95.6 (d), 105.1. (CHy):
67.1

F NMR dr(ppm) -207.58

(376MHz, CDCly)

3-Deoxy-3-fluoro-1, 2-O-isopropylidene-a-D-glucofuranose (21)

Compound 20 (0.5 g, 1.91 mmol) was added into a mixture of

HO fo)
HOKX—Z% AcOH:H20 (6:4) 10 mL. Reaction mixture was heated at 50 °C for
F o 1 h. TLC indicated complete consumption of the starting material

then reaction mixture was concentrated under reduced pressure and co-evaporated with
toluene to remove traces of AcOH. Crude compound 21 as yellow syrup was obtained
which was further purified by column chromatography using EtOAc /Pet ether (7:4) as
eluent gave pure compound 21. Yield 0.40 g, 95%.

Mol. Formula : CoHi1sFOs

Exact Mass . 222.0904

HRMS : 245.0791 (M+Na")

'H NMR : dc(ppm) 1.33 (s, 3H, CHz), 1.50 (s, 3H, CHa), 3.70-3.99 (m,

(200MHz, CDCls) ~ 3H), 4.06-4.26 (ddd, J = 2.15 Hz, 8.72 Hz, 28.93 Hz, 1H),
4.67-4.74 (dd, J= 3.79 Hz, 10.74 Hz, 1H), 4.97-5.23 (dd, J =
2.02 Hz, Ja'¢ = 49.77 Hz, 1H, H-3), 5.97 (d, J = 3.79 Hz, 1H,
H-1)

13C NMR © dc(ppm) 26.1, 26.5, 64.0, 68.1-68.3 (d), 79.3-79.7(d), 81.9-

(50MHz, CDCly) 82.6 (d), 92.1-95.8 (d), 105.0, 112.3
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13C-DEPT © 8c(ppm)(CH/CHs): 26.1, 26.5, 68.1-68.3 (d), 79.3-79.7 (d),
(50MHz, CDCls) 82.0-82.6 (d), 92.1-95.8 (d), 105.0. (CHz): 64.0.

3-Deoxy-3-fluoro-1, 2-O-isopropylidene-a-D-xylofuranose (22)
o The diol 7 (2.5g, 11.25 mmol) was added to a stirred solution of

Ho/\g__z\o NalOs (2.5 g, 11.25 mmol) in H20 (37 mL) and MeOH (37 mL).
F ° Immediate precipitation of NalOs was observed. After 1 h stirring

at room temperature, any residual periodate was quenched with a drop of ethylene
glycol. NaBH4 (1 g, 26.43 mmol) was added to the reaction mixture and stirred for 1 h at
room temperature. After completion of reaction (confirmed by TLC), reaction mixture
was concentrated and then extracted with EtOAc (2 X 200mL). The organic layer was
washed with brine solution, dried over Na>SOs, evaporated to dryness. Crude compound
22 was further purified by column chromatography with EtOAc/Pet-ether (4:6) gave
pure compound as yellow syrup. Yield 1.87 g, 86%.

Mol. Formula i CgH13FO4
Exact Mass : 192.0798
'H NMR : on(ppm) 1.33 (s, 3H, CH3), 1.50 (s, 3H, CH3), 2.07 (bs, 1H),

(200MHz, CDCls) 3.82-3.98 (m, 2H, H-5a, H-5b), 4.24-4.46 (m, 1H, H-4),
4.67-4.74 (dd, J = 3.8 Hz, 11.12 Hz,1H, H-2), 4.85-5.12 (dd,
J=2.02 Hz, Js,¢ = 50.40 Hz, 1H, H-3), 6.01 (d, J= 3.8 Hz,

1H, H-1)
13C NMR © dc(ppm) 26.2, 26.6, 59.5-59.7 (d), 80.1-80.5 (d), 82.3-83.0
(50MHz, CDCly) (d), 92.2-95.8 (d), 104.8, 112.3
13C-DEPT © dc(ppm) (CH/CHs): 26.2, 26.6, 80.1-80.5 (d), 82.4-83.0 (d),
(50MHz, CDCly) 92.2-95.9 (d), 104.8. CHy: 59.5-59.7 (d).

3-Deoxy-3-fluoro-1, 2, 5-tri-O-acetyl-D-xylofuranose (23)

o) The 1, 2 acetonide of compound 22 (2 g, 10.41 mmol) was
)\0 0.0 deprotected in situ and then acetylated with 50 mL mixture of
0 /\FXJ;«{ Ac20:AcOH:H2S04 (50:50:2, v/v). Reaction was monitored by

OJ TLC. After 3 h, anhydrous diethylether was added, followed by

sodium acetate (10 g, 12.19 mmol). The mixture was filtered and the residue was washed

with diethyl ether (2 X 50 mL). The combined solutions were co-evaporated with
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toluene and the residue was further purified by column chromatography on silica gel

compound 23 was eluted in using EtOAc/Pet-ether (2:8) obtained as thick yellow syrup.

Yield: 1.7 g, 59%.

Mol. Formula
Exact Mass
HRMS

'H NMR (o+f)
(200MHz,
CDCl)

13C NMR (a+p)

(50MHz, CDCls)

13C-DEPT (a+f)
(50MHz, CDCls)

C11H1sFOy

278.0802

301.0696 (M+Na*)

du(ppm) 2.07-2.12 (m, 9H, OAC) 4.18-4.67 (m, 3H, H-4, H-
5a, H-5b), 4.93-5.20 (dd, J = 4.04 Hz, Js = 50.3 Hz, 1H, H-
3), 5.10-5.45 (M, 1H, H-2), 6.16 & 6.47-6.50 (a: d J= 4.3 Hz,
0.4H, H-1 B: S, 0.6H, H-1)

dc(ppm) 20.0, 20.2, 20.5, 20.7, 60.8, 61.1, 61.6, 61.9, 76.0,
76.2, 76.6, 78.4, 79.0, 80.2, 80.6, 90.2, 91.5, 93.0, 93.1, 94.0,
95.3,98.4, 168.8, 169.1, 170.3

8c(ppm)(CHICHs): 20.2, 20.5, 20.7, 20.9, 76.2, 76.4, 76.8,
78.6, 79.2, 80.4, 80.8, 90.4, 91.7, 93.3, 94.2, 95.5, 98.6. CHa:
61.0, 61.2, 61.7, 62.0

2', 5’-Di-O-acetyl-3'-deoxy-3'-fluoro-xylothymidine (24)

S ats

F o

<

(o)

)
2/ NH
o

Mol. Formula
Exact Mass
HRMS

'H NMR
(200MHz, CDCls)

13C NMR
(50MHz, CDCls)
13C-DEPT

Compound 24 (0.45 g) was synthesized by using same
Vorbriiggen glycosylation reaction using silylated thymine
(0.273g, 2.16 mmol) from compound 23 (0.5 g, 1.80 mmol)
accordingly as mentioned earlier for compound 7. The pure

compound 24 was collected as white foam. Yield: 0.48 g, 78 %.

C14H17FN207

344.1020

367.0903 (M+Na*)

8n(ppm) 1.93 (d, J = 1.01 Hz, 3H, CH3), 2.11 (s, 3H, OAc), 2.14
(s, 3H, OAC), 4.23-4.51 (m, 3H), 4.93-5.29 (m, 2H), 6.12 (d, J=
2.4 Hz, 1H, H-1"), 7.15 (s, 1H, H-6), 9.58 (brs, 1H, NH)

8c(ppm) 12.5, 20.4, 20.6, 60.3-60.5 (d), 78.6-78.9 (d), 79.0-79.5
(d), 87.9,91.3-94.9 (d), 112.1, 134.4, 150.3, 163.7, 169.0, 170.4
8c(ppm)(CH/CH3): 12.5, 20.4, 20.6, 78.6-78.9 (d), 79.0-79.5 (d),
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(50MHz, CDCls) 87.9, 91.3-95.0 (d), 134.5, 134.6. CH2: 60.4-60.6 (d).

3’-Deoxy-3'-fluoro-2'-hydroxy-xylothymidine (25)

Compound 24 (0.5 g, 1.45 mmol) was dissolved in methanol (50

o
}/—/{NH ml). The aqueous ammonia (5 mL) was added to a solution and
0 5 stirred for 4 h at room temperature. TLC examination revealed

N
T
£ oH the appearance of the product and disappearance of the starting

material. The solvent was removed under reduced pressure afforded de-protected

compound 25. The crude product was further purified by column chromatography using
DCM/MeOH (9:1) and the pure compound was collected as a white solid. Yield: 0.34 g,
90%.

Mol. Formula : C10H13FN20s

Exact Mass : 260.0808

HRMS - 283.0694 (M+Na")

IH NMR - dn(ppm) 1.83 (s, 1H, CHa), 3.93-4.02 (m, 2H, H-5'a, H-5'b),

(400MHz, 4.36-4.46 (m, 1H), 4.50 (d, J= 15.26 Hz, 1H), 5.07 (d, J 3¢=

CD30D) 50.66 Hz, 1H, H-3'), 5.85 (d, J12=1.2 Hz, 1H, H-1'), 7.49 (s,
1H, H-6)

13C NMR © dc(ppm) 12.7, 59.7-59.9 (d),79.6-80.2 (d), 83.7-84.1 (d),

(50MHz, CD30D) 92.6, 94.9-98.5 (d), 111.4, 137.5, 137.6, 152.5, 166.5

BC-DEPT © dc(ppm) (CH/CH3):12.7, 79.6-80.2 (d), 83.7-84.1 (d), 92.6,

(50MHz, CD30D) 94.9-98.5 (d), 137.5, 137.6. CH2:59.7-59.9

5'-0O-Dimethoxytrityl-3'-deoxy-3’-fluoro-2’-hydroxy-xylothymidine (26)

< Compound 25 (0.35 g, 1.345 mmol) was dissolved in
o
pyridine (3.0 mL), to this 4, 4'-dimethoxy trityl chloride

O O Ho (0.547 g, 1.61 mmol) and catalytic amount of DMAP

o (0.015 g, 0.123 mmol) was added. The reaction mixture

a8
Q o N—( . o
ng/ o was stirred at rt for 2h. Progress of reaction is followed by
\o ./

F_OH TLC, after completion of reaction, pyridine was removed

under reduced pressure and residue was dissolved in EtOAc (100 mL), washed with
saturated NaHCOs (2 x 50 mL) followed by saturated aqueous NaCl (2 x 30 mL). The
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EtOAc layer was dried over Na,COg, filtered and evaporated to dryness. The crude

product was purified by silica gel (pre-neutralized with TEA) column chromatography

using DCM/MeOH (9.7:0.3) afforded compound 26 as a white solid. Yield: 0.46 g, 61%.

Mol. Formula
Exact Mass
HRMS

IH NMR
(400MHz,
CDCls)

C31H31FN207

562.2115

585.2005 (M+Na")

dn(ppm) 1.75 (s, 3H, CHa), 2.97 (s, 1H), 3.44-3.59 (m, 2H, H-
5a, H-5'b), 3.76 (s, 6H, OCH3), 4.47 (d, J = 12.55 Hz, 1H),
4.68 (d, J= 32.88 Hz, 1H), 4.94-5.06 (d, J3r = 51.45 Hz, 1H,
H-3’) 5.90 (s, 1H), 6.83 (d, J = 8.5 Hz, 4H, Ar-H), 7.21-7.51
(m, 10 H, Ar-H, H-6)

5'-0O-Dimethoxytrityl-3'-deoxy-3’-fluoro-xylouridinyl-2’-O-phosphoramidite (27)

\<

Compound 26 (0.3g, 0.533 mmol) was desiccated and co-
evaporated with dry DCM and again dissolved in dry
DCM (5 mL). Diisopropylethylamine (DIPEA) (0.0.38

o
- HH mL, 2.153 mmol) was added to the ice-cooled solution
(o) N
SNy

£ o
Nnc, OR k . . )
./ N After stirring the reaction mixture at room temperature for

o under an argon atmosphere followed by 2-cyanoethyl- N,

N-diisopropyl chlorophosphine (0.144 mL, 0.65 mmol) .

3 h, TLC indicated complete consumption of the starting

material DCM was added to the reaction mixture, washed with saturated NaHCO3s and

H-0, dried over Na,SOs, Solvent was evaporated under reduced pressure afforded a the

crude product 27 which was further purified by column chromatography on a silica gel
(pre-neutralized with TEA) using 1:1 mixture of DCM/EtOAc containing 1% EtsN as a
eluent. Yield: 0.205¢g, 50 %.

Mol. Formula
Exact Mass
HRMS

3P NMR
(161MHz, CDCls)

CaoHasFN4OgP
762.3194

763.3273 (M+H)
8(ppm) 151.37, 153.39
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2', 5'-di-O-acetyl-3'-deoxy-3'-fluoro-xylouridine (28)

0
¢ N
S~
F ©

—{

o

Mol. Formula
Mol. Weight
ESI-MS

IH NMR
(200MHz, CDCls)

Compound 28 was synthesized by using same Vorbriggen
glycosylation reaction using silylated uracil 0.082 g, 0.73 mmol)
from compound 23 (0.17 g, 0.61 mmol) accordingly as
mentioned earlier for compound 11. The pure compound 28 was
obtained as white foam. Yield: 0.074 g, 76 %
C13H15FN207
330.27
353.2080 (M+Na")
d1(ppm) 2.13 (s, 3H, OAc), 2.16 (s, 3H, OAc), 4.28-4.52 (m,
3H), 4.94-5.19 (dd, J = 2.15 Hz, J 3¢ = 51.16 Hz, 1H, H-3),
5.22-5.31(dd, J = 1.89 Hz, J 3¢ = 16.04 Hz, 1H, H-3), 5.82 (d,
J = 8.21 Hz, 1H, H-5), 6.10 (d, J = 2.02 Hz, 1H, H-1'), 7.40
(d, J =8.21 Hz, 1H, H-6), 9.47 (brs,1H, NH)

3’-Deoxy-3'-fluoro-xylouridine (29)

o

a
O N
HO/\SJ’ o

F OH

Compound 28 (0.5g, 1.514 mmol) was dissolved in methanol (10
ml). The aqueous ammonia (5mL) was added to a solution and
stirred for 4 h at room temperature. TLC examination revealed the

appearance of the product and disappearance of the starting

material. The solvent was removed under reduced pressure afforded diol compound 29.

The crude product was further purified on silica gel column chromatography using
DCM/MeOH (9:1) which gave pure compound as a white solid. Yield: 0.34 g, 90%.

Mol. Formula
Exact Mass
HRMS

'H NMR
(200MHz, CDs0D)

13C NMR
(50MHz, CDsOD)

CoH11FN20s

246.0652

269.0540 (M+Na*)

81(ppm) 3.85-4.01 (M, 2H, H-5'a, H-5'b), 4.26-4.49 (m, 2H,
2H, H-2', H-4"), 4.83-5.10 (ddd, Jsr = 51.3 Hz, J = 1.01 Hz,
J=25Hz, 1H, H-3"), 5.70 (d, J = 8Hz, 1H, H-5), 5.84 (d, J
= 1.01 Hz, 1H, H-17), 7.65 (d, J = 8 Hz, 1H, H-6)

dc(ppm) 59.6-59.8 (d), 79.6-80.2 (d), 84.2-84.6 (d), 93.19-
94.7 (d), 98.4, 102.4, 141.9-142.0 (d), 152.3, 166.4
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13C-DEPT © dc(ppm) (CH/CHs):79.6-80.2 (d), 84.2-84.6 (d), 93.1-94.7
(50MHz, CDs0D) (d), 98.4, 102.4, 141.9-142.0 (d) . (CHz): 59.6-59.8 (d)

5'-O-Dimethoxytrityl-3’-deoxy-3’-fluoro-xylouridine (30)

% To a stirred mixture of compound 29 (0.5 g, 2.03 mmol) and

O O pyridine (3.0 mL), 4, 4’-dimethoxy trityl chloride (0.69 g, 2.03
0

(/_ﬁm mmol) and catalytic amount of DMAP (0.03 g, 0.24 mmol)
N
o

[0}
(0}
~o

¢ ou ] Reaction progress followed by TLC, after disappearance of

was added. The reaction mixture was stirred at rt for 4 h.

starting material pyridine was removed under reduced pressure remaining residue was
dissolved in EtOAc (100 mL), washed with saturated NaHCO3 (2 x 50 mL) followed by
saturated aqueous NaCl (2 x 30 mL). Organic layer was dried over Na SOy, filtered and
evaporated to dryness. The crude product was purified by silica gel (pre-neutralized with
TEA) column chromatography using DCM/MeOH (9.7:0.3) compound 30 as a white
solid. Yield 0.67 g, 60%.

Mol. Formula : CsaoH29FN207

Mol. Weight : 548.1959

HRMS : 571.1855 (M+Na")

'H NMR : On(ppm) 3.44-3.58 (m, 2H, H-5a, H-5'b), 3.76 (s, 6H,

(400MHz, CDCls)  OCHs), 4.42 (d, J = 13.14 Hz, 1H) 4.57-4.65 (m, 1H), 4.90-
5.03 (dd, Jar = 51.41 Hz, J= 1.63 Hz,1H, H-3), 5.58 (d, 1H,
H5, J= 8.2 Hz), 5.83 (s, 1H, H-1"), 6.82 (d, J = 8.8, 4H, Ar-
H), 7.18-7.47 (m, 10H, Ar-H, H-6)

13C NMR © 8c(ppm) 55.2, 60.3-60.5 (d), 78.6-79.0 (d), 82.4-82.6 (d),

(100MHz, CDCls)  86.5, 92.8, 94.0-95.7 (d), 101.7, 113.1, 126.9, 127.8, 128.1,
130.0, 130.1, 135.4-135.5, 139.8, 142.8, 144.4, 147.3, 148.22,
150.9, 158.5, 164.0.

13C-DEPT © 8c(ppm) (CH/CHs): 55.2, 78.6-79.0 (d), 82.4-82.5 (d), 92.7,

(100MHz, CDCls) ~ 94.0-95.7 (d), 101.7, 113.1, 126.9, 127.8, 128.1, 130.0, 130.1,
139.8, 142.8, 144.4, 147.3, 148.22, 158.5, (CH,): 60.4-60.5

(d)
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5'-0O-Dimethoxytrityl-3'-deoxy-3'-fluoro-xylouridinyl-2’-O-phosphoramidite (31)

N Compound 30 (0.2g, 0.365 mmol) was was desiccated and
o
O co-evaporated with dry DCM and dissolved in dry DCM (5
O O | mL) followed by addition of Diisopropylethylamine
4
Q 2 o N\«N“ (DIPEA) (0.19 mL, 1.09 mmol) under argon atmosphere.
—o k§—7: ° Reaction mixture was cooled to 0 °C, 2-cyanoethyl-N,N-
F
NC\_,JO#P\N"Q diisopropyl chlorophosphine (0.16 mL, 0.72 mmol) was
\< added above reaction mixture at 0°C. The reaction mixture

was stirred at room temperature for another 3 h; Completion of reaction was confirmed
by TLC. After 3 h, 10 mL DCM was added to reaction mixturewhich was washed with
saturated NaHCO3z and H»O, dried over Na,SOs, Solvent was evaporated under reduced
pressure obtained crude product 31 which was further purified on a silica gel (pre-
neutralized with TEA) column chromatography using 1:1 mixture of DCM/EtOAc
containing 1% TEA afforded phosphoramidite derivative 31. Yield 0.14g, 51 %.

Mol. Formula : Cs9HasFN4OgP

Exact Mass : 748.3037

HRMS(ESI) : 749.3115 (M+H), 771.2932 (M+Na"),
3P NMR : dp(ppm) 151.46, 153.51

(161MHz, CDCls)
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2.7.2 Oligonucleotide synthesis

Oligonucleotides both 3’-5’and 2’-5° were synthesized in-house on a
Bioautomation Mermade-4 DNA synthesizer employing [-cyanoethyl phosphoramidite
chemistry. The protected deoxyguanosine and thymidine phosphoramidites (used for
3’5’ linkage) and 3’-dG-CE Phosphoramidite, 3’-dT-CE Phosphoramidites (used for 2°5’
linkage) were obtained from ChemGenes corporation and 3’deoxy-2’-phosphoramidites
were obtained from Glen Research and Innovasynth technologies. Universal columns
procured from Bioautomation were used for 2°-5” oligomer synthesis. Oligonucleotides
were cleaved from the column by using ag. ammonia at 60°C for 6 h and then
concentrated. Oligonucleotides after post-synthetic treatment were desalted by passing
through Pharmacia NAP-5 columns.

2.7.3 Purification and characterization
2.7.3.1 High-performance liquid chromatography

The purity of synthesized oligonucleotides was ascertained using by RP-HPLC on
a C18 column using a Waters system (Waters Delta 600e quaternary solvent delivery
system and 2998 photodiode array detector and Empower 2 chromatography software).
An increasing gradient of acetonitrile in 0.1M triethylammonium acetate (pH 7.0) was
used and the eluent was monitored at 260 nm. [A = 5% ACN in TEAA (0.1M, pH 7); B
= 30% ACN in TEAA (0.1M, pH 7.0)].

2.7.3.2 Polyacrylamide gel electrophoresis study

Polyacrylamide denaturing gel electrophoresis was used to examine the purity of
synthesized oligomer using 20 % gel containing 7 M urea. For a pre-run or blank run, the gel
plate assembly was placed in the gel run chamber and completely immersed in the 1X TBE
buffer. Each well was loaded with 1 pl of the bromophenol blue dye in 40% sucrose solution
(1:1). Then 200V voltage was applied and the gel run was carried out for 1hour until the marker

dye had travelled down and washed out along with any unpolymerised gel.
Sample run and Gel visualization

Strand concentration of TBA, isoTBA oligomers were 320 uM, 2 ul solution was
mixed with an equal volume of the formamide and loaded into the appropriately

numbered wells. The marker dye was loaded in the first well to monitor the run. The gel
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was run in TBE buffer at 25 °C with the voltage set at 150V for 30-40 minutes till the
marker was visible at 3/4™ the gel height. The gels after the run were washed with DI
water and then were visualized by UV-shadowing.

2.7.3.4 MALDI-TOF characterisation

Synthesized oligonucleotides were characterized by MALDI-TOF Analysis. Mass
spectra were recorded on SCIEX TOF/TOF 5800 system. A nitrogen laser (337nm) was
used for desorption and ionization. The matrix used for analysis was THAP (2°, 4°, 6’-
trihydroxyacetophenone), and diammonium citrate used as an additive. The sample was
prepared by mixing 1uL oligomer (10-50 uM in DI H20) with 10 uL of THAP (0.55 M
in EtOH) mixed well followed by 5ul. diammonium citrate (0.1M in DI H>O) again
mixed well and then 1uL of the mixture was spotted on the metal plate. The metal plate
was loaded to the instrument and the analyte ion were then accelerated by an applied

high voltage in linear mode and detected as an electrical signal.
2.8 Biophysical technique-CD spectroscopy

CD spectra were recorded on Jasco J-815 CD Spectrometer equipped with a Jasco
PTC-424S/15 Peltier system. 2 mm path-length quartz cuvettes were used for a sample
volume 500 pL and strand concentration of 5 uM in 10mMol K (pH 7.2) containing 100
mM KCI. Oligomers prepared in buffer were annealed by heating at 90 °C for 5 minutes
then slowly cooling to room temperature followed by refrigeration for 5 to 6 hours
before use. Spectral scans were collected at 4 °C over a wavelength range 200- 320 nm
at a scanning rate of 100 nm min. CD melting was performed for the entire sample by
monitoring the CD intensity at 295 nm against temperature over the range 5-90 °C. CD
spectroscopy was also used to study the thrombin binding efficiency of the TBA/isoTBA
oligomers. 10 uL of 0.5 NIH of Bovine thrombin (Tulip Diagnostics) was added to the
oligomers at 5 min interval and their CD signal intensity at 295 nm was recorded with

increasing thrombin concentration. Three scans were averaged for each sample.

2.9 Thrombin time measurements for clotting inhibition (antithrombin
effect)

The inhibitory activity of the aptamers on thrombin-catalysed conversion of

fibrinogen to fibrin (clotting) by TBA, isoTBA and modified isoTBA variants was
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measured by a thrombin time assay. The time (in seconds) for clotting at 37 °C was
measured on a a STart Max Coagulation analyzer (Diagnostica Stago). Each experiment
was repeated at least thrice; the standard deviation was 1 °C. Each commercial reagent
was re-constituted according to the manufacturer's protocols. Bovine thrombin (Tulip
Diagnostics, 0.1 NIH unit) was pre-incubated with oligomers at 0.25 uM concentration
for 2 min before addition to fibrinogen from human plasma (2.65 uM, Aldrich F-3897)
and measurement of clotting time (thrombin time) was done according to the

manufacturer's protocol.
2.10 Exonuclease stability study

Stability of the oligonucleotides towards exo-nucleases SVPD (snake venom
phosphodiesterase) was analyzed by RP-HPLC. 7.5uM of oligonucleotide in 300 pL of
Tris-HCI buffer (pH = 7.5, 10mM Tris-HCI, 8 mM MgCl,) was incubated at 37 °C for
15 minutes. SVPD 1ug/100 pL was added to the oligonucleotide and aliquots of 50 pL
were removed at time intervals of 2, 10, 20, 30, 60, 120 minutes. Aliquots were kept at
90 °C for 2 minutes to inactivate nuclease and analysed by RP-HPLC using an
increasing gradient of acetonitrile in triethylammonium acetate (A: 5% acetonitrile and
B: 30% acetonitrile in 0.1N triethylammonium acetate, pH 7.0). The percent intact
oligonucleotide (based on the peak area) was plotted against the time to show the

degradation of oligomers with respect to time.
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2.11 Appendix A

Compounds Page Number
Compound 2: *H, 3C, DEPT NMR and HRMS 97-98
Compound 3: H, 3C, DEPT NMR and HRMS 99-100
Compound 4: *H, 3C, DEPT NMR and HRMS 101-102
Compound 5: H, F, 13C, DEPT NMR and HRMS 103-105
Compound 6: 'H, **C, DEPT NMR 105-106
Compound 7: *H, C, DEPT NMR and HRMS 107-108
Compound 8: *H, *C NMR and HRMS 109-110
Compound 9: *H NMR and LCMS 110-112
Compound 10: 3P NMR and HRMS 112-113
Compound 11: *H, 3C, DEPT NMR and HRMS 113-115
Compound 12: *H, 3C, DEPT NMR and HRMS 115-117
Compound 13: *H, 3C, DEPT NMR and HRMS 117-119
Compound 14: 3P NMR and HRMS 119-120
Compound 16: *H, 1*C, DEPT NMR and HRMS 120-122
Compound 18: *H, 1*C, DEPT NMR and HRMS 122-124
Compound 19: *H, ¥*C, DEPT NMR and HRMS 124-126
Compound 20: H, 1°F, 13C, DEPT NMR and HRMS 126-128
Compound 21: *H, *C DEPT NMR and HRMS 129-130
Compound 22: *H, *C and 3C DEPT NMR 131-132
Compound 23: 'H, *C, DEPT NMR and HRMS 132-134
Compound 24: *H, 1*C, DEPT NMR and HRMS 134-136
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Compound 25: H, 3C DEPT NMR and HRMS 136-138
Compound 26: *H NMR and HRMS 138-139
Compound 27: *'P NMR and HRMS 139-140
Compound 28: *H and LCMS 140-141
Compound 29: H, $3C, DEPT NMR and HRMS 141-143
Compound 30: H, $3C, DEPT NMR and HRMS 143-145
Compound 31: 3P NMR and HRMS 145-146
HPLC chromatogram of TBA oligomers 147-150
MALDI-TOF spectra of TBA oligomers 151-155
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'H NMR of compound 2
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13 C-DEPT of compound 2
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'H NMR of compound 3
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13C-DEPT of compound 3
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'H NMR of compound 4
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13C-DEPT of compound 4
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Chapter 2

'H NMR of compound 5
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13C NMR of compound 5
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Chapter 2

13C-DEPT of compound 5
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Chapter 2

HRMS spectrum of compound 5

MNA-5 #245 RT: 1.45 AV:1 NL: 2.30E8
T: FTMS + p ESI Full ms [100.0000-1500.0000]
293.0791
R=66207
C13His5 Os F Na=293.0796
100 -1.6084 ppm
95
909 o /
85 o
] G o/\QM
80 < .,
75 F OH
709
65
60
55
503
457
407
357
309
257
207
159
q 270.1095
104 R=69007
] 317.0988
53 252.0042 264.1225 279.1585  286.1047 301.1401 309.0526 R=63807 327.0073 335.0427
4 R=69302 R=70107 R=67407  R=67107 R=65307 R=64107 R=62306 Revg307
I S B it A U i S .2 B
250 255 260 265 270 275 280 285 290 295 300 305 310 315 320 325 330 335
m/z
1
H NMR of compound 6
OO MmN~ DNOOOONN IYMT N 0 1)
RIBO ACASFSBANFFS 39§ MNHOOO00L VOIS O =
WOWONNNNNNN %mﬁw o‘o (‘\l
i |
/
0...0
) OAOM
F ©
o
JLM_,A_____MA_A—
v/J L"v riii,{,,,,l v/J L;v J\JL
2.06 1.06 1.95 1.08 1.01 1.00 2.15 1.07 3.02 3.00
H 4 u = d 4 4 H H H
‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘
9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)

2020 Ph.D. Thesis: Manisha N. Aher, (CSIR-NCL, Pune) AcSIR

Page 105



Chapter 2

13C NMR of compound 6
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Chapter 2

'H NMR of compound 7 (CDCls)
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13C NMR of compound 7 (CDCls)

RIBO THYMIN VORBRUSGENERI1AV2:813.001. o] Q2 8§ & g O~ A ©O©OMO N0 ~O N B~
owm o MO0 ~ VOO A0O0MNOVOY oo
N~ ©o n MMONNN - ONWOONMNNMNONNMM o -l
— - Al - ODWOWONMNNNNNOO N -l
|7 | N N SN I
o I
/ NH

oN—§
o°A<_\//°

F\‘

[0}

=

(o]

Ml

180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)

2020 Ph.D. Thesis: Manisha N. Aher, (CSIR-NCL, Pune) AcSIR Page 107



Chapter 2

1BC-DEPT of compound 7 (CDCls)
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Chapter 2

'H NMR of compound 8 (D20)
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13C NMR of compound 8 (CD3;0OD)
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Chapter 2

HRMS spectrum of compound 8
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Chapter 2

13C NMR of compound 9 (CDCls)
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Chapter 2

HRMS spectrum of compound 9
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Chapter 2

HRMS spectrum of compound 10
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Chapter 2

13C NMR of compound 11 (CDCls)
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Chapter 2

HRMS spectrum of compound 11

M_5#234 RT: 139 AV:1 NL: 2.01E7
T. FTMS + p ESI Full ms [100.0000-1500.0000]

100 415.09
959
] (o]
90
85 / NH

3 N—<
80 0

] o o
753 °

] F o]
709 ‘_<
657] o
60
55
50
454
40
35

El 393.11
304 431.07
254
207 391.28
15
El 381.30 41327 437.07
E 39727\ || 404
| 1 360.32 369.24
3| 304.90 . 419.32
4| 3¢ n 40927 ||~ 495,03 | | 515,02 527.11 537.39 55337 567.03
’\‘\ ‘IAI‘\‘A‘w‘LL‘\“l\‘ Ll I‘AlA‘u ‘L‘|‘.‘\‘.\‘ bl \“l‘ | ‘\ R PR 1 P P N M O i

320 340 360 380 400 420 440 460 480 500 520 540 560
m/z

107 3834,
] - 483.08
829.00 441.30

317.1. 505.06

3

453 473.05
461.08
L‘\ - [‘ | sy l“l

o

!H NMR of compound 12 (CDsOD)

RUF-DIOL-THE3AY2#035-H1.001.001.1Resp S S N N S N A S § 2 8 93 AN 0 S

oL <SS

NN~ <tMOMmMmMmm
N e o
(0]

4
4
4

/ NH
N
o~

&

F OH

o

' R
1.02 0.991.04 051055 229 202

H bl ol = u
L L L I L L L L L L B L L L B L L B
8 7 6 5 4 3 2 1 0

Chemical Shift (ppm)

2020 Ph.D. Thesis: Manisha N. Aher, (CSIR-NCL, Pune) AcSIR Page 115



Chapter 2

13C NMR of compound 12 (CD3;OD)
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Chapter 2

HRMS spectrum of compound 12
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13C NMR of compound 13 (CDCls)

Chapter 2
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Chapter 2

HRMS spectrum of compound 13
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Chapter 2

HRMS spectrum of Compound 14
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Chapter 2

13C NMR of compound 16 (CDCls)
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Chapter 2

HRMS spectrum of compound 16

M_4#244 RT: 144 AV:1 NL:6.11E7
T: FTMS + p ESI Full ms [100.0000-1500.0000]
283.1150
R=67907
C12 H20 Og Na=283.1152
100+ -0.6667 ppm
955
1 [o] fo)
90 o
E (o]
857
807 HO o)(
75;
70
65
60
55
50]
45%
407
a5
307
25
20
B 299.0888
15 R=65607
103 250.9998 2R§16-ézg?
3 R=71106 ~ 279.1593
55 CiiH7 055 =2510009 Ci2Hot Os =2611333 2751101 R=67602 iy 2062138 | rstos 307.1897 311.1634
ol -4.2585 ppm -1:2647 ppm R=67100 | R=64807 | | | _ R=54502 R=61207
L e 0 0 N L
m/z
'H NMR of compound 18 (CDCls)
; ~ Mo DNOMAMONOM HMd o0 O~ O 0
Fri3av2#073-H1.001.001.1r.esp N ©® 0OOMMHO000 WO 0 000
N nw LIS OO NN Ao
| R A LAAL AR DA RLN B NP
1
I
I
I
I |
! pt g
1.00 1.05 1.08 3.25 1.04 1.02 3.163.173.10 3.02
H H HEe Y H H H 0
H‘HH‘HH‘HH‘\H\‘HH‘HH‘HH‘HH‘HH‘\H\‘HH‘HH“H\‘\H\‘HH‘HH“H\‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH“H\‘HH‘HH‘HH‘HH‘HH“\H‘HH‘HH‘HH‘HH‘
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0 05
Chemical Shift (ppm)
2020 Ph.D. Thesis: Manisha N. Aher, (CSIR-NCL, Pune) AcSIR Page 122



Chapter 2

13C NMR of compound 18 (CDCls)
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Chapter 2

HRMS spectrum of compound 18
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Chapter 2

13C NMR of compound 19 (CDCls)
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Chapter 2

HRMS spectrum of compound 19 (CDClIs)
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13C NMR of compound 20 (CDCls)
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Chapter 2

19F NMR of compound 20 (CDCls)
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Chapter 2

!H NMR of compound 21 (CDCls)
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Chapter 2

13C-DEPT of compound 21 (CDCls)
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Chapter 2

!H NMR of compound 22 (CDCls)
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Chapter 2

13C-DEPT of compound 22 (CDCls)
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Chapter 2

13C NMR of compound 23 (CDCls)
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HRMS spectrum of compound 23

M_6#308 RT: 179 AV:1 NL:504E6
T FTMS + p ESI Full ms [100.0000-1500.0000]
301.0696
R=65602
C11H1s O7 F Na =301.0694
100 0.5910 ppm
95% \/‘;O
90 )\ 0.0
852 5 N /\QM
803 F "044
759 o
709
65
60
557
503
45
E| 279.1591
404 R=67707
355
307 288.9220 296.1142
E R=67102 R=65807
257
20
159 275.0328
3 R=68607 304.8954
103 2709778 2910851 R=63502
E R=68302 282.9052 R=65902 311.1639
59 269.1360 273.1676 277.1800 R=66102 286.9514 298.8776 R=59102
3 Ree1502 R=63802 R=60702 ‘ ‘ R=64402 ] R=60002 ‘ |
P B N N | NV PR N SRR SR U I Y i I TP PO AV O
270 275 280 285 290 295 300 305 310
m/z
1
H NMR of compound 24 (CDCls)
TXF-DIAC-H.ESP Chloroform-d
0 ~ 0 N+ 00T MAOLWN 0O tTHO® <
0 N "G NNHOONNIILITON —S—00 N
i TF 8% fEPYYYIYINYY WS |
o |
?/—qNH
b
o OAS_I °
F /<0 EtOAC
|
o
EtOAc
|
| ! | I Eoac
| I
| I |
I
k nﬁ K ﬁJ\ | M;“ J ML
0.96 1.00 0.99 2.24 3.32 2.88 3.12 3.05
4 H U | S— ] [
‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)

2020 Ph.D. Thesis: Manisha N. Aher, (CSIR-NCL, Pune) AcSIR Page 134



Chapter 2

13C NMR of compound 24 (CDCls)
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HRMS spectrum of compound 24
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13C NMR of compound 25 (CD3;OD)
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Chapter 2

HRMS spectrum of compound 25
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HRMS spectrum of compound 26
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HRMS spectrum of compound 27
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LCMS of compound 28
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13C NMR of compound 29 (CD3;OD)
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HRMS spectrum of compound 29
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13C NMR of compound 30 (CDCls)

© 0 ©

A0 BRARBABEN 5ISS08% © N cswaorwongw w0
¥ OONNUOY ODWVIDOOONO M o NOANLLMOOMOO© DAXES:
OCOUOIIITIT MOOOOONNN o O LOHNONNDBONNG couw
A A A A A A AAAA o o OO0 OONMNNNNN © own
| N P A IRSCASS QSR

AN

o)

EtN ACE

ACE

En .

il

170 160 150 140 130 120 110 100 0 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)

13C-DEPT of compound 30

AV-400-20200102- 331 -8 ZOF B S S S & 3 [N < © oo o~ ©
0 ONNUITNDDO O ® IS O © o Nar~ 0 M ® 10 KR!
O T TTONMOMOMOANNN — o nomao o N 0O 0O o ouw
b QR I/ AL/ NG ARG SR e = a4 oo © @~ N~ © © o N\
[ ==\l S Nt N S o
O O 0
(o) (\/(NH
LS’Y S
—0 5
F OH
£t
AC
I
Pl
|
|
|
|
| |
! I
l“l} . " " , |
W W i b ' Y
ELN
T T T T T T e e e e e
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 (o)
Chemical Shift (ppm)

2020 Ph.D. Thesis: Manisha N. Aher, (CSIR-NCL, Pune) AcSIR Page 144



Chapter 2

HRMS spectrum of Compound 30
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HRMS spectrum of Compound 31
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HPLC chromatograms of oligomers
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isoTBARTF-9
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MALDI-TOF spectra of TBA oligomers

TOF/TOF™ Linear Spec #1=>Adv BC(32,0.5,0.6)=>NR(5.00)[BP = 4726.9, 167]
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TOF/TOF™ Linear Spec #1=>AdvBC(32,0.5,0.1)=>SM5=>RSM5000=>NR(5.00)[BP=2371.6,162]
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TOF/TOF™ Linear Spec #1=>NR(5.00)=>AdvBC(16,0.5,0.1)[BP=23736,317]
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TOF/TOF™ Linear Spec #1=>NR(2.00)=>AdvBC(32,0.5,0.5)[BP = 4730.1, 35]
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Chapter 3

Truncated loops in 3’-5’ linked TBA Vs 2’-5’ linked isoTBA:
Effect on quadruplex topology and thrombin binding
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G-quadruplexes are secondary structures formed from guanine rich nucleic acid
sequences. The loop length, as well as the nature and identity of nucleotides in the loop
region, control the topology and stability of the quadruplex structures. The relative
arrangement of the strands can have different polarities. Strands can be parallel,
antiparallel and mixed type. This chapter summarizes the synthesis of 3’-5" linked TBA
and 2'-5' linked isoTBA variants with truncated loops and the effect on the quadruplex
topology and thrombin binding properties. The 2'-5'-linked isoTBA sequences of the
present study were found to form antiparallel G-quadruplex structures, independent of
the loop length in the presence of K ions. This result is in contrast to previously reported
studies of 3'-5'-phosphodiester-linked G-quadruplexes where reducing the loop length

resulted in a change from an antiparallel to a parallel quadruplex structural topology.
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3.1 Introduction

Guanine rich aptamers exhibit a variety of folding patterns to form three
dimensional structures known as G-quadruplexes that bind to the desired target. The high
affinity with the target is derived from the fitting of the three-dimensional shape of the
quadruplex to the binding site and an array of electrostatic/hydrogen bonding interaction
possibilities created in the loop region, as a consequence of the folded structures.
Classification of the G-quadruplex topology can be done into three groups which are
parallel (group 1), mixed or hybrid (group Il) and antiparallel (group I1) on the basis of
orientation of the polyG strands and the preference of a syn or an anti glycosidic bond
angle (GBA) of guanine! (Figure 1). In parallel (group 1) quadruplexes, all the guanosine
residues adopt the same GBA (all either anti or syn) and all the four strands have the
same orientation. The mixed or hybrid (group Il) quadruplexes contain both, sequences
of guanosines with the same type of GBA (such as anti-anti and syn-syn), as well as
different types (such as syn-anti and anti-syn steps). In contrast, antiparallel G-
quadruplexes (group-I11) exhibit both anti and syn guanines with syn-anti or anti—syn
steps. As both group-Il and group-Ill quadruplexes possess at least one of the four
strands oriented antiparallel to the others, both are considered as types of antiparallel

quadruplexes.

H O
)
HZN—<
) NH ,§,/ N
< AL gl
N NH HO N
HO—| o I N 2 o)
OH HO
Anti Syn

Figure 1: anti and syn conformations of the glycosidic bond angle in guanosine
3.2 Rationale and objectives of the present work

Various factors affect the topology and stability of G-quadruplexes, such as loop
length, type of nucleobase in the loop, and glycosidic bond angle of guanosine.? Among
all these, loops play a key role in determining the nature of the folding of G-
quadruplexes. Fox and co-workers examined the properties of an intramolecular G-

quadruplex where they replaced T with different nucleobases (adenine, cytosine, 1°, 2’-
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dideoxyribose). Their results suggested that not only loop length but also the loop
nucleotide sequence affects quadruplex stability.® Balasubramanian et al.? studied
various G-quadruplex-forming sequences with varying loop lengths using UV and CD
spectroscopy, molecular modeling and simulations to confirm that parallel is the only
possible conformation for G-quadruplexes with shorter loops (i.e., the total number of
nucleotides in the loops less than 6).

Multiple constructs of the G quadruplex-forming thrombin-binding aptamer
(TBA) have been used to study G-quadruplex topology. The thrombin-binding aptamer
(TBA; d(GGTTGGTGTGGTTGG)) binds to thrombin, an important protein in the blood
coagulation cascade.* The unimolecular structure of the G-quadruplex formed by TBA is
well studied and is composed of two stacked G-quartets, two external TT loops and one
central TGT loop, resulting in a chair-like conformation, stabilized by monovalent
cations such as Na* or K*.> The TT loops were found to be sufficient to span the narrow
grooves and the TGT loop sufficed to span the wider groove of the quadruplex. The two
TT loops of the quadruplex are currently believed to interact with the thrombin anion
exosite | in 1: 1 stoichiometry.®

Several chemical modifications of TBA are reported in the literature in the view
of further optimizing its binding to thrombin and also to improve its stability’ against
cellular nucleases. The nucleotides in the loop region as well as the length of the loop
control the topology and stability of the quadruplex structures in general and also in the
case of TBA.2 Shorter loop lengths (less than total 6 nucleotides in the loop) are known
to destabilize the intramolecular, antiparallel G-quadruplexes such as TBA and allow
only parallel intermolecular four-stranded G-quadruplex structures.? As a consequence,
the thrombin-binding activity of TBA sequences in which the loops are short is adversely
affected,® whereas extension to TTT did not alter the topology but showed lower
stability. Changes in the composition of loop or loop sequence have a substantial effect
on the stability of the resulting structure.® In contrast, releasing the rigidity in the loop
region by introducing unlocked nucleic acid monomers and an abasic three-carbon
spacer (spacer-C3) at selective positions in the loop region of TBA, e.g., at the T’ loop
position caused an improvement in thermal stability and thrombin clotting time.*!

The 3’-deoxy-2’-5’-linked non-genetic iISODNA (Figure 2) exhibits high stability

against cellular enzymes*? and therefore it could be a promising alternative nucleic acid
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for DNA therapeutics. Formation of duplex and triplex structures comprising iSO DNA
and complementary RNA is well-documented in the literature.!3

? R R0
0=P—0 0=pP—0-
DNA:R=H isoDNA: R=H
RNA: R=OH isoRNA: R = OH

Figure 2: Genetic 3’-5’-linked DNA/RNA and non-genetic 2’-5’-linked iSO DNA/isoRNA.

In a previous communication from our research group, we reported that
employing these nuclease-resistant, homogeneous 2’-5” linkers in TBA (isoTBA) could
also result in G-quadruplex structures that could exhibit the thrombin-binding property.t*
In iIsoDNA, the phosphodiester linkage is C2'-C5' instead of C3'-C5' linkages present in
native DNA (Figure 2). This leads to an increase in the number of bonds between O5'
and phosphorus from six in DNA to seven in iSoDNA. Also, the 2°-5’ linkages maintain
an extended backbone geometry as the anomeric effect and the O4’-C1’-C2’-02’ gauche
effect on the substituted sugar favours N-type sugar conformation (Figure 3).%° This
extended backbone with an increased number of bonds in isoTBA compared to TBA is
probably responsible for the relatively less stable G-quadruplex structure compared to
TBA.

As the nuclease resistant isomeric 2'-5-linked isoTBA showed potential as an
anticoagulant, we thought of exploring the possibilities of further stabilizing the
quadruplex structure of isoTBA. Our group earlier reported that replacement of the
central TGT loop by UGU loop stabilized the G-quadruplex structure of isoTBA.** The
3'-hydroxy group in uridine would disfavour the extended N-type sugar conformation
(Figure 3) compared to the 3'-deoxyuridine, due to the additional O4’-C4’-C3’-O3’
gauche effect and exert rigidity in the TGT loop region due to compact S-type geometry

of the sugar (Figure 3).
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DNA/RNA isoDNA/isoRNA
6- bond P-P distance 7- bond P-P distance
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Figure 3: Extended and compact backbone geometry in DNA/RNA and isoDNA/isoRNA.

We, therefore, envisaged that unlike in TBA, iSoTBA may benefit from
decreasing the loop length and thought of exploring the effect of systematically
decreasing the length in the loop region of isoTBA. For comparison, we also synthesized
the earlier reported TBA sequences with decreasing loop length.*® This would enable us
to study the effect of the reduced loop length on the topology of the G-quadruplexes

formed by different isoTBA-like sequences and compare it with isosequential TBA.
3.3 Present work, results and discussion

3.3.1 Synthesis of TBA, isoTBA and TBA/isoTBA variants with truncated loops,

their purification and characterization

We designed truncated loop TBA oligomers for the current study that consist of
the 3’-5’-linked TBA and 2’-5’-linked isoTBA oligomers with shortened loop length
(having the total number of loop residues 7, 6, 5 or 3). All the DNA and isoDNA ONs
(listed in Table 1) were synthesized on a Bioautomation MM4 DNA synthesizer using
commercially  available  protected  2'-deoxyguanosine-3'-phosphoramidite,  2'-
deoxythymidine-3'-phosphoramidite, 3’-deoxy-thymidine-2’phosphoramidite and 3’-
deoxy-guanosine-2’-phosphoramidite by standard [-cyanoethyl phosphoramidite
chemistry.'® The synthesized oligonucleotides were cleaved from the solid support by

ag. ammonia treatment at 55°C. Purification of synthesized oligimers was done by RP-
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HPLC and their integrity was confirmed by MALDI-TOF mass spectrometric analysis.
The general scheme for solid-phase oligonucleotide synthesis is explained in Chapter 1,
Scheme 1. The synthesized oligomeric sequences and their MALDI-TOF
characterization data are listed in Table 1.

The three-digit numbers in the sequence name are indicative of the number of
residues in each loop, from 5’-end to the 3°/2’-end and the number in parentheses
indicates the total number of loop residues. Thus, TBA232 (7) bears two residues in each
TT loop and 3 residues in the central TGT loop, making the total number of loop
residues 7. Loop residues are indicated in bold letters in the oligonucleotide sequence.
STBA is scrambled TBA sequence.

Table 1: TBA and isoTBA loop-modified oligomers, MALDI-TOF mass analysis

Entry Sequence Sequence MALDI-TOF Mass
no. code Meated, Mobs
1. TBA232(7) 5-GGTTGGTGTGGTTGG-3” 4726 4727
2. TBA222(6) 5-GGTTGGTTGGTTGG-3’ 4396 4396
3. TBA131(5) 5’-GGTGGTGTGGTGG-3’ 4117 4116
4. TBA111(3) 5’-GGTGGTGGTGG-3’ 3484 3481
5. iIS0TBA232(7) 5-GGTTGGTGTGGTTGG-2’ 4726 4731
6. iIS0TBA222(6) 5-GGTTGGTTGGTTGG-2’ 4396 4392
7. iSOTBA131(5) 5’-GGTGGTGTGGTGG-2’ 4117 4121
8. iSOTBA111(3) 5’-GGTGGTGGTGG-2’ 3484 3483
9. STBA 5-GGTGGTGGTTGTGGT-3' 4726 4730

3.3.2 Evaluation of G-quadruplex formation and topology using circular dichroism

spectroscopy

CD spectroscopy is a primary characterization tool to analyze the nature of the G-
quadruplex structure and is used to explore the parallel, mixed or hybrid and antiparallel
G-quadruplex folding topology based on well-characterized CD patterns corresponding

to the topology of the G-quadruplexes.!’” The G-quadruplex structure is known to form
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in presence of monovalent or divalent cations. To study the effect of K* on the topology,
we recorded CD spectra in water (absence of any cation), and two different
concentrations of potassium ions (K*) (100 mM and 500 mM). Results are summarised
in Table 2.

In the CD spectra of the loop-modified sequences in water, only the 15 mer
TBA232(7) exhibited a weak positive signal at ~292 nm, showing its propensity for the
formation of unimolecular antiparallel G-quadruplex even in the absence of cations.
Except for TBA232(7), all the other loop modified TBA and isoTBA sequences were
unable to adopt a quadruplex structure in the absence of cations (Figure 4). In the
presence of monovalent K* ion (5 uM strand concentration, 100 mM K* and 500 mM
K*, Figure 4, Table 2), the unmodified 3°-5’-linked TBA232(7) showed maxima at 295
nm and minima at 265 nm, indicative of an antiparallel G-quadruplex.*

Decreasing the loop length in TBA is known to disturb the unimolecular TBA
quadruplex structure and the results were similar as reported earlier for TBA222(6) and
TBA131(5).° In these two oligomers which have intermediate loop length total of
six/five residues respectively, the CD spectra showed two positive bands near 292 nm
and 262 nm and a negative band at 235 nm indicating either a hybrid-type (group I1)
quadruplex conformation or the co-existence of parallel and antiparallel conformations.
The 3°-5’-linked TBA111(3), having a total of three thymine residues, one in each of the
three loops, and the shortest loop sequence studied, exhibited maxima and minima at 260
nm and 235 nm respectively indicating the group-I parallel G-quadruplex topology.*°
Thus, in concurrence with the previous reports and loop-length phenomenon studied by
Balasubramanian,® we observed that in the case of TBA, as the loop length decreased
from 232(7) to 111(3), the quadruplex topology changed from antiparallel to parallel
structures. The shorter loop lengths could not support the quadruplex topology with

antiparallel orientation (Figure 4a).
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Figure 4: CD spectra of all the synthesized loop modified sequences (Black-5 uM in H;O, Red-5 pM in
buffer containing 100 mM K*, and Green-5 pM in buffer containing 500 mM K*)

We further studied the CD spectra of the isoOTBA sequences with shorter loops in

comparison to TBA (Figure 4b).The results are tabulated in Table 2. Contrary to the

results obtained for the loop-modified TBA, we observed that irrespective of loop length,
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all the modified isOTBA sequences containing 222(6), 131(5) or even 111(3) loop
nucleotides, exhibited a strong positive CD signal at 295 nm and minima at ~260 nm in
the presence of K* ions, characteristic of the antiparallel G-quadruplex conformation. In
the case of 2’-5’-linked isoTBA, extended N-type conformation of nucleotides and
presence of larger P-P distance!® might relieve the strain caused by shorter loop lengths
and allow the isoTBA to assume an antiparallel G-quadruplex structure. Another reason
for the preferred antiparallel conformation for the isoTBA sequences could be the
preferred syn and anti conformations for the 5’-end- and penultimate nucleobase
respectively, of 2’-5’-linked oligomers, as evident from NMR?'® and X-ray crystal
structural studies.?® This conformational restriction of 2°-5’-linked isoTBA oligomers
may result in them not conforming to the ‘all syn' or ‘all anti' nucleobase conformation, a

prerequisite for the formation of parallel quadruplex structures.
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Table 2: TBA and isoTBA loop modified sequences and their CD analysis

S5uMinH0 at5° C

5uM in 100 mM K* at

20 uM in 100 mM K at

5 uM in 500 mM K™ at

5°C 5°C 5°C
code . — . — . — . — Topology
Maxima Minima Maxima Minima Maxima Minima Maxima Minima
(nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm)
TBA232(7) 292 255 295,245 262 295, 245 262 292,245 262 Antiparallel
Hybrid or mixture
TBA222(6) 280, 250 265 292 ,252 270 292, 252 275 292, 252 275 of antiparallel and
parallel
Hybrid or mixture
295, 275, 295, 275, 295, 275, _
TBA131(5) 280, 265 235 235 235 235 of antiparallel and
260 260 260
parallel
TBA111(3) 255 230 260 235 260 235 255 230 Parallel
iISOTBA232(7) 260 295 295, 250 268 295, 250 268 295 , 240 260 Antiparallel
iSOTBA222(6) 260 294 291, 243 265 291, 243 265 291,243 265 Antiparallel
iIsocTBA131(5)  280-258 298,230 292,245 265 292-245 265 292, 245 265 Antiparallel
iSOTBA111(3) 250 295 290, 250 265, 295, 245 265 290, 245 270, Antiparallel
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The CD patterns for all the TBA and isoTBA sequences were studied at a higher
salt concentration (Figure 4) and at increased strand concentrations? (Figure 5) to see if
this affected the unique antiparallel nature of the G-quadruplexes formed by isoTBA
sequences in comparison with those by TBA sequences. In the case of TBA232(7), only
increase in the intensity of bands at 295 nm and 265 nm was seen, with the overall CD
pattern remaining unchanged. In the loop-restricted TBA sequences TBA222(6),
TBA131(5) and TBA111(3), the increased intensity of the CD signal at 260 nm was
observed in the CD spectra at higher strand concentration, with decreasing loop length,
indicating higher inclination to form parallel structures (Figure 5a). In contrast, the CD
maximum at 260 nm corresponding to the parallel structure was not observed even at the
higher salt or strand concentrations studied herein for 2'-5'-linked iSOTBA sequences
with reduced loop lengths (Figures 4b and 5b), confirming that these G-quadruplexes

were indeed of antiparallel topology.

o)
)
[e)]

»
L

Sy
L

a)

— TBA232(
— TBA222(

TBA131(
— TBA111(

7)
6)
5)
3)

N
1

Toy

—— is0TBA232(7)
— iSOTBA222(6)

isoTBA131(5)
——isoTBA111(3)

N
L

N
L
o
1

o

,[6]x10° (deg-cm®.dmol™)

N
L

[6]x10° (deg-cm®.dmol™)

'
N

260 280 300 320

Wavelength (nm)

260 280 300 320 240

Wavelength (nm)

240

Figure 5: CD spectra of all the loop-modified sequences at 20 UM concentration in 100 mM K*a) TBA
sequences b) isoTBA sequences
3.3.3 Evaluation of G-quadruplex thermal stability using circular dichroism

spectroscopy

The stability of the G-quadruplexes was followed by the temperature-dependent
change in the amplitude of the CD signal at 295 nm for antiparallel quadruplexes formed
by isoTBA oligomers in comparison with TBA232(7). The results were also compared
with the change in the amplitude of the CD signal at 260 nm, for the parallel quadruplex
formed by TBA111(3) (Table 3). At 5 uM strand concentration in the presence of 100
mM K, the isoTBA232(7) quadruplex was found to be less stable than the control
TBA232(7) (Table 3, ATm = -13 °C, Figure 6a).'* All the other shorter loop-containing
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antiparallel G-quadruplexes of isoTBA showed a decrease in stability with decreasing
loop length. I1soTBA222(6) and isoTBA131(5) were equally stable, with T, 5 °C less
than that of isoTBA232(7) (Figure 7a). TBA111 (3), the oligomer with the shortest loop,
existed in the parallel multimolecular quadruplex conformation, and consequently
showed the highest thermal stability compared to all other sequences (ATm= +5 °C
compared to TBA232(7)). In contrast, isoTBA111(3), containing the same number of
nucleobases in the loops showed the lowest stability among all the sequences
synthesized. Thus, although the extended 2’-5° linkages help to reduce the strain of the
shortened loops in isoTBA111(3) compared to 3'-5' linkages and allow the formation of
unimolecular folded structures, the quadruplex formed was less stable compared to the
antiparallel quadruplexes formed by the other isoTBA and TBA oligomers.

Table 3: TBA and isoTBA loop-modified sequences and their CD-Tr, at 295 nm at varying salt and strand
concentrations. @ indicates the CD-Tn, values at 260 nm while all other values are at 295 nm

Tm (°C) at 5 pM,
with 100 mM KCI

Tm (°C) at 20 uM,
with 100 mM KCI

Tm(°C) at 5 uM,

Oligomer code with 500 mM KClI

Heat Cool Heat Cool Heat Cool
TBA232(7) 50 50 48 48 54.2 52.3
TBA111(3) 55% 457 59.5% 52,52 63.8° 53¢
iISOTBA232(7) 37 37 34 34 40 41
iISOTBA222(6) 32 32 34.2 32.5 40 39.5
iSOTBA131(5) 32 32 33.6 32.2 36.1 37.8
iSOTBA111(3) 22 20 20 20 21.5 19.1
*1a) 25/b) c)
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Figure 6: CD amplitude at 295 nm for TBA232 (7) and 260 nm TBA111(3) plotted versus temperature
during heating to get T of TBA232(7) and TBA111(3) in presence of a) 5 uM, in 100 mM KCI b) 20 puM,
in 100 mM KCI ¢) 5 pM, in 500 mM KClI
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The inter- Vs intramolecular nature of the quadruplexes was confirmed by carrying
out CD melting experiments at a higher strand concentration (20 uM). The melting
temperatures of all the isoTBA sequences were independent of concentration, similar to
the TBA232(7) (at 5 uM and 20 uM; Table 3, Figure 6b & 7b), confirming that these

sequences indeed formed intramolecular (monomeric) folded structures.

54 21, 6- o)
a) iS0TBA232(7) 161D isoTBA232(7) l isoTBA232(7)
44 —— is0TBA222(6) = —— iS0TBA222(6) —— is0oTBA222(6)
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Figure 7: CD amplitude 295 nm versus temperature during heating to get Tm of iSOTBA232(7),
iSOTBA222(6) , isoTBA131(5) and isoTBA111(3) in presence of a) 5 uM, in 100 mM KCI b) 20 uM, in
100 mM KCI c¢) 5 uM, in 500 mM KCI

For all the CD melting experiments of antiparallel sequences, negligible
hysteresis between the heating and the anealing curves was observed, again indicating
unimolecular G-quadruplexes (Table 3, Figure 8 and Figure 9).22 The sequence TBA111
(3), however, being a parallel multimolecular sequence melted at a higher temperature at
20uM strand concentration. In the case of this sequence, appreciable hysteresis was also

observed between the heating and cooling curves (Figure 8).
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Figure 8: CD hysteresis CD amplitude at 295 nm for TBA232(7)and 260 nm TBA111(3) plotted versus
temperature during heating and cooling experiments for TBA232(7), TBA111(3) in presence of a) 100
mM KCI at 5 uM strand concentration, b) 100 mM KCI at 20 uM strand concentration, and ¢) 500 mM
KCl at 5 uM strand concentration. H= heating, C=cooling.
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Figure 9: CD hysteresis CD amplitude at 295 nm versus temperature during heating and cooling
experiments for isoTBA232(7), isoTBA222(6), isoTBA131(5) and isoTBA111(3) in presence of a) 100
mM KCI at 5 uM strand concentration, b) 100 mM KCI at 20 uM strand concentration, and c¢) 500 mM

KCl at 5 puM strand concentration. H= heating, C=cooling.

We further studied the CD melting of the isoTBA oligomers at a higher K* ion
concentration of 500 mM. The Tn values of all the oligomers were found to be higher
under these conditions, except in the case of isoTBA111(3), where marginal

destabilization was observed (Figures 6¢ & 7c¢).
3.3.4 Evaluation of G-quadruplex topology by UV-Thermal Difference Spectra

The thermal difference spectra (TDS) can be generated from the UV absorbance
scans recorded at temperatures higher than and lower than that of the melting point of the
quadruplexes. The TDS is known to provide a fingerprint of G-quadruplex topologies,?*
and can be utilized to distinguish the different topologies of G-quadruplexes. To
elucidate the topology of the G-quadruplexes of the synthesized loop-modified
oligomers, we scanned their UV absorbance at different temperatures to generate the
TDS. TDS were obtained by subtracting the spectral scan of the sample at temperatures
below (i.e., 10 °C) and above (i.e., 90 °C) the melting temperatures (Tms, Figure 10). The
TDS factor is the ratio of AA240 nm/AA295 nm, where AA is the difference, at a given
A, between the absorbance above (i.e., 90 °C) and at a given temperature, T, below the
melting temperature(where T =5 °C, 10 °C,..., etc. up to the melting temperature, Tm).

As the CD spectra for TBA232 (7) and TBA111 (3) showed maxima at 295 nm
and 260 nm respectively, indicating two distinctly different G-quadruplex topologies, we
first checked the TDS and TDS factor for these two oligomers (Figure 10a, and 10b). For
TBA111(3), the values of TDS factor (AA240 nm/AA295 nm) appeared well above 4,
indicating a group | parallel quadruplex, while the TDS factor of un-edited TBA232(7)

was below 2, characteristic of antiparallel quadruplexes (group Ill).
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Figure 10: a) TDS of TBA oligomers, b) TDS factor of TBA oligomers ¢) TDS of isoTBA oligomers, d)
TDS factor of isoTBA oligomers

Our observation that the TDS factor for both TBA222(6) and TBA131(5) was also
below 2 was in concurrence with literature,® where it is reported that the TDS factor
cannot differentiate group-Il1 and group-1ll antiparallel quadruplexes. We conducted
similar studies for the iSoTBA sequences. The TDS factor of all the isoTBA sequences
of the study was characteristic of antiparallel G-quadruplex topology (Figure 10c, Figure
10d). These results confirm the correct assignment of parallel/antiparallel quadruplex
structures in concurrence with the CD signatures.
3.3.5 Polyacrylamide Gel Electrophoresis (PAGE) study

In a non-denaturing or native polyacrylamide gel, oligomers may be expected to

preserve the higher-order structures, enabling one to distinguish them from single strands
or differently ordered complexes. To confirm the structural and topological behaviour of
the synthesized oligomers, we performed such a non-denaturing polyacrylamide gel
retardation assay. A denaturing gel electrophoresis experiment was also carried out as a
control. In the denaturing gel (Figure 11), the mobility of the oligonucleotides displayed
molecular weight- and charge- dependency and marginally higher mobility was seen for
TBA111(3) and isoTBA111(3), as expected.
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Figure 11: Denaturing polyacrylamide gel mobility assay of all the TBA and isoTBA oligomers.
Lanel- Scrambled TBA (5’-GGTGGTGGTTGTGGT-3") Lane2-TBA232(7), Lane3-
iSOTBA232(7), Lane4-TBA222(6), Lane5-TBA131(5), Lane6-TBA111(3), Laner-
iS0TBA222(6), Lane8-isoTBA131(5), Lane9-isoTBA111(3). The bands were visualized by UV-

shadowing

Figure 12 Non-denaturing polyacrylamide gel mobility assay of all the TBA and isoTBA
oligomers. Oligomers were taken at 350 UM concentration in potassium phosphate buffer (10
mM, pH 7.2); containing 500 mM KCI. Samples were annealed by heating at 90 °C for 2 min,
followed by slow cooling to room temperature, and refrigeration for at least 2 h before the
experiment. Lanel-Scrambled TBA (5-GGTGGTGGTTGTGGT-3'), Lane2-TBA232(7), Lane3-
iSOoTBA232(7), Lane4-TBA222(6), Lane5-TBA131(5), Lane6-TBA111(3), Lane7-
iSoTBA222(6), Lane8-isoTBA131(5), Lane9-isoTBA111(3). The bands were visualized by UV-
shadowing.
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The non-denaturing gel (Figure 12) clearly brought out the differences caused by the
differing loop length on the quadruplex topology. The scrambled TBA sequence lacks
the G-stretches required to form the typical unimolecular antiparallel TBA quadruplex
but has the same nucleotide composition. The 15-mers TBA232(7) and isoTBA232(7),
showed similar mobility corresponding to the unimolecular antiparallel quadruplex.
TBAZ222 (6) showed the bands corresponding to a unimolecular quadruplex, although the
CD spectrum indicated a hybrid structure for this sequence. Multiple bands were
observed for the complex formed by TBA131 (5), suggesting the formation of different
types of complexes. Highly retarded major bands of suggesting multimolecular
quadruplexes were observed for TBA11ll (3), as seen also in CD spectral studies.
IsocTBA222 (6), isoTBA131(5) and isoTBA111(3) were observed as single bands
corresponding to the unimolecular complexes, and no retarded bands were observed for
these oligomers. Thus, the formation of unimolecular antiparallel quadruplexes in these
cases was confirmed, as also seen from their CD spectral studies.
3.3.6 Binding with Thrombin (Chaperone Effect of Thrombin)

It has been shown previously that thrombin may act as a molecular chaperone for
the folding of TBA232 (7). Earlier studies from our group showed that the isomeric 2'-
5'-linked isoTBA (isoTBA232(7)) also could be induced to attain a folded G-quadruplex
by the chaperone activity of thrombin.!* We performed CD experiments with all the
oligomers of the study, in the presence of increasing concentrations of thrombin at low
temperature (Figure 13). In the case of native TBA232 (7), a CD maximum at 290 nm
was observed even without thrombin or K, revealing the preference for the G-
quadruplex structure as discussed above. We observed an increase in the CD amplitude
with a concomitant shift towards 300 nm upon incremental addition of thrombin. All the
other 3°-5’-linked TBA oligomers with decreasing loop lengths did not show any change
in the CD spectrum near 295 nm upon addition of thrombin, indicating the inability of
thrombin to assist the folding of these oligomers into the typical quadruplex structure
known for TBA (Figure 13b, 13c & 13d).On the other hand, in the case of all the 2°-5’-
linked isoTBA oligomers, the CD maximum at 295 nm and thus, the G-quadruplex
structure typical of TBA, was not evident in the absence of either thrombin or K* ions.
However, incremental addition of thrombin, showed the CD maximum at 295 nm
appeared for isoTBA232(7), isoTBA222(6) and isoTBAL131(5) (Figure 13e, 13f & 13Q).
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Isoelliptic points were observed at ~280 nm and ~255 nm in the case of iSoTBA232(7)

and isoTBA222 (6), indicating the two-state nature of the structural transition.?’

However, in the case of isoTBA111(3), thrombin

was unable to induce the adoption of

the antiparallel G-quadruplex structure (Figure 13h).
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Figure 13: Changes in CD signal at 295 nm upon addition of thrombin Black: in water (No thrombin),

Red: 0.44 pM, Green: 0.85uM, Blue: 1.25 pM,

Cyan: 1.63 uM, Magenta: 2 yM
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The temperature-dependent stability of these induced G-quadruplex structures was
evaluated by recording the change in the CD amplitude at 295 nm with increasing
temperature.

Table 4. CD data showing the chaperone effect of thrombin on the TBA and isoTBA loop-modified

sequences and Tm, values of the resulting quadruplexes. Oligomers were taken at 5 pM strand

concentration

+ i o .
Sequence Thrombin Binding to T (* C) with
code Maxima Minima thrombin thrombin
Heat/cool
(nm) (nm)

TBA232 (7) 298, 248 278-268 Yes 22/22
isoTBA232(7) 290, 245 265 Yes 13/13
iISOTBA222(6) 291, 250 265 Yes <10/<10
iIS0OTBA131(5) 296, 248 272 Yes <10/<10
iISOTBA111(3) 260 295 No -

The strength of the TBA232(7) G-quadruplex:thrombin complex was the highest
with Tm = 22 °C, followed by isoTBA232 (7):thrombin (Tm = 13 °C), isoTBA222
(6):thrombin and isoTBA131 (5):thrombin (Tm<10 °C for both oligomers).

Thrombin-binding studies of all the TBA and isoTBA oligomers were further
carried out in buffer containing 100 mM KCI. The presence of K* ions ensured the
restoration of the CD signal at 295 nm. Subsequent addition of thrombin led to negligible
changes in the CD signal near 295 nm (Figure 14 and Figure 15). Melting studies of the

so formed complexes revealed them to be as stable as with K* ions alone (Table 5).
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Figure 14: Changes in CD signal upon addition of thrombin for TBA and isoTBA sequences which
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Table 5: CD-Tm of TBA and isoTBA loop-modified oligomers, at 5 pM strand concentration in the
presence of 100 mM KClI, followed by the addition of thrombin. 2 indicates the CD-Tr, values at 260 nm

while all other values are at 295 nm.

Tm (° C)
Sequence code
Heat Cool
TBA232(7) 53 53
TBA111(3) 60° 48°
iSOTBA232(7) 38 38
isoTBA222(6) 34 34
isoTBAL31(5) 34 31
isoTBAL11(3) <10 <10
12-
@ 51 —— iS0TBA232(7)
10 TBA232(7) 4] — TBA222(6)
= 8] — TBALL() _ :ngBAlsl(S)
8 2 34 —— is0TBA111(3)
£ 61 E 2
Ea %
g 2 5 \
o] 0+ ~
0 10 20 30 40 50 60 70 80 90 100

. 0 10 20 30 40 50 60 70 80 90 100
Temperature ("C) Temperature (°C)

Figure 15: CD amplitude at 295 nm for all oligomers except TBA111(3), for which the CD amplitude was
recorded at 260 nm, versus temperature. Oligomers taken at 5 UM concentration were annealed in the
presence of 100 mM KCI, followed by the addition of thrombin. (a) TBA232(7), TBA222(6), (b)
isoTBA232(7), isoTBA222(6), isoTBA131(5) and isoTBA111(3)

3.3.7 Nuclease stability study-Exonuclease stability

To assess the nuclease stability of the 2°-5’-linked quadruplex-forming backbone
as compared to the native TBA,; we treated TBA and isoTBA131, as a representative
example, with snake venom phosphodiesterase (SVPD) that has predominantly 3'-
exonuclease activity (Figure 16). The 2°-5’-linked isoTBA131 was digested much slower
compared to the control TBA. The reaction was monitored by HPLC (Figure 17). The
half-life of isoTBA131 was found to be ~30 min whereas TBA was completely digested
within 10 min at 37 °C. The observed higher stability of isoDNA oligomer as compared
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to the control unmodified oligomer offers obvious advantages for applications in
biological systems, where the control unmodified oligomer has a relatively low half-life.

120

N isoTBA131 m TBA

100 -
80 -
60 -
40 A
111
0 - . . .
0 2 10 20 30 60

Time (sec)

% intact oligo

Figure 16: Stability of the aptamers isoTBA131 (7.5 puM) and TBA-1 towards snake venom
phosphodiesterase (SVPD) enzyme (0.02 mg/mL).
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Figure 17: HPLC chromatograms of TBA and isoTBA131 at increasing time intervals after exposure to
SVPD. Black: without SVPD enzyme, Red: 2 min, Blue:10 min, Green: 20 min, Magenta: 30 min, Brown:

60 min.
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3.4 Key highlights of this study

» TBA and isoTBA variants with truncated loops were synthesized.

» CD spectroscopy studies were done in the presence of K* ions was done at
different strand concentration (5 uM and 20 uM) and different salt concentration
(100 mM and 500 mM KCI) to evaluate the topology and molecularity of
sequences with shorter loop length.

» Thermal difference spectra (TDS) obtained from UV spectroscopic studies
elucidated the differences in the topology of the G-quadruplexes of the
synthesized loop-modified oligomers.

» A polyacrylamide gel mobility shift assay was used to distinguish complexes of
differing molecularity.

» Thrombin-binding studies brought out the chaperone effect of thrombin on the
folding of the individual oligomers into quadruplexes and were studied by CD
spectroscopy.

» Nuclease resistance study of isoTBAL131 showed more stability to SVPD
digestion than unmodified TBA131.

3.5 Conclusions

In this Chapter, we reported the topology and thermal stability of all the TBA and
iISOTBA oligomers using ultraviolet (UV) absorption, circular dichroism (CD)
spectroscopy and gel electrophoresis. The 2’-5’-linked isoTBA oligomers were found to
be amenable to form antiparallel G-quadruplex structures, independent of loop length.
This result is in contrast to the previous study related to the natural 3’-5’-phosphodiester-
linked G-quadruplexes where reducing the loop length resulted in changed antiparallel to
parallel structural topology. The decreasing loop-length however, adversely affected the
stability of the regioisomeric antiparallel quadruplexes, and consequently, reduced their

binding to thrombin.
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3.6 Experimental

3.6.1 Synthesis of oligonucleotides, purification and characterization

The regular procedures of oligonucleotide synthesis, their purification ((High-
performance liquid chromatography) and MALDI-TOF characterization are same as
discussed earlier in Chapter 2.

3.6.2 Biophysical techniques
3.6.2.1 CD spectroscopy

CD spectra were recorded on a Jasco J-815 CD spectrometer equipped with a
Jasco PTC-424S/15 peltier system. 2 mm path-length quartz cuvettes were used for a
sample volume 500 pl and strand concentration of 5 pM or 20 uM in 10 mM K-
phosphate buffer (pH 7.2) containing 100 mM and 500 mM KCI. Oligomers prepared in
buffer were annealed by heating at 95 °C for 5 min, then slowly cooling to room
temperature followed by refrigeration for 5 to 6 h before use. Spectral scans were
collected at 4 °C over a wavelength range 200- 320 nm at a scanning rate of 200 nm/min.
CD melting was performed for the entire sample by monitoring the CD intensity at 295
nm against temperature over the range 5-90 °C. Three scans were averaged for each
sample. CD spectroscopy was also used to study the thrombin binding efficiency of the
TBA/isoTBA oligomers of by recording their CD signal intensity at 295 nm with

increasing thrombin concentration.
3.6.2.2 UV experiments for Thermal difference spectra

Thermal difference spectra (TDS) for all the TBA/isoTBA oligomers were
obtained using a 10 mm quartz cell on a Varian Cary 300 Bio UV-Visible
Spectrophotometer and AnalyticJena SPECORD ® 200 plus, equipped with a peltier
temperature controller and an scanning speed of 300 nm/min. The TBA oligomers at 5
UM concentration were annealed in 10 mM potassium phosphate buffer, pH 7.5,
containing 100 mM KCI. The oligomer concentration was calculated on the basis of the
absorbance from molar extinction coefficients of the corresponding nucleobases of
DNA/RNA. UV spectra over the 200 nm-320 nm range were recorded over a
temperature range of 10 - 90 °C. 3 min equilibration period at each measurement was

allowed to ensure homogeneous sample temperature. The auto zero function was applied
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using the corresponding buffer at 10 °C. TDS factors were calculated as the absolute
values of AA240 nm/AA295 nm, where AAJ is the difference, at the given wavelength A,
between the absorbance above (95 °C) and below (15 °C) the melting temperature.

3.6.3 Polyacrylamide gel electrophoresis (PAGE) experiment

The quadruplex-forming ability and their topology difference study of the
synthesized oligomers were assessed by denaturing and non-denaturing 20 %
polyacrylamide gel electrophoresis. As reference scrambled TBA oligonucleotide
sequence, viz., 5’-GGTGGTGGTTGTGGT-3" (15-mer) was used. For non-denaturing
gel TBA and isoTBA oligomers were annealed in 10 mM K-phosphate buffer (pH 7.2)
containing 100 mM KCI or 500 mM KClI prior to loading on the gel. The DNA oligomer
control and samples (2 pL, 350 uM) were mixed with equal volume of 40% sucrose
solution and loaded into the appropriately numbered wells. The gel was run at 10 °C at
150V for 120 min till the marker was visible at 3/4" the gel height. The gel was
visualized by UV-shadowing. For denaturing gel experiments, 7 M urea was used as
denaturant, and samples were mixed with equal volume of formamide for loading. The
gel was run in 1X TBE buffer at 25 °C and at 150 V. The gels after the run were washed

with DI water and then were visualized by UV-shadowing.
3.6.4 Snake venom phosphodiesterase stability experiments

Enzymatic hydrolysis of the aptamers TBA, isoTBA131 (7.5 uM) was carried
out at 37 °C in 100 ul Tris-HCI buffer (100 mM, pH 8.5, containing 15 mM MgCl,, 100
mM NaCl) and SVPD (0.02 mg/ml). Aliquots were taken at pre-decided time intervals.
Each aliquot was heated at 90 °C for 2 min to inactivate the nuclease. The intact
oligomer in each aliquot was monitored by RP-HPLC were kept at 90 °C for 2 minutes
to inactivate nuclease. Aliquots analysed by RP-HPLC using an increasing gradient of
acetonitrile in triethylammonium acetate (A: 5% acetonitrile and B: 30% acetonitrile in
0.1N triethylammonium acetate, pH 7.0). The percentage of intact oligomer was plotted

against time to show the degradation of oligomers with respect to time.
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STBA=5'-GGTGGTGGTTGTGGT-3'

Description Page No.
HPLC chromatogram of TBA oligomers 187
HPLC chromatogram of isoTBA oligomers 188
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MALDI-TOF spectra of TBA oligomers 189-190
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MALDI-TOF spectra of
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HPLC chromatograms of purified synthesized TBA oligomers
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HPLC chromatograms of purified synthesized isoTBA oligomers
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MALDI-TOF spectrum of scrambled TBA (sTBA)
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Effect of 2'-5" and 3’-5' linkages in the loop region of TBA
and isoTBA respectively, on G-quadruplex stability and

function
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Regioisomeric nucleic acids with the 2°-5’-phosphodiester linkages compared to
the 3’-5’-linkage are highly interesting biomolecules exhibits high stability against
cellular enzymes and therefore it could be a promising alternative nucleic acid for DNA
therapeutics. Formation of duplex and triplex structures comprising isoDNA and
complementary RNA is well-documented in the literature. This chapter summarizes the
synthesis of chimeric oligomers with 3'-5'-(TBA) and 2’-5'-phosphodiester-linked
(isoTBA) backbones in which the loop regions are systematically replaced by 2'-5'- and
3'-5'- phosphodiester linkages respectively. We observed that substitution of the 2'-5’
linkage in iSOTBA with the 3'-5' linkage resulted in a strong stabilization of the
quadruplex structure. The isoTBA sequences showed better nuclease stability against

exonuclease as well as endonuclease.
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4.1 Introduction

IsoODNA or isoRNA have regioisomeric 2'-5-phosphodiester-linkages instead of
3'-5'-phosphodiester-linkages present in the native DNA or RNA (Figure 1). The 2'-5'
linked constitutional isomers are known to form duplexes via Watson—Crick base pair
association and are not used to encode genetic information; they are thus called non-
genetic nucleic acids.* The 2'-5" isoDNA differentiates single-stranded DNA and RNA
and forms duplexes exclusively with complementary 3'-5-linked natural RNA, but with
lower thermal stability compared to the DNA:DNA, DNA:RNA and RNA:RNA
duplexes.?

- ~N
"‘é’\ 5' Base Nj; S' Base
o :0:
P oR =9
o N
o=pP~ o=|\>/0
\0 Base | Base
o o o
3 2'
<|) R R o
O=\AFI::0 0=|L—0
DNA:R=H isoDNA: R=H
L RNA: R=OH isoRNA: R = OH

Figure 1: 3'-5-DNA/RNA and 2'-5-isoDNA/isoRNA

The non-genetic iISODNA oligomers are also known to form triplex structures.
Sawai et al.®> and Damha and co-workers* have done comparative studies of duplex and
triplex formation of 2'-5’- and 3’-5'-linked oligonucleotides but higher-order structures
involving the isoDNA backbone are not much explored. Higher-order structures like G-
quadruplexes are getting more attention in the recent past because of their abundance in
vivo their role in telomere maintenance, gene regulation and also for their therapeutic
applications® such as the anti-cancer,® antithrombin’ and anti-HIV aptamers.2 The 3'-
deoxy-2'-5'-linked non-genetic iSO DNA exhibits high stability against cellular enzymes

and therefore it can be a promising alternative for developing DNA therapeutics.

2020 Ph.D. Thesis: Manisha N. Aher, (CSIR-NCL, Pune) AcSIR Page 196



Chapter 4

4.2 Sugar phosphate backbone linkages in G -quadruplexes

In the recent two decades, substantial research work has been done for the
explication of the structural properties and biochemical functions of polymorphic G-
quadruplex structures. Many backbone modifications of oligonucleotides involving the
replacement of the phosphodiester group have been explored to study the topology and
stability of different G quadruplex forming aptamers. The quadruplex structures with
PNA backbone have been earlier reported by Datta and et al.®, that formed either four-
stranded multimolecular structures or mixed bimolecular structures. Mergny and co-
workers have done a systematic study of the thermal and conformational properties of
phosphorothioates, methyl phosphonate, ribonucleotide backbone-modified G-
quadruplex-forming oligonucleotides.’® Joachimi et al.'* explored a variety of well-
studied quadruplex-forming DNA sequences and corresponding RNA sequences for
their quadruplex formation and stability. A guanine-rich 3'-2'-threose nucleic acid
aptamer against thrombin was discovered by Chaput and co-workers.*?> From these
examples, it is noticeable that the backbone element is a crucial guiding entity for
maintaining the structure and function of any given nucleic acid oligomer.

The G-quadruplex forming thrombin binding aptamer (TBA)® (5-
GG’ T*G GO T'GPTOGIGUT2TG4G!5-3")  has been broadly studied for its
anticoagulant activity. It forms a unimolecular chair-like antiparallel G-quadruplex
structure, which consists of two G quartets that are connected by two lateral TT loops
and one central TGT loop. The loop regions of TBA, particularly the TT loops are
reported to be important for the folding of the aptamer and interaction with its target,
thrombin.}* Efforts toward improving its stability to nucleases and thermal stability®®
have mostly focused on the introduction of modified nucleosides, or on changing the
number of residues in the loop/stem regions. There are only a few reports pertaining to
modification of the phosphodiester internucleoside linkage. These include the
phosphorothioate,'® methyl phosphonate,*® formacetal'” and triazole® linkages (Figure
2). Phosphorothioate linkages in the stem region caused decrease in thermal stability, but
in the TT loop, caused increased resistance towards nucleases, while retaining the
thermal stability and anticoagulant activity.'® Studies from Mergny’s group also
suggested that the incorporation of phosphorothioate bonds in all the guanines which are

forming tetrads,’® the resulted modified TBA has shown less stability than the
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unmodified TBA. Methyl phosphonates caused a large destabilization of the G-
quadruplex.’® Replacement of the negatively charged phosphodiester by the neutral
formacetal linkage!’ had not much effect on the thrombin inhibitory activity in the case
of mono substitutions, except for the T4-G® and T**-G links when a large decrease in
activity was observed. Multiple substitutions resulted in a decrease in thermal stability
and activity, resulting from perturbations of the chair-like quadruplex fold. The triazole
internucleotide linkage led to a decrease in thermal stability of the resulting
quadruplexes but increased their resistance to nucleolytic digestion. It also had a
negative effect on the anticoagulant activity, except in the case of the central loop
modification, when the activity was comparable to the native TBA.!® The folding
patterns of an isosequential TBA RNA sequence!! showed the formation of a
multimolecular parallel G-quadruplex in contrast to the unimolecular antiparallel G-
quadruplex structure of TBA. Tang and Shafer!® examined the impact of single
nucleoside conformation on the folding topology by selective replacement of dG by rG
in TBA. Depending on the position of the ribo- or deoxyribo-nucleotides, oligomer with
a mixed DNA/RNA backbone, folded in DNA-like or RNA-like quadruplex structures

were evaluated.

a) b) ©) d
o Base [} Base o) Base o Base
H H H H H H H H
H H H H H H
7" 7" ] "
S—P—O0O" H,C O—P—CHj3;
é Base (l) o Base (l) Base
H H H H H H
H H H H H H
H o H H

Figure 2: Dinucleotides showing a) phosphorothioate, b) formacetal,c) methyl phosphonate and d) triazole
internucleoside linkages.

Our group earlier reported isoTBA, where the 3'-5-phosphodiester backbone was
replaced by the isomeric 2’-5'-phosphodiester backbone throughout the TBA oligomer
(Figure 1),%° that was able to retain the unimolecular antiparallel quadruplex topology of
TBA, even when the total number of loop residues was significantly reduced.?* TBA was

shown to bind to thrombin and exhibit anti-coagulant properties, though to a lower
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degree than TBA. Recently, we developed TBA analogues, where the substitution of T’
by 4'-methoxymethyl threofuranosyl thymidine (4'-MOM-T) resulted in the
enhancement of thermal stability, anticoagulation activity and nuclease resistance.
Therefore, it is apparent that the backbone is the key factor to maintain the functional
structural quadruplex topology of TBA.

4.3 Rationale and objectives of the present work

The 2'-5"-phosphodiester linkages give rise to a 7-atom backbone with an extended
geometry resulting from the anomeric effect and the O4’-C1'-C2'-O2' gauche effect that
favours the N-type sugar conformation,® 22 in comparison to the native 3'-5'-
phosphodiesters, where the compact S-type of sugar pucker is favoured (Figure 3). We
had previously found that the isoTBA structure was stabilized when the TGT loop was
replaced by UGU.2° The chimera of the present study were thus, designed to study the
effect of differing preferred sugar puckers in the loop and stem regions of the quadruplex
on the stability of the resulting quadruplex, and the consequences on the anticoagulant
activity. The two TT loops of the quadruplex, being implicated in thrombin-binding to
the exosite I, would be expected to have a larger impact on its function, in comparison to
the TGT central loop, where minimal interactions with thrombin were observed in the
crystal structure.’* The TGT loop, on the other hand, may be expected to mainly impact
the thermal stability of the resulting quadruplex.

This chapter summarizes the synthesis of chimeric oligomers of TBA with 3'-5'-
(TBA) and 2'-5'-phosphodiester-linked (isoTBA) backbones, in which the loop region is
modified with 2'-5-phosphodiester linkages and 3'-5- phosphodiester linkages
respectively. The impact of modification on thermal stability, nuclease stability and

anticoagulation effect was studied.
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Figure 3: Extended and compact backbone geometry in DNA/RNA and isoDNA/isoRNA.

4.4 Present work, results and discussion

4.4.1 Synthesis of TBA, isoTBA and modified TBA variants with mixed backbone,

their purification and characterization

We have chosen chimeric TBA oligomers for the current study that consists of
the 3-5- and 2'-5'-phosphodiester linkages with the alternative 2’-5'- and 3'-5'-
phosphodiester linkages respectively, in the loop regions. All the DNA and isoDNA ONs
(listed in Table 1) were synthesized on a Bioautomation MM4 DNA synthesizer using
commercially  available  protected 2'-deoxyguanosine-3'-phosphoramidite,  2'-
deoxythymidine-3'-phosphoramidite, 3'-deoxy-thymidine-2'phosphoramidite and 3'-
deoxy-guanosine-2'-phosphoramidite by standard [B-cyanoethyl phosphoramidite
chemistry.?® The general scheme for solid-phase oligonucleotide synthesis is explained
in Chapter 1, Schemel.

The numbers in the oligomer names are indicative of the loop residues that were
replaced with 2'-5'-linkages in TBA oligomers and 3'-5'-linkages in the isoTBA
oligomers. Thus, in TBA232 all three loops bear 2'-5-linkages; in TBA202, the T3T*
and T?T™ loops bear 2'-5'-linkages; in TBA030, TBA200 and TBA002, the T'G®T?,
T3T* and T*2T3loops respectively bear 2'-5'-linkages. Likewise, in isoTBA232, all three
loops bear 3'-5'-linkages, while isoTBA202, isoTBA030, isoTBA200 and isoTBA002
bear 3'-5'-linkages in their T3T* & T2TE, T'GET®, T3T* and T**T*3 loops respectively.
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The ONs were synthesized on a polystyrene solid support, and post-synthesis, were
cleaved from the solid support by ag. ammonia treatment at 55°C. They were purified by
RP-HPLC, their integrity was confirmed by MALDI-TOF mass spectrometric analysis

and their purity was again confirmed by polyacrylamide gel electrophoresis (Figure 4).

Table 1: TBA, isoTBA and loop-modified oligomers used in the present work, MALDI-TOF

mass spectrometric characterization.

Entry  Sequence Sequence MALDI-TOF Mass
no. code Mealcd. Mobsd.
1. TBA 5-GGTTGGTGTGGTTGG-3 4726 4727
2. TBA232 5'-GGttGGtgtGGttGG-3' 4726 4734
3. TBA202 5-GGttGGTGTGGHGG-3' 4726 4734
4. TBAO030 5-GGTTGGtgtGGTTGG-3' 4726 4730
5. TBA200 5'-GGttGGTGTGGTTGG-3' 4726 4731
6. TBAO002 5'-GGTTGGTGTGGttGG-3' 4726 4734
7. iISOTBA 5'-ggttggtotggttgg-2’ 4726 4731
8. iISOTBA232 5'-ggTTggTGTggTTgg-2' 4726 4734
9. iIS0TBA202 5'-ggTTggtgtggTTgg-2’ 4726 4730
10. iIsocTBAO30 5'ggttggTGTggttgg-2’ 4726 4729
11. isocTBA200 5'-ggTTggtgtggttgg-2'’ 4726 4733
12. isocTBA002 5'-ggttggtgtggTTgg-2' 4726 4725

®The upper case letters indicate 3'-5'-linked DNA, while lower case letters indicate 2'-5'-linked
units.

Polyacrylamide gel electrophoresis was used to examine the purity of the
synthesized oligomers using a 20% denaturing gel. All the 15-mer oligonucleotides

showed similar mobility.
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- ‘---‘..‘..

Figure 4: Denaturing gel electrophoresis of TBA, isoTBA oligomers, indicating their purity. Strand
concentration of TBA and isoTBA sequences were 320 uM and gel was run in TBE buffer at 25 °C at
150V. The gel was visualized by UV- shadowing.
1-TBA, 2-TBA232, 3-TBA202, 4-TBA030, 5-TBA200, 6-TBA002, 7-isoTBA, 8-isoTBA232, 9-
isoTBA202, 10-isoTBA030, 11-isoTBA200, 12-isoTBA002
4.4.2 Evaluation of G-quadruplex formation in the presence of monovalent cations

by circular dichroism spectroscopy

In the case of TBA, formation of quadruplex structure is dependent on metal ion
coordination which has been investigated in the presence of ions like K* and Na*, when
the equilibrium was found to shift towards quadruplex formation.!* The cation
dependence can be observed between linear and folded unimolecular quadruplex
conformation by CD spectroscopy. A positive CD signal at 295 nm and negative CD
signal at 265 nm are a characteristic indication of antiparallel G-quadruplexes, such as
TBA#

Firstly, we examined the effect of modification in the loops on the folding
topology of TBA by CD spectroscopy in the presence of added monovalent cations like
K*, Na*. We found that unmodified TBA and isoTBA aptamer and their loop-modified
variants displayed a strong, positive maximum CD absorbance at 290 nm and a

minimum near 260 nm, as reported?* for TBA (Figures 5 and 6).
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Figure 5: CD spectra of the TBA oligomers (5 uM) in the presence of K* ions. Spectra were recorded at 4
°C in 10 mM K phosphate buffer, pH 7.2, containing 100 mM KClI

— TBA —iS0TBA
3INa* —— TBA232 34 Nat —_ !soTBA232
. —— TBA202 P —— is0TBA202
S, —— TBA030 5 2- — isoTBAO30
€ “] —— TBA200 E — isoTBA200
Ny —— TBA002 ~ —— is0TBA002
£ 11 £
8] T
> )]
< 0] <°
e 94
PER Xt
@ 2
-2 : : : , :
-2 220 240 260 280 300 320

220 240 260 280 300 320

Wavelength (nm) Wavelength (nm)

Figure 6: CD spectra of the TBA oligomers (5uM) in the presence of Na* ions. Spectra were recorded at 4
°C in 10mM Na-phosphate buffer, pH 7.2, containing 100 mM NaCl

In the absence of added cations, the typical antiparallel fold was observed only

for TBA, while the other oligomers including TBA with 2’-5'-linked loops and isoTBA

with 3'-5'-linked loops did not display this characteristic CD signature for an antiparallel

G-quadruplex (Figure 7).
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Figure 7: CD spectra of the TBA, isoTBA and modified oligomers (5 uM) in water.
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4.4.3 Evaluation of G-quadruplex thermal stability using CD spectroscopy

The thermal stability of the quadruplex structures of all modified oligomers was
further evaluated by monitoring the temperature-dependent variation in CD amplitude at
295 nm in the presence of K™ and Na* ions. The melting profiles are displayed in Figure
8 and values are listed in Table 2.

Table 2: CD-Tm values of modified sequences in presence of K" or Na* ions. ATy 2 represents the melting

difference compared to native TBA in K*ion. AT represents melting difference compared to native TBA

in Na "ion
Entry Sequence code Tm® Cin ATm? Tm® Cin ATm®

No. K* Na*

1. TBA 50 - 21 -
2. TBA232 20 -30 15 -6
3. TBA202 29 -21 18 -3
4, TBAO30 33 -17 25 +4
5. TBA200 38 -12 13 -8
6. TBAOQ02 38 -12 18 -3
7. iISOTBA 34 -16 19 -2
8. iISOTBA232 48 -2 36 +13
9. iSoTBA202 54 +4 43 +22
10. isocTBAO30 33 -17 20 -1
11. isocTBA200 45 -5 39 +18
12. iIsocTBA002 44 -6 30 +9

4.4.3.1 CD Thermal stability in presence of K*ions

Noteworthily, the isoTBA oligomers that contained 3'-5"-linked loops were found
to be much stabler than the TBA oligomers that contained 2'-5'-linked loops (Figure 8).
The TBA oligomer that contained homogeneous 3'-5-linkages, on the other hand,
displayed a significantly higher Tm (50 °C) than isoTBA (34 °C), it's 2'-5'-linked
counterpart. Alternative linkages in the TGT central loop were less tolerated than in the
TT loops; TBA030 and isoTBAO030 were destabilized by 17 °C and 1 °C respectively
relative to the parent oligomers (TBA/isoTBA), in comparison to TBA200 (ATm = -12
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°C), TBA002 (ATm = -12 °C), isoTBA200 (ATm = +11 °C) and isoTBA002 (ATm = +10
°C), where in fact, a stabilizing effect was observed with the isoTBA oligomers. This
effect also extended to the oligomers with multiple loop replacements. Accordingly,
TBA202 and TBA232 where two or all three loops bore 2'-5'-linkages were destabilized
to a larger degree (ATm = -21 °C and -30 °C respectively), while isoTBA202 and
iIS0TBA232 displayed Tms of 54 °C (ATm = +20 °C) and 48 °C (ATm = +14 °C)
respectively, clearly combining the destabilizing effect of the TGT loop linkage
replacement with the stabilizing effect linkage replacement in the TT loops.
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Figure 8: CD melting profiles of the TBA oligomers at a strand concentration of 5uM in 10 mM
potassium phosphate buffer (pH 7.2) containing 100 mM KCI.

This indicates that the extended 2'-5’-phosphodiester backbone is more beneficial
to the thermal stability when in the stem region of the quadruplex, while the more
compact 3'-5’-phosphodiester backbone has a positive effect when in the loops, notably
the TT loops. The 2'-5'-phosphodiester linkages give rise to a 7-atom backbone with an
extended geometry, which imparts more flexibility to the backbone that could at least
partly account for the destabilization of the quadruplexes with these linkages in the TBA
loops.

Avino et al.* earlier reported modified thrombin binding aptamers carrying
nucleosides in the north (N-type) conformation in loops of TBA, where they found that
replacement of thymidines in TT loop by north nucleosides induced destabilization of
the antiparallel quadruplex structure. The 2'-5'-linked nucleosides in this chapter are also
known to adopt the N-type sugar conformation, and in consistence with the report of
Avino et al.,*™ a destabiling effect of these nucleosides was observed when they were

included in the loop regions of TBA, notably the TT loops.
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4.4.3.2 CD Thermal stability in the presence of Na*ions

Melting studies of all oligomers in presence of sodium ions were carried out by
CD spectroscopy (Figure 9). It is very well known that TBA forms unimolecular
antiparallel quadruplex in the presence of Na* ions,* but of lower thermal stability than
in the presence of K* ions.
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Figure 9: CD melting profiles of the TBA oligomers at a strand concentration of 5uM in 10 mM sodium
phosphate buffer (pH 7.2) containing 100 mM NacCl.

All modified TBA oligomers that contained 2'-5'-linked loops (TBA232, TBA202
TBA200 and TBAO002) showed lower stability than the TBA oligomer with
homogeneous 3'-5'-linkages except TBA030, which showed +4 °C stabilization (Tm = 25
°C). The isoTBA with a homogeneous 2'-5-linked backbone (Tm =19 °C) and
isSoTBA030 (Tm =20 °C) were less stable compared to native TBA (Tm = 21 °C).
Interestingly, enhancement of thermal stability was observed in isoTBA oligomers with
modification in lateral loops by 3'-5' linkages. 1soTBA232, isoTBA202, isoTBA200 and
iIsoTBAO02 displayed an increase in stability in comparison to TBA with melting
temperature difference (ATm) of +13 °C, +22 °C, +18 °C and +9 °C respectively.

The thermal stability analysis has shown that changes in the conformation of the
sugar puckering of the nucleotides present in loop regions, together with the
flexibility/compactness of the backbone are crucial for determining the folding and
stability of TBA.

4.4.4 Formation of G-quadruplex in the presence of thrombin

Thrombin can act as a molecular chaperone for the folding of TBA, as has been

reported previously by Baldrich and O'Sullivan.?® Nagatoishi and co-workers showed
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that at low temperature, TBA forms an antiparallel G quadruplex in the presence of
thrombin and in the absence of any cation,?® which can be monitored through the CD
amplitude at 295 nm. Therefore, we carried out CD experiments with addition of
thrombin incrementally to the individual oligomers at 4 °C. The modified TBA
oligomers were classified into two groups, based on their backbone. Melting

experiments were performed and the data is summarized in Table 3.

Table 3: Melting data of the two groups of modified TBA oligomers.

Group | (3'-5' linkage) Group Il (2'-5' linkage)
Sequence code Tm"C Sequence code Tm"C
of thrombin( ATny)? of thrombin( ATny)?

TBA 22 isoTBA 13 (-9)
TBA232 nd iSOTBA232 18 (-4)
TBA202 nd iISoTBA202 26 (+4)
TBAO030 nd iISoTBA030 12 (-10)
TBAZ200 nd iISoTBA200 10 (-12)
TBAO02 nd iISoTBA002 11 (-11)

Experiments were performed with strand concentration of 5uM in water containing 2.5 NIH Thrombin in
0.5 ml, # values in parentheses indicate the difference in Tm (ATm) W.r.t. native TBA, nd is not
determinable.

The CD spectra of group | oligomers showed a maximum near 280 nm in water,
except in case of control TBA that displayed maxima at 290 nm, as it forms antiparallel
G-quadruplex in water. While this chaperone effect was observed for TBA, the TBA
oligomers with 2'-5"-linked loops (Group I) showed a slight shift of maxima near 290 nm
and a negligible amplitude change in the CD signal near 290 nm. In contrast, for Group
Il isoTBA oligomers with 3'-5-linked loop regions, G-quadruplex structure was not
observed in the absence of thrombin. However, upon incremental addition of thrombin, a
marked change was observed, with a concomitant increase in CD amplitude near 295 nm
(Figure 10).
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Figure 10: Changes in CD signal at 295 nm showing the chaperone effect of thrombin on the TBA and

isoTBA loop-modified oligomers Black: in water (No thrombin), Red: 0.44uM, Green: 85uM,
Blue:1.25uM, Magenta:1.63 pM, Dark yellow:2 pM

The temperature-dependent stability of the thrombin-induced quadruplex structure

was monitored by recording the CD amplitude at 295 nm with increasing temperature

intervals (Figure 11). The strength of isoTBA202 G-quadruplex-thrombin was the
highest with T, = 26 °C (ATm= + 4 °C stabilization compared to native TBA), followed
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by thrombin complexes of TBA (22 °C), isoTBA232 (Tm = 18 °C), iSOTBA (Tm= 13 °C)
and isoTBAO030, isoTBA200 and isoTBAOO2(Tm ~ 10-12 °C). For all oligomers in Group
I, i.e., TBA sequences with 2'-5' linkages in the loops, binding with thrombin was not
strong enough. Therefore, the melting temperature of their complexes with thrombin
could not be determined. The above results suggest the requirement of compact
geometry in the TT loops, but flexibility in the stem region for favourable thrombin-

aptamer interaction.
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Figure 11: Melting data of G-quadruplex induced by thrombin. Thrombin concentration = 2 uM, oligomer

concentration = 5uM in 0.5 ml water.
4.4.5 Antithrombin effect of chimeric aptamers

Thrombin transforms fibrinogen to fibrin and that leads to coagulation.?’” The
effect of thrombin binding on the anti-thrombin activity of the mixed backbone variants
was assessed by carrying out a clotting assay and the inhibitory effect on thrombin-
catalyzed fibrin polymerization (thrombin time/clotting time) was measured at 37 °C.
The thrombin reagent was pre-incubated with the oligomer before addition to fibrinogen-
containing saline and the time for clotting was measured using a STart Max Coagulation
analyzer (Diagnostica Stago). The anti-thrombin activity reflects the additional time
required for clotting in the presence of the oligomer, relative to the reference in the
absence of any added oligomer. From Figure 12, it can be seen that in comparison to the
TBA oligomers, the isoTBA oligomers had a lower anti-thrombin activity, with the
highest activity being observed for the parent TBA containing all 3’-5’-phosphodiester
backbone linkages. TBA202, with 2'-5"-linked T°T* and T*2T*3 loops showed similar
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clotting time to TBA. Except for TBA202, in the case of all other oligomers, the
introduction of alternative linkages in the loop regions led to a decrease in anti-thrombin
activity relative to the parent oligomer.

E TBA

90.0 - .
N isoTBA

80.0 -
70.0 -
60.0 -
50.0 -
40.0 -
30.0 -
20.0 -
10.0 -

Time (S)

Ref TBA 232 202 030 200 002
ONs Sequence

Figure 12: Antithrombin activity measurement using fibrinogen from human plasma and bovine thrombin.
Error bars represent the standard deviation obtained from triplicate experiments. Ref indicates the clotting

time measured with fibrinogen and thrombin in the absence of any added oligomer.

4.4.6 Stability of oligonucleotides towards exonuclease and endonuclease

In addition to improving the thermal stability and anticlotting ability of TBA,
another aim of incorporating modified units into its sequence was to enhance the
stability of the oligomers towards nuclease degradation. The 2'-5'-linked non-genetic
DNA and RNA show high resistance to nuclease digestion compared with their natural
3'-5"-linked oligomers.?® To examine the enzymatic stability of the quadruplex-forming
mixed backbone, we exposed these aptamers to two kinds of nucleases, shake venom
phosphodiesterase (SVPD) from Crotalus adamanteus (3’ exonuclease) and S1 nuclease

isolated from Aspergillus oryzae (endonuclease).
4.4.6.1 Exonuclease resistance

A comparative study of TBA002 and isoTBAQ02 against hydrolytic cleavage by
SVPD was done. We exposed TBA, isoTBA, TBA002 and isoTBAQ002 oligomers to
SVPD digestion at 37 °C. The progress of digestion was analysed by RP-HPLC by
analyzing aliquots of the reaction at progressive time points (Figure 14a, 14b, 14¢c &

14d). The percent of intact oligomer was plotted versus time (Figure 13). The
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homogeneous 2'-5'-linked isoTBA was found to be much stabler than any of the other
oligomers studied. The half-life of isoTBA was found to be more than 50 min while
iIS0OTBAO002 (studied as a representative oligomer) displayed a t12 ~ 10 min, while the ti/
of TBA oligomers TBA and TBA002 was < 2 min. Thus, compared to native TBA,
iISOTBA oligomers showed better stability to SVPD.

120 -
—>«=TBA =<isoTBA —=<TBA002 —<isoTBA002
100 -
80 -

60 -

% intact oligo

40 -

0 2 10 20 30 60 120
Time (min)

Figure 13: RP- HPLC at several times for SVPD (0.01 mg/mL) digestion of oligonucleotides TBA,
isocTBA, TBA002, isoTBAO02. Experiments were done in Duplicate and the error bars (standard
deviation) are indicated.
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Figure 14a: RP-HPLC runs overlay of TBA towards SVPD nuclease at increasing time intervals
Red: without SVPD enzyme, Blue: 2 min, Green: 10 min, Black: 20 min
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Figure 14b: RP-HPLC runs overlay of TBA towards SVPD nuclease at increasing time intervalsBlack:
Buffer, Red: without SVPD enzyme, Blue: 2 min, Green: 10 min, Cyan: 20 min, Magenta: 30 min, Brown:
60 min, Dark blue: 120 min
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Figure 14c: RP-HPLC runs overlay of TBA towards SVPD nuclease at increasing time intervals Black:

Buffer, Red: without SVPD enzyme, Blue: 2 min, Green: 10 min, Cyan: 20 min, Magenta: 30 min.
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Figure 14d: RP-HPLC runs overlay of TBA towards SVPD nuclease at increasing time intervalsBlack:
Buffer, Red: without SVPD enzyme, Blue: 2 min, Green: 10 min, Cyan: 20 min, Magenta: 30 min,Brown:
60 min,Dark blue: 120 min.

4.4.6.2 Endonuclease resistance
Formation of the G-quadruplex structure is reported to shield oligonucleotides

from rapid nuclease degradation.?® However, the loops are exposed and accessible to the

certain nucleases, particularly endonucleases, for digestion. The shielding effect of
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backbone modification was estimated by a comparative analysis of selected lateral TT
loop modified oligomers by S1 nuclease that is an endonuclease. We exposed
oligonucleotides TBA, isoTBA, TBA202 and isoTBA202 to S1 nuclease digestion at 37
°C, and monitored the progress with time by HPLC (Figure 15a, 15b, 15¢ & 15d). The
percent of intact oligomer was plotted versus time (Figure 15). IsoTBA202 (studied as a
representative oligomer) displayed a t1> ~ 15 min, but was found to be intact even after
120 min, while the stability of TBA202 was extremely low, and was cleaved within 2
min. This proves the fact that oligomers in folded quadruplex form resist nuclease
cleavage. The stability provided by the quadruplex stem seems to override the exposure
of loop residues to endonucleolytic cleavage by S1 nuclease.
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& 40 -
£
=X 20 -
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Figure 15: RP- HPLC at several times for Slendonuclease digestion of oligonucleotides TBA, TBA202,
iSOTBA 202, and isoTBA
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Figure 15a: RP-HPLC runs overlay of TBA towards SVPD nuclease at increasing time intervals. Black:

Buffer, red: without S1 enzyme, Blue: 2 min, Green: 10 min, Cyan: 20 min, Magenta: 30 min
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Figure 15b: RP-HPLC runs overlay of isoTBA towards SVPD nuclease at increasing time intervals.
Black: without S1 nuclease enzyme, Red:2 min, Blue: 10 min, Cyan: 30 min, Magenta: 60 min, Brown:
120 min
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Figure 15c¢: RP-HPLC runs overlay of TBA202 towards SVPD nuclease at increasing time intervals.

Black: Buffer, red: without S1 nuclease enzyme, Blue: 2 min, Green: 10 min
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Figure 15d: RP-HPLC runs overlay of isoTBA202 towards SVPD nuclease at increasing time intervals.
Black: Buffer, red: without S1 nuclease enzyme, Blue:2 min, Green: 10 min, Cyan: 20 min, Magenta: 30

min, Brown: 60 min, Dark blue: 120 min.
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4.5 Key highlights of this study

>

Chimeric variants of the thrombin-binding aptamer (TBA) and the isomeric
iISOTBA containing 2'-5’-backbone linkages, where the loop residues are linked
by 2'-5'- or 3'-5'-phosphodiesters respectively were synthesized.

CD spectroscopy studies in the presence of K*, Na ions showed that all the
oligomers studied in this work are able to form unimolecular antiparallel G-
quadruplexes, similar to native TBA.

Thrombin-binding studies brought out the chaperone effect of thrombin on the
quadruplex topology of individual oligomers.

Thrombin inhibition was examined, which revealed that TBA quadruplexes with
extended 2'-5'- backbone in the loops showed greater anticlotting ability in
comparison to their isoTBA counterparts.

Enhanced stability to nucleases was shown by isoTBA oligomers compared to
TBA and their TBA counterparts.

4.6 Conclusion

In conclusion, we developed a new class of chimeric thrombin-binding aptamers

having extended backbone and studied the significant effect of the loop residue

backbone on the topology and thermal stability of the quadruplexes. Chimeric TBA

oligomers were found to be similar to the native DNA aptamer (TBA) both in terms of

structure as well as function. Our finding demonstrates that the TT loops have a more

pronounced effect on the thrombin-binding ability and the resulting anti-clotting effect.

IsoTBA oligomers additionally have the feature of stability towards nucleases (both

endo- and exo-), which could prove beneficial in applications in biological systems

where a longer half-life is desired.
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4.7 Experimental

4.7.1 Synthesis of oligonucleotides, purification and characterization

The regular procedures of oligonucleotide synthesis, their purification (High-
performance liquid chromatography and Gel electrophoresis study) and MALDI-TOF
characterization are same as discussed earlier in Chapter 2.

CD spectroscopy, Thrombin time measurements for clotting inhibition and
Exonuclease stability study were carried out by using standard procedure. All the
particulars of experiment are same as discussed previously in chapter 2.

4.7.2 Endonuclease stability

For S1 nuclease Digestion, 7.5 uM oligonucleotides were dissolved in reaction
buffer (pH 4.5) containing 0.5 M sodium acetate, 2.8 M NaCl, and 45 mM ZnSO.. S1
nuclease 8.9 U/uL was added to the 100 pyL oligonucleotide at 37 °C, Aliquots were
removed at successive time intervals of 2, 10, 20, 30, 60, 120 minutes. Aliquots were
kept at 90 °C for 2 minutes to inactivate nuclease. Aliquots analysed by RP-HPLC using
an increasing gradient of acetonitrile in triethylammonium acetate (A: 5% acetonitrile
and B: 30% acetonitrile in 0.1N triethylammonium acetate, pH 7.0). The percent intact
oligonucleotide (based on the peak area) was plotted against the time to show the

degradation of oligomers with respect to time.
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4.8 Appendix C

Description Page No.
HPLC chromatogram of TBA oligomers 218-219
HPLC chromatogram of isoTBA oligomers 219-220
MALDI-TOF spectra of TBA oligomers 221-222
MALDI-TOF spectra of isoTBA oligomers 223-224
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HPLC chromatograms of purified synthesized isoTBA oligomers
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MALDI-TOF spectra of TBA oligomers
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MALDI-TOF spectra of isoTBA oligomers
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A 2'-5'-linked iso TBA 15 mer sequence with (232} loop composition formed stable antiparafied quadruplex
structures simiar to the SELEX derived 15 mer TBA sequence wah {232 loop composition. A parallel
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Introduction

G-quadruplexes have been gaining increasing attention in the
recent past because of their abundance im vivo and their role
in meiosis, telomere maintenance, gene regulation' and also
as targets for cancer treatment.” The G-quadruplex structures,
their folding mechanism, protein binding to the quadruplex
structures and ligands targeting the quadruplex over duplex
were extensively studied by various experimental and theore-
tical studies.” Many therapeutically important G-quadruplex
aptamers have been derived by SELEX and show high affinity
towards biologically important targets. Examples include the
thrombin-binding aptamer (TBA), anti-cancer and anti-HIV
aptamers.' " The high affinity with the target is derived from
the fitting of the three dimensional shape of the quadruplex to
the binding site and an armay of electrostatic/hydrogen
bonding interaction passibilities created in the loop region, as
a consequence of the folded structures.

The thrombin-binding aptamer (TBA; d(GGTTGGTGTGG-
TTGG)) binds to thrombin, & large protein involved in the
blood coagulation cascade.” The unimolecular structure of the
G-quadruplex formed by TBA is well studied and is composed
of two stacked G-quartets, two external TT loops and one
central TG loop, resulting in a chair-like conformation, stabil-
ized by monovalent cations such as Na* and K'.* The TT loops
were found to be sufficient to span the narrow grooves and the
TGT loop sufficed to span the wider groove of the quadruplex,

Orgaowie Chemvistry Divisson, CSIE-National Chemiond Labovatory, D Homid Mabéa
Roaul, Pame 411008, India, E-mark v dumtargimol e i

Y Rlectronie supplementary informsaion (BS1) ilable: Gel el phonests,
representahe CDanelting curves, Gy curves, ling C-
spectes and MALDETOF spectra. Se¢ DO 10,1039/c5aboi 921k
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versus antiparallel 1opology of 3 -5'-G-aquadruplexes i« targely dictated by the loop length, and it is known
that the truncated loops favour parallel quadruplexes. In contrast to THA systemate reduction of the loop
length in o TBA fram {232) to {222), (131) or even (111) did not alter the antiparallel topology of the result-
ng 14 mer. 13 mer and 11 mer G-nch moddfied soTBA-like sequences

The two TT loops of the guadruplex are currently believed to
be interacting with thrombin anion exosite T in 1:1 stoichio-
metry.” Several chemical modifications of TBA are reported in
the literature in the view of further optimizing its binding to
thrombin and also to improve its stability against cellular
nucleases. The nucleotides in the loop region as well as the
length of the loop control the topology and stability of the
quadruplex structures in general and also in the case of
TBA.'"" Shorter loop lengths (less than total 6 nucleotides in
the loop) are known to destabilize the intramolecular, anti-
parallel folded G-quadruplex of TBA and allow only the pamllel
intermolecular four-stranded G-quadruplex structures. As a
consequence, the thrombin binding activity of TBA sequences
in which the loops are short is adversely affected."* In contrast,
releasing the rigidity in the loop region by introducing
unlocked nucleic acid monomers at selective positions in the
loop region of TBA, stabilized the intramolecular folded TBA
quadruplex structure. "

The 3'-deaxy-2"-5"-linked non-genetic isoDNA (Fig. 1) exhi-
bits high stability against cellular enzymes'* and therefore it
could be a promising alternative nucleic acid for developing
DNA thempeutics. Formation of duplex and triplex structures
comprising isoDNA and complementary RNA are well-docu-
mented in the literature. "' In our previous study, we discov-
ered that employing these nuclease resistant, homogeneous
23" linkers in the sequence of TBA (isoTBA] could also form
unimolecular folded G-quadruplex structures and could
exhibit thrombin binding and anti-coagulant properties.’” In
3'deoxy-is0DNA, the phosphodiester linkages are C2°-C5°
instead of C3'-C5’ linkages in native DNA (Fig. 1). This leads to
an inerease in the number of bonds between the O5' and 3-0-
phosphorus from six in DNA to seven in isoDNA. Also, the
2'-5 linkages maintain an extended backbone geometry, as

The joumal 5 © The Royd Society of Crerniary 2014
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Fluorine substitutions on the furanose ring of nucleosides are known 1o strongly
influence the conformational properties of oligonucleotides. In order 1o assess
the effect of Mluorine on the conformation of 3'-deoxy-3"-luoro-5-methyluridine
(*T%), CyH 5PN O4, we studied its stereochemistry in the crystalline state using
X-ray crystallography. The compound crystallizes in the chiral orthorhombic
space group F2,2,2, and contains two symmetry-independent molecules (A and
B) in the asymmetri¢ unit. The furanose ring in molecules A and B adopts
conformations between envelope (“E, 2-endo, P = 162°) and twisted ("1, 2'-
endo and 3'exo, P = 180°), with pseudorotation phase angles (£) of 164.3 and
170.2%, respectively. The maximum puckering amplitudes, v, for molecules A
and B are 38.8 and 36.1°, respectively. In contrast, for S-methyluridine (*1"),
the value of P is 21.2°, which is between the 'E (3-endo, P = 18.0°) and T,
(3-endo and 4'-exo, P=36") conformations. The value of v, for RpOM s 41,297,
Molecules A and B of *T" generate respective helical assemblies across the
crystallographic 2-screw axis through classical N—~H. O aand O~H---O
hydrogen bonds supplemented by C—H- - O contacts. Adjacent parallel belices
of both molecules are linked to cach other vie O—H O and O--7
interactions.

1. Introduction

The five-membered furanose ning (C1'—C2' (3" C4'—
O4'), which is centrally located in the sugar phosphate chains
of nucleic acids, is not planar due to the flexibility offered by
the C—C and C—0O single bonds, This leads to two major
conformations of the furanose ring, namely C2-ende and C3'-
endo. The C2' atom is ende when it lies on the same side of the
ring plane as C5 and the sugar puckering is called south (S),
whereas (3" is endo when it lies on the same side of the ring
planc as C5' and the sugar puckering is called north (N)
(Altona & Sundaralingam, 1972) (Fig. 1). Besides these two
major conformations, the sugar can exist in a range of
conformations, from E (envelope) to T (twist), according to
the psendorotational cycle of the furanose ring (see Fig. S5 in
the supporting information) (Mathé & Périgaud, 2008}, The
conformation of the furanose ring can be described casily
when the values of the pscudorotation phase angles () in
combination with the maximum puckering amplitudes (v, )
(Hall et al., 1970) are plotted in the pseudorational cycle, The
values of the phase angles are given i multiples of 36 and
vary from 0 to 360",

A switchover from S to N or vice verse of the furanose ring
produces major structural changes in the naturally occurring

346 oy koo 6.1 10752055226 2000308 § Acta Cryst. (2020). C76, 146- 452
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Methoxymethyl Threofuranosyl Thymidine (4-MOM-TNA-T) at the
T7 Position of the Thrombin-Binding Aptamer Boosts
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ABSTRACT: The synthesis of 4"-methoxymethyl threofuranosyl (4-MOM-
TNA) thymidine and derived oligomers of the G-rich thrombin-binding
aptameric (TBA) sequence is reported. The G-quadruplex stability, anti-
coagulation activity, and the enzymatic stability of these oligomers bearing the
2".3".phosphodiester backbone as single substitutions in the loop regions are
studied. Amongst all the oligomers, TBA-7T bearing the 4'-MOM-TNA unit at
the T7 position formed a quadruplex with the highest thermal stability. It also

g
AMOM-TNA

resulted in enhanced anticlotting activity that allowed a one-third reduction in
the dose, relative to TBA, Further, TBA-7T exhibited enhanced nuclease resistance properties to both endo- and exonucleases.

B INTRODUCTION

The pentadecameric thrombin- blndmp mer' (TBA, 5'-
GG T TG G TG TG G TPTVGHGY) has been exten-
sively studied and is well chAractcnzed TBA folds into an
intramolecular antiparallel G-quadruplex that consists of two
G-quartets that are connected by two TT loops and a central
TGT loop in a chair-like conformation, TBA is reported to
interact with its target, thrombin, mainly through its loop
regions, particolarly the TT loops.” Owing to its promising
potential as a heparin alternative in medicine, it has attracted
the attention of researchers who strive to improve its nuclease-
and thermal stability properties,” " However, most of the
modifications failed to improve its thermal stability, Among the
notable exceptions are the 3'-3° polarity inversion at the 3"
end,” 5-fluoro-2"-deoxyuridine,” and the unlocked nudleic acid
(UNA)," which also offered increased resistance to degrada-
tion by nucleases. UNA, by virtue of its “unlocked” flexible
nature, could help to ease the strain in the loop regions of TBA
and had a maximum stabilizing effect (7, enhancement of 4
°C) and anticoagulation activity when incorporated at the T7
position in the TGT loop of TBA.

We carlier reported the 2'-3'-phosphodiester-linked back-
bone (isoDNA, Figure 1), which also has increased nuclease
resistance in comparison to the native 3'-5'-phosphodiesters,
in TBA" In contrast to other reports where backbone
modifications were reported to significantly impact the
structural topology of the resulting quadruplex,”’ we found
that the 2°-3"Jinked isoTBA was able to retain the
unimolecular antiparallel quadruplex topology of TBA and
Additmn.\lly exhibit thrombin-binding and anticoagulant
properties’ even when the total ber of loop residues was
significantly reduced.'' The 2’-3".phosphodiester backbone
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Figure 1. Structures of natural DNA/RNA, isoDNA, UNA, TNA, and
4-MOM-TNA of the present work

was reported in the (1)-a-threofuranosyl nucleic acid (TNA)"
(Figure 1). TNA was demonstrated to be capable of
informational self-pairing and specifically hydrogen-bonding
with complementary DNA and RNA. The quasi-diaxial nature
of the 2".3"-phosphodiester link ensured that the shortened 5-
atom internucleotide distance was well tolenud in the
torm.mon of duplexes,” tertiary structures,"’ and quadru-
plexes.'" Although S-type sugar puckers as in DNA are
preferred in the loop regions of TBA over the N-type puckers,
the shorter five-atom internudeotide link in TNA makes the
backbone compact, similar to that seen in DNA with the S-type
of sugar pucker, as reported in the Xeray structure of a B-type
DNA duplex incorporating a single TNA residue, where only
minimum perturbation of the backbone around the TNA
residue’” was observed. Proposing to combine the advantages
of TNA and a methoxy substituent, we envistoned the 4'-
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The 15mer d{ GGy T T GG TG ToG oG 1 T13 113G 14Gy5 ) oligonu-
cleotide is known as the thrombin-binding aptamer (TBA).' Its
solution structure was solved by NMR studies” and 3D structure
in the presence of K* was clucidated by X-ray studies.’ The uni-
molecular G-quadruplex structure comprises two stacked G-quar-
tets connected by two lateral thymine loops (T, T; and Ty, T, ;) and a
central (T;GgTs) loop in a chair conformation (Fig 1)

The binding of the aptamer to the protein, thrombin, is primar-
ily due to its propensity to fold into the distinct 3-dimensional
form of a G-quadruplex in the presence of univalent cations such
as Na® or K'. X-ray structural studies have shown that the lateral
TT loops of the quadruplex are invelved in binding to the charged
surface of Exosite | in thrombin,® This recent corrected crystal
structure of thrombin complexed with TBA revealed an extended
interface between thrombin Exosite | and the two TT loops of the
G-quadruplex, and minimum interactions of thrombin with the
TGT Joop in TBA.' The nucleotides in TBA are known to maintain
the South (5) sugar pucker,” The quadrupiex structure of TBA is
therefore highly sensitive to backbone modifications that affect
the sugar pucker of the nucleosides.” The fully modified ribo- or
2'-OMe-ribo-substituted TBA forms parallel, tetramolecular G-
quadruplex structures” that do not bind to thrombin. The TBA

* Corresponding aurhons at: Onganic Chemsistry Division. CSIR-National Chemical
Laboratony, Homi Bhabba Road, Pashan, Pune 411008, India
Emal oddresses’ mdcostadncdresin (M Fermandes), va kumar@nd. res m
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Petp/(doLoeg 10,1016/ bend 2012.04.027
0060-894X/0 2018 Elsevier L1d, All rights reserved

Sample 2 -OMe-chemical modification in the loop region of the 15mer G-rich DNA sequence
GCTTCGTICTGATTOG is reported. The Goquadruplex structure of this thrombin-binding aptamer (YBA)L
15 stabilized by single modifications (T — 2-OMe-U), depending on the position of the modification,
The structural stability also renders sigaificantly increased mhibition of thrombin-indoced fibrin poly-
merization, a process closely associated with blood-clotting.

© 2018 Elsevier Ltd. All rights reserved.

sequence with a PNA backbone, on the other hand, could fold into
the chair conformation of the TBA DNA G-quadruplex.” The 2'-5"-
linked isoTBA reported by us was also able 1o form this unimolec-
ular G-quadruplex structure™” and could further show the
chaperone effect by thrombin."’ Some designed modifications that
stabilize the TBA G-quadruplex structure were reported
recently,'' "7 Including introduction of UNA,'' modified GNA,"’
2 fluoro-uridine,'”  Z-fluore-2'-ara-uridine,”* " S-flvoro-2 -
deoxyuridine'" substitutions or an abasic 3-C-spacer’” in the loop
regions (Flg 2). UNA substitution in the 15mer sequence was stud-
ied systematically by substituting a single position at a time,'" Of
the several sequences synthesized, only the one with the modifica-
tion at T7 position improved the G-quadruplex stability and
showed significant increase in thrombin time. Very recently it
was also shown that an abasic C3-spacer in the TGT loop improved
the stability of the TBA G-quadruplex and also improved thrombin-
binding and anti-thrombin activity.'” It may be possible that these
acyclic analogues adopt a suitable presentation other than that
seen with the S-type sugar puckers of DNA in the loop region.
thereby favorably affecting the overall geometry and resulting in
quadruplex stabilization.

It was shown earlier that 2'-fluoro-substituted ara-uridine
where the sugar adopts an intermediate Stype-envelope structure,
stabitized the TBA quadruplex structure when used as a replace-
ment in the loop, as well as, in G-tetrad-forming regions,'*"” It
has been also shown that the 2'-ribo-fluoro-uridine with N-type
sugar geometry when substituted in the TGT loop region, improved
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