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A
A Absorbance
A Adenine

Ac20  Acetic anhydride
ACN  Acetonitrile
AcOH  Acetic acid
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B

BPB Bromo phenol blue

C
C Cytosine
Calc.  Calculated
Cat. Catalytic/catalyst
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General Remarks

All the reagents were purchased from Sigma-Aldrich and used without further
purification.

DMF, ACN, were dried over P2Os and CaHz 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

'H and *C NMR spectra were obtained using Bruker AC-200, AC-400, AC-500 and
AC-700 NMR spectrometers. |lH NMR data are reported in the order of chemical shift,
multiplicity (s, singlet; d, doublet; t, triplet; br, broad; m, multiplet and/ or multiple
resonance), number of protons.

Mass spectra were recorded on a Q Exactive Hybrid Quadrupole Orbitrap
Massspectrometer (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.
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General Remarks

=  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).

= UV experiments were carried out on a Analytik Jena SPECORD® 200 plus
spectrometer equipped with a Peltier-controlled cell holder.

= (D spectra were recorded on a Jasco J-815 spectropolarimeter equipped with a Peltier-

controlled cell holder.
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Abstract

ABSTRACT
Name of the Student: Atish A Wagh Registration No.: 10CC16A26018
Faculty of Study: Chemical Science Year of Submission: 2021
AcSIR academic centre/CSIR Lab: Name of the Supervisor: Dr. Moneesha Fernandes

CSIR-National Chemical Laboratory, Pune
Title of the thesis: [sSoODNA/isoRNA oligomers of the thrombin binding aptamer and 2’-thiopropyl

and abasic ethanediol substitutions therein

The Thrombin Binding Aptamer (TBA), a 15mer DNA sequence was reported in 1992 that folds
into a quadruplex containing two G(syn): G(anti): G(syn): G(anti) quartets and three lateral loops.
It was identified through the SELEX procedure and preferentially binds to thrombin (an enzyme
involved in blood coagulation). TBA is a potent anticoagulant in vitro, with a short half-life in vivo.
Its anticoagulant properties make it an excellent choice for surgeries. Currently used anticoagulants
such as Heparin, Warfarin (Coumadin), Rivaroxaban (Xarelto), Dabigatran (Pradaxa), Enoxaparin
(Lovenox), etc., cause side effects such as red or pink-colored urine, stools that are bloody, more
bleeding than average during a menstrual period, blackish areas in fingers, toes, hands or feet, that
can be avoided with the use of TBA as an anticoagulant. Chapter 1 gives a quick overview of nucleic
acids, nucleosides structural preference, types of G-quadruplexes, TBA and topology of TBA. It
also mentions the research being done to produce novel TBA derivatives by modification of the
sugar, nucleobase, phosphate or inter-nucleoside linkage, to result in better thermal- and enzymatic
stability and anticoagulant activity. In Chapter 2, the effect of various alkali and alkaline earth metal
cations on the G-quadruplex-forming ability of isoTBA is studied, and its ability to detect Sr** ions
is elucidated. In Chapter 3, we show that iso-rTBA, with a 2’-5’-linked backbone, is able to fold
into an antiparallel G-quadruplex, unlike most RNA quadruplexes (including rTBA), that adopt a
parallel topology. Further, this stable unimolecular antiparallel iso-rTBA quadruplex is able to
inhibit clotting, similar to TBA, and also resist degradation by nucleases. In Chapter 4, a 2-carbon
E- spacer is reported, and we show that single replacements of loop residues by this E-spacer in
TBA are tolerated better than two. Although a beneficial effect on the nuclease stability and half-
life of the oligomers was observed, and anti-coagulant activity was reasonably good, the thermal
stability of the resulting quadruplexes was adversely affected. In Chapter 5 we describe the synthesis
of 2'-thiopropyl thymidine phosphoramidite, and incorporation into selected loop positions of TBA.
TBA variants were found to be able to form antiparallel G-quadruplexes, with a beneficial effect on
the nuclease stability and half-life. Moderate anti-clotting activity was observed, though lower than

TBA.
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Chapter 1

1. 1 General introduction to nucleic acids

1.1.1 Nucleic acid components

Nucleotides are fundamental units that are interconnected by phosphodiester covalent
bonds and make up nucleic acids. Nucleotides in turn comprise a nucleobase which is
covalently linked by a glycosidic bond, a phosphate group and pentose sugar (Figure 1). DNA
and RNA are the two classes of nucleic acids present that contain purine and pyrimidine
nitrogenous bases Adenine (A), Thymine (T), Cytosine (C), and Guanine (G) in case of DNA,
whereas, for RNA, Thymine is replaced by Uracil (U). Although both DNA and RNA contain
a pentose sugar, it is 2’-deoxy-D-ribose in the case of DNA, and D-ribose in RNA.

NH, O o) NH, o)
T O A CL C
y | 7 | |
N G I NN O (P G W S W
H H H 2 H H

A T G C U

HO o AITIGICIU
Nucleoside <
O H/OH > Nucleotide

|
0=P-0
O y,

Figure 1: Nucleic acid components.
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- (Deoxyribose/Ribose)

1.2 Structural polymorphism
1.2.1 Duplex DNA

DNA as a double-helical structure was elucidated by J. Watson and F. Crick in 1953.!
Two anti-parallel strands that are held together by complementary base pairing via hydrogen
bonds give rise to this double-helical nature of DNA. Complementary base pairing is seen
between C-G and A-T bases, and base-pairs are stacked on top of each other due to n-n
interaction (Figure 2) Additionally, the sugar is puckered in two major conformations- C2’-
and C3’-endo. In the C2’-endo conformation, the nucleobase adopts an anti-conformation
arrangement, while the C3"-endo conformation usually implies a syn conformation about the

glycosidic bond.
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Figure 2: a) A: T and b) G: C base pairing of nucleotides within a DNA duplex, c¢) Duplex DNA.2

1.2.2 Triplex DNA

A triple helix form of DNA was first observed by Felsenfeld et al.* in 1957 (Figure 3c).
This form of DNA is seen when a third strand gets incorporated in the major groove of a duplex.
An uneven double helix where one strand is pyrimidine-rich while the other is purine-rich,
favors the formation of a triple-helical DNA as the third strand, via H-bonding, and recognizes
the purine-rich strand through non-canonical base pairing. This non-canonical base pairing was
first explained by Karst Hoogsteen through X-ray diffraction and came to be known as

‘Hoogsteen’ hydrogen bonding* (Figure 3a-b).
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Figure 3: a) T;A:T and b) C;G:C Base pairing of nucleotides within a DNA triplex c¢)Triplex DNA.2

1.2.3 Guanine quadruplex (G4) structures

Guanine-rich DNA sequences can undergo another type of non-canonical base pairing
involving 4 guanine nucleobases and 8 hydrogen bonds via both Watson-Crick and Hoogsteen
hydrogen bonding, resulting in a planar structure known as a G-quartet.’ The formation of G-

quadruplex structures are seen when these G-quartets stack over each other ® (Figure 4).
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Figure 4: (a) Schematic structure of guanine with the Hoogsteen and Watson-Crick faces (b) Presentation

of a G-quartet formed by the association of four guanines (c) The TBA G-quadruplex.

1.3 Sugar conformation preferences in nucleotides

Minimization of non-bonded stereoelectronic interactions between substituents occur
in the pentafuranose ring, that does not exist in a planar form. Pseudorotational cycle was
explain different conformations mainly four North and South (twist), East and West (envelope)
conformations. Purine nucleosides prefer C2’-endo form whereas the pyrimidine nucleosides
prefer the C3’-endo form, and as defined by the pseudorotational cycle, an equilibrium is seen
between the two conformations with a low energy barrier between them’ (Figure 5). Anomeric

and gauche effects give rise to the prevalence of a single type of conformation.®

4 3
@) @) B
B \4_\{7
—_—
~ 0]
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O“l
S-type N-type
C2"-endo C3-endo

Figure 5: C2'-endo (South, S) and C3'-endo (North, N) sugar puckers in 2’-deoxy-D-ribose.

1.3.1 Steric effect
The C2’-endo sugar conformation is preferred in B-D-nucleosides. This is because the
nucleobase, in this case, is pseudo-equatorial to the sugar ring, causing less steric clashes,

whereas in the case of C3 -endo sugar conformation, the nucleobase is pseudo-axially oriented,
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causing more steric clashes. Hence between the two states N«S, the pseudorotational

equilibrium shifts towards the C2’-endo conformation (Figure 6).
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Figure 6: The steric interactions of nucleobase in the (C2’-endo) < (C3’-endo) equilibrium in DNA.

1.3.2 Anomeric effect

The anomeric effect, also known as the Edward-Lemieux effect, describes the tendency
of heteroatomic substituents next to a heteroatom within a ring to favor the axial orientation
over the less hindered equatorial orientation, that would be expected based on steric
considerations. Nucleosides and nucleotides prefer the C3’-endo conformation when an
anomeric effect is more prevalent than the steric effect caused due to stabilizing interaction
between the exocyclic glycosidic C-N bond and the lone pair of endocyclic oxygen of the sugar
ring® (Figure 7). Likewise, electrostatic repulsive forces between dipoles caused by ring oxygen
lone pairs and the exocyclic C-N bond may contribute for some of the occurring nucleotides

prefer the C3’-endo conformation.
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2
’zo N 7 % §<>“ ¢ JN
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C2'endo C3'endo

Figure 7: Anomeric effect in nucleobase molecular orbital overlap.

1.3.3 Gauche effect

The gauche effect is a typical situation that arises in conformational isomers differing
by a torsion angle. A torsional angle between two vicinal groups of 60° gives rise to the ‘gauche
effect” which influences the sugar conformation. A more substantial gauche effect of fragment

(037-C3°-C4°-04’) favors S-type conformation in deoxyribonucleotides, whereas in the case
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of ribonucleotides, the gauche effect of fragment (0O2°-C2°’-CI1’-O4’) favors the N-type

conformation.’

1.4 Sugar ring conformations in DNA/RNA vs IsoDNA/IsoRNA

In this thesis, i1SODNA or isoRNA refers to DNA or RNA respectively, with
regioisomeric 2'-5'-phosphodiester links rather than 3'-5'-phosphodiesters. They are not the
same as native DNA or RNA (Figure 8). These constitutional isomers form duplexes via
Watson—Crick base-pairs and do not encode genetic information.!® The 2°-5’ linkage and not
the 3°-5° linkage is the primary product obtained during the non-enzymatic oligonucleotide
synthesis due to the higher reactivity of the 2’-OH group. Therefore during evolution, the 2’-
5’ linkage might have been a primary substitute of the natural 3’-5’ linkage, but instead, the
natural synthesis is 3°-5” linked due to the slower rate of hydrolysis than the 2°-5” linkage.'!

Another reason for the natural selection of the 3’-5’ linkage is the low ability of 2°-5’-
linked oligonucleotides to form a helical structure, and the internucleotide linkage changing

from C3’ to C2’ leading to increased internucleotide bonds from six (3°-5") to seven (2°-5)

respectively.
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Figure 8: 3’-5'-DNA/RNA in comparison to 2’-5'-DNA/RNA.

1.5 G-quadruplex structures
Although being guanine-rich is important for forming quadruplexes, not all guanine-
rich sequences tend to form quadruplex structures. When formed, quadruplex structures

involve precise strand alignment and contain G-quartets, loops, and cations.
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s
G-quadruplex

Figure 9: G-quadruplex. Cell Chem Biol. 2021; 28:436-55

1.5.1 G-quartets

G quartets arise from the association of four guanines in planar structures (Section
1.2.3, Figure 4b) with the hydrogen bonds correlating with guanines. The quartets that are
formed are held together generally by monovalent metal cations such as K*, Na*, NH4", Li* or
divalent cations such as Sr*2, Ca*?, Pb*? or Ba™. Hydrogen bonds are formed between O6 and
the hydrogen at N1, while another hydrogen bond is formed between N7 and hydrogen at N2
position of the guanines involved in the quartet formation.'*!* The oxygen at O6 additionally
interacts with the cations stabilizing the quartets formed.!> Usually a C2’-endo or C3’-exo
conformation of the sugar is seen in DNA quadruplexes, and the glycosidic bond angle could
either adopt a syn or anti-conformation. Depending on the alignment of the adjacent guanines
and their conformation, the quartets mainly have two wide and two narrow grooves,'® with the

phosphate backbone being the common core.!”

1.5.2 G-quadruplex loops

The guanine nucleobases that are involved in the formation of G quartets are linked by
simple strings of nucleotides called loops such as diagonal loop joining two anti-parallel
strands, lateral loop joining two anti-parallel adjacent strands, propeller loop joining two
adjacent parallel strands. These loops play a crucial role in the conformational polymorphism
of quadruplexes and their stability. Loop length is also essential in deciding whether the
quadruplex formation would be parallel (short loops, stable conformation) or anti-parallel type

(long loops, less stable conformation).'8-2!

1.5.3 Alignment of strands

All the strands in a quadruplex are aligned and labeled by the 5"-3 directionality of the
phosphate backbone. Syn- and anti-conformations and the guanine glycosidic bond angle
usually decide the alignment and conformations of the strands. In cases where all the guanines

are present in only one conformation (syn or anti), the quadruplex adopts a parallel structure.
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Therefore, in theory, sixteen different structural alignments are possible for a given quadruplex
structure.?? Most commonly seen and important quadruplex structures are parallel structures,
where all the four strands that make up a quadruplex are oriented in one direction, and anti-
parallel structures, where adjacent strands are aligned in opposite direction?®. Another type of
conformation seen is the hybrid conformation, where among the four strands that make up a
quadruplex, three are aligned in one direction while the fourth one is aligned in the opposite

direction (Figurel0).

1.5.4 Inter- and Intra-molecular G-quadruplexes

G-quadruplexes are of two types- inter- and intramolecular, depending on the number
of nucleic acid oligomers involved in the formation of the quadruplex. Intermolecular
quadruplexes can further be tetramolecular, trimolecular, or bimolecular, where four, three, or
two different strands come together to form a quadruplex, respectively.?*?* An intramolecular
quadruplex is formed when one single long guanine rich nucleic acid sequence with a minimum
of four blocks of guanines with two or more than two guanines for each block separated by

nucleotides folds in a manner to form the quadruplex structure® (Figure 10).

Antiparallel Parallel Antiparallel
@ L
Antlparallel
Parallel Antlparallel Antiparallel

Figure 10: G-quadruplex: a) Unimolecular; b) bimolecular; c) tetramolecular topology.

1.6 G-quadruplex topology and stability dependence on metal ions
Eight O6 atoms of two stacked quartets of a quadruplex structure form coordination

sites with metal cations. Monovalent and divalent cations such as K*, Na*, Li*, Rb", Cs*, NH4",
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and Mg?', Ba*", Ca?", Sr**, Pb*", Co?", Mn**, Zn**, Mg?*, Ni* respectively stabilize and impact

the topology of quadruplexes.?®

1.6.1 Monovalent cations and G-quadruplexes

Ion-dependent polymorphism depends on the charge and size of the ions that influence
the topology of G-quadruplex.?’ This can be best exemplified by the triplet repeat sequence
d(TG2CG2C), which forms a tetramolecular parallel quadruplex in K" ions and an anti-parallel
quadruplex in the presence of Na* ions at neutral pH.?® Similarly, in sodium phosphate buffer,
telomeric DNA repeats of Tetrahymena d(T2Ga4)s form a unimolecular structure, while in
potassium phosphate buffer, it adopts a multi-strand structure.”’ Both bimolecular and
tetramolecular quadruplex structures can be seen for sequences d(G3T4G3) and d(G4T4G4) in

the presence of K* ions, whereas with Na™ ions, they fold into bimolecular structures only.?%3!

1.6.2 Divalent cations and G-quadruplexes

Sen and co-workers in 1993 explained the switch in quadruplex polymorphism from
parallel to anti-parallel in the presence of divalent cations like Mg?* and Ba?*.3? Sequences such
as d(GaT4Gs), and (GTG3TAG3CG3T2Gz) exhibited parallel, anti-parallel, unimolecular, or
multimolecular quadruplex structures in the presence of different ions, including K and Pb*",

providing evidence that cations are capable of inducing polymorphism in quadruplexes.®**

1.7 SELEX

Single-stranded DNA or RNA or a modified sequence that can fold into unique three-
dimensional structures and bind to different targets such as proteins, small molecules, ions,
whole cell bacteria, or viruses are known as aptamers. These aptamers, also known as chemical
antibodies, have high affinity, selectivity, and specificity towards the target. Similar to
chemical antibodies, riboswitches contain natural aptamers that bind to their targets by shape
complementarity via van der Waals forces, electrostatic interactions and hydrogen bonding.*
Aptamers can distinguish between minor structural variations probably arising due to differing
chirality or presence and absence of a small functional group. Ellington and Szostak first
introduced the term "aptamer’.*® In the 1990s, the groups of Szostak>® and Gold*’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 Systematic Evolution
of Ligands by Exponential enrichment (SELEX, Figure 11). Due to advantages such as smaller

size (~10 fold than antibodies), the possibility of chemical modifications, and longer shelf-life,
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make aptamers attractive in various diagnostic, therapeutic, and imaging applications. More
than a hundred extraordinarily potent and selective aptamers have been developed in the past
30 years. Pegaptanib sodium (Macugen) was the first aptamer-based drug approved by the US

FDA in 2004 to treat age-related macular degeneration.®

DNA Library
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Bound DNA

Figure 11: Schematic representation of SELEX
1.8.1 Aptamers forming G-quadruplexes
SELEX has resulted in a wide variety of G-quadruplex aptamers specific to many
different proteins and targets. Some of the protein target sequences include the thrombin
binding aptamer, an anti-parallel d(G2T2G2TGTG2T2G2) monomer ,*
anti-parallel dimer d(G2TG2TG2TG2T2GTG2TG2TG2TGz), *° signal transducer and activator of

transcription (STAT3)-targeting d(G3CG3CG3CGsC), etc.*!

a nucleolin-targeting,

Some examples of non-protein targeted DNA G-quadruplex aptamers include
hematoporphyrin [X-targeting antiparallel G-quadruplex d(ATG4TCG3CG3C2G3TGTC)
monomer,* hemin-targeting d(GTG3TAG3CG3T2G2),* potassium ion-targeting anti-parallel
G-quadruplex d(G3T2AG3T2AG3TAG3) monomer,** and ATP-targeting antiparallel G-
quadruplex d(C2TGsAGTAT2GCG2AG2A2G2) monomer.*

1.8.2 Thrombin binding aptamer

Bock and co-workers discovered the thrombin binding aptamer (TBA), a 15mer DNA
sequence in 19923 that folds into a quadruplex (Figure 12) containing two G(syn): G(anti):
G(syn): G(anti) quartets and three lateral loops. Such quadruplex structures are referred to as
chair structures where each of the G2 repeats is 5’-syn — anti-3’, and all the thymines are in the

anti-conformation. Two wide and two narrow grooves are present in this quadruplex structure
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with a T:T base pair seen due to the thymine at the 3’ end of the short T2 loops (T4 and T13)
are stacked over the neighboring G-quartet while some degree of flexibility is seen for thymine
present at the 5’-end of the loops T3 and T12. The 5’ thymine (T7) of the longer TGT lateral
loop is positioned in the wide groove while the other two bases in the loop (G8 and T9) are
more or less stacked over the G-quartet.*® Although TBA is a sequence that inhibits human
thrombin, in literature, many other sequences of different lengths have also been reported to

bind to thrombin. *°

Figure 12: Schematic representation of TBA.

1.9 Thrombin binding aptamer and its modification

Currently used anticoagulants such as Heparin, Warfarin (Coumadin), Rivaroxaban
(Xarelto), Dabigatran (Pradaxa), Apixaban (Eliquis), Edoxaban (Savaysa), Enoxaparin
(Lovenox), Fondaparinux (Arixtra), etc., cause side effects such as red or pink-colored urine,
stools that are bloody or look like coffee grounds, more bleeding than average during a
menstrual period, blackish areas in fingers, toes, hands, or feet that can be avoided with the use
of TBA as an anticoagulant. However, the poor stability of TBA*’ can be overcome by
introducing different modifications in different positions such as the loop, the quartet, sugar,

or phosphate backbone.*®

1.9.1 Modifications in the G tetrads

Important modifications such as N2- and C8-alkyl substituted guanine nucleosides and
their incorporation at different positions in TBA have been reported in literature.** Different
modifications at different positions bring out a wide range of effects; for benzyl/naphthyl
substituents, the best anticoagulant effect was seen when there was a benzyl group at the N2 of
G6 or G11, and a naphthyl methyl moiety at the N2 of G6 (Figure 13a); the use of small groups
like methyl and propynyl at C8 positions in G1, G5, G10, and G14 increased the antithrombotic

activity of the analogues while larger substituents caused a decrease in the activity (Figure
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13b).* Improved thrombin inhibitory activity was reported by Goji and co-workers by

simultaneous substitution with 8-bromoguanine at G1 and G10 (Figure 13c).>°
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Figure 13: Modified guanines reported in the G-quartet region of TBA.

The TBA G-quadruplex was destabilized by 8-aminoguanine substitution at G2
(Figure 13d).°! NMR studies confirmed complete inhibition of the G-quadruplex formation,
due to the decreased electronegativity of sulfur vs. oxygen, which led to weaker interactions
with cations and water molecules when 6-thioguanine was incorporated at G2 position (Figure
13e). 3 A single isoguanine substitution at positions G1, G8 and G10 showed a slightly higher
thrombin affinity than unmodified TBA (Figure 13f).>> Lower thermal stability was seen with
the 2-aminopurine substitution®* (Figure 13g), while 5-nitroindole (Figure 13h) substitution at

G8 gave a similar T value as TBA, with higher clotting time and thrombin binding affinity.>

1.9.2 Modifications in the loops

Similar to G-quartet modifications, the guanines and thymines in the loops of TBA have
also been modified by different modifications, leading to either favorable or unfavorable
outcomes. Replacement of the nucleobase by alternative nucleobases, such as the T—U
substitution resulted in a higher 7m value than the unmodified counterpart. In another
modification, when G8 was replaced by uracil producing a UUU central loop, a decrease in
thermal stability was seen.>* When a simultaneous substitution of T — U at T7 and T9, T3 and
T4 or T4 and T13 was carried out, the modification at the central loop caused enhanced

quadruplex stability.’® When cytosine was substituted for each thymine in the TT loops, no
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difference in the thermal stability was seen but a lower thermal stability was observed when

replacement at T4 or T13 was carried out.>’

%"" xo "
k_J k_J \d ”°k_9 “°u

4-thio 5-hydroxymethyl 5-fluoro 5-bromo D-isoT L-isoT

a b c d e f

(o] lo) O‘
z/\’\)k NH )LN = NH OO N i NH
5 OH o K SN

N o
HO HO
lo) o

OH OH
Oligoethylene glycol 5-(|n¢?olyl-3-acetyl- 5-(methyl-3-acetyl-3- 5-(pyren-1-yl-
modified thymidine 3-amino-1-propenyl) amino-1-propenyl) ethynyl)
g h i i

Figure 14: Modified thymidine in loop region.

When each thymine was replaced with adenine, it led to a less stable quadruplex except
when the substitution was carried out at T4 or T13 which gave aptamers as stable as the parent
TBA. A higher thermal stability and a drastic change in the quadruplex topology to the
intermolecular parallel structure was seen when TBA was modified with multiple T — G
substitutions.’® Enzymatic stability was seen to increase when o-nucleosides were incorporated
into both G tetrads and loops. Substitutions at T4 or T13 in sequences exhibited higher thermal
stability but exhibited lower clotting time than unmodified TBA.® But 2-fold increased
efficiency in inhibiting thrombin was seen when all thymidines of TBA or positions T3, T7,
T9, and T13 in the lateral loops were replaced with thio-2’-deoxyuridine (Figure 14a).%
Derivatives with higher thermal stability were obtained when thymidine residues were one by
one replaced by 5-hydroxymethyl-2'-deoxyuridine (Figure 14b), especially when the
replacement was at position T9. Although all the TBA analogues in this case showed decreased
thrombin affinities, in Prothombin Time assays, T3, T7, and T9 exhibited more efficient
anticoagulant properties than TBA. Similarly, when thymidine at positions T4 or T13 only
were replaced by 5-fluoro-2'-deoxyuridine (Figure 14c), it gave analogues with better thermal
stability and anticoagulant activity.®!

Increased thermal stability and anticoagulant activity was seen when 5-bromo-2'-

deoxyuridine (Figure 14d) was introduced at positions T4 or T13 of TBA.®' Anti-parallel
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quadruplexes with low thermal stability were obtained when D- and L-iso thymidine were
incorporated at either position T4 or T13 while modifications at T3 and T12 led to better stable
analogues. Depending on the isoT configuration, substitution at T7 and T9 gave analogues with
either good or low thermal stability. Similar serum stability was seen in all isoT (Figure 14e-f)
analogues. Replacement at positions T3, T9, or T12 with L-isoT and at T7 with D-isoT resulted
in both enhanced anticoagulant activity and thrombin affinity.%> Modified 2’deoxythymidine
oligoethylene glycol functionality (Figure 14g) with varying ethylene glycol lengths were also
substituted in TBA at positions T4, T7 and T13 With increasing length of the chain and
increasing number of modifications, higher thermal stability was seen for substitutions at the
same site.”> However, thrombin interaction was not reported for these analogues. Improved
thrombin affinity was seen due to additional interactions when C-5 of thymine was modified
with end derivatization with an indole moiety> (Figure 14h). A 3-fold and a 9-fold improved
binding affinity was seen when substitutions were made at T4 and T4-T12, respectively. To
confirm the importance of the indole moiety, an analogue without the indole moiety was
studied (Figure 141), that showed a 7-fold increase in the affinity towards thrombin. Altogether,
similar behavior was seen in analogues with or without the indole moiety,* that indicated no
special role of the indole moiety in thrombin binding. Pyrene-modified (Figurel4j) TBA
showed increased resistance to nuclease degradation, while thermal stability and thrombin

affinity was site-dependent.®®

1.9.3 Sugar modification

Sugar ring modifications in TBA have been studied, of which, some have led to
improved biological activity and stability. Topology of TBA RNA (fTBA) has also been
studied and it was found that when rG (Figure 15a) was introduced at syn position of TBA
(DNA), a parallel structure was seen and when rG was introduced at anti-position, and
antiparallel structure was seen. Similarly, an antiparallel structure was seen when dG was
introduced at anti-position of TBA(RNA) with good thermal stability, while a less stable
parallel structure was seen when dG was introduced at syn position.®® TBA sequence were
replaced with 2'-O-4'-C-methylene-linked bicyclic locked nucleic acid (Figure 15b) at G5 and
G8 positions, a higher quadruplex thermal stability than TBA was observed. Replacements at
G2 and T7 resulted in lower Tm values, while those at G5, T7, and G8 resulted in decreased
anticoagulant activity, although G2 and T4 had similar activity to TBA.®”*® When compared
to a single substitution by unlocked nucleic acid (UNA, Figure 15c) in TBA, substitutions

improved thermal stability and clotting time.5%7
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Figure 15: Modifications of the sugar ring

Carbocyclic bicyclo [3.1.0] (Figure 15d-e) 2'-deoxyguanosines (N- or S-type pseudo-
sugars, hexane locked nucleosides) substitutions in TBA were also reported.”! In TBA-dG5S
and TBA-dG14S, the substitution of syn dGs at positions G5, G10, and G14 resulted in
modified ODNs with significantly reduced G-quadruplex thermal stability and lower 7Tm values
than unmodified TBA. The G-quadruplex structure was dramatically destabilized by TBA-
dG14N. Notably, decreased Tm values were obtained for both replacements at position 15, with
more significant effects using S(syn)dG, implying that the N-glycosyl conformation is more
important for TBA stability than the sugar puckering conformation. The insertion of N-
methanocarba nucleosides in the loop regions at positions T7 and T9 or T4 and T13, resulted
in TBA derivatives with significantly lower G-quadruplex thermal stability than their
unmodified counterparts in both cases. 77>

Sugar modifications like 2’-F-ANA (Figure 15f) in singly- or fully-modified TBA
sequences resulted in parallel or antiparallel topologies, the antiparallel form having better
nuclease and thermal stability.”>7* The 2°OMe (Figure 15g) modification was found to be not
well suited to the quartet region, but it is well suited to the loop region.”>’® All acyclic (Figure
15 h-j) modifications in the loop area had an antiparallel structure, with T3, T4, and T7

replacements clotting better than TBA.””® Replacements at these same positions by amino
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UNA (Figure 15k) resulted in almost the same clotting time and thermal stability as TBA.”
Azobenzene (Figure 151) derivatives replacements®® of the TGT loop resulted in the well-
known TBA G-quadruplex topology. Scuotto et al. synthesized TBA-based sequences by
replacing one residue at a time of the TT or TGT loops with a 2,2-dibenzylpropane-1,3-diol
linker (Figure 15m).8! A reduced G-quadruplex thermal stability was observed only when this
modification occurred at positions G8 or T9, almost same thermal stability was observed
compared to TBA at other loop positions T3, T4, T7, T12 and T13. The presence of a C3-
spacer (Figure 15n) in the single loop region conferred T3, T7 or T12 replacements with the
same thermal stability as compared to TBA.” The optically pure acyclic nucleotide S-GNA
(Figure 150), which is a propylene glycol-thymine derivative with a three carbon atom scaffold
connecting the phosphodiester linkages, was used as single or multiple substitutes for
thymidine at various positions of TBA.%? Only the insertion at position T7 resulted in raised Tim
values, whereas the rest of the modified TBAs had much lower G-quadruplex thermal stability

than TBA.

1.9.4 Linkage modification

Replacement of the phosphate backbone of TBA by modified linkages or by an alternate
moiety have been reported. The presence of phosphorothioate (Figure 16a) modification in the
loop region was tolerated better than in the quartet region, with all sequences exhibiting the
antiparallel topology like TBA.** The inclusion of methyl phosphonate (Figure 16b) in the
backbone resulted in a completely unstructured oligonucleotide with a flat thermal denaturation
curve.®* He et al. investigated the use of neutral formacetal bonds (Figure 16¢) to replace
negatively charged phosphodiester groups. The anticoagulant action was reduced in all cases,
particularly in analogues where one or both phosphodiester groups between T4 and G5 or T13
and G14 were changed.®

3’-5’-linkage replacement by 2°-5’- in isoTBA (Figure 16d) resulted in lower thermal
stability but comparable clotting time and increased nuclease stability.®® TBA analogues with
a single internal 3'-3" or 5'-5" IPS (inversion of polarity site, Figure 16 e, f) at different
positions in the TBA sequence were reported.®” Analogues with 5'-5 IPS at the level of the G2-
T3, T3-T4, and T4-GS5 internucleotide bonds were revealed to form a unimolecular antiparallel
G-quadruplex by NMR. Also, when compared to unmodified TBA, CD-derived 7Tm values were
higher. In comparison to native TBA, a comprehensive calorimetric investigation revealed

improved thrombin binding affinity.%®
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Figure 16: Modifications in the backbone linkage

A single inter-nucleoside triazole (Figure 16g) modification at position T3-T4, T12-
T13, T7-T8 (G8 replaced by T) and double inter-nucleoside modification at positions T3-T4,
T12-T13 were found to have better nuclease stability than parent TBA, with comparable
thermal stability, but a shorter clotting time.%® 3’-3" and 5'-5" IPS (Figure 16h) were used to
increase TBA resistance to both 3'- and 5’-exonuclease digestion. Extra residues were added
at one or both TBA edges.”® With two IPS, almost all of the modified aptamers formed
antiparallel G-quadruplex structures similar to parent TBA and showed enhanced 7m values
compared to unmodified TBA, notably when 3’3’ IPS were inserted at the 3’-end of TBA.”
In the case of 4-MOM-TNA (Figure 16i), the T7 position modification improved thermal

stability and clotting time, together with offering increased nuclease resistance.’!

1.10 TBA- Thrombin interaction

Thrombin is a serine protease that serves as both a procoagulant and an anticoagulant,
similar to trypsin. It accelerates the transformation of fibrinogen to fibrin. It also stimulates the
blood coagulation factors V and VIII, which are required for blood clotting. The catalytic site,
two electropositive domains, and a fibrinogen-recognition exosite are among the structural

domains of the thrombin protein. TBA binds to thrombin; the two lateral TT loops (T3-T4 and
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T12-T13) of TBA are essential for the interaction with exosite I of a thrombin, and act as a

pincer-like system °* (Figure 17).
Fibrin polvmer

Th rombin (blood clot)

Fibrinogen Fast

L

Figure 17: Schematic representation of inhibition of clotting activity by TBA.
T4 and T13 have mainly polar interactions, while T3 and T12 are associated with amino acid
residues His71, Arg75, Tyr76, Arg77, Asn78, 11e79, and Tyr117 in the exosite I of thrombin
through hydrophobic interactions. Studies done by Yeates and co-workers suggested that the
TGT loop is in the vicinity of the exosite II of an adjacent thrombin molecule.”® The thrombin
protein binds to fibrinogen to cause clot formation in a normal clotting process. This is a quick
reaction, but in the presence of TBA, the two TT loops bind to thrombin exosite 1 rather than

fibrinogen, delaying clot formation.

1.11 Solid-phase synthesis of oligonucleotides

Oligonucleotides and peptides are frequently synthesized via solid-phase synthesis.
Bruce Merrifield, who won the Nobel Prize in 1984, invented it in 1960. On a solid support,
such as controlled pore glass or polystyrene, this synthesis is carried out. In the solution phase,
several methods for oligonucleotide synthesis have been established. 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 approaches has its own set of disadvantages.
Marvin Caruthers made a breakthrough in the early 1980s when he pioneered the
phosphoramidite approach,”® which was later improved with solid support and automation to

become the gold standard method for oligonucleotide synthesis.
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Oligonucleotide synthesis can be done on two different types of solid support. The
standard support, which contains a nucleoside unit that forms the 3’-end residue as the synthesis
proceeds in the 3'-5' direction, and the universal solid support, which has an abasic sugar unit
instead of the 3'-nucleoside unit and does not form 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 a universal
solid support which is not feasible on conventional standard supports. Synthesis of

phosphoramidite oligonucleotides takes place in the 3'-5" direction, as shown in Scheme 1.
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Reagents and conditions: (i) 3% TCA in CH2Cl; (ii) 0.25 M 5-(S-ethyltetrazole) in CH3CN (iii) 10%
N-methylimidazole in THF 0.1 M (iv) Ac,O/Py (v) I,/Py/H>O/THF (vi) aq. NH3, 55 °C.
Scheme 1: The sequence of chemical reactions involved in the solid phase synthesis of oligonucleotides

The synthesis is carried out by adding protected nucleotide residues one by one.
Detritylation, coupling, capping, and oxidation is all part of the four-step process. Treatment

with 3 % trichloroacetic acid removes the 4,4'-dimethoxytrityl group of the support-bound
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nucleoside at the start of conventional oligonucleotide synthesis (step 1). The activated
phosphoramidite monomer is added after the DMT group is removed. Activation of the
phosphoramidite monomer is achieved by treatment with solution of 5-(S-ethyltetrazole) in
CH3CN (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 phosphotriester linkage. Using acetic anhydride and
N-methylimidazole in pyridine, the unreacted 5'-OH groups of nucleosides on the support are
blocked by capping as their acetate derivatives (step 3). Because the newly generated
phosphotriester (P(III)) is acid unstable, it must be converted to a stable P (V) state by oxidation
with iodine, water, and pyridine (step 4). The target oligonucleotide sequence is obtained by
repeating this cycle once for each nucleotide. Aqueous ammonia treatment is used to cleave
the solid support during the post-synthesis procedure. Aqueous ammonia treatment also
removes the protective groups of exocyclic amino groups of nucleobases and inter-nucleoside
B-cyanoethyl phosphate protection. The crude oligomers are purified using RP-HPLC and
characterized using MALDI-TOF mass spectrometry.

1.12 Tools and techniques in the study of G-quadruplexes
1.12.1 UV-spectroscopy

The heterocyclic bases of nucleic acids absorb ultraviolet light. Because of the n- w*
transitions associated with purine and pyrimidine bases, the A max for all nucleobases is
between 250 and 280 nm. As a result, measuring the absorbance at 260 nm in an aqueous
solution can be used to estimate nucleic acid concentration. The concentration can then be
determined using the Beer-Lambert law, A=ecl Where, € = extinction coefficient, ¢ = the
concentration, and 1= the cuvette length. The folding and unfolding patterns of nucleic acids in
solution are commonly monitored using UV absorption spectroscopy. A rise in absorbance at
295 nm coincides with the creation of the G-quadruplex structure. Thermal denaturation assays
can determine the thermal stability of DNA/RNA complexes such as duplexes, triplexes, and
quadruplexes. At different temperatures, the denaturation/renaturation of quadruplexes can be
tracked by monitoring 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 (7m) can be obtained from the absorbance
versus temperature curves. Recording a UV absorbance scan at different temperatures can be
used to generate a thermal difference spectrum (TDS). The TDS is calculated by subtracting

the spectral scan of the sample below the melting temperature from that above the melting
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temperature.”® TDS is a simple, and quick approach for obtaining structural understanding of
nucleic acid structures.
1.12.2 Circular Dichroism (CD)

Circular dichroism is a differential absorption spectroscopic technique widely utilized
to explore structural characteristics of optically active chiral compounds, biological molecules,
and their interactions with metal ions and other molecules. The ability to display
conformational changes in molecules gives CD a significant value. The spectrum produced by
an organized arrangement can contain both positive and negative signals; in the absence of a
stable structure, the CD amplitude is zero. Because the phenomena of CD are sensitive to the
secondary structures of biomolecules such as proteins, DNA, and RNA, it is extremely useful
in biomolecule characterization. The asymmetric sugar, the helicity of the nucleic acid's
secondary structure, and the long-range tertiary ordering of DNA in specific conditions are all
sources of chirality in nucleic acids. The heterocyclic bases in nucleic acids are achiral, but
they are the primary chromophores.'?” CD spectroscopy is one of the most effective tools for
studying G-quadruplexes and is a widely used method. It’s a well-known method for
investigating G-quadruplex polymorphism. The source of spectra in CD spectroscopy is one of
two defining criteria in the case of G-quadruplexes- 1) differential folding geometry and 2) G-
tetrad polarity, that 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- and anti-oriented and have the opposite stacking polarity (head-to-tail). In the
case of G-quadruplexes, the characteristic differences in the CD spectra are very much
dependent on the folding topology related to syn- or anti-glycosidic bond angles and orientation
of nucleobases.

The topology of strands can be parallel, mixed parallel-antiparallel, or antiparallel,
depending on their orientation. Parallel quadruplexes have significant positive CD maxima at
260 nm, whereas antiparallel quadruplexes have a distinctive signal that is positive at 295 nm
and negative at 260 nm, allowing them to be distinguished. 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.'®’ CD melting analyses can be
performed on G-quadruplexes by measuring the differences as the temperature rises. Ellipticity
versus temperature curves can provide the melting temperature (7m) of the quadruplex.
Hysteresis is not seen in the majority of intramolecular quadruplexes. Most bimolecular

quadruplexes fold much quicker than unimolecular quadruplexes, resulting in hysteresis in the
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melting and annealing profiles. CD spectroscopy has been used to investigate the G-quadruplex

structure of DNA and RNA. This is a handy tool in this area.'®

1.12.3 Raman Spectroscopy

Raman spectroscopy is a non-destructive chemical examination technique that can
provide details about chemical properties, polymorphs, crystallinity, and complex interactions.
It is based on the interaction of light with a material's chemical bonds. Raman spectroscopy is
a tool for analyzing the secondary structure of nucleic acids that is particularly useful for
studying G-quadruplexes. The formation of H-bonds between O6 and H1 is indicated by the
characteristic marker peaks at 1580 cm™, 1670 cm™ for G-quadruplexes, as well as the band

around 1480 cm™ for N7-H2.103

1.12.4 Polyacrylamide gel electrophoresis (PAGE)

There are several methods for purifying oligonucleotides; polyacrylamide gel
electrophoresis (PAGE) is one of the most extensively utilized for purification and studying
complex formation in DNA/RNA. It classifies molecules according to their electrical charge,
size, and secondary or tertiary structure. When a denaturing agent like urea is used, denaturing
gel electrophoresis is used to purify DNA. Using PAGE, an oligonucleotide of 'n" base pairs
can be separated and purified from a failure sequence of 'n-1’ base pairs or others. Denaturing
polyacrylamide gels can separate oligonucleotides ranging in length from 2 to 300 bases
depending on the proportion of polyacrylamide used. Molecules can be run in their native state
on the gel, preserving their higher-order structure. To differentiate structural changes in
oligomers, a non-denaturing or native gel can be used. Under native conditions, it is simple to

distinguish between folded and unfolded single-stranded DNA forms.

1.12.5 MALDI TOF Mass Spectrometry

MALDI-TOF mass spectrometry (matrix-assisted laser desorption/ionization time-of-
flight) can be used to analyze biomolecules such as DNA, RNA, proteins, and peptides due to
its ease and speed of analysis. It is a two-step soft ionization process in which the matrix is
vaporized by desorption induced by laser light pulses (nitrogen laser, 337 nm). The oligomer
molecules are ionized in a heated cloud in the second stage. The electric field accelerates
ionized oligomer molecules to the same kinetic energy, and the time it takes them to reach the
detector is measured in time-of-flight (TOF). Their velocities and TOF are solely dependent on
their masses when they have the same charge and kinetic energy, and lighter ions travel quicker

while larger ions travel slowly. The mass spectrum is recorded as ion flux versus time. The
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matrix is a low-molecular-weight crystalline substance; standard matrices include 3, 5-
dimethoxy-4-hydroxycinnamic acid, 2', 4’, 6’ trihydroxy acetophenone (THAP), and 2, 5
dihydroxybenzoic acids. MALDI-TOF analysis can be used to confirm the identity and
integrity of a synthesized oligonucleotide sequence and at multiple stages throughout synthesis

to indicate potential problems.

1.12.6 High-performance liquid chromatography (HPLC)

HPLC (high-performance liquid chromatography) is an effective method for analyzing
and purifying synthesized oligonucleotides. Reverse phase RP-HPLC and anion exchange
chromatography are commonly used to purify oligonucleotides. Anion exchange HPLC
separates oligonucleotides based on charge differences using ion exchange resin containing
positively charged groups. The cationic resin binds to negatively charged molecules, and
raising the ionic strength of the mobile phase lowers the interaction between ONs and the
cationic stationary phase, allowing shorter ONs to elute first and longer, more highly charged
ONs s to elute later. RP-HPLC separates oligonucleotides based on hydrophobicity differences.
Crude oligonucleotides contain terminated shorter sequences that differ from the desired
oligonucleotide in hydrophobicity. RP-HPLC uses a nonpolar stationary phase. The mobile
phase for elution is a mixture of organic solvents and aqueous buffers. The purification of
oligonucleotides was accomplished using RP-HPLC in the current work of this thesis. The
elution solvents were aqueous ammonium acetate and acetonitrile. Molecules with a higher
hydrophobicity are eluted more slowly, while polar components are eluted first in an aqueous
buffer with a gradient of increasing acetonitrile. RP-HPLC can also be used to evaluate the
degradation of single-stranded nucleic acid oligomers. The area under the peak can be used to
determine the relative amount of intact oligonucleotides. A plot of the amount of intact
oligonucleotide vs. time can be used to estimate the oligonucleotide’s half-life under the given

experimental conditions.
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1.13 Present work

The research described in this thesis focuses on various alterations of the thrombin
binding aptamer. The backbone is crucial to the quadruplex’s structure, which is a key
component dictating its functionalities. The effect on anticoagulant activity and stability that

occur as a result of modifying the backbone and employing different cations are also described.

Chapter 1: Introduction to nucleic acids, G-quadruplexes, and the Thrombin binding
aptamer

Bock and co-workers discovered the Thrombin Binding Aptamer (TBA), a 15mer DNA
sequence in 1992 that folds into a quadruplex containing two G(syn): G(anti): G(syn): G(anti)
quartets and three lateral loops. It was identified through the SELEX procedure and
preferentially binds to thrombin (an enzyme involved in blood coagulation) to prevent it from
acting. TBA is a potent anticoagulant in vitro with a short half-life in vivo. Its anticoagulant
properties make it an excellent choice for surgeries. Currently used anticoagulants such as
Heparin, Warfarin, Rivaroxaban, Edoxaban, Enoxaparin, Fondaparinux, etc., cause side effects
such as red or pink-colored urine, stools that are bloody or look like coffee grounds more
bleeding than average during a menstrual period, blackish areas in fingers, toes, hands, or feet
that can be avoided with the use of TBA as an anticoagulant. However, the poor stability of
TBA can be overcome by introducing different modifications. This chapter gives a quick
overview of the research being done to produce novel TBA derivatives with better

anticoagulant characteristics and also improving thermal and nuclease stability.

Chapter 2: Effect of alkali and alkaline earth metal cations on the isoTBA quadruplex:
Application to the detection of Sr**

The presence of cations stabilizes G-quadruplex structures, and various cations result
in distinct polymorphs. G-quadruplex structural polymorphism occurs not only in monovalent
but also in divalent cations. A change in the quadruplex topology can either increase or reduce
the function of the aptamer. The structure of TBA in the presence of different cations has been
studied and reported to show only unimolecular antiparallel kind of quadruplexes. In this
chapter, the effect of various alkali and alkaline earth metal cations on the G-quadruplex-
forming ability of isoTBA is studied. In contrast to all the other cations studied, Sr** was found
to bind to isoTBA with high affinity and specificity and led to a parallel intramolecular

quadruplex formation. This is unique behavior of isoTBA in the presence of Sr**ions.
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Chapter 3: Iso-rTBA: the 2’-5’-linked functional RNA equivalent of the thrombin-
binding aptamer

In isoTBA, the 2'-5' backbone results in an extended backbone with sugars preferring
the N-type pucker, whereas in iso-rTBA, it results in a compact backbone with sugars

preferring the S-type pucker.
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We demonstrated in this chapter that iso-rTBA, with a 2'-5' linked backbone, folded into an
antiparallel G-quadruplex, in contrast to most RNA quadruplexes (including rTBA), which
adopt a parallel topology. In addition, like TBA and isoTBA, this unimolecular antiparallel iso-
rTBA quadruplex inhibited clotting and resisted nuclease degradation. This demonstrates the
2'-5'-backbone's flexibility and versatility, as well as its ability to adopt functional topologies,

regardless of whether the sugar is ribose or deoxyribose.

Chapter 4: Replacement of loop residues in TBA by an abasic ethylene glycol spacer:
Effect on stability, structure and function

The synthesis of abasic spacer units produced from ethylene glycol, as loop residue
replacements, in an attempt to further simplify and arrive at a minimal spacer unit that would
ideally retain or improve TBA's stability and anticoagulant characteristics. Studies with a 2-
carbon E spacer in this chapter reveal that a single E spacer replacement of loop residues is
tolerated better than two. Although the 2-carbon E spacer had a positive influence on the
nuclease stability and half-life of the oligomers, it had a poorer thermal stability and anti-
clotting function than the 3-carbon spacer unit, suggesting that this shorter backbone is not so

well-tolerated in TBA.

Chapter 5: Synthesis of 2'-thiopropyl thymidine nucleoside, conformation studies, and
incorporation into TBA
Substitutions at the 2'-position of the sugar in nucleosides have been explored in

literature for various applications, including increasing the thermal stability, binding to
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ligands/protein nuclease resistance properties of the derived oligonucleotides. The 2’-SCF3
modification destabilized RNA duplexes, probably as a result of the S-type sugar pucker.
However, when the 2'-SCF3;-modified nucleoside was incorporated in the loop region of an
RNA hairpin, it increased thermal stability compared to the unmodified RNA hairpin. Evidence
has accumulated over the past few years to support the premise that structural alterations such
as modifications, are known to confer resistance to nucleolytic cleavage. Only the 2'-SCF3
substituents at the oligonucleotide level, and none of these modifications being included in G-
quadruplexes. The 2'-thiopropyl derivative of thymidine was synthesized, and its effect on TBA
at the structural and functional levels was studied. The sugar pucker in 2’-thiopropyl thymidine
was found to be C2’-endo and ~100 % S-type, even more than that observed in native DNA
(C2’-endo, 58 % S-type). TBA variants bearing this unit at selected loop positions were found
to be able to form antiparallel G-quadruplexes, with a beneficial effect on the nuclease stability
and half-life, although the thermal stability of the quadruplexes formed was lower than that of
TBA. Some of the TBA variants, viz., TBA-t7, TBA-t9, and TBA-t12 showed moderate anti-
clotting activity, though lower than TBA.
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Chapter 2

2.1 Introduction

G-quadruplexes have attracted increasing attention in recent years because of their
importance in key cellular regulatory processes, aptamers towards macromolecular drugs, and
the development of nanostructures for varied applications. Within the cell, they are found to be
present in widely distributed locations' apart from telomeric regions, where they were first
found, including other regions such as promoters, where they carry out critical roles in
controlling gene expression through regulation of transcription and translation. They also form
an important class of aptamers and display improved cellular uptake properties and increased
resistance to nuclease degradation due to their remarkable kinetic and thermodynamic
stability.> G-quadruplexes are formed as a consequence of stacking of successive G-quartets,
that are in turn stabilized by hydrogen bonding of four guanine residues.> The G-quartets are
further stabilized by the presence of metal ions, that are typically located between two
successive G-quartets and are tightly associated through coordination to the guanine O6-
carbonyl groups of the neighboring planes.*

The thrombin-binding pentadecameric aptamer (TBA), d(G:T2G2TGTG2T2G2) is
widely studied and is known to fold into a unimolecular anti-parallel G-quadruplex in the
presence of K* ions.” This quadruplex comprises two G-quartets stacked on each other,
connected by three edge-wise loops: two TT loops and one central TGT loop. The role of
different cations Li*, Na*, K, Rb*, Cs*, Mg?", Ca**, Sr**, Ba*" in the formation of this structure
was earlier reported.® Although several monovalent and divalent cations were studied, in all
cases, the unimolecular anti-parallel quadruplex topology was observed.® The stability of the
resulting TBA G-quadruplexes was rationally explained as a consequence of the ionic radii,
with cations possessing an ionic radius in the range of 1.3 A to 1.5 A leading to stabler
quadruplexes compared to others, owing to a favorable fit between the two G-quartets. Several
modifications in the sugar-phosphate backbone of TBA have been reported with a view to
enhancing its properties.”' An isoTBA oligomer wherein the natural 3'-5'-phosphodiester
backbone linkages were replaced by the isomeric 2'-5'-phosphodiesters (Figure 1), showed that
it could fold into a unimolecular anti-parallel G-quadruplex structure, similar to that observed
for TBA and also effect anti-coagulation.!!

The isomeric backbone in this oligomer leads to further enhancement in the nuclease
resistance properties of the G-quadruplex and is, therefore, attractive in the context of
application in biological systems. Further, studies on loop-edited isoTBA oligomers'? led to
the observation that even oligomers containing the shortest loops (only one T per loop and

three-loop residues) retained the unimolecular anti-parallel quadruplex fold, completely in
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contrast to the TBA oligomers, where shorter loop lengths (total number of loop residues less
than 6) were found to result in multimolecular parallel quadruplexes, as reported for several

other G-quadruplex sequences as well."
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Figure 1: Backbone geometry in DNA and isoDNA

2.2 Rationale and objectives of the present work

G-quadruplex structures are stabilized due to the presence of cations, and different
cations can give rise to different polymorphs. Some examples illustrating this are described
here. The triplet repeat sequence d(TG2CG2C) forms a tetramolecular parallel G-quadruplex in
the presence of K ions. Interestingly, under similar conditions, when Na" ions replace the K*,
it forms an anti-parallel G-quadruplex.'* The telomeric DNA repeats of Tetrahymena d(T2Ga4)4
form a unimolecular structure in sodium phosphate buffer, while adopting a multi-strand G-
quadruplex structure in potassium phosphate buffer.”> The sequences d(G3T4G3) and
d(G4T4G4) folded in bimolecular G-quadruplex structures in the presence of Na ions, although
with K* ions, both bimolecular and tetramolecular G-quadruplexes were observed.!®!”

The structural polymorphism of the G-quadruplex is not only observed with
monovalent cations, but also divalent cations. In 1993, Sen and coworkers reported that the G-
quadruplex-forming Saccharomyces telomeric consensus sequence d(TGTG3TGTGTGTG:)
switches from a parallel to an antiparallel topology in the presence of divalent caions.'® The
sequence d(G4T4Ga) also showed antiparallel to parallel G-quadruplex transformation in the
presence of different divalent cations.!” Another sequence, d(GTG3TAG3CG3T2G2), showed
structural polymorphism with K* and Pb?" ions; both unimolecular antiparrallel and multi-
stranded parallel structures were formed with K* ions, but with Pb** ions, only an antiparallel
unimolecular G-quadruplex structure was observed.?’ Collectively, these studies provide
evidence for structural polymorphisms of G-quadruplexes induced by mono- and divalent

cations.
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Likewise, the structure of TBA in the presence of different cations has been studied and
is reported to show only unimolecular antiparallel kind of quadruplex folding topology.® The
TBA sequence, but with a 2’-5’-phosphodiester backbone linkage (isoTBA) was previously
reported by our group,'!' but extensive studies on the structural preference in the presence of
different cations was not undertaken. These studies are reported here. A change in the topology
can either increase or decrease the function of the aptamer; therefore, topology and cations play

a significant role in the functions of the quadruplexes.

2.3 Results and discussion
2.3.1 Synthesis of TBA, isoTBA oligomers, their purification and characterization

3’-5’-phosphodiester-linked TBA and  2’-5’-phosphodiester-linked  isoTBA
oligonucleotides were synthesized using commercially available protected 2’-deoxyguanosine-
3’-phosphoramidite, 2’-deoxythymidine-3’-phosphoramidite, 3’-deoxythymidine-2’-
phosphoramidite, and 3’-deoxyguanosine-2’-phosphoramidite by standard B-cyanoethyl
phosphoramidite chemistry.?! The general scheme for solid-phase oligonucleotide synthesis is
explained in Chapter 1, Scheme 1. Post-synthesis, reverse-phase HPLC purification of the
oligomers was carried out, and their identity was confirmed by MALDI-TOF mass analysis

(Table 1).
Table 1. TBA and isoTBA oligomers.

Sr.No. | Sequence Sequence name MALDI TOF Mass (Da)
Mcalcd. Mobsd.
1 TBA 5’-GGTTGGTGTGGTTGG-3’ 4726 4731
2 IsoTBA 5’-GGTTGGTGTGGTTGG-2’ 4726 4727

2.3.2 Circular dichroism spectroscopy studies of TBA, isoTBA for evaluation of G-

quadruplex formation and topology

CD spectroscopy is a valuable and widely-used technique to evaluate the formation and
topology of G-quadruplexes. A maximum at ~ 260 nm with a minimum at ~ 240 nm may be
attributed to the stacking of successive guanosines with the same (both syn or both anti)
glycosidic bond angle and is thus a characteristic of parallel quadruplexes.?® ?* There is thus,

no clear signal at ~ 290 nm in these quadruplexes. On the other hand, antiparallel quadruplexes
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display a maximum at ~ 290 nm and a minimum at ~ 260 nm, which arises as a result of
guanosines with different glycosidic bond angles stacking on each other.?®

In the presence of Na*and K™ ions, the typical anti-parallel topology was observed for
both TBA and isoTBA, as reported earlier.®!! Both displayed maxima centered at 292 nm and
minima near 260 nm. In the presence of Sr?*, however, starkly contrasting spectra were
observed with TBA and isoTBA. TBA displayed a CD spectrum corresponding to an
antiparallel G-quadruplex, as reported earlier,’ with a maximum at 300 nm, while the CD
spectrum of isoTBA suggested a parallel G-quadruplex, with a strong maximum at 260 nm and
a minimum at 240 nm (Figure 2b). Some differences were also observed with the other ions

studied, but these were not so remarkable.
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Figure 2. CD spectra at 4°C in the presence of different mono- and divalent cations, of (a) TBA and (b)
isoTBA.

The CD spectra of TBA in the presence of Li*, Cs*, Mg*, and Ba?' indicated the
presence of antiparallel quadruplexes, as reported earlier, with the 292 nm maximum red-
shifted to 300 nm in the presence of Ba®>" (Figure 2a).° The CD signals of isoTBA in the
presence of Li*, Cs*, Mg?" and Ba**, on the other hand, were inconclusive and of very low
intensity (Figure 2 b). The amplitude of the maximum was found to vary with the cation,
consistent with earlier reports.® The observed differences in the strength of the CD signal,
apparent as differential CD amplitude, could be a consequence of differences in the
coordination number of the metal ions and the strength of the complex formed, which in turn
also depends on the charge and ionic radius.® Thus, a decreased CD amplitude could result
from partially unfolded structures, owing to the low thermal stability of the quadruplex.
Although the magnitude of the CD band at a particular wavelength could differ, depending on
the cation, all CD spectra with a typical maximum showed an isoelliptic point at 275 nm for
TBA and 280 nm for isoTBA, indicating the formation of similar types of complexes in terms

of molecularity.
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2.3.3 Evaluation of G-quadruplex thermal stability

The thermal stability of the observed quadruplexes was assessed by temperature-
dependent changes that were followed by CD and UV spectroscopy. The melting data are
indicated in Table 2, and the CD-melting plots are shown in Figure 3.

Table 2. CD- and UV-melting data for the TBA/isoTBA quadruplexes in the presence of different cations.

1§Ir. Cation TBA isoTBA
0.
CD-Tm (°C) | UV-Tn (°C) | CD-Twm (°C) UV-Tn (°C)
1 Lit 20+ 1 14+£2 nd nd
2 Na* 22+1.5 21 +£1 19+0.5 21 +£1
3 K* 49+ 0.5 51+£0.5 20+ 1 20+ 1
4 Cs* 20+0.5 18+ 1 nd nd
5 Mg** 16+ 1 14+ 1 nd nd
6 Sr* 63+1 61 +1 622+ 1 63+1
7 Ba?* 57+15 53+£1.5 26+ 1 28 +1

?measured at 260 nm. nd = not detected. Measurements were carried out using TBA/isoTBA at 5 pM
concentration, in Tris buffer (10 mM), pH 7.2, containing the respective cation (100 mM) in the form of its
chloride. Experiments were repeated at least three times, and the average values are listed with the standard
deviations.

1.0 (b) 2+

Normalized CD (mdeg) at 295 nm
Normalized CD (mdeg) at 295 nm

20 40 60 80 100
Temperature (°C)

0 20 40 60 80 100
Temperature (°C)

Figure 3. CD melting plots of (a) TBA and (b) isoTBA in the presence of the different cations of the study.
The CD amplitude at 295 nm was monitored with increasing temperature for all plots, except Sr2*-isoTBA,
which was monitored at 260 nm.

Among the monovalent ions studied, the most stable quadruplexes were formed in the
presence of K", where TBA melted at 49 °C and isoTBA at 29 °C. On the whole, the
quadruplexes formed were the most stable in the presence of Sr** (Tm = 63 °C and 62 °C for
TBA and isoTBA, respectively). The Tm values of TBA in the presence of the other ions

followed the trend as reported earlier, with Ba®" also leading to stable quadruplex formation
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(Tm = 57 °C) while the quadruplexes of isoTBA in the presence of the other cations were
comparatively unstable; with Ba**, the Tm was 26 °C, while it was 19 °C with Na* and not
clearly detectable with Li*, Cs* or Mg?".

UV-spectroscopy can conveniently monitor the thermal stability of G-quadruplexes by
measuring the temperature-dependent change in absorbance at 295 nm,** where transitions of
other structures such as duplexes and triplexes do not interfere. The trend observed in the Tm
of the quadruplexes when monitored by UV-spectroscopy remained the same as that observed
from the CD studies, and the values were in agreement with CD-7m (Table 2). Thus, TBA and
isoTBA formed the most stable complexes in the presence of Sr** ions, with a Tm of 61 °C and

63 °C, respectively.

2.3.4 G-quadruplex topology study by UV-Thermal Difference Spectra

The G-quadruplex formation was further confirmed by the UV-thermal difference
spectra (TDS), which are obtained by recording the difference in UV absorption spectra above
and below the melting temperature of the nucleic acid and are helpful in the characterization
of nucleic acid structures. The UV-TDS complements data obtained by UV, and each nucleic
acid structure has its own unique TDS. Accordingly, G-quadruplexes are characterized by a

negative peak at 295 + 1 nm and positive peaks at 273 + 2 nm and 243 + 1 nm.»
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Figure 4. UV-thermal difference spectra for (a) TBA and (b) isoTBA in the presence of Li*, K*, Cs*, Na®,
Mg?*, Sr**, Ba**, Ca*"ions.; UV-isothermal difference spectra for (c) TBA and (d) isoTBA in presence of

the different cations, recorded at 10 °C.

The UV-TDS for TBA and isoTBA in the presence of Li", Na®, K*, Cs*, Mg?*, Ca*",
Sr?* and Ba*" are shown in Figure 4a, b. Except in the presence of Mg?*, where no negative at
295 nm was observed with isoTBA, all the UV-TDS were found to conform to the G-
quadruplex signature and displayed negative peaks near 295 nm and positive peaks near 273
nm. The positive peak near 243 nm was not as obvious for isoTBA as compared to TBA,
possibly indicative of a slight change in the stacking of nucleobases in the quadruplex as a
consequence of the 2'-5'-backbone and the nature of the different cations. Thus, all the other
ions led to a quadruplex formation with TBA and isoTBA, albeit low thermal stability, as
evident from the CD and UV melting studies. This was also apparent from the isothermal
difference spectra (IDS) Figure 4c, d. Isothermal difference spectra (IDS) were obtained by
subtracting the UV spectra of TBA or isoTBA at 10°C in the absence or presence of cations (0
mM or 100 mM). Because the absorbance spectra of the unfolded and folded species are
temperature-dependent, IDS are not strictly equivalent to TDS. As a result, IDS better reflects

the folded species' absorbance properties.?®

2.3.5 Molecularity of the isoTBA- Sr?** quadruplex

Since stable parallel G-quadruplex formation was observed with isoTBA in the
presence of Sr** ions, to confirm the molecularity of the complex, the UV plots during heating
and subsequent cooling were analyzed for hysteresis, in comparison to TBA and to the
complexes in the presence of K ions. Negligible hysteresis (ATm = 0 °C, Table 3 and Figure

5) was observed, in agreement with a unimolecular complex with Sr>* for TBA and isoTBA.
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Table 3. UV-Tm data for TBA and isoTBA at 5 pM and 20 pM concentrations.

Cation| Strand TBA (°C) isoTBA (°C)
conc
(MM) Tm Tm ATm ATm(heat- Tm Tm ATm ATm (heat-
(heat) | (cool) [(20uM-| cool) |(heat)|(cool)| (20uM- cool)
SuM) SuM)
Sr? 5 61 61 0 63 63 0
+2 -2
Sr? 20 63 63 0 61 62 -1
K* 5 51 50 +1 29 27 +2
) +3
K* 20 49161 - - 32 30 +2

Further, when the UV-Tm measurements were carried out at a higher strand concentration,

including a ten-fold excess (Figure 5), no appreciable differences were observed (ATm = +2 to

-2 °C), as observed earlier for TBA and isoTBA with K*!!

again suggesting the

unimolecularity of the quadruplex. The data are listed in Table 3. This is the first report of a

unimolecular parallel G-quadruplex for TBA with an isomeric backbone, which implies three

propeller loops- two TT loops and one TGT loop.
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Figure 5. Heating and cooling profiles of TBA and isoTBA at 5 and 20 pM concentrations in the presence

of SrZ* ions.

Atish A. Wagh, AcSIR (CSIR-NCL, Pune) Ph.D. Thesis 2021




Chapter 2

This is probably more easily accommodated in the case of the 2'-5'-linked isoTBA
because the extended 7-atom backbone allows an optimum fit of the Sr** cation between the
two G-tetrads. Additional stabilization of the G-quadruplex structure through extended

stacking interactions or other interactions with the loop residues cannot be ruled out and

requires more extensive evaluation through further NMR studies to be confirmed.
2.4 Polyacrylamide Gel Electrophoresis (PAGE) study

The comparative quadruplex-forming ability of TBA and isoTBA in the presence of K*
and Sr** ions was assessed by polyacrylamide gel electrophoresis. The complexes formed by
isoTBA were of slightly higher mobility than their TBA counterparts (Figure 6a,b). However,
no retarded bands were observed, as might be expected in the case of multimolecular
complexes.'? This further suggests that TBA and isoTBA form unimolecular quadruplexes with

all the cations of the study.

a b c
Figure 6 (a, b). Non-denaturing polyacrylamide gel mobility assays of TBA and isoTBA in the presence of
cations (100mM). Lane 1 - Na* TBA, lane 2 - Na*isoTBA, lane 3 - K' TBA, lane 4 - K" isoTBA, lane 5 - Sr?*
TBA, lane 6 - Sr**isoTBA, lane 7 - Ba?>* TBA, lane 8 - Ba>' isoTBA.; (c). Lane 1 - K" isoTBA, lane 2 - Sr**
TBA, lane 3 - Sr** isoTBA, lane 4 — BPB dye. The gel was visualized by UV-shadowing

Further, both TBA and isoTBA are retarded to the same relative extent in the gel, suggesting
complexes of the same molecularity. The complexes with Sr** were found to be slightly
retarded in comparison to those in the presence of K* ions (Figure 6¢); this difference may be

attributed to differences in mass and charge of the two ions.

2.5TH NMR study
The '"H NMR spectrum of isoTBA in the absence of any added cations (Figure 7a) is
devoid of any signals in the guanine imino proton region (10 to 12 ppm), where guanine

residues typically hydrogen-bonded in a G-quadruplex are expected to appear.?”2® In the
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presence of Sr** ions, broad imino proton signals were observed (Figure 7b), that have been

reported in parallel G-quadruplexes. 272’
o \\‘\\\\‘\\\\‘\\\\‘\\\\‘\\
13 12 " 10 9 13 12_ 11 ) 10 9
Chemical Shift (ppm) Chemical Shift (ppm)
(a) (b)

Figure 7. (a) Imino proton region of the 'H NMR spectrum of isoTBA in the absence of cations and (b) in
the presence of Sr?* ions. Spectra were recorded at 5 °C for a strand concentration of 200 uM in 90:10 v/v
H:20:D:0.

These are in contrast to the sharp resonance signals observed for the anti-parallel
isoTBA G-quadruplex in the presence of K* ions.!! Further, the imino proton signals of isoTBA
were observed between 10.5 to 11.5 ppm in the presence of Sr**, while in the presence of K*,
they appeared between 11.5 to 12.5 ppm.!! This is similar to the observations with d(G4C2)2
quadruplexes, where the imino protons in the parallel quadruplex fold appeared between 10.5
to 11.0 ppm, while those in the anti-parallel quadruplex fold appeared between 11.0 and 12.0
ppm.>® This data further supports the existence of a parallel quadruplex fold for isoTBA in the

presence of Sr?*.
2.6 CD saturation binding curves for TBA and isoTBA with K* and Sr?*

The Kq for complexes of K™ and Sr?* with TBA and isoTBA were calculated from the
CD saturation binding curves (Figure 8) obtained by titrating solutions of the TBA/isoTBA
oligomers with the respective cations. The Kaq value for Sr*" with TBA and isoTBA was found
to be one order of magnitude lower than for K™ (Table 4), indicating the higher affinity of this
ion for binding to TBA/isoTBA.
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Figure 8. CD saturation binding curves for TBA and isoTBA with K* and Sr?*. The standard deviation is
indicated by error bars.
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Kd was calculated using the formula

[L]

0 = — t-
[L]+ Ky

Where, 0 is the normalized CD amplitude at 260 nm (for Sr*>*) or 295 nm (for K*), [L] is the
ligand (Sr** or K*) concentration, and K is the dissociation constant, which is equivalent to

1/Ka.
Table 4. Dissociation constants for K* and Sr?* complexes with TBA/isoTBA

Oligomer | cation Ka (M) cation Ka (M)
TBA K" 1954 x10° | Sr* | 194x10*

isoTBA K" | 337x103 | Sr* 9.82 x 10

K4 values in the table are averages that were calculated from two independent experiments

2.7 IsoTBA for the detection of Sr?* ions

The unique ability of isoTBA to fold into a parallel G-quadruplex in the presence of
St?* ions, and bind to it with high affinity, may be exploited in the detection of this cation. The
detection limit was found to be ~55 uM (Figure 9). Although this is not as low as that possible
by inductively coupled plasma atomic emission spectroscopy (ICP-AES),*! Energy-dispersive
X-ray fluorescence (EDXRF)**-? or Zeeman atomic absorption spectrometry (Zeeman AAS),>*
which are the methods reported for strontium detection, and where the detection limit is in the
sub-micromolar range,> it offers a fairly sensitive alternative method for detection. Although
G-quadruplexes are known to bind many different metal ions and some metal-binding
aptamers, including TBA,*® 37 have also been reported,® there are no aptamers so far reported

for Sr**, although Sr**-binding G-quadruplexes are known. 263 - 41

1S (uM)

CD (mdeg)

220 240 260 280 300 320
Wavelength (nm)

Figure 9. CD spectra recorded at 37 °C for a solution of isoTBA (5 pM) in PBS with increasing (1 pM to 3

mM) concentration of Sr?* ions.
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It is worth noting that the plots shown in Figure 9 were obtained by successively increasing
Sr** ion concentrations in a solution of isoTBA taken in phosphate-buffered saline that
contained both Na* (137 mM) and K" (2.7 mM) ions, both in sufficiently large excess compared
to Sr** (1 uM Sr** ions, in the first case); in spite of this, the characteristic CD signature of a
parallel G-quadruplex (of isoTBA Sr**) starts appearing. This is indicative of the selectivity
and affinity of isoTBA for Sr**.

2.8 Calculation of detection limit

For calculating the detection limit, strontium ions were added to a solution of isoTBA
(5 uM in PBS) at 37 °C, at concentrations ranging from 1 uM to 3 mM, and the CD at 260 nm
was recorded. This CD amplitude was plotted as a function of the Sr*> ion concentration (Figure
10). The slope of the linear part of the graph (k) was used in the following formula to calculate

the detection limit.*?

Detection limit = 3.30/k where o is the standard deviation obtained from twenty blank

measurements. The data are listed in Table 5.
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Figure 10. CD amplitude at 260 nm observed upon addition of Sr?* to a solution of isoTBA (5 pM), in PBS.

Table 5. Detection limit for Sr2* with isoTBA.

Sr. No. Slope (k) of graph of Standard deviation | Detection
CD amplitude (mdeg) at 260 | (o) limit
nm Vs. [Sr?'] (uM)

1 0.00532 0.08875 55
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2.9 Anti-clotting activity study

The anti-clotting activity of Sr** isoTBA was assessed in relation to TBA and isoTBA,
in terms of inhibition of the thrombin-catalyzed fibrin polymerization. The anti-clotting effect
was measured in terms of the additional time required for clotting in the presence of
TBA/isoTBA when thrombin was added to the fibrinogen. As shown in Figure 11, the anti-
clotting activity of isoTBA was severely reduced (clotting time 49 s) in the presence of Sr**
ions, in comparison to TBA (clotting time 76 s) or isoTBA in the absence of Sr** ions (73 s).
This may be expected, considering that the TT loops that are mainly implicated in thrombin
binding in the antiparallel TBA G-quadruplex are not readily available for this interaction in
the Sr** isoTBA unimolecular parallel G-quadruplex, as these TT loops would be propeller
type. This reduced anti-clotting activity of Sr?* isoTBA would be advantageous when

considering the usefulness of isoTBA in Sr*>* detection in body fluids such as blood.

83838

Time {s)
58

A B c D

Figure 11. Clotting time measured as the time required for fibrin polymerization upon addition of
thrombin to fibrinogen A. in the absence of TBA or isoTBA (control), B. in the presence of TBA
(Standard 1), C. in the presence of isoTBA (Standard 2), and D. in the presence of Sr**isoTBA

2.10 Conclusions

In conclusion, we have studied the effect of various alkali and alkaline earth metal
cations on the G-quadruplex-forming ability of isoTBA. In contrast to all the other cations
studied, Sr** was found to bind to isoTBA with high affinity and specificity and led to a parallel
intramolecular quadruplex formation. This unique behavior of isoTBA in the presence of Sr>*
together with its already reported higher resistance to nuclease-mediated degradation, may be
utilized in the detection of this cation in the micromolar range, which it senses with a detection

limit of ~55 uM

Atish A. Wagh, AcSIR (CSIR-NCL, Pune) Ph.D. Thesis 2021




Chapter 2

2.11 Experimental

2.11.1 Oligonucleotide synthesis, Purification and characterization

3’=5'-(TBA) and 2'-5"-(isoTBA) linked oligonucleotides were synthesized in-house on
a Bioautomation Mermade-4 DNA synthesizer employing B-cyanoethyl phosphoramidite
chemistry. The 2'-deoxy-3'-phosphoramidites were obtained from ChemGenes and 3’-deoxy-
2'-phosphoramidites from Glen Research. Universal columns procured from Bioautomation
were used for 2'=5"-linked oligomer synthesis. Oligonucleotides were cleaved from the solid
support by treating with aqueous ammonia at 60° C for 6 h and then concentrated.
Oligonucleotides were purified by RP-HPLC on a C18 column using a Waters system (Waters
Delta 600e quaternary solvent delivery system, 2998 photo-diode array detector and Empower2
chromatography software). An increasing gradient of acetonitrile in 0.1 M triethyl ammonium

acetate (pH 7.0) was used.
2.11.2 Gel electrophoresis

Experiments to evaluate G-quadruplex formation were carried out on a 20 % native
polyacrylamide gel with 1 X Tris-Borate-EDTA (TBE) buffer (pH 8.0) as the running buffer.
TBA and isoTBA samples were prepared by annealing at 320 pM concentration in 10 mM Tris
buffer (pH 7.0) in the presence of 100 mM concentration of the appropriate salt (NaCl, KCl,
BaClz, or SrClz2). The gel was run at 10 °C and 150 V till the bromophenol blue indicator had
migrated to half the gel length. After electrophoresis, the gel was transferred to a GF254 pre-
coated silica gel chromatographic plate (Merck 5554) and visualized by UV-shadowing.

2.11.3 CD experiments

CD spectra were recorded on a Jasco J-815 CD spectrometer equipped with a Jasco
PTC-424S/15 Peltier system. 5 mm path-length quartz cuvettes were used for a sample volume
of 2 ml and strand concentration of 5 uM in tris buffer (10 mM, pH 7.2) containing 100 mM
Na*, Li*, K*, Cs*, Mg, Ca™, Sr™?, Ba*. Oligomers in buffer were annealed by heating at 95
°C for 5 min, then slowly cooled to room temperature followed by refrigeration for 3 to 4 h
before use. Spectral scans over a range of 320 nm to 200 nm were collected as accumulations
of 3 scans at a scanning rate of 100 nm min~'. CD melting was performed by monitoring CD
intensity at 295 nm against temperature over a range of 5-90 °C at a heating rate of 3 °C per
min. To determine Ky, TBA and isoTBA were taken at a concentration of 5 uM in water and

phosphate-buffered saline (PBS), respectively. DNA was denatured at 90 °C for 5 min and
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allowed to cool slowly to room temperature. Spectra were acquired at 20 °C for K" and 37 °C
for Sr** and data were buffer subtracted. Titrations were performed with KCI and SrCl2 and the
changes in the CD spectra recorded. The data is plotted as an average of two independent
measurements and the standard deviation is indicated by error bars. The CD saturation binding
curves were obtained by applying an exponential association fit using OriginPro 8§ SRO

v8.0725 (B725) software.
2.11.4 Calculation of Detection Limit

For calculation of the detection limit, the standard deviation was calculated from 20
blank measurements. CD spectra were recorded at 37 °C after the incremental addition of Sr**
ions to a 5 pM solution of isoTBA taken in PBS (10 mM sodium phosphate buffer containing
137 mM NaCl and 2.7 mM KCI, pH 7.2), till saturation was observed in the CD signal.

2.11.5 UV experiments

UV-absorbance scans of the TBA and isoTBA oligomers were recorded using 10 mm
path-length quartz cells on an Analytik Jena SPECORD® 200 plus spectrometer equipped with
a Peltier-controlled temperature controller and at a scanning speed of 5 nm sec™'. The TBA
oligomers (5 uM strand concentration) were annealed in tris buffer (10 mM, pH 7.2), containing
100 mM of the appropriate cations. The concentration was calculated based on absorbance
from molar extinction co-efficients of the corresponding nucleobases of DNA. Thermal
difference spectra (TDS) were obtained by subtracting the UV-absorbance spectral scan of the
sample at temperatures below (i.e., 10 °C) from that above (i.e., 90 °C) the melting temperature

(7). Isothermal difference spectra (IDS) were recorded at 10 °C.
2.11.6 NMR experiments

"H NMR spectra were acquired at 700 MHz and 4°C using a Bruker AV 700 NMR
spectrometer operating at 700.13 MHz for 'H using a 5 mm BBFO probe. The raw data were
processed with a Gaussian function for the improvement of the signal-to-noise ratio. The
temperature during the measurements was controlled using a Bruker BVT 3000 unit. HPLC-
purified isoTBA was taken at 200 uM concentration in 90:10 v/v H20:D20 with or without
100 mM SrClz. The presence of imino protons in the region between 11.0 to 12.5 6 indicate

quadruplex formation.
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2.11.7 Anti-Clotting activity experiments

Clotting time experiments were performed at 37 °C on a Start-Max (Stago) coagulation
analyzer. Each experiment was repeated at least thrice; the standard deviation was +1 s. Each
commercial reagent was reconstituted according to the manufacturer’s protocol. Bovine
Thrombin (Tulip Diagnostics, 0.1 NIH unit) was incubated with TBA or isoTBA as applicable
and specified at 0.25 uM oligomer concentration for 1.5 min before adding fibrinogen from
human plasma (Aldrich, 3.5 uM). The clotting time (s) was measured as the time taken upon

addition of thrombin till the polymerization of fibrin.

2.12 Appendix A

Description Page No.
HPLC chromatogram of TBA oligomer 51
HPLC chromatogram of isoTBA oligomer 51
MALDI-TOF spectra of TBA oligomer 52
MALDI-TOF spectra of isoTBA oligomer 52
TH NMR spectrum of isoTBA (200 uM) in 90:10 H20:D20 v/v 52
"H NMR spectrum isoTBA (200 uM) in the presence of Sr** ions (100 mM) 53
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3.1 Introduction

Guanosine-rich sequences have a high proclivity to fold into G-quadruplex structures.
Such quadruplex sequences play important roles in cell regulatory processes.! Although DNA
quadruplexes have been extensively researched, RNA structures have received little attention,
despite the fact that RNA is capable of forming stable G-quadruplexes. By appropriately
altering nucleobases in G-quadruplexes, the chemical and biological features of G-
quadruplexes could be better understood.? In general, RNA G-quadruplexes are more stable
than their DNA counterparts. This observation could be explained by the preference of RNA
quadruplexes for parallel quadruplexes.’ The thrombin-binding aptamer (TBA),* discovered
through SELEX, is a promising anticoagulant that progressed to clinical trials® because of its
non-toxic nature and ability to delay blood clotting. The need for such non-toxic and
economically viable alternatives to traditional anticoagulants such as heparin is being felt
again, in the light of the COVID-19 pandemic, where treatment recommendations include the
use of low-dose anticoagulants in COVID-19 hospitalized patients to prevent thrombosis.®

The well-studied TBA 5°’-GGTTGGTGTGGTTGG was chosen for our study, with a
2’-5’-linked RNA backbone to get 5’-r(GGUUGGUGUGGUUGG)-2’ (iso-rTBA). The 3’-5’-
linked rTBA was earlier reported to form a multimolecular G-quadruplex in a parallel folding
topology,'’as observed with most other RNA G-quadruplexes, while TBA itself is known to
fold into a unimolecular antiparallel G-quadruplex.® Our research group earlier reported an
isOTBA oligomer wherein the natural 3'-5'-phosphodiester backbone linkages were replaced
by the isomeric 2'-5'-phosphodiesters and showed that it could fold into a unimolecular
antiparallel G-quadruplex structure, similar to that observed for TBA and also effect anti-

coagulation.’
3.2 Rationale and objectives of the present work

The 2’-5’-backbone in isoTBA leads to an extended backbone with sugars
predominantly adopting the N-type pucker,'® while in iso-rTBA, this would lead to a compact
backbone with sugars preferring the S-type pucker (Figure 1). Until now, predominantly
parallel G-quadruplexes have been reported for RNA.! Some studies attribute this to the
preferred anti-conformation about the glycosidic bond and the C3’-endo (N-type) sugar pucker
in rG;"!! the syn/anti-glycosidic conformation of guanines is an important factor in deciding
the G-quadruplex structural fold'? (Figure 2). Recently, in contrast to previous reports stating

that rG residues favor anti-conformation in parallel RNA G-quadruplexes, both rG (syn) and
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1G (anti) have been observed in RNA crystal structures,'* where an antiparallel orientation of

strands was observed for the human telomeric sequence containing 8-bromoguanosine.'?

0—R=0 . 0—k=0
DNA o) Bace i o Base RNA
S-type'extended i O\_ N-type compact
C2'-endo \—/ : -0-P=O4 C3'-endo
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Figure 1. The preferred sugar puckers in native DNA and RNA Vs. those in 2°-5’-linked isoDNA and
isoORNA.

a b

Figure 2. A schematic representation of (a) a unimolecular G-quadruplex with antiparallel orientation of
strands and alternating syn-anti conformation of guanine residues about the glycosidic bond and (b) a
multimolecular G-quadruplex with all-anti conformation of guanine residues. Syn- and anti-conformations
of guanine are represented in purple and orange colour respectively.

Sugar puckering plays an important role in quadruplex topology. DNA has sugars with
an S-type extended C2 -endo conformation, while isoDNA has sugars with an N-type extended
C3’-endo conformation. Similarly, RNA has sugars with N-type compact C3’-endo
conformation, while isoRNA has sugars in S-type compact C2’-endo conformation (Figure 1).
Since DNA and iso RNA show similar sugar puckering, it was hypothesized that they could
show a similar topology for the TBA pentadecamer. Also, the 2’-5’-rTBA
(GGUUGGUGUGGTUUGG) backbone provides a more economically viable possibility, as

the protected phosphoramidite building blocks are more readily economically available.
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3.3 Synthesis of TBA, isoTBA oligomers, their purification and characterization
3’-5’-phosphodiester-linked TBA and 2’-5’-phosphodiester-linked iso-rTBA
oligonucleotides were synthesized using commercially available protected 2’-deoxyguanosine-
3’-phosphoramidite, 2’deoxythymidine-3’-phosphoramidite, 3’-tBDsilyl-uridine-
2’phosphoramidite, and 3’-tBDsilyl-guanosine-2’-phosphoramidite by standard B-cyanoethyl
phosphoramidite chemistry by solid-phase synthesis.'* For iso-rTBA, universal columns from
Bioautomation and an extended coupling time of 10 s were used. Subsequent to post-synthetic
cleavage of protecting groups and cleavage from the support, HPLC purification yielded pure
oligonucleotides that were characterized by MALDI-TOF analysis (Table 1). The general

scheme for solid-phase oligonucleotide synthesis is explained in Chapter 1, Scheme 1.

Table 1. TBA and iso-rTBA oligomers.

Sr.No. | Sequence Sequence MALDI TOF Mass (Da)
name
Mcalcd. Mobsd.
1 TBA 5’-d(GGTTGGTGTGGTTGG)-3° 4726 4731
2 Iso-rTBA | 5’-r(GGUUGGUGUGGUUGG)-2’ 4881 4882

3.4 G-quadruplex formation and topology using circular dichroism spectroscopy

CD spectroscopy is a valuable and widely-used technique to evaluate the formation and
conformations of G-quadruplexes. A maximum at ~260 nm with a minimum at ~ 240 nm may
be attributed to the stacking of successive guanosines with the same (both syn or both anti)
glycosidic bond angle and is thus a characteristic of parallel quadruplexes.'> '® There is thus,
no clear signal at ~290 nm in these quadruplexes. On the other hand, antiparallel quadruplexes
display a maximum at ~ 290 nm and a minimum at ~260 nm, which arises as a result of
guanosines with different glycosidic bond angles stacking on each other.!® The quadruplex-
forming ability and stability of iso-rTBA were studied by CD spectroscopy. The CD spectrum
of 2’-5’-iso-rTBA displayed positive bands at ~295 nm and ~240 nm, and a negative band at
~260 nm (Figure 3) in the presence of K' ions, indicating a characteristic antiparallel G-
quadruplex topology, as observed for TBA. This was an exciting observation, as 3’-5’-linked

7

rTBA was reported earlier to present as a parallel G-quadruplex, ' as also observed in our

study (Figure 3).
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Figure 3. CD spectrum of TBA, rTBA, iso-rTBA taken at a concentration of S pM in 10 mM potassium
phosphate buffer (pH 7.2) containing 100 mM KCl.

3.4.1 G-quadruplex thermal stability evaluation by circular dichroism

The temperature-dependent change in the amplitude of the CD signal at 295 nm for

antiparallel quadruplexes was followed to evaluate the stability of the G-quadruplexes. The CD

melting data are indicated in Table 2, and the melting plots are shown in Figure 4.

Table 2. CD-melting data of oligomers.

Oligomer | CD Tw (°C), K*,295 nm | CD Tw (°C), thrombin, 295 nm
iso-rTBA 52 29
TBA 50 22
isoTBA 29 < 10 Ref?
rTBA 54 Refl nd

The iso-rTBA quadruplex (7m = 52 °C) was also found to be more stable than TBA (7m

=50 °C), and isoOTBA (7m = 29 °C) and comparable to the multimolecular parallel rTBA G-

quadruplex (54 ° C).! Thus, iso-rTBA forms a very stable antiparallel G-quadruplex in the

presence of K' ions.
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Figure 4. CD melting plots for TBA and iso-rTBA.

3.5 UV-Thermal Difference Spectra (TDS) and TDS factors

The thermal difference spectra (TDS) can be generated from the UV absorbance scans
recorded at temperatures higher and lower than that of the melting point of the quadruplexes.
TDS were obtained by subtracting the spectral scan of the sample at temperatures below (i.e.,

10 °C) from that above (i.e., 90 °C) the melting temperatures. The characteristic negative at
17,18

295 nm and positive at 275 nm, that are typically seen in the TDS of G-quadruplexes’>'® were
observed also for iso-rTBA (Figure 5a).
TBA %
] a —— Iso-rTBA ® TBA
o 006 € &l —— Iso-rTBA
2 0.04 <
o KX
£ 0.02 i)
S g 4
o 0.00 £
2 c
< -0.02]
-0.04 - N
< ._.___._—-—‘/
-0.06 . . : : . . - : . .
220 240 260 280 300 320 10 20 30 40 50
Wavelength (nm) Temperature (°C)

Figure 5. (a) UV-TDS (b) TDS factors of TBA and iso-rTBA in the presence of K* ions.

The analysis of TDS factors may be used to effectively differentiate parallel and
antiparallel quadruplexes. Thus, parallel quadruplexes typically contain guanosines of the same
(either all syn or all anti) glycosidic bond angle, while antiparallel quadruplexes contain
guanosines with differing syn or anti glycosidic bond angles in every quartet of the quadruplex.

TDS factors of magnitude > 4 imply the existence of parallel quadruplexes, while a magnitude
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of < 2 signifies antiparallel quadruplexes.'® The TDS factor is the absolute value of the ratio of
AA240nm/AA295nm, where AA is the difference, at a given A, between the absorbance above (e.g.,
90 °C) and at a given temperature, 7, below the melting temperature (where 7= 5 °C, 10 °C,...,
etc., up to the melting temperature, 7m). The TDS factors for TBA and iso-rTBA in the presence
of K" ions were plotted as absolute values of AA240nm/AA205nm and are depicted in Figure 5b.

For both TBA and iso-rTBA, the TDS factor < 2 signifies antiparallel quadruplexes.

3.6 Hysteresis and concentration-dependence studies

The stable antiparallel G-quadruplex formation was observed with iso-rTBA in the
presence of K* ions. In order to confirm the molecularity of the iso-rTBA quadruplex, the UV
plots during heating and subsequent cooling were analyzed for hysteresis in comparison to
TBA, in the presence of K* ions. Negligible hysteresis (ATm= 2 °C, Table 3 and Figure 6) was
observed, indicative of a unimolecular complex for TBA and iso-rTBA. Further, when the UV-
Tm measurements were carried out at a higher strand concentration of 20 uM (Figure 6b), no
appreciable differences were observed (A7Tm = +2 to -2 °C), again confirming the
unimolecularity of the quadruplex. The data are listed in Table 3. This study thus constitutes

the first report of a unimolecular antiparallel G-quadruplex for the TBA sequence with an RNA

backbone, albeit 2°-5’-linked.
Table 3. UV-Tn data of TBA and iso-rTBA.

Strand TBA Iso-rTBA
conc T T ATm ATm Tm Tm ATm ATm
(uM) (heat) (cool) 20pM- (heat- (heat) (cool) (20pM- (heat-
°C °C 5uM) °C cool) °C °C °C S5uM) °C cool) °C
5 51 50 +2 +1 49 51 -1 -2
20 49 - - 48 50 -2
Experiments were recorded at 295 nm at varying strand concentrations in 10 mM potassium phosphate
buffer (pH 7.2) containing 100 mM KCI.
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Figure 6. Normalized UV plots for heating and cooling cycles of iso-rTBA taken at 5 pM (a) and 20 pM (b)
concentration, monitored at 295 nm. Buffer: 10 mM potassium phosphate buffer, pH 7.0, containing 100

mM KCI.

3.7 NMR study

The resonances of the imino protons of hydrogen-bonded guanines in the G-tetrads of G-
quadruplexes typically appear between 10.5 to 12.0 ppm in the 'H NMR spectrum.!*?® As
observed for TBA and isoTBA,? comparable imino proton chemical shifts were observed for
iso-rTBA as well (Figure 7b), indicative of the hydrogen-bonded G-quadruplex. Unlike
isoTBA, where the 'H NMR spectrum did not show any imino proton resonances in this region
in the absence of added cations,” some signals were observed for iso-rTBA (Figure 7a) ,
although these were different from those observed in the presence of K™ ions (Figure 7b), and
were spread over a wider chemical shift range. This could be a consequence of the different
types of hydrogen-bonded structures observed with and without K" ions, as also evident from

the corresponding CD scans (Figure 8).
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Figure 7. Imino proton region of the 'H NMR spectrum of a) iso-rTBA in the absence of K* ions. b) Iso-
rTBA in the presence of K" ions. Spectra were recorded at 5 °C, 25 °C, and 45 °C for a strand concentration
0of 200 puM in 90:10 v/v H20:D20.
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Figure 8. CD spectrum of iso-rTBA in water (absence of added cations) and in 10 mM potassium
phosphate buffer, pH 7.2, containing 100 mM KCI.

In the absence of K ions, at low temperature narrow signals as well as some broad
signals were observed, extending to ~13.0 ppm indicating the presence of Watson-Crick type
base pairs and other non-canonical, random aggregates. Temperature-dependent changes in the
"H NMR spectra show that in the absence of K* ions, the imino signals disappear at higher
temperature (45 °C), indicating disruption of hydrogen-bonded structures. In the presence of
K" ions, two sets of imino signals were present at low temperature, one being very weak and
broad relative to the other. This is indicative of multiple G-quadruplex conformations or simple
aggregation of G-rich strands at high concentrations. At 25 °C, the weaker signals disappeared,
and a single set of narrow imino peaks equal to the number of guanines in the sequence were
observed indicating a single dominant quadruplex conformation.?' Further heating resulted in
diminishing imino signal intensity as the temperature approached the melting temperature of
iso-r'TBA, as observed in the CD and UV-melting studies. The imino peaks become sharper
and shift downfield on going from 5 °C to 45 °C, while the other less stable structures get
eliminated. The observation of two sets of imino signals at low temperature, suggests the
possibility of the existence of aggregated species at low temperature, their dis-aggregation near
25°C, followed by the initiation of quadruplex melting at higher temperatures. The aggregated
species suggested by these studies is probably a consequence of much higher concentration of
oligomer used (200 uM) in NMR work. Higher-order G-quadruplex structures formed by end-
to-end or lateral association have been reported at millimolar concentrations typically
employed for NMR studies,* which were not observed at micromolar concentrations used in

UV and CD studies.
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3.8 Thrombin binding study

Thrombin, as previously reported by Baldrich and O'Sullivan,? can act as a molecular
chaperone for TBA folding. Nagatoishi and co-workers demonstrated?* that, in the presence of
thrombin but absence of any cation, TBA forms an antiparallel G quadruplex at low

temperatures, which can be monitored using the CD amplitude at 295 nm.
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Figure 9. Changes in the CD signal of iso-rTBA and TBA (5 uM) upon addition of thrombin in water.

The thrombin-binding ability and affinity were studied by CD experiments when
increasing amounts of thrombin were added to an aqueous solution of iso-rTBA. The drastic
changes observed included a decrease in intensity of 255 nm maximum and 287 nm minimum,
and a concomitant appearance and increase in the intensity of maximum at 295 nm (Figure 9a).
Thus, the interaction of thrombin with iso-rTBA and its chaperone action inducing an
antiparallel topology in iso-rTBA was strongly evident. In comparison, when thrombin was
added to TBA, an increase in the maximum near 295 nm was observed, together with a shift
towards 300 nm (Figure 9b), as reported earlier for this oligomer.?>>* The stability of the
thrombin complex with iso-rTBA (Tm = 29 "C) was higher than TBA iso-rTBA (Tm = 22 ‘C)
(Table 2 and Figure 10).
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Figure 10. CD melting plots of TBA and iso-rTBA in complex with thrombin.
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When the experiment was performed in the presence of K* ions, there was negligible
change in the CD spectrum of the pre-formed antiparallel iso-rTBA G-quadruplex (Figure 11a),
and the complex melted at a temperature that was similar to that of the iso-rTBA quadruplex

with K" ions in the absence of thrombin (Table 2, Figure 11b).
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Figure 11. a) Thrombin binding monitored by CD spectra for iso-rTBA and b) CD melting plot of iso-

rTBA-thrombin in the presence of K* ions.

3.9 CD saturation binding curves for TBA and iso-rTBA with thrombin

The Kq for complexes of thrombin with TBA and iso-rTBA were calculated from the
CD saturation binding curves (Figure 12), obtained by titrating solutions of the TBA/iso-rTBA
oligomers with thrombin. The K value for thrombin with iso-rTBA (3.4 x10°® M) was found
to be one order of magnitude higher than for TBA (3.8 107" M) while iso-rTBA was found to
bind to 4 molecules (n) of thrombin, compared to 1 molecule in the case of TBA, and a 4-fold
higher concentration of thrombin was required for the CD signal to reach saturation with iso-

rTBA in comparison to TBA (Table 4).
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Figure 12. CD saturation binding curves for (a) TBA and (b) iso-rTBA with thrombin
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Ka and n were calculated using the formula

[L]

0 = — 4
[L]+ Ky

0
log (ﬁ) =nlog[L] — log[K,]

Where, 0 is the normalized CD amplitude at 295 nm, [L] is the ligand (thrombin) concentration

and Ka is the dissociation constant, which is equivalent to 1/Ka.

Table 4. Calculation of Ka and n

Oligomer Ka n
TBA 3.8 x107M 1
Iso-rTBA 3.4 x10°M 4

3.10 Anti-clotting study

Thrombin converts fibrinogen to fibrin, which causes coagulation.”> A clotting assay
was used to assess the effect of thrombin binding on the anti-thrombin activity of the modified
oligomers, and the inhibitory effect on thrombin-catalyzed fibrin polymerization (thrombin
time/clotting time) was measured at 37 °C. Iso-r'TBA was added to a solution of thrombin in
saline and the time required for clotting was measured at 37 °C. The results are summarized in
Figure 13. The anti-clotting effect of iso-rTBA (clotting time 70.9 s) was found to be similar
to TBA (clotting time 77.6 s) and isoTBA (clotting time 73.4 s). Thus, not only was the RNA
backbone of iso-r'TBA able to fold into an antiparallel quadruplex, but iso-rTBA was also able

to effect anticoagulation to almost the same level as TBA and isoTBA.
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Figure 13. Anticlotting activity measured by comparing the thrombin-catalyzed fibrin polymerization time.
Experiments were performed in saline at 37 °C and repeated at least three times independently. The error

bars indicate the standard deviation of these measurements.

3.11 Nuclease stability study

The stability of iso-r'TBA to degradation by nucleases RNase A and snake venom

phosphodiesterase was assessed in comparison to TBA.

3.11.1 Stability to RNase A

The stability of iso-rTBA to hydrolysis by RNase A was estimated in comparison to
TBA and a random sequence RNA 12mer (Figure 14). As expected, TBA, being a DNA
oligomer, was resistant to hydrolysis by RNase A. On the other hand, the RNA 12mer was
rapidly hydrolysed, with a half-life of 1.5 min. In contrast, iso-rTBA was extremely stable and
remained intact even after prolonged exposure of 12 h, behaving similar to TBA, even though
it has a ribose backbone as in RNA. The stability to RNase is a significant advantage for this
oligomer over other RNA oligomers/aptamers and significantly increases its potential for

biological applications.
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Figure 14. Stability of oligomers TBA, iso-rTBA and a random RNA 12mer to hydrolysis by RNase A.
Oligomers were taken at a concentration of 7.5 pM in 50 mM MOPS buffer at pH 7.0. RNase A (0.05 U)
was added, and aliquots were withdrawn at successive time intervals and analyzed by HPLC to quantify
the intact oligomer present.

3.11.2 Stability to snake venom phosphodiesterase (SVPD)

The stability of iso-rTBA to nuclease digestion was further tested by exposure to snake
venom phosphodiesterase (SVPD) from Crotalus adamanteus (3' exonuclease) to test the
enzymatic stability of the modified aptamer. The study was carried out at 37 °C and the percent
oligomer remaining intact at successive time intervals was monitored by RP-HPLC (Figure
15). Although both oligomers were finally hydrolysed by SVPD, iso-rTBA was clearly more
resistant to the enzyme, with a half-life of 1.9 min, Vs. TBA with a half-life of 0.8 min; 4 %
intact iso-r'TBA was still observed after 30 min, while TBA was completely consumed within
10 min. This superior resistance of iso-rTBA to enzymatic hydrolysis by nucleases clearly

makes it appealing for applications in biological systems.
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Figure 15. Stability of iso-rTBA and TBA (7.5 pM each) to degradation by SVPD (0.015 U) at 37 °C. Buffer:
100 mM Tris-HCI (pH 8.5) containing 15 mM MgClz, 100 mM NaCl.
3.12 Conclusions

In this Chapter, we have shown that iso-rTBA, a G-rich RNA with a 2’-5’-linked
backbone, is able to fold into an antiparallel G-quadruplex, unlike most RNA quadruplexes
(including rTBA), that adopt a parallel topology. Further, this unimolecular antiparallel iso-
rTBA quadruplex is able to inhibit clotting, similar to TBA, and also resist degradation by
nucleases. This highlights the flexibility and versatility of the 2’-5’-backbone, and its ability to
adopt functional topologies, irrespective of whether the sugar is ribose or deoxyribose. The 2’-
5’-RNA backbone also provides a more economically viable possibility, as the protected
phosphoramidite building blocks are more readily and economically available. We believe that
this study would open up possibilities for the application and study of the 2°-5’-isoRNA
backbone in other DNA aptameric sequences for enhanced properties without compromising
their functional ability. This report thus constitutes an important and easily implementable

development in this area.

3.13 Experimental
3.13.1 Oligonucleotide synthesis, purification and characterization

3’-5’-linked TBA and 2'-5'-linked iso-rTBA were synthesized in-house on a
Bioautomation Mermade-4 DNA synthesizer employing B-cyanoethyl phosphoramidite
chemistry. The 2'-deoxy-3'-phosphoramidites were obtained from ChemGenes and 3'-
TBDMS-protected 2'-phosphoramidites, from Glen Research. Universal columns procured

from Bioautomation were used for 2'-5'-linked oligomer synthesis. Oligonucleotides were
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cleaved from the solid support by treating with aqueous ammonia at 60° C for 6h and then
concentrated. Post-synthesis, deprotection of the TBDMS group was achieved by treatment

with triethylamine trihydrofluoride for 2h, followed by purification.

3.13.2 HPLC analysis

Oligonucleotides were purified by RP-HPLC on a C18 column using a Waters system
(Waters Delta 600e quaternary solvent delivery system, 2998 photo-diode array detector and
Empower2 chromatography software. An increasing gradient of acetonitrile in 0.1 M triethyl

ammonium acetate (pH 7.0) was used. The molecular weight of all oligonucleotides was

verified by MALDI-TOF analysis.

3.13.3 CD experiments

CD spectra were recorded on a Jasco J-815 CD spectrometer equipped with a Jasco
PTC-424S/15 peltier system. 5 mm path-length quartz cuvettes were used for a sample volume
of 2 ml and strand concentration of 5 uM in tris buffer (10 mM, pH 7.2) containing 100 mM
KCI. Oligomers in buffer were annealed by heating at 95 °C for 5 min, then slowly cooled to
room temperature followed by refrigeration for 3 to 4 h before use. Spectral scans over a range
of 320 nm to 200 nm were collected as accumulations of 3 scans at a scanning rate of 100 nm
min~'. CD melting was performed by monitoring CD intensity at 295 nm against temperature

over the range 5-90 °C at a heating rate of 3 °C per min.

3.13.4 UV experiments

UV-absorbance scans of the TBA and iso-rTBA oligomers were recorded using 10 mm
pathlength quartz cells on an Analytik Jena SPECORD® 200 plus spectrometer equipped with
a peltier-controlled temperature controller and at a scanning speed of 5 nm sec™'. The TBA and
iso-rTBA oligomers (5 uM strand concentration) were annealed in tris buffer (10 mM, pH 7.2),
containing 100 mM of the appropriate cations. The oligomer concentration was calculated on
the basis of absorbance from molar extinction coefficients of the corresponding nucleobases of
DNA. Thermal difference spectra (TDS) were obtained by subtracting the UV-absorbance
spectral scan of the sample at temperatures below (i.e., 10 °C) from that above (i.e., 90 °C) the
melting temperature (7m). The TDS factor is the absolute value of the ratio of AA240nm/AA295nm,
where AA is the difference, at a given A, between the absorbance above (e.g., 90 °C) and at a
given temperature, T, below the melting temperature (where T =5 °C, 10 °C,...) etc. upto the

melting temperature, Tm.
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3.13.5 NMR experiments

'"H NMR spectra were acquired at 700 MHz and 4 °C using a Bruker AV 700 NMR
spectrometer operating at 700.13 MHz for 'H using a Smm BBFO probe. The raw data were
processed with a Gaussian function for improvement of signal to noise ratio. Temperature
during the measurements was controlled by means of a Bruker BVT 3000 unit. HPLC-purified
iso-rTBA was taken at 200 pM concentration in 90:10 v/v H20:D20 with or without 100 mM
KCL

3.13.6 Anticlotting measurements

Clotting time experiments were performed at 37 °C on a Start-Max (Stago) coagulation
analyzer. Each experiment was repeated at least thrice; the standard deviation was +1 s. Each
commercial reagent was re-constituted according to the manufacturer's protocol. Bovine
thrombin (Tulip Diagnostics, 0.1 NIH unit) was incubated with TBA or iso-rTBA as applicable
and specified at 0.25 uM oligomer concentration for 1.5 min before addition to fibrinogen from
human plasma (Aldrich, 3.5 uM). The clotting time (s) was measured as the time taken upon

addition of thrombin till the polymerization of fibrin.
3.13.7 Stability of oligonucleotides to cleavage by RNase A

The reactions were performed in 1.5 ml plastic tubes with screw cap immersed in a
water bath at 37 °C. Incubation was carried out in 50 mM MOPS buffer at pH 7. The samples
were prepared by adding the oligonucleotides (iso-rTBA, 3’-5’-r(CUGAAAUCGGUU)
random RNA or TBA at 7.5 uM concentration) to a solution of the RNase enzyme (0.05 U) in
MOPS buffer. Aliquots were collected at specific times after initiation of reaction, the enzyme
was inactivated by heating at 90 °C for 3 min to stop the reaction, and samples were analyzed

by HPLC to determine the quantity of oligonucleotide remaining intact at each time point.
3.13.8 SVPD stability study

TBA and iso-r'TBA (7.5 uM) were carried out at 37 °C in 100 mM Tris-HCI buffer (pH
8.5) containing 15 mM MgClz, 100 mM NaCl, and SVPD (0.015 U). Aliquots were removed
at successive time intervals, heated at 90 °C for 3 min to inactivate the nuclease, and analyzed

by RP-HPLC to measure the percentage of oligonucleotides remaining intact.
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3.14 Appendix B

Description

Page No.

HPLC chromatogram of iso-rTBA oligomer

73

HPLC chromatogram of TBA oligomer

73

MALDI-TOF spectrum of iso-rTBA
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MALDI-TOF spectrum of TBA
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4.1 Introduction

G-quadruplexes are highly ordered folded structures with various folding topologies
and molecularities.! The thrombin binding aptamer (TBA)? is one such DNA sequence
comprising 15 nucleotides, i.e., 5’-GGTTGGTGTGGTTGG-3’ and is a result of in vitro
selection targeted towards thrombin. NMR and X-ray crystal studies show that TBA folds in
an intramolecular, anti-parallel fashion with a chair-like conformation consisting of two G-
quartets linked by three loops- two TT loops and one TGT loop.>* Although this sequence
exhibits anticoagulant effects, it falls short due to its early degradation in vivo.> To overcome
this problem while increasing the anti-clotting effect, many nucleotide and backbone
modifications have been reported.® Among the studies that involved replacing the loop residues
by abasic units, those that introduced a dibenzyl linker,” anthraquinone units,® tetrapeptides,’

1"and azobenzene derivatives'? (Figure 1). An

3-carbon abasic spacer,!® anthracene groups,
enhancement in the thermal stability of the resulting quadruplexes was reported for the dibenzyl
linker,” double anthraquinone units,® single anthracene substitution at T9,!! C3-spacer,!® and
selected azobenzene substitutions.!> The dibenzyl and C3-spacer were also found to increase
the clotting time.”!® Nuclease stability studies were not reported. The increased flexibility
offered by the simplest among these, ie., the abasic 3-carbon spacer, at position T7, resulted in

significant improvement in thermal stability and thrombin clotting time. '

II
‘ ;
kj )
H
Thymidine Azobenzene Dibenzyl linker Anthraquinone units C3-spacer
a b c d e

Figure 1. (a) thymidine (T) residue in comparison to (b) azobenzene (c) dibenzyl linker (d) anthraquinone
units and (e) abasic propyl (C3) linker.

4.2 Rationale and objectives of the present work
Ethylene glycol linkages are known in oligonucleotides.'*> The Ul snRNA sequence
was modified with ethylene glycol linkage in the phosphate region, which resulted in increased

binding affinity for snurportin-1 than unmodified UlsnRNA.!'
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Figure 2. (a) thymidine (T) residue in comparison to (b) abasic propyl (C3) linker and (c) proposed abasic
ethylene glycol (E) spacer.

We envisioned the synthesis of abasic spacer units derived from ethylene glycol (Figure
2) as replacement of loop residues in an attempt to further simplification and arrive at a minimal
spacer unit that would preferably retain or improve the stability and anticoagulant properties
of TBA. This new E spacer was incorporated at single or double positions in the T>T* and
T'G3T? loops of TBA, as the TT and TGT loops are reported to be implicated in the interaction

and subsequent inhibition of thrombin.!'>:!®

4.3 Synthesis of ethylene glycol spacer phosphoramidite

The abasic ethylene glycol spacer phosphoramidite was synthesized employing simple
chemical transformations as outlined in Scheme 1. Accordingly, commercially available
ethylene glycol was converted to the mono-DMTr-protected compound 2 on treatment with
DMTTt chloride in the presence of DMAP with pyridine as a solvent in 60% yield. Further,
reacting compound 2 with 2-cyanoethyl-N, N-diisopropylchlorophosphine in CH2Clz gave the
phosphoramidite 3 in 64% yield. Compound 3 was further used as the protected monomer for

oligonucleotide synthesis.

Scheme 1. Synthesis of ethylene glycol phosphoramidite

Reagents and conditions: (i) DMTrCl (0.1 equiv.), DMAP (0.01equiv.), dry pyridine, 2h, r.t., 60% (ii) 2-
Cyanoethyl-N, N-diisopropylchlorophosphine (2 equiv.), EtN(iPr): (4 equiv.), dry CH,Cly, 1h, r.t., 64%
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4.4 Synthesis of TBA, and modified TBA oligomers, their purification, and

characterization

TBA and modified TBA oligonucleotides containing E spacer units incorporated at pre-
determined positions were synthesized using commercially available protected 2'-deoxy-
thymidine-3’-phosphoramidite and 2’'-deoxy-guanosine-3’-phosphoramidite by standard f-
cyanoethyl phosphoramidite chemistry!’, using an increased coupling time of 150 s for this
unit. The synthesized oligomers were cleaved from the solid support using aqueous ammonia,
purified by RP-HPLC, and characterized by MALDI-TOF spectrometry. 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.

Table 1: Synthesized TBA and modified oligomers.

Sr.no. | Sequence Sequence name MALDI TOF Mass (Da)
Mcalcd. Mobsd.
1 3 GGETGGTGTGGTTGG 4546 -
TBA-T | = 4587 ((M]+K)
2 4 GGTEGGTGTGGTTGG 4546 -
TBA-T | = 4586 ((M]+K )
3 7 GGTTGGEGTGGTTGG 4546 -
TBA-T | = 4582 ([M]+K)
4 o GGTTGGTGEGGTTGG 4546 -
TBA-T | = 4587 ((M]+K)
5 TBA- T3 T4 GGEEGGTGTGGTTGG 4364 4372
E E
6 TBA-T T9 GGTTGGEGEGGTTGG 4364 4371
E E
7 TBA GGTTGGTGTGGTTGG 4727 4731

E = ethylene gycol

The E units were introduced either at single positions or as double replacements of T
residues in the T>T* and T’G®T’ loops. TBA oligonucleotides T, T*k, T’g, and Tk represent
single substitutions of T at positions 3, 4, 7, and 9, respectively, while oligonucleotides T*sT*e
and T’eT’e represent double substitutions in the loop regions at positions indicated by the

numbers.

4.5 G-quadruplex formation and stability by circular dichroism spectroscopy
CD spectra of TBA oligomers singly substituted with E (T%g, T*, T’g, and T°g) were

characterized by high amplitude, positive maxima at 295 nm and 240 nm, and minima at 260
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nm, in comparison to TBA oligomers bearing two E substitutions (T°tT*t and T’eT’E; Figure
3a), where the lowest amplitude was observed for T’eT’. In the presence of Na*, all the
modified oligomers displayed CD signals of lower amplitude and differing in their

maxima/minima when compared to TBA (Figure 3b).
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Figure 3. CD spectral scans at 4 "C of oligomers (a) in potassium phosphate buffer (10 mM, pH 7.2)
containing 100 mM KCl; (b) Sodium phosphate buffer (10 mM, pH 7.2) containing 100 mM NaCl; (¢) in

water.

The observed spectra of the E-containing oligomers were similar to those in presence
of Na" even in the absence of any added ions (Figure 3c), thus suggesting that Na" ions may
not have a significant effect on the quadruplex-forming ability of the E-TBA oligomers. Since
a CD spectrum can be used to distinguish between parallel and anti-parallel quadruplex folding
topologies, where a parallel quadruplex shows maxima typically at 260 nm and an anti-parallel

quadruplex at 295 nm,"8

it can be concluded that the E-modified oligomers fold into anti-
parallel quadruplexes in the presence of K* ions (Figure 3a). In the presence of Na* ions, T*E

and T°e showed signals characteristic of anti-parallel conformation, while the CD spectra of
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the other oligomers were inconclusive (Figure 3b). In the absence of any cations, T°g, T', Tt

and T°eT* oligomers showed no conclusive CD pattern, while T*k and T’eT’e showed a

completely different folding pattern (Figure 3b).

4.6 Raman spectroscopy

Depending on the direction of the strands and the conformation of the guanine

nucleobases about the glycosidic bond, they can be classed as parallel and antiparallel. All

guanines in the parallel structure are anti, although in the antiparallel structure, they alternate

between syn and anti. TBA and modified oligomer were incubated at room temperature in

presence K* ion. The spectra showed Raman bands associated with the quadruplex structure'’

(Figure 4, Table 2).

1324 1336

Raman intensity

11370 1484

=00 . S= ]

Wavenumber/ cm™

Figure 4. Raman spectra for the E-containing oligomers in comparison to TBA, with the characteristic

signals from G-quadruplexes marked.
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Table 2. Raman spectra signals and assignments.

Raman spectrum
marker (cm™)

Assignment

~1324 dG C2’-endo/syn,

~1336 dG C2’-endo/anti,

~1370 dT, dG C2’-endo/syn

~1484 C8=N7-H2 deformation; dG-N7-H2 strong
Hoogsteen H-bond

~1583 dG; N2H interbase H-bond

~1669 C6=06 of Guanine

dG marker bands were observed at ~1324 cm™ and ~1336 cm™!, corresponding to the dG C2’-

endo/syn and dG C2’-endo/anti conformations respectively.”’ The signal at ~1370 cm’

corresponds to dT, dG C2’-endo/syn.?! The N7 and H2 deformation of the guanine tetrad is

attributed to the band approximately at 1484 cm™'.?? It was also seen that the intensity of the

1669 cm™! band (showing hydrogen-bond formation) in all oligomers was lower than the 1583

cm’! band,!” owing to the strong hydrogen-bond formation between O6 and H1, suggesting the

quadruplex form's prevalence.

4.7 G-quadruplex thermal stability using UV and CD spectroscopy

Denaturation profiles and melting temperature (7m) can be monitored by UV and CD

spectroscopy at varying temperatures. The stability of the G-quadruplexes in the presence of

K" and Na" ions was monitored by the temperature-dependent change in the amplitude of the

UV and CD signal at 295 nm.
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Figure 5. (a) UV Tu plots; (b) CD Tw plots of TBA oligomers in potassium phosphate buffer (10 mM, pH
7.2) containing 100 mM KCl.

Atish A. Wagh, AcSIR (CSIR-NCL, Pune) Ph.D. Thesis 2021




Chapter 4

The melting temperature of the quadruplexes estimated by UV and CD spectroscopy
indicated that the E unit has a destabilizing effect on the thermal stability of TBA (ATm > -15
°C; Figure 5(a) and 5(b) and Table 3). The T°eT*e oligomer, in particular, was largely
destabilized and melted below 20°C. Thus, the shorter E unit had a negative effect on the
thermal stability of the resulting quadruplexes, in comparison to the one carbon longer C3-

spacer,'® where a stabilizing effect was reported.

Table 3. CD- and UV-melting data of TBA oligomers.

No. Oligomer CD T (°C) UV T (°C)
1 TBA 49 48/49?
2 T?e/(TBA-SP3)!° 17 20/55°
3 T 22 24
4 T’e/(TBA-SP7)!° 15 17/552
5 T%e 25 24
6 TeT* nd nd
7 T’ Tk 33 29
8 (TBA-SP12)° - 55¢

The experiments were performed in potassium phosphate buffer (10 mM, pH 7.2) containing 100 mM KCI with
a strand concentration of 5 uM and a heating rate of 3 °C/min. Each experiment was performed at least thrice and

is accurate to = 1 °C.* sodium cacodylate (10 mM, pH 7.0) containing 100 mM KCI.

4.8 Evaluation of G-quadruplex topology by UV-Thermal Difference Spectra (TDS)

The thermal difference spectra (TDS) can be generated from the UV absorbance scans
by subtracting the scan recorded at temperatures higher than- from that at a temperature lower
than the melting point (7m) of the quadruplexes. The UV-TDS signature for a G-quadruplex
structure?® consists of a negative band centered at ~295 nm, with positive bands at ~273 nm

and ~242 nm.
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Figure 6. UV-TDS of TBA oligomers.

It was observed for TBA, and was also seen for the E-substituted oligomers (Figure 6),

indicating quadruplex formation for all these oligomers. The UV-TDS spectrum of T3eT*:

showed a low-intensity negative band near 295 nm and poorly defined peaks around 273 nm

and 242 nm, in comparison to the other oligomers, probably indicative of a weaker, imperfectly

formed quadruplex in this case, in accordance with data from the melting studies.
4.9 Nuclease stability study
4.9.1 Endonuclease stability

The stability of the E-containing oligomers was tested against S1 nuclease from

Aspergillus oryzae. As the modified units are at internal positions in the oligomer, S1 nuclease,

a non-specific endonuclease was chosen for evaluation. The formation of the G-quadruplex

structure is itself also reported to shield oligonucleotides from rapid nuclease degradation.?*

BT7ET9E ETBA

3 10 20 30 60

Time (min)

120 +

100

80

60

40

20

Intact Oligomer (%)

Figure 7. S1 Nuclease stability study of T’eT°t in comparison to TBA at 37 °C. S1 nuclease (89 U/mL) was
added to the oligomer (7.5 uM) in reaction buffer (pH 4.5) containing 0.05 M sodium acetate, 0.28 M NaCl,

and 4.5 mM ZnSOs.
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The stability of T’TE as a representative oligomer against nuclease degradation was
studied in comparison to TBA. The stability of the oligomers was monitored by measuring the
peak area in the HPLC chromatograms at successive time intervals upon treatment with S1
nuclease. From Figure 7, it is evident that T’eT%E bearing two E units, with a half-life of nearly
15 min, was much stabler than TBA (#12< 3 min).

4.9.2 Serum stability study

The serum stability of selected oligonucleotides (T’eT’e Vs. TBA) was assessed on
exposure to 10% fetal bovine serum (FBS). Aliquots of the oligomer removed at successive
time-points were analysed by polyacrylamide gel electrophoresis (PAGE). A portion of the

T’eT%E oligomer was found to be intact even after 6 h, while the control TBA oligomer was

digested entirely at this time-point (Figure 8).

Figure 8. Stability assay upon treatment with fetal bovine serum analyzed by polyacrylamide gel
electrophoresis. Lanes 1-4: TBA at 0 h, 1 h, 3 h and 6 h respectively; lanes 5-8: T’eT°c at 0 h, 1 h,3 h and 6

h respectively. The gel was visualized by UV-shadowing.

4.10 Thrombin binding and inhibition
The chaperone effect of thrombin,'® evident from the increasing CD amplitude at 295

nm, confirmed the binding of the oligomers containing single E substitutions (Figure 9). This

effect was not observed for T°sT*k and T’eT’E, indicating very poor binding to thrombin for

these oligomers.
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Figure 9. CD scans of oligomers (5 pM) upon incremental addition of thrombin. (A) T3, (B) T*, (C) T’E,
(D) T, (E) T3cT*e, (F) T’ T’ and (G) TBA. Black: 0.2 uM thrombin; red: 0.4 pM thrombin; green: 0.8
pM thrombin.

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. Since
TBA is known to slow down coagulation,?® a thrombin time assay involving the conversion of
fibrinogen to fibrin in the presence of thrombin was performed to evaluate the anticoagulant
activity of the oligomers (Figure 10). The four variants containing single E spacers, namely
Tk, T*e, T’g, and Tk, showed thrombin inhibitory effects (clotting time ranging from 53 s to
65 s), although slightly lower than TBA (76 s), whereas oligomers T*T*t and T’eT e bearing
two E units each, with clotting times of 47 s and 40 s respectively, showed even lower anti-
thrombin effects and only a slight delay in the coagulation process. The highest anticoagulant
effect was observed with T°, with a 65 s clotting time, a delay of 31 s in comparison to the

control (34 s clotting time) when no oligomer was added.
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Figure 10. Clotting time measured as the time required for fibrin polymerization upon the addition of
thrombin to fibrinogen in the presence of added oligomers. control: clotting time in the absence of any
added oligomer.

4.11 Conclusions

In this Chapter, our studies with a 2-carbon E spacer have shown that single
replacement of loop residues by E spacer are tolerated better than two. Although a beneficial
effect on the nuclease stability and half-life of the oligomers was observed, the lower thermal
stability and anti-clotting effect were observed with the 2-carbon E spacer compared to the 3-

carbon spacer unit suggests that this shorter backbone is less tolerated in TBA.

4.12 Experimental section

4.12.1 Synthetic procedures and spectral data

O 2-(bis(4-methoxyphenyl) (phenyl)methoxy) ethan-1-ol (2): Ethylene

O glycol 1 (5.00 g, 80.64 mmol) and dimethoxytrityl chloride (DMTr-Cl)
o\/\OH (2.72 g, 08.64 mmol) were dissolved in pyridine (100 mL) containing

O DMAP (0.098 g, 0.86 mmol) as the catalyst, and the reaction mixture

_0O was stirred at room temperature. After 2 h, TLC indicated the

consumption of the starting material. Removal of solvents yielded a yellowish sticky solid,
which was taken up in CH2Cl2 and given a saturated NaHCO3 wash. The organic layer was
dried over sodium sulfate, and the solvent was evaporated in vacuo to get a pale-yellow solid
foam, which was purified by chromatography on silica gel (pre-neutralized with Et3:N).

Compound 2 eluted in 20% EtOAc/ petroleum ether. Yield: 1.74 g, 60%.

Mol. Formula : C23H2404

Exact Mass (caled) :364.17
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HRMS (obsd) :387.15 (M + Na")

'H NMR

(200MHz, CDCl3) : 8H (ppm) 3.25 (t, J=4.61 Hz, 2H), 3.73 ( b, 2H), 3.78 (s, 6H), 6.81-6.85
(m, 4H), 7.24-7.43 (m, 9H).

13C NMR

(125MHz, CDCL3) : 8C (ppm) 158.4, 144.8, 136.0, 129.9, 128.1, 127.7, 126.7, 113.0, 86.0,
64.5,62.3, 55.1.

3C-DEPT

(125MHz, CDCl3)  : 8C (ppm) (CH/CH3): 55.5, 113.07, 126.07, 127.78, 128.10,129.99

(CHa): 62.33, 64.59.

O oL 2-(bis(4-methoxyphenyl) (phenyl)methoxy) ethyl(2-
5 ofCN cyanoethyl) diisopropylphosphoramidite 3).
\/\O~p\’ Compound 2 (0.125 g, 0.34 mmol) was dissolved in dry

O \<N\< dichloromethane (5.0 mL). Diisopropylethylamine

o (DIPEA) (0.23 mL, 1.37mmol) was added to the ice-

cooled solution under an argon atmosphere followed by 2-cyanoethyl N,N-diisopropyl
chlorophosphine (0.16 mL, 0.68 mmol). After stirring the reaction mixture at room temperature
for 1 h, TLC indicated complete consumption of the starting material. CH2Cl> was added to
dilute the reaction, and the organic layer was washed with NaHCO3 and water and then dried
over sodium sulfate. Removal of solvents in vacuo afforded the crude product that was purified
by column chromatography on silica gel (pre-neutralized by EtsN). The pure compound 3 was
eluted by a mixture of 15 % EtOAc/ petroleum ether containing 0.5% Et3N. Yield 0.220 g,
64%.

Mol. Formula : C32H41N205P
3Ip NMR

(161 MHz, CDCls) : O(ppm) 148.51 ppm.
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4.12.2 Synthesis of Oligonucleotides

Oligonucleotides were synthesized by B-cyanoethyl phosphoramidite chemistry on a
Bioautomation Mermade-4 DNA synthesizer. The phosphoramidites were obtained from
Innovassynth Technologies India Ltd. For the E modified units, increased coupling time of 150
s was used. Oligonucleotides were cleaved from the solid support by treatment with 25% aq.
ammonia. They were purified by RP-HPLC (Waters Delta 600e quaternary solvent delivery
system, 2998 photodiode array detector, and Empower2 chromatography software) on a C18
column using an increasing gradient of acetonitrile in 0.1 M triethylammonium acetate (pH
7.0). Their purity was reassessed by analytical HPLC, and they were characterized by MALDI-
TOF mass spectrometry. The oligomer concentration was calculated by absorbance

measurements using the molar extinction coefficients of the corresponding DNA nucleobases.

4.12.3 CD Experiments

For CD experiments, the TBA oligomers were taken at a strand concentration of 5 pM.
Potassium phosphate buffer (10 mM, pH 7.2) was used, which contained 100 mM KCI.
Oligomers were annealed by heating at 90 °C for 2 min, slowly cooled to room temperature,
and refrigerated at ~4°C for 3 h before the start of the experiments. CD spectra were recorded
in a 2 mm path length cuvette using a resolution of 1 nm, bandwidth of 1 nm, the sensitivity of
20 mdeg, response of 1 s, and a scan speed of 100 nm/min. Three scans were accumulated for
each sample. CD melting was performed by monitoring the CD intensity at 295 nm over a
temperature range of 5-90 °C. To study the chaperone effect of thrombin, bovine thrombin
(Tulip Diagnostics) was added to the oligomers (S5uM) at 5 °C in 0.2 uM increments, and the

CD scans were recorded.

4.12.4 Raman measurements

Raman spectroscopy measurements were recorded at laboratory temperature on an HR
800 Raman spectrophotometer (Jobin Yvon, HORIBA, France) equipped with an achromatic
Czerny—Turner type monochromator (800 mm focal-length) with silver-treated mirrors.
Monochromatic radiation emitted by a He—Ne laser (633 nm), operating at 20 mW, was used,
with an accuracy of £1 cm™!, equipped with a thermoelectrically cooled (with Peltier junctions),
multi-channel, spectroscopic grade CCD detector (1024 x 256 pixels of 26 microns) with the
dark current lower than 0.002 electrons pixel ! s™!. An objective of 50x LD (Long distance)
magnification was used to collect the signal from the samples. Silicon reference was used for
the calibration. To enhance the intensity of spectra, surface enhanced Raman spectroscopy

(SERS) was used for all the samples. To achieve the SERS effect, two drops of each specimen
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(100 uM strand concentration in water containing 100 mM KClI; 2 ul each, one drop after the
other) were dropped on aluminum foil and air-dried at laboratory temperature for 20-30 min.
The Raman signal was obtained with exposure time and acquisition time of 5 s and 10 s,

respectively in the region from 200 to 3000 cm™! with a resolution of £1 cm™!.

4.12.5 UV Experiments

UV-absorbance scans of TBA and E-substituted TBA oligomers were recorded using
10 mm pathlength quartz cells on an Analytik Jena SPECORD® 200 plus spectrometer
equipped with a peltier-equipped temperature controller and at a scanning speed of 5 nm sec™".
The oligomers were taken at a strand concentration of 5 uM. Potassium phosphate buffer (10
mM, pH 7.2 was used, which contained 100 mM KCI. Before starting the experiments,
oligomers were annealed by heating at 90 °C for 2 min, slowly cooled to room temperature,
and refrigerated at ~4°C for 3 h. Thermal difference spectra (TDS) were obtained by
subtracting the UV-absorbance spectral scan of the sample at temperatures below, from that

above the melting temperature (7m).

4.12.6 Nuclease stability study

The S1 nuclease stability was monitored by RP-HPLC. TBA and T’eT’%: (7.5 uM each)
were exposed to S1 nuclease (89 U/mL) at 37 °C in reaction buffer (pH 4.5) containing 0.05
M sodium acetate, 0.28 M NaCl, and 4.5 mM ZnSOs4. Aliquots were removed at successive
time intervals, heated at 90 °C for 3 min to stop the activity of the nuclease, and analyzed by
RP-HPLC to measure the percentage of oligonucleotides remaining intact. A graph of percent
intact oligomer Vs. time was plotted to get an idea of the stability of the oligomer to nuclease

action.

Fetal bovine serum stability study was conducted in 10% fetal bovine serum (FBS)
diluted with Dulbecco’s Modified Eagle’s Medium (DMEM) at 37 °C. TBA or T’eT’%: (320
uM, 20 ul) was evaporated to dryness under reduced pressure and then re-suspended in 10%
FBS (500 pl), followed by incubation at 37 °C. After 0, 1, 3, and 6 h, 125 pl aliquots of samples
were collected and stored at —20 °C for at least 30 min. The samples were evaporated to
dryness, and then 5 pul of gel loading buffer and 5 pl of autoclaved water were added. 5 ul of
the mixture was used for polyacrylamide gel electrophoresis (PAGE), which was carried out at
room temperature using 20% polyacrylamide gel in 1 X TBE buffer (Tris-borate-EDTA). The

degradation patterns on the gel were visualized by UV shadowing.
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4.12.7 Thrombin time assay.

The inhibitory activity of the TBA oligomers on the thrombin-catalyzed conversion of
fibrinogen to fibrin was assessed by a thrombin time assay. The time for clot formation at 37°C
was measured on a START Max coagulation analyzer (Stago). Each experiment was repeated
at least three times; the standard deviation ranged between *1 s to & 5s. Bovine thrombin (Tulip
Diagnostics, 0.1 NIH unit) was pre-incubated with the TBA oligomer taken at a 0.25 uM
concentration for 2 min before adding fibrinogen from human plasma (3.5 uM, Aldrich) and

measurement of clotting time.

4.13 Appendix C

Descriptions Page Number
Compound 2: 'H, *C, DEPT NMR and HRMS 92-94
Compound 3: *'P NMR 94
HPLC chromatogram of modified TBA oligomers 95-96
MALDI-TOF spectra of modified TBA oligomers 96-98
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5.1 Introduction

Chemically modified nucleic acids have been studied extensively in the development
of therapeutics,! and increase in DNA affinity as a result of modification can be expected to
play an essential role in improving the efficacy of putative oligonucleotide therapeutics. Sugar
modifications are particularly attractive because they dramatically improve the physical and
chemical properties of oligonucleotides. Substitutions at the 2'-position of the sugar in
nucleosides have been explored in literature for various applications, including increasing the
nuclease resistance properties of the derived oligonucleotides. There are reports of 2'-OMe %*
and 2’-F *° 2°-N modifications,%’ while reports of 2'-S-derivatives are very rare. Among the
2'-S-derivatives, 2'-SCH3, 2'-SCH2CH3, and 2'-SCH2CH>CH3® (Figure 1a) are known at the
nucleoside level. Sugars containing the highly electronegative fluoro- substituent at 2'-position
is known to favor the N-type pucker, suggesting that 2’-fluoro-nucleosides are good mimics
for RNA. In contrast, 2’-S substituents prefer a high 2’-endo (80% S-type) conformation,” more
than that found in 2’-deoxynucleosides (65% S-type), suggesting that it is more suited for DNA
than RNA. However, the reported literature was confined to nucleosides, and oligonucleotides
were not reported. 2’-SCF3 modification destabilized RNA duplexes,'° probably as a result of
the S-type sugar pucker. However, when the 2'-SCF3-modified nucleoside was incorporated in
the loop region of an RNA hairpin, it increased thermal stability compared to the unmodified
RNA hairpin.!'”

Replacement of G2 position of TBA with 6-thioguanine (Figure 1b) resulted in
complete inhibition of the G-quadruplex formation due to the decreased electronegativity of
sulfur vs. oxygen, leading to weaker interactions with cations and water molecules.'
Replacement of thymine by 4-thiodeoxy-uridine (Figure 1c) in the thrombin binding aptamer
at loop positions resulted in more potent inhibition of thrombin-induced fibrin clotting, and
platelet activation; the T3, T7, To, and Ti3 replacements provided a modified aptamer 2-fold
more efficient in inhibiting thrombin than native TBA.'? Phosphorothioate (Figure le)
modified TBA with modifications in the G-tetrad backbone or that of the loop residues and a
sequence completely modified with thiophosphoryl bonds was reported.'® Increased Tm values
were observed for a single substitution in the loops, whereas the insertion of phosphorothioate
linkages in the G-tetrad forming regions led to decreased G-quadruplex stability. In all the
modified sequences, the anticoagulant activity was lower than that of unmodified TBA, but
there was about 3-fold increased resistance to nuclease degradation in serum than the
unmodified aptamer.'? Introduction of alkylated phosphothioester (Figure 1f) bonds in the TBA

sequence,'* led to less stable G-quadruplex structures than the parent aptamer .
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Figure 1. Thio modifications in nucleosides or TBA.

5.2 Rationale, design, and objectives of the present work

The main challenges to applying therapeutic oligonucleotides in vivo are extending the
practical molecular lifetime by minimizing extra- and intracellular nuclease degradation.
Phosphorothioates are among the most successful backbone alternatives to reduce the
susceptibility to various extra- and intracellular nucleases. However, undesirable side-effects,
mainly involving non-specific binding to proteins such as albumin, can lead to associated toxic
effects that limit their application.!® Substitutions at the 2'-position of the sugar in nucleosides
have been explored in literature for various applications, including increasing the thermal
stability, binding to ligands / protein, nuclease resistance properties of the derived
oligonucleotides.'® The 2’-SCF3 modification destabilized RNA duplexes, probably as a result
of the S-type sugar pucker. However, when the 2'-SCF3-modified nucleoside was incorporated
in the loop region of an RNA hairpin, it increased thermal stability compared to the unmodified
RNA hairpin.'” 2’-modifications, are known to be resistant to nuclease cleavage.'® Of the
reported 2’-thio substituents, only 2'-SCF3 has been reported at the oligonucleotide level, and

none of these modifications are reported in G-quadruplexes.
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Figure 2. Sugar conformation in (A) 2’-thiopropyl-modified thymidine and (B) thymidine.

Reagents SCH3 are in gases state, and SCH2CH3 volatile in nature, therefore, we chose
to synthesize the selected 2'-thiopropyl derivative of thymidine, and study the effect of their
incorporation into oligonucleotides at the structural and functional levels. It would increase %
S puckered conformation as compare to thymidine, from this result will be utilized for conversion

to its phosphoramidite derivative for further use in solid-phase oligonucleotide synthesis.

5.3 Synthesis of 2’-thiopropyl-thymidine phosphoramidite

2, 2’-anhydroribothymidine 2 was prepared from the commercially available
ribothymidine 1, by heating with diphenyl carbonate in dry DMF at 150 °C using catalytic
amount of NaHCO3. Compound 3 was prepared from 2, 2’-anhydro ring opened of compound
2 by employing 4 equivalents of thiopropyl and N!, N!, N3, N3-tetramethylguanidine in dry
DMEF at 75 °C. Protection of the primary hydroxyl group in compound 3 was achieved using
DMTr-Cl and a catalytic amount of 4-dimethylaminopyridine (DMAP) in dry pyridine to
obtain compound 4. The 2’-thiopropyl derivative 4 was converted to its phosphoramidite
derivative by treatment with 2-cyanoethyl-N,N-diisopropylchlorophosphine and N,N-
diisoproylethylamine in dry DCM.? (Scheme 1).
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Scheme 1: Synthesis of 2’-thiopropylthymidine phosphoramidite
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Reagents and conditions: (i) Ph,CO; (1.3 equiv.), NaHCOs3 (0.1 equiv.) dry DMF, 150 °C, 0.5 h, 90-92% (ii)
CH;CH,CH,SH (4 equiv.) N!N!' N3 N3-tetramethylguanidine (4 equiv.), dry DMF, 75 °C, 5 h, 63-68% (iii)
DMTr-Cl (1.2 equiv.), DMAP (0.1 equiv.) dry pyridine, rt, 2 h, 80% (iv) 2-cyanoethyl-N,N-
diisopropylchlorophosphine (2 equiv.), EIN(iPr), (4 equiv.), dry CHxCly, r.t., 4 h, 70-72%.

5.4 Study of sugar pucker using "H NMR Ji»' coupling constant

The S- and N-type conformations of natural and modified sugar moieties of nucleosides
exist in equilibrium in solution. A coupling constant value between 6-9 Hz represents the S-
type sugar pucker, whereas a lower J value between 0-3 Hz is characteristic of the N-type sugar
pucker. The conformation of a nucleoside can be determined from the coupling constants of
the sugar ring protons in the 'H NMR spectrum. The sugar conformation of 2’-
thiopropylthymidine nucleoside was compared with those in DNA and RNA (Table 1) based
on the homonuclear 3Jui-n2' coupling constants. The % S conformation of the nucleoside unit
was calculated from the value of H1'-H2' NMR coupling constants as earlier reported,'” and
according to both Equation. The relevant portion of the 'H NMR spectrum is shown in Figure

3.
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Figure 3. Relevant portion 'H NMR spectrum thymidine, uridine, 2'thiopropylthymidine
S (%) =100 X (J12 = 1)/6.9.eveveeevennee (1)

S (%) = 100 x (EJHy' - 9.8)/5.9..........2)
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Table 1. Conformation of nucleosides using H1’-H2' coupling constants from 'H NMR spectra.

Sr. No. Nucleoside J nr-nzmz» (Hz) % S
1 thymidine 7.5/6.3 69
2 uridine 5.5 65
3 2’-thiopropylthymidine 8.0 101

5.5 Synthesis of TBA and modified TBA variants, their purification and characterization
The modified monomer, 2’-thiopropyl thymidine (Figure 2), was incorporated instead

of thymidine at the loop positions T3, T4, T7, To, Ti2, T13, T3T4 and T7To respectively to get

oligomers TBA-t3, TBA-t4, TBA-t7, TBA-t9, TBA-t12, TBA-t3, TBA-t3t4 and TBA-t7t9

respectively. All the TBA variants (Table 2) were synthesized on a Bioautomation MM4 DNA
synthesizer using commercially available protected 2'-deoxy-thymidine-3'-phosphoramidite
and 2'-deoxy-guanosine-3'-phosphoramidite by standard p-cyanoethyl phosphoramidite
chemistry'® using re-coupling for modified nucleotides. The synthesized oligonucleotides were
cleaved from the solid support by aq. ammonia treatment at 65 °C for 6h. RP-HPLC
purification of the synthesized oligomers was done, 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. RP-HPLC confirmed the synthesized oligomeric

sequences; their MALDI-TOF characterization data are listed in Table 2.
Table 2. Synthesized TBA variants.

Sr.no. Sequence Sequence details MALDI-TOF Mass (Da)
name

Mealcd. Moobsd.
1 TBA-t3 GGtTGGTGTGGTTGG 4801 4840 ((M] +K )
2 TBA-t4 GGTtGGTGTGGTTGG 4801 4839 (M] + K )
3 TBA-t7 GGTTGGtGTGGTTGG 43801 4838 ([M] +K+)
4 TBA-t9 GGTTGGTGtGGTTGG 4801 4839 (M] + K )
5 TBA-t12 GGTTGGTGTGGLTGG 4801 4839 (M] + K )
6 TBA-t13 GGTTGGTGTGGTGG 4801 4840 ((M] + K )
7 TBA-t3t4 GGttGGTGTGGTTGG 4872 4921 (M] 4K )
8 TBA- t7t9 GGTTGtGtGGTTGG 4872 4929 ([M] +K*)

t = 2’-thiopropyl thymidine
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5.6 G-quadruplex formation and stability

The impact of the 2’-thiopropyl-modified units on the structural topology of TBA can
be studied by CD spectroscopy. 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, which are characteristic of antiparallel G-quadruplexes. '

5.6.1 G-quadruplex topology

In the presence of potassium ions, the CD spectra of the TBA variants displayed the
characteristic signals corresponding to the antiparallel G-quadruplex topology known for TBA.
All the variants showed maxima at ~295 nm and minima at~265 nm (Figure 4a). When the CD
spectra were recorded in water, in the absence of any added cations, the variants TBA-t3t4,
TBA-t7t9 bearing two modified units each, failed to show any significant signal, indicating the
inability of these variants to fold into any kind of structure in the absence of cations. The other

variants that contain only one modified unit showed signals resembling those observed for

TBA (Figure 4b).
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Figure 4. CD spectra of TBA and variants (5 pM), recorded at 4 °C; a) In 10 mM potassium-phosphate
buffer, pH 7.2, containing 100 mM KCI; b) in water, in the absence of any added cations.

5.6.2 G-quadruplex thermal stability using UV Spectroscopy

Denaturation — renaturation profiles and melting temperature (7m) can be monitored by
UV spectroscopy by varying the temperature. The temperature-dependent changes in the UV
absorbance at 295 nm were monitored to assess the stability of G-quadruplexes in the presence
of K" ions for all the variants in comparison to TBA. The results were compared with native
TBA. In comparison to TBA (7m =49 °C), all the oligomers, were destabilized to a large extent
(ATm=-17 °C to -29 °C). The altered sugar pucker in the modified TBA could be the reason
for the observed lower stability. The TBA-t4, TBA-t9, TBA-t12, TBA-t7t9 variants, in
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particular, were largely destabilized and melted near 20°C. The results are summarized in Table
3, and the melting plots are shown in Figure 5. Thus, insertion of the 2’-thiopropyl thymidine

units was found to be unfavorable with respect to quadruplex stability.

Table 3: UV-Twm values of TBA and variants.

Sr. No. Oligomer UV Tw (°C)
1 TBA-t3 25
2 TBA-t4 20
3 TBA-t7 24
4 TBA-t9 21
5 TBA-t12 20
6 TBA-t13 32
7 TBA-t3t4 nd
8 TBA- t7t9 20
9 TBA 49

UV T, of TBA and variants oligomers in potassium phosphate buffer (10 mM, pH 7.2) containing 100 mM KCI.
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Figure S. UV melting profiles of TBA and variants at a strand concentration of 5 pM in 10 mM potassium
phosphate buffer (pH 7.2) containing 100 mM KCI.

5.6.3 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 that 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 chap 3, we
observed that the TBA sequence was also able to attain the folded G-quadruplex topology by
the chaperone activity of thrombin. Therefore, we carried out CD experiments with thrombin,
which was added incrementally to the individual oligomers at 4 °C. With the incremental

addition of thrombin to modified TBA, we observed a slight change in the CD signal amplitude
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(Figure 6). In particular, TBA-t3, TBA-t7, TBA-t12 showed CD signal changes, consistent
with the chaperone action of thrombin, while for the other variants, no significant changes in

the CD signal were observed.
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Figure 6. Changes in CD signal showing the chaperone effect of thrombin on TBA and variants. red: 0.2
uM thrombin; blue: 0.4 uM thrombin; green: 0.8 uM thrombin.

5.7 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 their 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 adding fibrinogen-containing saline, and the time for clotting was measured
using a STart Max Coagulation analyzer (Diagnostica Stago). The anti-thrombin activity is
reflected in the additional time required for clotting in the presence of the oligomer relative to the
reference in the absence of any added oligomer. Control used as TBA is known to slow down

coagulation.?® Oligomers TBA-t7 (57 s), TBA-t9 (60 s), TBA-t12 (58 s), and TBA-t7t9 (57 s),
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showed slightly lower anti-clotting effects than TBA (clotting time 72 s, Figure 7). The highest
anticoagulant effect was observed with TBA-t9, with a 60 s clotting time and a delay of 33 s
compared to the control (clotting time 27 s) when no oligomer was added. The modified
oligomers- TBA-t3, TBA-t4, TBA-t13 and TBA-t3t4 showed lower thrombin inhibitory effects
(clotting time ranging from 47 s to 52 s).
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Figure 7. Antithrombin activity measurement. Error bars represent the standard deviation obtained from
three independent experiments. Control indicates the clotting time measured with fibrinogen and thrombin
in the absence of any added oligomer.

5.8 Snake venom phosphodiesterase (SVPD) stability

The stability of TBA-t7 as a representative oligomer, in comparison to TBA, to nuclease
digestion was tested by exposure to Crotalus adamanteus snake venom phosphodiesterase
(SVPD, 3’ exonuclease). The study was carried out at 37 °C and the percent oligomer remaining
intact at successive time intervals was monitored by RP-HPLC (Figure 8). Although both
oligomers were finally hydrolyzed by SVPD, TBA-t7 was more resistant to the enzyme, with

a half-life of 2.6 min, in comparison to TBA (#12 < 2 min).
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Figure 8. Stability of TBA and TBA-t7 (7.5 pM each) to degradation by SVPD (0.015 U) at 37 °C. Buffer:
100 mM Tris-HCI (pH 8.5) containing 15 mM MgClz, 100 mM NaCl.

5.9 Conclusions

The sugar pucker in 2’-thiopropyl thymidine was found to be C2’-endo and ~100 % S-type,
even more than that observed in native DNA (C2’-endo, 69 % S-type). TBA variants bearing this
unit at selected loop positions were found to be able to form antiparallel G-quadruplexes, with a
beneficial effect on the nuclease stability and half-life, although the thermal stability of the
quadruplexes formed was lower than that of TBA. Some of the TBA variants, viz., TBA-t7, TBA-
t9, TBA-t12 and TBA-t3t4 showed moderate anti-clotting activity, though lower than TBA.

5.10 Experimental section

5.10.1 Experimental procedures and spectral data

compound 1 (5.00 g, 19.37 mmol) was taken in dry DMF (100 mL)
N containing Ph2COs (5.39 g, 25.19 mmol) and NaHCOs (0.16 g, 1.93

HO
k ODI mmol) as catalyst and the reaction mixture was stirred at 150°C

OH temperature under inert atmosphere. After 30 min, TLC indicated the

jj/ 2,2’anhydroribothymidine 2: Commercially available ribothymidine
|

consumption of the starting material. Diethyl ether was then added to the reaction mixture,

when pure compound 2 precipitated out as a white solid (4.1 g) in 88% yield.

Mol. Formula : C10H12N20s
Exact Mass (calcd) : 240.07
HRMS (obsd) :241.08 (M +H")
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'H NMR
(200 MHz, D20) : 8H (ppm) 1.91 (s, 3 H) 3.51 (dd, J = 6.5 Hz, 4.2 Hz, 2 H) 4.35 (br
s, 1 H)4.62 (s, 1 H)5.41 (d,J=5.8 Hz, 1 H) 6.49 (d, /= 5.8

Hz, 1 H) 7.75 (s, 1 H).

o 2’-deoxy 2’~(thiopropyl)-thymidine 3: Compound 2 (3.00 g, 12.44 mmol)
HN | and NI,N1,N3,N4 tetramethylguanidine (6.2 mL, 49.70 mmol) were
HO O)\N taken in dry DMF (60 mL), followed by addition of 1-thiopropane (4.5

% ° g) mL, 49.70 mmol). The reaction mixture was stirred at 65 °C temperature

HO S for 2 h. TLC indicated consumption of the starting material. NaHCOs3 was
added, and the reaction mixture was extracted with EtOAc, followed by drying of the organic
extracts over sodium sulfate. The crude sticky compound 3 was purified by column
chromatography (eluted in 25% EtOAc in petroleum ether) to give pure 3 (2.52 g) colorless
foam in 64% yield.

Mol. Formula : C13H20N205S
Exact Mass (calcd) :316.11

HRMS (obsd) :339.09 (M + Na")
"H NMR

(400 MHz, DMSO-ds): §H (ppm) 0.85 (t, J= 7.3 Hz, 3 H), 1.39 -1.50 (m, 2 H), 1.79 (s, 3H),2.42
(t,J=7.1 Hz, 2 H), 3.39 - 3.47 (m, 1H), 3.58 (dd, J= 12.7 Hz, 4.7Hz, 2
H), 3.86 (brs, 1 H), 4.17 (brs, 1 H), 5.11 (t, J= 5.0 Hz, 1 H), 5.57(d, J
=53 Hz, 1 H), 6.01 (d,J=8.0 Hz, 1 H), 7.73 (s, 1 H), 11.36 (s, 1 H)

13C NMR

(50 MHz, CDCL)  : 8C (ppm) 12.4, 13.1, 23.3, 34.3, 53.0, 62.9, 71.5, 86.4, 92.8, 111.3,
138.7, 150.6, 163.7.

BC-DEPT

(50MHz, CDCl3)  :8C (ppm) (CH/CH3):12.5, 13.3, 53.1, 71.7, 86.5, 92.9, 138.8 (CHa):

23.5,34.4,63.0.
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5’-DMTr-2’-deoxy 2’-(thiopropyl)-thymidine 4:

ow 9
O O HN/UE/ Compound 3 (1.00 g, 3.12 mmol) and dimethoxytrityl
0 OJ\N chloride (DMTr-Cl, 1.27 g, 3.75 mmol) was dissolved in dry
O

O k ? pyridine (20 mL) containing DMAP (0.038 g, 0.31 mmol) as
HO S~> catalyst and the reaction mixture was stirred at room
A temperature. After 2 h, TLC indicated the consumption of the

starting material. Removal of solvents yielded a yellowish sticky solid, which was taken up in
CH2Cl2 and given a saturated Na2HCO3 wash. The organic layer was dried over sodium sulfate,
and the solvent was evaporated in vacuo to get a colorless solid foam, which was purified by
chromatography on silica gel (pre-neutralized with EtsN). Compound 4 eluted in a mixture of

EtOACc in petroleum ether (30 %) as a pure colorless foam (1.56 g) in 80% yield.

Mol. Formula : C3aH3sN207S

Exact Mass (caled) :618.24

HRMS (obsd) :641.12 (M + Na")

H NMR

(400 MHz, CDCls) :0H (ppm) 1.02 (t, /= 7.3 Hz,3 H), 1.39 (d, J= 1.1 Hz, 3 H), 1.65 —

1.70 (m, 2 H), 2.60 (d, J= 1.8 Hz, 2 H), 2.94 - 2.98 (m, 1 H), 3.40 (dd,
J=10.7,2.1 Hz, 1 H), 3.57 (dd, J= 10.6, 2.4 Hz, 1 H), 3.63 (dd,
J=8.8,4.9 Hz, 1 H),3.81 (s, 7H), 4.23 (d,J= 1.7 Hz, 1 H), 4.34 (d, J
=5.0Hz, 1 H), 6.11 (d, /= 8.8 Hz, 1H), 6.85 (d, J = 8.6 Hz, 4 H), 7.24
-7.26 (m, 2 H), 7.28 - 7.34 (m, 4 H), 7.36 - 7.40 (m, 2 H), 7.66 (d, J =
1.1 Hz, 1 H), 8.26 (s, 1 H).

13C NMR

(50MHz, CDCL) : 5C (ppm) 11.6, 13.2, 23.3, 34.3, 55.3, 55.3, 63.8, 71.6, 84.7, 86.6, 87.2,
111.6, 113.2, 128.0, 130.0, 135.2, 153.2, 144.7, 150.5, 158.8, 163.6

BC-DEPT

(50MHz, CDClI3) : 6C(ppm) (CH/CH3): 11.5, 13.2, 55.2, 71.6, 84.7, 86.5, 113.2, 127.2,
127.9,128.0, 130.0, 135.1 (CH2): 23.2, 34.3, 63.8
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ow © 5’-DMTr-2’-deoxy,2’-(thiopropyl)-thymidine -3’-
O O Ijl\)j/ phosphoramidite (5). Compound 4 (0.5 g, 0.80 mmol) was
o. O7°N desiccated and co-evaporated with dry CH2Cl2 before

O koﬁ) dissolving in dry CH2Cl2 (5.0 mL). Diisopropylethylamine

(DIPEA) (0.55 mL, 3.23 mmol) was added to the ice-cooled

(0] S
O .
4 O’A\NJ\ solution under an argon atmosphere followed by 2-
NC\) )\ cyanoethyl- N,N-diisopropylchlorophosphine (0.38 mL, 1.62

mmol). After stirring the reaction mixture at room temperature for 4 h, TLC indicated complete
consumption of the starting material. CH2Cl> was added to dilute the reaction, and the organic
layer was washed with NaHCO3 and water and then dried over sodium sulfate. Removal of
solvents in vacuo afforded the crude product that was purified by column chromatography on
silica gel (pre-neutralized by EtsN). The pure compound was eluted by using a 1:1 mixture of

CH2CL/EtOAc to give pure 5 (0.47 g) in 71% yield.

Mol. Formula : C43H35N408PS
3P NMR : OP(ppm) 149.92, 150.69.
(161 MHz, CDCls)
5.10.2 Oligonucleotide synthesis

Both TBA and modified TBA oligonucleotides were synthesized in-house on a
Bioautomation Mermade-4 DNA synthesizer employing B-cyanoethyl phosphoramidite
chemistry. The protected deoxyguanosine and thymidine phosphoramidites were obtained from
ChemGenes corporation. Oligonucleotides were cleaved from the column by using aq.
ammonia at 65°C for 6 h and then concentrated.
5.10.3 Purification and characterization
5.10.3.1 High-performance liquid chromatography

The purity of synthesized oligonucleotides was ascertained using 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 it was
monitored at 260 nm. [A = 5% CH3CN in TEAA (0.1M, pH 7); B = 30% CH3CN in TEAA
(0.1M, pH 7.0)].
5.10.3.2 MALDI-TOF characterization

MALDI-TOF mass spectra were recorded on a SCIEX TOF/TOF 5800 system. A nitrogen

laser (337nm) was used for desorption and ionization. The matrix used for analysis was THAP (2°,
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4’, 6’-trihydroxyacetophenone), and diammonium citrate used as an additive. The sample was
prepared by mixing 1uL oligomer (10-50 uM in de-ionized H20) with 10 uLL of THAP (0.55 M in
EtOH) mixed well followed by SuL. diammonium citrate (0.1M in de-ionized H20) again mixed
well and then 1puL of the mixture was spotted on the metal plate. The metal plate was loaded to the
instrument and the analyte ions were then accelerated by an applied high voltage in linear mode
and detected as an electrical signal.
5.10.4 CD spectroscopy experiments

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
uL and strand concentration of 5 uM in 10 mM potassium phosphate buffer (pH 7.2) containing
100 mM KCI. Oligomers prepared in buffer were annealed by heating at 90 °C for 2 min, then
slowly cooling to room temperature, followed by refrigeration for 4 h before use. Spectral scans
were collected at 4 °C for a wavelength range 220- 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 by TBA and modified TBA 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.
5.10.5 UV experiments

UV-absorbance scans of TBA and modified TBA oligomers were recorded using 10
mm pathlength quartz cells on an Analytik Jena SPECORD® 200 plus spectrometer equipped
with a peltier-equipped temperature controller and at a scanning speed of 5 nm sec™!. The
oligomers were taken at a strand concentration of 5 uM. Potassium phosphate buffer (10 mM,
pH 7.2 was used, which contained 100 mM KCI. Before starting the experiments, oligomers
were annealed by heating at 90 °C for 2 min, slowly cooled to room temperature, and
refrigerated at ~4°C for 3 h. Thermal difference spectra (TDS) were obtained by subtracting
the UV-absorbance spectral scan of the sample at temperatures below, from that above the

melting temperature (7).

5.10.6 SVPD stability experiments

TBA and TBA-t7 (7.5 uM) were treated with SVPD (0.015 U) at 37 °C in 100 mM
Tris-HCI buffer (pH 8.5) containing 15 mM MgClz, 100 mM NaCl. Aliquots were removed at
successive time intervals, heated at 90 °C for 3 min to inactivate the nuclease, and analyzed by

RP-HPLC to measure the percentage of oligonucleotides remaining intact.
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5.10.7 Thrombin time measurements for antithrombin effect

The inhibitory activity of the aptamers on thrombin-catalysed conversion of fibrinogen to
fibrin (clotting) by TBA, modified TBA measured by thrombin time assay. The time (in seconds)
for clotting at 37 °C was measured on a STart Max Coagulation analyzer (Diagnostica Stago). Each
experiment was repeated at least thrice; the standard deviation was =1 °C. Each commercial reagent
was reconstituted 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.
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2’-5'-Isomerically Linked Thrombin-Binding Aptamer
(isoTBA) Forms a Stable Unimolecular Parallel G-
Quadruplex in the Presence of Sr** lons

Atish A. Wagh™® and Moneesha Fernandes** "

The ability of the isomerically linked 2'-5'-phosphodiester
thrombin binding DNA aptamer pentadecamer
G,T,G,TGTG,T,G, (isoTBA) to fold into G-quadruplex structures
in the presence of different mono- and divalent cations is
reported. Strikingly, Sr** ions cause isoTBA to fold into a stable
parallel unimolecular G-quadruplex, in contrast to the antipar-
allel unimolecular G-quadruplex fold observed in the presence
of K*. IsoTBA being advantageously more stable than TBA to
nuclease degradation, may thus be useful in the selective
detection of Sr** ions, which it can sense with a detection limit
of ~ 55 pM.

G-quadruplexes are formed as a consequence of stacking of
successive G-quartets, that are in turn stabilized by cyclic
hydrogen bonding of four guanine residues." The G-quartets
are further stabilized by the presence of metal ions, that are
typically located between two successive G-quartets and are
tightly associated through co-ordination to the guanine O6-
carbonyl groups of the neighbouring planes.? The thrombin-
binding pentadecameric aptamer (TBA), d(G,T,G,TGTG,T,G,) is
very widely-studied and is known to fold into a unimolecular
antiparallel G-quadruplex in the presence of K™ ions.®! This
quadruplex comprises two G-quartets stacked on each other,
connected by three edge-wise loops: two TT loops and one
central TGT loop. The role of different cations in the formation
of this structure was earlier reported.” Although several
monovalent and divalent cations were studied, in all cases, the
unimolecular antiparallel quadruplex topology was observed.”
The stability of the resulting TBA G-quadruplexes was rationally
explained to be a consequence of the ionic radii, with cations
possessing an ionic radius in the range 1.3 A to 1.5 A leading to
stabler quadruplexes compared to others, owing to a favour-
able fit between the two G-quartets. Such a study has not been
reported with isoTBA.
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A number of modifications in the sugar-phosphate back-
bone of TBA have been reported with a view to enhancing its
properties.”) We earlier reported an isoTBA oligomer wherein
the natural 3’-5-phosphodiester backbone linkages were
replaced by the isomeric 2'-5'-phosphodiesters, and showed
that it could fold into a unimolecular antiparallel G-quadruplex
structure, similar to that observed for TBA and also effect anti-
coagulation.”” The isomeric backbone in this oligomer leads to
further enhancement in the nuclease resistance properties of
the G-quadruplex and is therefore, attractive in the context of
application in biological systems. Further, studies on loop-
edited isoTBA oligomers” led to the observation that even
oligomers containing the shortest loops (only one T per loop
and totally 3 loop residues) retained the unimolecular antipar-
allel quadruplex fold, completely in contrast to the TBA
oligomers, where shorter loop lengths (total number of loop
residues less than 6) were found to result in multimolecular
parallel quadruplexes, as reported for several other G-quad-
ruplex sequences as well.” However, a change of the metal ion
from K* to Sr*™ during quadruplex formation was found to
result in a switch of conformations from an antiparallel to a
stable parallel quadruplex in the case of isoTBA. Such a
unimolecular parallel quadruplex has not been reported before
for any variant of TBA. The TBA RNA oligomer was reported to
form a parallel quadruplex, but a multimolecular one” The
unique ability of Sr** ions to induce stable unimolecular
parallel G-quadruplex formation in isoTBA may be exploited in
the detection of Sr** ions, as the detection limit is in the low
micromolar range.

3’-5’-phosphodiester-linked TBA and 2'-5’-phosphodiester-
linked isoTBA oligonucleotides were synthesized in-house
employing commercially available B-cyanoethyl phosphorami-
dites. Post-synthesis, they were purified by reverse-phase HPLC
and their identity confirmed by MALDI-TOF mass analysis (S,
Figure S1).

CD spectroscopy is a valuable and widely-used technique
to evaluate the formation and conformations of G-quadru-
plexes. A maximum at ~ 260 nm with a minimum at ~ 240 nm
may be attributed to the stacking of successive guanosines
with the same (both syn or both anti) glycosidic bond angle
and is thus a characteristic of parallel quadruplexes."®'" There
is thus, no evident signal at ~ 290 nm in these quadruplexes.
On the other hand, antiparallel quadruplexes display a
maximum at ~ 290 nm, and a minimum at ~ 260 nm, which

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. CD spectra in the presence of Na*, K* or Sr** ions, of (a) TBA and (b) isoTBA. The TBA/isoTBA oligomers were taken at a concentration of 5 uM and
spectra were recorded in 10 mM Tris buffer, pH 7.2, containing 100 mM Na™, K* or Sr** ions respectively at 4°C.

arises as a result of guanosines with different glycosidic bond
angles stacking on each other.!"

In the presence of Na™ and K* ions, the typical antiparallel
topology was observed for both, TBA and isoTBA, as reported
earlier™® Both displayed maxima centered at 292 nm and
minima near 260 nm. In the presence of Sr**, however, starkly
contrasting spectra were observed with TBA and isoTBA. TBA
displayed a CD spectrum corresponding to an antiparallel G-

quadruplex, as reported earlier,” with a maximum at
300 nm, while the CD spectrum of isoTBA suggested a parallel
G-quadruplex, with a strong maximum at 260 nm and a
minimum at 240 nm (Figure 1).

Some differences were also observed in the presence of the
other ions studied, but these were not so remarkable. The CD
spectra of TBA in the presence of Li*, Cs*, Mg*" and Ba**
indicated the presence of antiparallel quadruplexes (SI, Fig-
ure S2 (a)), as reported earlier, with the 292 nm maximum red-
shifted to 300 nm in presence of Ba’*™ The CD signals of
isoTBA in the presence of Li*, Cs™, Mg*"and Ba’*, on the other
hand, were inconclusive and of very low intensity (SI, Figure S2
(b)) In the presence of other cations Ca®", Cr’* and Mn?", the
CD spectrum of isoTBA was inconclusive and even in the
presence of Ca’", where a slight maximum was observed
around 260 nm, this was very close to the spectrum of isoTBA
alone in PBS (SI, Figure S2(c)). The amplitude of the maximum
was found to vary with the cation, consistent with earlier
reports.” The observed differences in the strength of the CD
signal, apparent as differential CD amplitude could be a
consequence of differences in co-ordination number of the
metal ions and the strength of the complex formed, which in
turn also depends on the charge and ionic radius.” Thus, a
decreased CD amplitude could result from partially unfolded
structures, owing to the low thermal stability of the quad-
ruplex. Although the magnitude of the CD band at a particular
wavelength could differ, depending on the cation, all CD
spectra with a common maximum showed an isoelliptic point
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at 275 nm for TBA and at 280 nm for isoTBA, indicating the
formation of similar type of complexes in terms of molecularity.

The thermal stability of the observed quadruplexes was
assessed by temperature-dependent changes that were fol-
lowed by CD and UV spectroscopy. The CD melting data are
indicated in Table 1, and the melting plots are shown in the SI

Table 1. CD- and UV-melting data for the TBA/isoTBA quadruplexes in the
presence of different cations.

Sr. No. Cation TBA isoTBA
CD-T,, (°C)  UV-T,(°CQ)  CD-T, (°Q) UV-T,, (°Q)

1 Li* 20+ 1 14 +2 nd nd

2 Na“* 22+ 1.5 21 +1 19 £ 0.5 21 +1

3 K* 49 + 0.5 51 +0.5 29 +1 29 +1

4 Cs* 20 + 0.5 18 +1 nd nd

5 Mg?* 16 £1 14 +1 nd nd

6 Sr? 63+ 1 61+ 1 627 + 1 63+1

7 Ba?* 57 +1.5 53+1.5 26 + 1 28 + 1

’measured at 260 nm. nd = not detected. Measurements were carried out
using TBA/isoTBA at 5 pM concentration, in Tris buffer (10 mM), pH 7.2,
containing the respective cation (100 mM) in the form of its chloride.
Experiments were repeated at least three times and the average values are
listed with the standard deviations.

(Figure S3). Among the monovalent ions studied, the most
stable quadruplexes were formed in the presence of K*, where
TBA melted at 49°C and isoTBA at 29°C. On the whole, the
quadruplexes formed were the most stable in the presence of
Sr** (T,,=63°C and 62 °C for TBA and isoTBA respectively).

The T, values of TBA in the presence of the other ions
followed the trend as reported earlier, with Ba>* also leading to
stable quadruplex formation (T,=57°C) while the quadru-
plexes of isoTBA in the presence of the other cations were
comparatively unstable; with Ba>*" the T, was 26°C, while it
was 19°C with Na™ and not clearly detectable with Li*, Cs™ or

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. UV-TDS in the presence of Na®, K* and Sr** for (a) TBA and (b) isoTBA.

Table 2. UV-T,, data for TBA and isoTBA at 5 uM and 20 uM concentrations.

Cation  Strand conc (uM)  TBA (°C) isoTBA (°C)
Tm(heat) T, (cool) AT, (20 uM-5uM) AT, (heat-cool) T, (heat) T, (cool) AT, (20 uM-5uM) AT, (heat-cool)
Na 5 61 61 +2 0 63 63 -2 0
Na 20 63 63 0 61 62 -1
K* 5 51 50 -2 +1 29 27 +3 +2
K* 20 49 - - 32 30 +2

Mg?*. The thermal stability of G-quadruplexes can also be
conveniently monitored by UV-spectroscopy by measuring the
temperature-dependent change in absorbance at 295 nm,!'?
where transitions of other structures such as duplexes and
triplexes do not interfere. The trend observed in the T,, of the
quadruplexes when monitored by UV-spectroscopy, remained
the same as that observed from the CD studies, and the values
were in agreement with CD T, (Table 1). Thus, both, TBA and
isoTBA formed the most stable complexes in the presence of
Sr** ions, with a T,, of 61°C and 63 °C respectively.
G-quadruplex formation was further confirmed by the UV-
Thermal difference spectra (TDS), that are obtained by record-
ing the difference in UV absorption spectra above and below
the melting temperature of the nucleic acid, and have been
shown to be useful in the characterization of nucleic acid
structures. The UV-TDS complements data obtained by CD and
each nucleic acid structure has its own unique TDS. Accord-
ingly, G-quadruplexes are characterized by a negative peak at
295 + 1 nm and positive peaks at 273 + 2nm and 243 +
1 nm." The UV-TDS for TBA and isoTBA in the presence of
Na™, K* and Sr** are shown in Figure 2, while the spectra with
the other ions (Li*, Cs*, Ba’*, Mg®") are depicted in the SI
(Figure S4). Except in the presence of Mg®", where no negative
at 295 nm was observed with isoTBA, all the UV-TDS were
found to conform to the G-quadruplex signature, and displayed
negative peaks near 295 nm and positive peaks near 273 nm.
The positive peak near 243 nm was not as obvious for isoTBA
as compared to TBA, possibly indicative of a slight change in

ChemistrySelect 2019, 4, 1-7 Wiley Online Library

the stacking of nucleobases in the quadruplex as a conse-
quence of the 2'-5'-backbone and the nature of the different
cations. Thus, all the other ions led to quadruplex formation
with TBA and isoTBA, albeit of low thermal stability, as evident
from the CD and UV melting studies. This was also apparent
from the isothermal difference spectra (IDS, Figure S4).

Since stable parallel G-quadruplex formation was observed
with isoTBA in the presence of Sr** ions, in order to confirm
the molecularity of the complex, the UV plots during heating
and subsequent cooling were analyzed for hysteresis, in
comparison to TBA and to the complexes in presence of K*
ions. Negligible hysteresis (AT,, =~ 0°C, Table 2 and Figure S5,
Sl) was observed, in agreement with a unimolecular complex
with S** for TBA and isoTBA. Further, when the UV-T,
measurements were carried out at a higher strand concen-
tration, including a ten-fold excess (FiguresS5, S6, Sl), no
appreciable differences were observed (AT,=+2 to —2°Q),
and also as observed earlier for TBA and isoTBA with K*® again
suggesting the unimolecularity of the quadruplex. The data are
listed in Table 2. This study, thus constitutes the first report of a
unimolecular parallel G-quadruplex for TBA with an isomeric
backbone, that implies the presence of three propeller loops-
two TT loops and one TGT loop. This is probably more easily
accommodated in the case of the 2'-5-linked isoTBA because
of the extended 7-atom backbone that allows an optimum fit
of the Sr** cation between the two G-tetrads. Additional
stabilization of the G-quadruplex structure through extended
stacking interactions or other interactions with the loop

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. CD saturation binding curves for TBA and isoTBA with K™ and Sr**. The standard deviation is indicated by error bars

residues cannot be ruled out and requires more extensive
evaluation through further NMR studies to be confirmed.

The K, for complexes of K™ and Sr*™ with TBA and isoTBA
were calculated from the CD saturation binding curves (Fig-
ure 3) obtained by titrating solutions of the TBA/isoTBA
oligomers with the respective cations. The K, value for Sr**
with TBA and isoTBA was found to be one order of magnitude
lower than for K* (Table 3), indicating the higher affinity of this
ion for binding to TBA/isoTBA.

Table 3. Dissociation constants for K* and Sr** complexes with TBA/

isoTBA.
Oligomer cation Kq (M) cation Kq (M)
TBA K* 9.54x 107 N 1.94 % 10°*
isoTBA K* 337x10°° Sr2t 9.82x 107"

Kq values in the table are averages that were calculated from two
independent experiments.

The 'HNMR spectrum of isoTBA in the absence of any
added cations (SI, Figure S7(a)) is devoid of any signals in the
guanine imino proton region (10 to 12 ppm), where guanine
residues typically hydrogen-bonded in a G-quadruplex are
expected to appear.™' In the presence of Sr** ions, broad
imino proton signals were observed (Figure4 and SI, Fig-
ure S7(b)), that have been reported in parallel G-
quadruplexes.*'® These are in contrast to the sharp resonance
signals observed for the antiparallel isoTBA G-quadruplex in the
presence of K™ ions.” The imino proton signals for isoTBA were
observed between 10.5 to 11.5 ppm in the presence of Sr*™,
while in the presence of K*, they appear between 11.5 to
12.5 ppm.® This is similar to the observations with d(G4 C2),
quadruplexes, where the imino protons in the parallel quad-
ruplex fold appeared between 10.5 to 11 ppm, while those in
the antiparallel quadruplex fold appeared between 11 and

ChemistrySelect 2019, 4, 1-7 Wiley Online Library
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Figure 4. Imino proton region of the 'HNMR spectrum of isoTBA in the
presence of Sr** ions. Spectra were recorded at 5 °C for a strand
concentration of 200 pM in 90:10 v/v H,0:D,0.

12 ppm.""” This data further supports the existence of a parallel
quadruplex fold for isoTBA in the presence of Sr*™.

The comparative quadruplex-forming ability of TBA and
isoTBA in the presence of K™ and Sr** ions was assessed by
polyacrylamide gel electrophoresis. The complexes formed by
isoTBA were found to have a slightly higher mobility than their
TBA counterparts (Figure 5). However, no retarded bands were

Figure 5. Non-denaturing polyacrylamide gel mobility assays of TBA and
isoTBA in the presence of cations (100 mM). Lane 1 - Na™ TBA, lane 2 - Na™
isoTBA, lane 3 - K™ TBA, lane 4 - K* isoTBA, lane 5 - Sr** TBA, lane 6 - Sr**
isoTBA, lane 7 - Ba’" TBA, lane 8 - Ba>" isoTBA. The gel was visualized by UV-
shadowing.
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observed, as might be expected in the case of multimolecular
complexes.” This further suggests that TBA and isoTBA form
unimolecular quadruplexes with all the cations of the study.
Further, both TBA and isoTBA are retarded to the same relative
extent in the gel, suggesting complexes of the same molec-
ularity. The complexes with Sr** were found to be slightly
retarded in comparison to those in presence of K* (S|,
Figure S8); this difference may be attributed to the differences
in mass and charge of the two ions.

The unique ability of isoTBA to fold into a parallel G-
quadruplex in the presence of Sr** ions, and bind to it with
high affinity, may be exploited in the detection of this cation.
The detection limit was found to be ~55 uM (SI, Figure S9).
Although this is not as low as that possible by inductively
coupled plasma atomic emission spectroscopy (ICP-AES), En-
ergy-dispersive X-ray fluorescence (EDXRF) or Zeeman atomic
absorption spectrometry (Zeeman AAS), which are the methods
reported for strontium detection, and where the detection limit
is in the sub-micromolar range,"®?? it offers a fairly sensitive
alternative method for detection. Although G-quadruplexes are
known to bind many different metal ions and some metal-
binding aptamers, including TBA,” have also been reported,”!
there are no aptamers so far reported for Sr**,although Sr**
-binding G-quadruplexes are known.”>*! |t is worth noting that
the plots shown in the SI, Figure S10, were obtained by
successively increasing Sr** ion concentrations in a solution of
isoTBA taken in phosphate-buffered saline that contained both
Na* (137 mM) and K* (2.7 mM) ions, both in sufficiently large
excess compared to Sr*™ (1 uM Sr** ions, in the first case); in
spite of this, the characteristic CD signature of a parallel G-
quadruplex (of isoTBA™' Sr*™) starts appearing. This is indicative
of the selectivity and affinity of isoTBA for Sr**.

The anti-clotting activity of S*** isoTBA was assessed in
relation to TBA and isoTBA, in terms of inhibition of the
thrombin-catalyzed fibrin polymerization. The anti-clotting
effect was measured in terms of the additional time required
for clotting in the presence of TBA/isoTBA when thrombin was
added to fibrinogen. As shown in the Figure 6, the anti-clotting

100
80

60
4
20 .
0
A B C D

Figure 6. Clotting time measured as the time required for fibrin polymer-
ization upon addition of thrombin to fibrinogen. A. in the absence of TBA or
isoTBA (control), B. in the presence of TBA (Standard 1), C. in the presence of
isoTBA (Standard 2), and D. in the presence of Sr**isoTBA.

Time (s)

activity of isoTBA was severely reduced (clotting time 49 s) in
the presence of Sr*™ ions, in comparison to TBA (clotting time
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76 s) or isoTBA in the absence of Sr** ions (73 s). This may be
expected, considering that the TT loops that are implicated in
thrombin binding in the antiparallel TBA G-quadruplex, are not
readily available for this interaction in the Sr** isoTBA
unimolecular parallel G-quadruplex, as these TT loops would be
propeller type. This reduced anti-clotting activity of Sr** isoTBA
would be advantageous when considering the usefulness of
isoTBA in Sr** detection in body fluids such as blood.

In conclusion, we have studied the effect of various alkali
and alkaline earth metal cations on the G-quadruplex-forming
ability of isoTBA. In contrast to all the other cations studied,
Sr’* was found to bind to isoTBA with high affinity and
specificity and led to the formation of a parallel intramolecular
quadruplex. This unique behaviour of isoTBA in the presence of
Sr*™ together with its already reported higher resistance to
nuclease-mediated degradation,”” may be utilized in the
detection of this cation in the micromolar range, which it
senses with a detection limit of ~55 uM.

Supporting Information Summary

Experimental section, HPLC chromatograms, MALDI-TOF spec-
tra, CD, UV-TDA and UV-IDS spectra, K, calculation, '"HNMR of
isoTBA in the absence of any added cations, non-denaturing
PAGE of isoTBA in presence of K™ and Sr’*, detection limit
calculation.
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Replacement of Loop Residues in TBA by an Abasic
Ethylene Glycol Spacer: Effect on Stability, Structure and

Function*#*

Atish A. Wagh,*® Monika Ghalawat,”™ ¥ and Moneesha Fernandes*"

This article describes the synthesis of ethyleneglycol (E)
phosphoramidite and its incorporation into the thrombin
binding aptamer (TBA) sequence at loop positions. Circular
dichroism (CD) study revealed no major disturbances in the
secondary structure of TBA by the abasic E unit and the derived
oligomers exhibited a typical antiparallel chair-like conforma-
tion similar to that of TBA. UV and CD spectroscopy, together
with anti-coagulation and HPLC studies revealed that although
nuclease stability was enhanced, and anti-coagulation reason-
ably good, the thermal stability of the quadruplexes was
adversely affected.

G-quadruplexes are highly ordered folded structures with
various folding topologies and molecularities." The thrombin
binding aptamer (TBA)” is one such DNA sequence comprising
15 nucleotides i.e., 5'-GGTTGGTGTGGTTGG-3' and is a result of
in vitro selection targeted towards thrombin. NMR and X-ray
crystal studies show that TBA folds in an intramolecular, anti-
parallel fashion with a chair-like conformation consisting of two
G-quartets linked by three loops- two TT loops and one TGT
loop.> Although this sequence exhibits anticoagulant effects,
it falls short due to its early degradation in vivo.” To overcome
this problem while increasing the anti-clotting effect, many
nucleotide and backbone modifications have been reported.”
Among the studies that involved replacement of the loop
residues by abasic units, were those that introduced a dibenzyl
linker,”” anthraquinone units,® tetrapeptides,” a 3-carbon
abasic spacer,"” anthracene groups'” and azobenzene
derivatives."”? An enhancement in the thermal stability of the
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resulting quadruplexes was reported for the dibenzyl linker,”
double anthraquinone units,”® single anthracene substitution at
T9,"" C3-spacer” and selected azobenzene substitutions.?
The dibenzyl and C3-spacer were also found to increase the
clotting time.”'” Nuclease stability studies were not reported.
The increased flexibility offered by the simplest among these,
i.e., the abasic 3-carbon spacer, at position T7, resulted in
significant improvement in thermal stability and thrombin
clotting time."” We envisioned the synthesis of abasic spacer
units derived from ethylene glycol (Figure 1) as replacement of
loop residues in an attempt to further simplification and arrive
at a minimal spacer unit, that would preferably retain or
improve the stability and anti-coagulant properties of TBA. This
E spacer was incorporated at single or double positions in the
T°’T* and T’G®T° loops of TBA, as the TT and TGT loops are
implicated in the interaction with, and subsequent inhibition
of, thrombin.['>™

The abasic ethylene glycol spacer phosphoramidite was
synthesized employing simple chemical transformations as
outlined in Scheme 1 and slight modification of earlier reported
procedures.™ Accordingly, commercially available ethylene
glycol was converted to the mono-dimethoxytrityl (DMTr)-

' Nigo)
© o
0 9
0=P-0 0=p-0
o} ! Q
1 (0] \
0=p-0r \ \
Q
A (B) (©)

Figure 1. (A) A thymidine (T) residue in comparison to (B) abasic propyl (C3)
linker"” and (C) abasic ethyl (E) spacer of this work.

HO_~on L DMTIO -~y =

60% 64% \(NW/
1 2
3

Scheme 1. Synthesis of ethylene glycol phosphoramidite. Reagents and
conditions: (i) DMTrCl, DMAP, pyridine, 2 h, r.t., 60 % (ii) 2-Cyanoethyl-N,N-
diisopropylchlorophosphine, EtN(iPr),, dry CH,Cl,, 1 h, r.t., 64 %.

i i DMTrO” >~ O\I?’O\/\CN
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protected compound 2 on treatment with DMTr-chloride in
presence of 4-dimethylaminopyridine (DMAP) with pyridine as
a solvent in 60% yield. Further, reacting compound 2 with 2-
cyanoethyl-N,N-diisopropylchlorophosphine in CH.Cl, in pres-
ence of diisopropylethylamine gave the phosphoramidite 3 in
64% yield. Compound 3 was further used as the protected
monomer for oligonucleotide synthesis.

TBA and modified TBA oligonucleotides containing E spacer
units incorporated at pre-determined positions were synthe-
sized by [(-cyanoethyl phosphoramidite chemistry, using an
increased coupling time of 150 s for this unit. The synthesized
oligomers were cleaved from the solid support using aqueous
ammonia, purified by RP-HPLC and characterized by MALDI-
TOF spectrometry (Supporting information, Figures S4 and S5).
The E units were introduced either at single positions or as
double replacements of T residues in the T°T* and T’G®*T® loops.
The synthesized E-containing TBA oligonucleotides are listed in
Table 1. As shown, TBA oligonucleotides T, T%, T’ and T%
represent single substitutions of T at positions 3, 4, 7 and 9
respectively, while oligonucleotides T°.T*; and T’ T’ represent
double substitutions in the loop regions at positions indicated
by the numbers.

CD spectra of TBA oligomers singly substituted with E (T3,
T*, Tt and T°; Figure 2 and Supporting Information, Figure S6)
were characterized by high amplitude, positive maxima at

Table 1. Synthesized E-substituted TBA oligomers.

Oligonucleotide Sequence
TBA GGTTGGTGTGGTTGG
T GGETGGTGTGGTTGG
T GGTEGGTGTGGTTGG
e GGTTGGEGTGGTTGG
T GGTTGGTGEGGTTGG
T GGEEGGTGTGGTTGG
TeT% GGTTGGEGEGGTTGG
E=ethylene glycol

= 9 7 9

S 250000 T E T ET E

%_ 200000 — TBA

pticity (deg.
[$1]
8
S

-50000
-100000 -

Molar Elli

-150000 T T T T T T T T T 1
220 240 260 280 300 320
Wavelength (nm)

Figure 2. CD spectra of T, T’:T% and TBA oligomers taken at a conc. of 5 uM
in 10 mM potassium phosphate buffer, pH 7.2, containing 100 mM KCl,
recorded at 4°C.
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295 nm and 240 nm and minima at 260 nm, in comparison to
TBA oligomers bearing two E substitutions (T>:T% and T’ T’;
Figure 2 and Supporting Information, Figure S6), where the
lowest amplitude was observed for T.T%. In the presence of
Na*, all the modified oligomers displayed CD signals of lower
amplitude and differing in their maxima/minima when com-
pared to TBA (Supporting Information, Figure S7). Since a CD
spectrum can be used to distinguish between parallel and
antiparallel quadruplex folding topologies, where a parallel
quadruplex shows maxima typically at 260 nm and an antipar-
allel quadruplex at 295 nm," it can be concluded that the E-
modified oligomers fold into antiparallel quadruplexes in the
presence of K™ ions (Figure 2, Supporting Information, Fig-
ure S6). In presence of Na' ions, T%: and T’ showed signals
characteristic of antiparallel conformation, while the CD spectra
of the other oligomers were inconclusive (Supporting Informa-
tion, Figure S7). The presence of G-quadruplexes was further
confirmed by recording the Raman spectra, where signals
typically observed in G-quadruplexes were seen (Supporting
Information, Figure S8 and Table S1).

The melting temperature of the quadruplexes estimated by
UV and CD spectroscopy, indicate that the E unit has a
destabilizing effect on the thermal stability of TBA (AT, >
—15°C; Supporting Information, Figure S9, S10 and Table S2).
The T3.T*: oligomer, in particular, was largely destabilized and
melted below 20°C. Thus, the shorter E unit had a negative
effect on the thermal stability of the resulting quadruplexes, in
comparison to the one carbon longer C3-spacer,'” where a
stabilizing effect was reported.

The UV-TDS signature for a G-quadruplex structure,"” that
consists of a negative band centered at ~295 nm, with positive
bands at ~273 nm and ~ 242 nm, that was observed for TBA,
was also seen for the E-substituted oligomers (Supporting
Information, Figure S11), indicating quadruplex formation for
all these oligomers. The UV-TDS spectrum of T*.T*; showed a
low intensity negative band near 295 nm, and poorly defined
peaks around 273 nm and 242 nm, in comparison to the other
oligomers, probably indicative of a weaker, imperfectly formed
quadruplex in this case, in accordance with data from the
melting studies.

The stability of T.T%; as a representative oligomer against
nuclease degradation was studied in comparison to TBA. As the
modified units are present at internal positions in the T'.T%
oligomer, S1 nuclease was chosen for the study, that is a non-
specific endonuclease. The stability of the oligomers was
monitored by measuring the peak area in the HPLC chromato-
grams at successive time intervals upon treatment with the
nuclease. From Figure 3, it is evident that T'.T°; bearing two E
units, with a half-life of nearly 15 min, was much stabler than
TBA (t;,< 3 min).

The chaperone effect of thrombin,"® evident from the
increasing CD amplitude at 295 nm, confirmed the binding of
the oligomers containing single E substitutions (Supporting
Information, Figure $12). This effect was not observed for T>.T%
and T’(T%, indicative of very poor binding to thrombin for these
oligomers.

[18]
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Figure 3. S1 Nuclease stability study of T’;T% in comparison to TBA. S1
nuclease (89 U/mL) at 37 °C in reaction buffer (pH 4.5) containing 0.05 M
sodium acetate, 0.28 M NaCl, and 4.5 mM ZnSO,; oligomer concentration
7.5 uM.

Since TBA is known to slow down coagulation, a thrombin
time assay involving the conversion of fibrinogen to fibrin in
the presence of thrombin was performed to evaluate the
anticoagulant activity of the oligomers (Figure 4). The four
variants containing single E spacers, namely T, T*;, T and T%,
showed thrombin inhibitory effects (clotting time ranging from
53 s to 65 s), lower than TBA (76 s), whereas oligomers T°.T%
and T’; T% bearing two E units each, with clotting times of 47 s
and 40 s respectively, showed even lower anti-thrombin effects
and only a slight delay in the coagulation process. The highest
anticoagulant effect was observed with T°, with a 65 s clotting
time, a delay of 31 s in comparison to the control (clotting time
34 s) when no oligomer was added.

In conclusion, our studies with a 2-carbon E spacer have
shown that single replacement of loop residues by E spacer are
tolerated better than two. Although a beneficial effect on the
nuclease stability and half-life of the oligomers was observed,
the lower thermal stability and anti-clotting effect observed
with the 2-carbon E spacer in comparison to the 3-carbon
spacer unit (Supporting Information, Table S3) suggests that
this shorter backbone is less tolerated in TBA.

100 -
80 +
& 60
€40 +
20
0 -
o \ o) O & >«
& QK R K« K« K« A% R«
& K¢ R«

Figure 4. Clotting time measured as the time required for fibrin polymer-
ization upon addition of thrombin to fibrinogen in the presence of added
oligomers. control: clotting time in the absence of any added oligomer.
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Supporting Information available

Synthetic procedures, experimental details, characterization
data, UV and CD data.
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