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Synopsis

Postsynthetic Modification of Nucleic Acids and Generation of Nucleoside
Supramolecular Synthons by Palladium-Mediated Cross-Coupling Reactions

Background and Aim

Probing the structure of nucleic acids is paramount in understanding their recognition
properties and ensuing functions. Nucleic acids are commonly studied by biophysical
techniques like fluorescence, NMR, EPR and X-ray crystallography, to name a few.* The
majority of these techniques use DNA and RNA oligonucleotides (ONs) labeled with
appropriate biophysical probes as components of nucleic acids do not contain intrinsic labels
such as fluorophores, NMR isotopes, paramagnetic and heavy atoms that are suitable for
efficient analysis. Labeled ONs are commonly synthesized by either solid-phase ON
synthesis or enzymatic methods. While solid-phase protocol is a convenient approach to
construct site-specifically labeled ON sequences, longer nucleic acids are made by using
nucleic acid processing enzymes such as polymerases®® and nucleotide transferase.®! In
case of chemical method, certain modified amidites show poor coupling efficiency or they do
not survive harsh conditions employed in solid-phase method. On the other hand, enzymatic
incorporation works under mild conditions, but in several instance the unnatural substrates
are not well accepted by the enzymes.? Hence, there is constant demand for the development
of new labeling strategies that will provide access to a wide variety of labeled ONs.

In this direction, postsynthetic chemical modification strategies using chemoselective
reactions have emerged as powerful tools to label proteins, glycans, lipids and nucleic acids.*3
In these methodologies, an ON is synthesized with a small reactive group, which is then
functionalized with desired biophysical tags by using chemoselective reactions. Copper-
catalyzed azide-alkyne cycloaddition, strain promoted azide-alkyne cycloaddition, Staudinger
ligation, inverse electron demand Diels—Alder, to name a few, are used in labeling DNA and
RNA ONs that are suitable for in vitro and in cell nucleic acid analysis.'*® However, some
of these methods use bulky activated building blocks (e.g., cyclooctyne, tetrazine), which
could affect the original function of the nucleic acid, and also the synthesis of many of these
building blocks is tedious and involves multiple steps.’®*?! The use of linkers to span the
reactive handle and bulky building blocks could serve as a solution, but this would not allow

direct attachment of environment-sensitive nucleoside probes to nucleic acids. Therefore,
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development of a modular labeling strategy to directly install microenvironment-sensitive
probes onto ONs postsynthetically will complement existing tools in probing nucleic acid
structure and function.

Modified nucleoside and nucleotide analogs have greatly aided the understanding of
nucleic acid structure-function relationship and in developing nucleic acid-based diagnostic
tools and supramolecular assemblies. A key chemical transformation, which has been a
backbone in preparing such nucleoside analogs is C-C bond formation using palladium-
catalyzed cross-coupling reactions.?> While this methodology has been implemented in
synthesizing various nucleoside probes, which are then incorporated into nucleic acids, their
implementation in directly introducing functional tags on nucleic acid is quite a challenge for
the following reasons.

i. Palladium can coordinate to the nitrogenous bases present in the ON, thereby
compromising the catalytic activity.

ii.  Steric hindrance could also play a significant role in the reaction efficiency at the ON
level.

iii.  Most of the Pd-mediated cross-coupling reactions demands alkaline conditions. Thus
carrying out Pd-mediated transformations on nucleic acid, especially RNA, is
challenging owing to its inherent instability in alkaline conditions.

Hence, the development of postsynthetic Pd-mediated reactions to label RNA ONs remains a
major challenge.

This doctoral dissertation describes the (i) development of a modular postsynthetic
modification method to label DNA/RNA ONs and (ii) generation of nucleoside
supramolecular synthons by using palladium-mediated cross-coupling reactions. In the first
part, we illustrate the development of a Pd-mediated posttranscriptional Suzuki—Miyaura
cross-coupling reaction to label RNA with various biophysical probes. This method is highly
chemoselective and offers direct access to RNA ONs labeled with commonly used
fluorescent and affinity tags and new fluorogenic environment-sensitive nucleoside probes in
a ligand-controlled stereoselective fashion. Further, we explored the influence of nucleic acid
conformations on the Suzuki—-Miyaura cross-coupling reaction using polymorphic G-
quadruplex forming sequences as the study model. We observed that the cross-coupling
reaction works in a conformation-dependent manner and conformational selectivity of the
reaction decreased in the order of — GQ topology > single-stranded DNA and no reaction

with double-stranded DNA. In the second part of the doctoral dissertation, we describe the
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utility of Pd-mediated cross-coupling reaction to develop environment-sensitive fluorescent
deoxyguanosine nucleolipids. These fluorescent nucleolipids support gel formation and show
interesting chemo- and thermo-responsive behaviour upon self-assembling. Taken together,
the results presented in this thesis highlight the potential of Pd-mediated cross-coupling
reactions in generating functionalized nucleic acids for biophysical analysis and

supramolecular assemblies for material applications.
The thesis is organized into following four Chapters:

Chapter 1: Application of Palladium-Mediated Transformations in Generating Labeled
Nucleic Acids and Nucleoside Supramolecular Synthons

In this chapter, a comprehensive discussion on how chemists have developed and judiciously
applied palladium-mediated cross-coupling reactions like Suzuki—Miyaura, Sonogashira,
Stille and Heck to synthesize modified nucleoside and nucleotide analogs suitable for
labeling of nucleic acids is discussed. Following this, applications of Pd-mediated cross-
coupling reactions to postsynthetically functionalize  DNA/RNA ONs with various
biophysical reporters are presented. In the second part of this chapter, applications of various
nucleoside supramolecular synthons and architectures, particularly related to guanine
derivatives are presented. The motivation behind developing efficient and robust palladium-
mediated cross-coupling reaction to label nucleic acids and further utilization of the cross-
coupling reaction to develop a new class of guanosine-based supramolecular synthons is
discussed.

Chapter 2: Posttranscriptional Labeling by Using Suzuki—-Miyaura Cross-Coupling
Generates Functional RNA probes

Pd-catalyzed C-C bond formation, an important vertebra in the spine of synthetic chemistry,
IS emerging as a valuable chemoselective transformation for postsynthetic functionalization
of biomacromolecules. While methods are available for labeling protein and DNA,
development of an analogous procedure to label RNA by cross-coupling reactions remains a
major challenge. In chapter 2, we describe a new Pd-mediated RNA oligonucleotide (ON)
labeling method that involves posttranscriptional functionalization of iodouridine (IU)-
labeled RNA transcripts by using Suzuki—Miyaura cross-coupling reaction.?® 5-lodouridine
triphosphate (IUTP) is efficiently incorporated into RNA ONs at one or more sites by T7
RNA polymerase. Further, using a catalytic system made of Pd(OAc). and 2-
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aminopyrimidine-4,6-diol (ADHP) or dimethylamino-substituted ADHP (DMADHP), we
established a modular method to functionalize iodouridine-labeled RNA ONs in the presence

of various boronic acid and ester (2—10) substrates under very mild conditions (37 °C and pH
8.5) (Figure 1).

in vitro Posttranscriptional
o] transcription Suzuki-Miyaura
| NH reaction cross-coupling
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Figure 1. Incorporation of iodo-modified uridine triphosphate (IUTP) into RNA transcript by in vitro
transcription, followed by posttranscriptional functionalization of 1U-labeled RNA transcript 2 by

using Suzuki—Miyaura cross-coupling reaction to generate RNA labeled with various functional
probes (2a—10a).
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Figure 2. (A) Image showing the fluorogenic Suzuki coupling of 1U-labeled RNA transcript 1 with
boronic ester 9 and 10. The samples were irradiated using 365 nm light source. (B) Structures of 11
and 12 modified RNA transcripts 9a‘and 10a’, respectively. (C) Emission spectra (1 pM) of substrates
(very weakly emissive) and RNA ON cross-coupled products 9a' and 10a’ (highly emissive).



Further, the coupling of nonemissive 1U-labeled RNA 1 with very weakly emissive
boronic ester 9 and 10 gave highly fluorescent RNA products 9a" and 10a’, respectively
(Figure 2). In particular, 5-(benzofuran-2-yl)vinyluridine (12)-modified RNA ON 10a'
displayed more than 25-fold enhancement in fluorescence intensity as compared to boronic
ester 10.

This method is highly chemoselective, and offers direct access to RNA ONs labeled
with commonly used fluorescent and affinity tags and new fluorogenic environment-sensitive
nucleoside probes in a ligand-controlled stereoselective fashion. Taken together, this simple
approach of generating functional RNA ON probes by Suzuki—Miyaura coupling will be a

very important addition to the resources and tools available for analyzing RNA motifs.

Chapter 3: Effect of nucleic acid conformation on the efficiency of
Suzuki—Miyaura cross-coupling reaction: Polymorphic G-quadruplex structure as a
study model

We have successfully developed the posttranscriptional Suzuki—Miyaura cross-
coupling reaction to label the RNA molecules in chapter 2. Herein, we explore the influence
of nucleic acid conformational space on the efficiency of postsynthetic Suzuki—Miyaura
cross-coupling reaction. 5-lodo-2'-deoxyuridine (IdU) is incorporated site-specifically into
various H-Telo G-rich DNA sequences, which upon annealing in different ionic conditions
and in the presence of a synthetic molecular crowding agent (PEG) form different GQ
structures (Figure 3). Next, we have performed postsynthetic Suzuki—Miyaura cross-coupling
reaction on respective IdU-modified DNA conformations using benzofuran boronic acid in
presence of Pd catalyst. To perform postsynthetic Suzuki-Miyaura reaction we have used
similar reaction conditions which is described in chapter 2 (Tris-HCI pH = 8.5, 20% DMSO).
Importantly, CD and thermal melting analysis of IdU-modified and control unmodified H-
Telo DNA GQ revealed the IdU incorporation and Suzuki-Miyaura coupling reaction
conditions did not affect the GQ structure and stability.

All the ONs used in this study form a random unfolded structure in the presence of
LiCI?*, antiparallel GQ topology in the presence of NaCl and hybrid-type topology (hybrid 1
and hybrid 2) in KCI solution (Figure 3B).

Xi



(A) 0 IdU-modified H-Telo G-rich DNA ONs

NH 5' TTGGGTIdUAGGGTTAGGGTTAGGGA 3' (13)

olid-phase 14

/& S 5' TTGGGTTAGGGTIdUAGGGTTAGGGA 3' (14)

HO synthesis 5 TTGGGTTAGGGTTAGGGTIdUAGGGA 3' (15)
O e ' '

5' TAGGGTIdUAGGGTTAGGGTTAGGGTT 3' (16)

5' TAGGGTTAGGGTIdUAGGGTTAGGGTT 3' (17)

5' TAGGGTTAGGGTTAGGGTIdUAGGGTT 3' (18)

parallel antiparallel hybrid1 hybrid2 random coil duplex

OH
ms’ Postsynthetic Suzuki-Miyaura
(o] OH | cross-coupling
Pd catalyst

fluorescently cross-coupled DNA ONs

Figure 3. (A) Incorporation of 5-iodo-2"-deoxyuridine (IdU) into the G-rich H-Telo DNA sequence
(5-d[T2G3(T2AG3)3A]-3" (24-mer) and 5'-d[TAG3(T2AGs)3T2]-3") (25-mer); the dT residues in the
first (13 and 16), second (14 and 17) and third (15 and 18) loops of H-Telo DNA ONs were replaced
with IdU. (B) A schematic illustration of the different conformations formed by IdU-modified H-Telo
DNA ONs upon annealing in presence of different ionic conditions or in the presence of a
synthetic molecular crowding agent (PEG) or in presence of complimentary c-rich DNA
strand followed by postsynthetic Suzuki-Miyaura cross-coupling reaction using benzofuran boronic
acid and Pd catalyst.

Rewardingly, HPLC analysis of reaction mixture shows, when the reactions were
performed with G-quadruplex structures the yields of the cross-coupled ON products were
considerably higher than when the reactions were performed with the random unfolded
structures formed by the same sequences (Figure 4). We found when the IdU was placed at
the second thymidine residue of the first, second or third loop (ONs 13-18), the reaction
efficiency was found to vary with the position of iodo modification (Figure 4). Interestingly,
an antiparallel GQ topology formed by 24-mer DNA ON 15 in which IdU is present in the
third loop gave 2 to 3-fold higher yields of the product than ONs 13 and 14 in which the
modification is present in the first and second loop, respectively (Figure 4A). For the same
set of sequences (ONs 13-15) in the presence of K* ions, the yields for the cross-coupled
product was very similar irrespective of the position of iodo modification. However, reactions
with 25-mer ON sequences 1618 the trend was reversed. In Li* and Na* ionic conditions, the

ONs gave similar amounts of the coupled ON products irrespective of position of

xii



modification (Figure 4B). However, for the same ONs (16-18) in presence of K* ions showed
difference in cross-coupling efficiency. There was a progressive increase in the product yield
as the iodo position was moved from first (16) to second (17) and to the third loop (18). Apart
from labeling random unfolded and H-Telo DNA GQ structures with benzofuran probes, the
Suzuki coupling reaction did not work on the corresponding duplex form, suggesting a
conformational dependence of the reaction.

(A\) 14U replaces 2#dT in each loop of d[T,G,(T,AG,),A] (B) 1dU replaces 2dT in each loop d[TAG(TAG,),T,]
40 304

B 1 in 1% 1cop (13) B 1 in 1% loop (16)

354 [1in2"loop (14) 5 1 in 2™ loop (17)
. rd 54 . rd

Bl 1in 3%loop (15) I 1 in 3 loop (18)

LiCl NaCl KCI LiCl NaCl KCI

Figure 4. Bar diagram for isolated yields of fluorescently labelled DNA ONs after Suzuki cross-
coupling when 1dU in first, second and third loop in the presence of LiCl, NaCl and KCI. (A) 13, 14
and 15. (B) 16, 17 and 18.

Figure 4A shows the preferential formation of cross-coupled product in the lateral (third) loop of GQ
formed by 5'-d[T2G3(T2AG3)3A]-3'(24-mer) DNA sequences in Na* solution.

Figure 4B shows the preferential formation of cross-coupled product in the double chain reversal
(third) loop of GQ formed by 5-d[TAG3(T2AGs)3T2]-3' (25-mer) DNA sequences in K* solution.

Altogether, in this chapter we have shown that postsynthetic Suzuki—Miyaura cross-
coupling reaction exhibits both the chemo- and conformational selectivity and isolated yields
for GQ topology > random unfolded strand DNA and no reaction with double-stranded DNA.
Analysis of available 3D structures for hybrid and antiparallel GQ??’ reveals, electronic and
steric effects originating from the nucleotide conformation results in differences in reactivity
exhibited by the ONs adopting different conformations. We believe that this approach might
apply to the conformational sampling of cellular DNA as well as different GQ topologies
through C-C bond formation.?®

Chapter 4: Supramolecular synthons made of an environment-sensitive fluorescent
nucleoside exhibits interesting emission properties upon self-assembly

Despite the immense progress in the area of guanine-based supramolecular self-
assembly, use of fluorescently modified lipophilic guanine derivatives in developing

responsive fluorescent organogel has not been well explored. Attachment of aryl groups onto
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guanine can be a convenient choice to create such fluorescently modified synthons for
constructing the fluorescent supramolecular assemblies, which can also provide an additional
noncovalent interaction such as =m—m stacking. To accomplish this, we envisioned to
incorporate suitable aryl moieties, which could impart fluorescence as well as offer the
opportunity to modulate the self-assembly using external stimuli. In chapter 2 and 3, we have
described the usefulness of palladium-mediated cross-coupling reaction in developing
fluorescent environment-sensitive nucleoside scaffolds. While, in this chapter we have
utilized the similar scaffolds for developing fluorescent environment-sensitive
deoxyguanosine nucleolipids. Herein, lipophilic fluorescent deoxyguanosine molecules
(OACBFVdG, OmyrBFVAG and OpalBFVAG) were synthesized by using Pd-mediated

Suzuki-Miyaura cross-coupling reaction followed by alcohol-acid coupling (Figure 5).

Fluorescent environment-
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Figure 5. Design of self-assembling lipophilic fluorescent environment-sensitive deoxyguanosine.

We show that simple mixing of a non-gelling guanosine derivative OAcBFVdG with
the gelator guanosine in presence of 500 mM potassium chloride results in the formation of a
stable cogel, which not only efficiently hindered the crystallization process in guanosine
hydrogel but also modulated the mechanical properties as well as the morphology of the
cogel (Figure 6A). The cogel shows very weak fluorescence in the assembled state with
emission maximum around 510 nm (Figure 6B). When the temperature of the cogel is
increased from 25 °C to 85 °C, non-covalent interactions break and the gel disassembles.
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Interestingly, the disassembled gel shows very high fluorescence with a hypsochromic shift
from 510 nm to 474 nm. We believe that the ability to access fluorescent cogel of guanosine

with nongelator opens the door for tailoring the properties of guanosine gels
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Figure 6. (A) FESEM images of guanosine, OAcBFVdG and cogel obtained by mixing guanosine
and OACBFVdG, vials shadowed at 365 nm wavelength. (B) Fluorescence spectra for cogel made up
35 wt% of OAcBFVAG and 65 wt% guanosine in DMSO:H,O (at CGC concentration) at two
different temperature 25 °C (gel state, Aem = 510 nm) 85 °C (sol state, Aem = 474 nm). The samples
were excited at 387 nm with an excitation and emission slit width of 1 nm and 2 nm, respectively.

Following this, we also synthesized lipophilic deoxyguanosine molecules containing
longer alkyl chains like myristoyl (C14, OmyrBFVdG) and palmitoyl (C16, OpalBFVdG ),
respectively (Figure 5). These nucleolipids form stable fluorescent organogel in DMSO and
show remarkable self-assembly properties. Notably, when complementary nucleolipid
cytidine dimyristate is added to the fluorescent organogel formed by OmyrBFVdG, the
original emission wavelength shifts from 497 nm to the 543 nm (green to yellow fluorescent,
Figure 7). Furthermore, the emission properties of cogel, which is made ofa
nucleolipid OmyrBFVdG and dimyristate cytidine, is responsive to changes in temperature.
When the temperature of the cogel is increased from 25 °C to 75 °, the fluorescence intensity
increases with a blue-shift from 543 nm to 486 nm (Figure 7B). Such multi-stimuli
responsive fluorescent organogels can be employed in constructing chemical and temperature

sensors.2?
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Figure 7. (A) Structure of nucleolipid cytidine dimyristate and picture of vials showing changes in
emission colour after the addition of cytidine dimyristate to the organogel made up of OmyrBFVdG.
(B) Fluorescence spectra for cogel made up of OmyrBFVdG and cytidine dimyristate (1:5 millimolar
ratio) in DMSO (at CGC concentration of OmyrBFVdG) at two different temperature 25 °C (gel state,
dem = 543 nm) 75 °C (sol state, Aem = 486 nm). The samples were excited at 387 nm with an excitation
and emission slit width of 2 nm and 3 nm, respectively.iv
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Chapter 1

Applications of Palladium-Mediated Transformations in
Generating Labeled Nucleic Acids and Nucleoside
Supramolecular Synthons”

1.1 Introduction
For long, different chemical modification strategies have been developed to synthesize
functionalized nucleosides and nucleotides as many of them serve as pharmaceutical
candidates and chemical probes to analyze the structure, dynamics and function of nucleic
acids.! Modification strategies have also enabled the development of nucleoside and
nucleotide derivatives, which serve as supramolecular synthons to construct programed
nanoarchitectures.* Many such supramolecular structures have been used as delivery vehicles,
and as smart optical and sensing materials.> Notably, most of the initial work was dedicated
towards developing nucleoside and nucleotide analogs, which mimic their native counterparts
in terms of recognition and reactivity.® Many of these analogs serve as good substrates in the
metabolic pathways involving nucleosides and nucleotides, and some even effectively inhibit
cellular division and viral replication processes. Currently there are a notable number of FDA
approved nucleoside analogs for the treatment of certain cancers and infections, and several
newer analogs are in the various stages of clinical evaluation.” Conventional approaches and
recent advances in the development of nucleoside and nucleotide analogs for therapeutic
applications have been comprehensively reviewed elsewhere,?’ and hence, will not be
discussed in details in this Chapter.t

During the course of these developments in the therapeutic front, chemical
modification of nucleic acids for diagnostic and antisense applications became one of the
main stream programs in the nucleic acid research. The reason is twofold. Nucleic acids, as
we know, perform their cellular function by interacting with various biomolecules and by

folding into complex secondary and tertiary structures.

* A part of this work presented in this chapter is published: Walunj, M. B.; Sabale, P.
M.; Srivatsan, S. G. Advances in the application of Pd-mediated transformations in
nucleotides and oligonucleotides: Palladium-catalyzed modification of nucleosides,
nucleotides and oligonucleotides. Elsevier Inc, 2018, 269-293.
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To understand the structure and folding dynamics, several biophysical tools based on
fluorescence, NMR, EPR, X-ray diffraction techniques, to name a few, have been developed.
%12 Needless to say, these investigations greatly rely on nucleic acid labeling methods as
natural nucleosides are practically non-fluorescent and do not contain intrinsic labels (e.g.,
isotopes like *C/*N for NMR, spin labels like nitroxide radicals for EPR and heavy atoms
like Se/l for X-ray crystallography), which would allow the effective analysis by these
techniques.’* On the other hand, antisense technology has immensely benefited from a
portfolio of chemistries for the design of clinically productive antisense ONs.** Typically, a
combination of sugar, phosphate backbone, base and 3'- and 5’- modification methods is now
being used to develop antisense ONs with stability, binding strength, specificity and
biodistribution suitable for silencing disease-associated genes in clinics.® In all these
applications, the major theme has been to incorporate one or more functionalities into an ON
sequence without affecting its primary recognition property.

Conventionally, base-, sugar- and phosphate backbone-modified DNA and RNA ONs
are prepared by using solid-phase ON synthesis protocols.*® In this method, base- or sugar-
modified phosphoramidite or phosphorothioate substrates are site-specifically incorporated
into DNA and RNA ONs. Alternatively, DNA and RNA polymerases and other nucleic acid
processing enzymes, which are promiscuous and have the ability to accept modified
nucleotide substrates, have been utilized in labeling DNA and RNA ONs with a wide variety
of biophysical probes.!” However, some shortcomings in both the methods present challenges
when incorporating certain modifications. For example, synthesis of functionalized
phosphoramidite substrate may involve cumbersome and elaborate synthetic steps, and in
many cases, the phosphoramidite substrates may not survive the solid-phase ON synthesis
cycle or exhibit poor coupling efficiency. Although enzymatic labeling methods allow the
introduction of sensitive functional groups as these reactions work under very mild
conditions,® introduction of large functionality and effecting site-specific labeling of ONs is
not straight forward.® These limitations have been largely addressed by the development of
postsynthetic chemical modification strategy based on bioorthogonal reactions.? In this
technique, a small reactive group, which is amenable to incorporation by either chemical or
enzymatic methods, is introduced into DNA and RNA ONs, and further functionalization is
accomplished by treating the labeled ON with its reactive counterpart containing the desired

biophysical tag. Of course, all these methods require modified nucleoside, nucleoside
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phosphoramidite or nucleotide substrates in order to label nucleic acids by any of the methods
mentioned above. Consequently, depending on the downstream biophysical or therapeutic
application, several chemical strategies have been adopted to synthesize building blocks
suitable for incorporation by either chemical or enzymatic means.

Among the various methods, metal-mediated modification strategies, particularly
involving palladium, have provided access to a variety of base-functionalized nucleosides,
nucleotides and ONs. Over the years, the development in Pd-mediated cross-coupling
reactions in the context of nucleic acid labeling has taken a progressive path. Pd-catalyzed
cross-coupling reactions such as Suzuki—Miyaura, Sonogashira, Stille and Heck have been
initially applied in the synthesis of a wide variety of base-modified nucleoside analogs, and
more recently, nucleotide analogs.?* The coupling reactions can be performed with protected
and unprotected halogenated purine and pyrimidine nucleosides in the presence of ligand-free
Pd catalysts or Pd-ligand complexes. However, coupling reactions, particularly with
nucleotides, pose two problems—solubility of the substrates and ligands in organic solvents
and the ability of nitrogenous bases to coordinate with metal catalysts and deactivate them.
These challenges have led to the development of new Pd-ligand catalytic systems, which are
not only soluble in aqueous buffers but also significantly accelerate the coupling reactions
under mild conditions.??> These developments further encouraged the design of labeling
methods to directly install reporters onto ONs postsynthetically by using various Pd-mediated
cross-coupling reactions.?® In this chapter, first we provide a general overview of different
methods to label ONs by Pd-mediated reactions. Following this, a detailed discussion on the
various protocols that have been developed to label ONs postsynthetically by using Pd-

mediated cross-coupling reactions is presented.

1.2 Labeling ONs using Pd-mediated reactions

General scheme to label ONs by using Pd-mediated cross-coupling reactions is provided as a
flowchart in Figure 1.1. Conventionally, the halogenated nucleoside is base-functionalized by
any one of the Pd-mediated reactions, which is then converted into phosphoramidite building
block required for the incorporation by solid-phase ON synthesis protocol. Synthesis of such
nucleoside analogs, their incorporation and applications are reviewed in the preceding
chapters and elsewhere,®?%2* and hence, are not discussed here. In an alternative approach,

modifications are directly installed onto the halogenated nucleotide triphosphates, which are
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then incorporated enzymatically into ONs by using polymerases.?*?> However, this approach
greatly relies on the efficiency of the enzyme to incorporate such modified nucleotides into
ONs. More recently, postsynthetic ON modification approaches based on chemo-selective
reactions, which overcome the limitation of solid-phase and enzymatic methods, have gained
significant attention.?® In the context of Pd-catalyzed reactions, a halogen-modified
phosphoramidite or nucleotide is chemically or enzymatically incorporated into an ON, and
further functionalization is achieved by performing a chemo-selective reaction in the
presence of an appropriate reactive counterpart depending on which Pd-mediated reaction is
chosen. Although in infancy, a notable number of examples have been put forward to label

ONss by using this strategy.

Labeling nucleic acids using
palladium-mediated cross-coupling reactions

%ﬁ% = reporter group
@ = nuclecbase

PG = protecting group X
R =H/OH ﬂ
Y = boronic acids/SnBugy/ HO
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Figure 1.1. Flowchart explaining the various strategies to functionalize nucleic acid using Pd-
mediated cross-coupling reactions.
1.3 Pd-based catalytic systems for aqueous-phase cross-coupling of

nucleosides and nucleotides
In general, modified nucleotides suitable for incorporation into DNA and RNA by primer
extension reaction, PCR and transcription reactions are synthesized by Ludwig’s method.?®

Typically, the modified nucleoside is triphosphorylated at the 5’-OH position by using POCls
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and bis-tributylammonium pyrophosphate in a one-pot two step reaction. Most nucleosides
can be directly phosphorylated without base and sugar protection (Figure 1.2). However,
certain relatively more reactive nucleophilic groups (e.g., aliphatic NH, guanidine, etc.)
require appropriate orthogonal protection such that under deprotection conditions the
triphosphate is stable. Alternatively, methods to directly conjugate functional moieties onto
halogenated nucleoside 5'-O-triphosphates have been successfully established using Pd-
catalyzed reactions (Figure 1.2, Figure 1.3). This has been possible due to the development of
aqueous-phase cross-coupling reactions using water-soluble ligands. A common approach to
design water-soluble ligands was to attach hydrophilic functionality to ligand scaffolds (e.g.,

triphenylphosphine) regularly used in Pd-catalyzed cross-coupling reactions (Figure 1.4).%’
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Figure 1.2. General scheme for the synthesis of base-modified nucleotide analogs, suitable for
enzymatic incorporation into DNA and RNA, by Pd-mediated reactions. Path A: halogenated
nucleosides are functionalized by using an appropriate cross-coupling reaction, which are then
phosphorylated to produce nucleotides. Path B: halogenated nucleotides are directly cross-coupled to
give modified nucleotides
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Figure 1.3. Chemical structure of various halogen-labeled 2'-deoxynucleosides (R = H, dN) and 2'-
deoxynucleotides (R = PsO¢*, dNTP) used in the Pd-mediated reactions to generate functionalized
nucleosides or nucleotides.

Casalnuovo and Calabrese for the first time used a Pd-phosphine catalyst
Pd(TPPMS)3, TPPMS = sodium diphenyl(3-sulfonatophenyl)phosphine) to carry out
Sonogashira and Heck coupling reactions on 5-iodo-modified pyrimidine nucleosides in
aqueous acetonitrile.?® More than a decade later, Shaughnessy group revisited this nucleoside
modification strategy and developed a general approach to install functionalities on
nucleosides by performing Suzuki and Sonogashira reactions on halogenated purine and
pyrimidine nucleosides in the presence of Pd(OAc). and triphenylphosphan-3,3',3"-
trisulfonate (TPPTS, 10).2° Following this, Burgess and coworkers reported the first example
on the direct Sonogashira alkynylation of dUTP in aqueous phase to afford fluorescent
nucleotides.®® Subsequently, Hocek and Wagner groups reported the arylation of halogenated
dNTPs by Suzuki—Miyaura reaction using palladium(ll) salt and TPPTS.332 Although
elevated temperatures and basic conditions were employed in these transformations, the
cross-coupled nucleotide products were reasonably stable and yields were moderate. Except
for few examples, most of the modifications have been performed on unprotected
halogenated 2'-deoxy NTPs. Excellent reviews thoroughly discussing the use of Pd-mediated
cross-coupling reactions in modifying nucleotides have been published.}"?21¢2225 Hence, in
this section, we restrict our discussion to the applications of modified nucleotide analogs
derived by Pd-mediated cross-coupling reactions on halogenated nucleoside and nucleotides,

and set the stage for the detailed discussion on postsynthetic ON modification strategies.
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Figure 1.4. Examples of triphenylphosphine- and adamantane-based ligands.
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1.3.1 Functionalized nucleoside and nucleotide analogs derived by Pd-mediated
reactions

Biophysical platforms based on environment-sensitive fluorescent nucleoside analogs have
been very useful in advancing our understanding of the nucleic acid structure, dynamics and
recognition properties.® Many such environment sensitive-fluorescent analogs are prepared
by using Pd-mediated cross-coupling reaction like Stille, Suzuki-Miyaura, Sonogashira etc.
(Figure 1.5). Some of the examples of such environment-sensitive fluorescent nucleoside are
given in figure 1.5.

e}
N
NH
O~y
X N z
HO HO N* NH
} ;o: :o:

HO H/OH HO
R =H (14a), OMe (14b), F(14c) X =0 (15a), S (15b), NH (15¢)
O
NHZ
kﬁ .
HO
16 17

Figure 1.5. Examples of fluorescently modified nucleoside analogs synthesized by Suzuki-Miyaura
and Sonogashira reactions.

Srivatsan and coworkers reported the various fluorescent heterobicyclic-modified
uridine analog (14a-14c) as probes to study nucleic acids in a cell-like environment or
cellular environment. Importantly, all the nucleoside analogs displayed excellent fluorescence
properties like emission wavelength, quantum vyield, lifetime and anisotropy, and these
emissive nucleosides were sensitive to the surrounding solvent polarity and viscosity. For
example, depending on the fluorescence outcome nucleoside 14a was suitably utilized in
designing assays to detect abasic sites in DNA®* and RNA ONs.*® Also 14a was employed
in studying the ON dynamics in a confined cell-like environment.®* The fluorescent probe
14b is used in the detection of dT-dT mismatch and Hg?*-ion-mediated base pairing in RNA-
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DNA and RNA-RNA duplexes.®® From the same group, dual-app nucleoside
probe 14c containing fluorine label was also developed, which successfully indicates the
formation of hybrid 2 G-quadruplex topology in live Xenopus laevis oocytes by using °F-
NMR spectroscopy.®

Manderville and coworkers developed a series of environment-sensitive fluorescent
C8-heteroaryl-2'-deoxyguanosine analogs—furyl (FurdG, 15a), thienyl (ThdG, 15b), pyrrolyl
(PyrdG, 15¢).%” Notably; probe 15a is used as tools to detect the GQ folding of a 15-mer (5'-
GGTTGGTGTGGTTGG-3") thrombin-binding aptamer.3® The pyrene fluorophore appended
on adenine (16) via Sonogashira cross-coupling reaction has been used to probe the charge
transfer within the double helix DNA.® The same probe was utilized to distinguish the
structure-switching between the mixed and antiparallel structure.*® Hocek and coworkers
constructed solvatochromic nucleoside analogs by conjugating aminophthalimide (e.g., 17)
via an alkyne linker.*! They enzymatically incorporated the corresponding triphosphates into
DNA oligonucleotide and established fluorescence assays to detect the binding of DNA to
p53, which is an important tumor suppressor protein. Also, this probe detects a non-specific
single-strand binding (SSB) protein, which stabilizes DNA in single-stranded form.

To synthesize the environment-sensitive fluorescent triphosphate, in most of the
methods, the fluorescently modified nucleoside is first prepared and then phosphorylated
(Figure 1.2, Path A). However, advancement in the water-soluble Pd-catalyst allows the
access to perform such Pd-mediated reactions directly onto halogenated nucleotides in the
aqueous medium (Figure 1.2, Path B). As a practice, the first course of action was to evaluate
the ability of base-modified dNTPs to serve as a good substrate for DNA polymerases in
primer extension reaction or PCR. This is usually tested by performing polymerization
reactions in the presence of various DNA polymerases. In most cases the thermostable
polymerases such as KOD XL, Vent (exo-) and Pwo were found to be highly efficient in
introducing the modified nucleotides into the DNA during polymerization reactions.*?
Engineered proteins from Holliger and Marx groups displayed discernibly improved
efficiency of incorporation of certain modified nucleotides.*® Important observations, which
were made during the course of these studies, are (i) DNA polymerases prefer to incorporate
5-substituted pyrimidine dNTPs and 7-substituted 7-deazapurine dNTPs efficiently as the
modifications in these positions project into the vacant pocket of the major groove, and (ii)
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baring few examples, 8-substituted purine dNTPs are not good substrates for DNA
polymerases as these modifications prefer to adopt unfavorable syn conformation.**

Burgess and coworkers synthesized a small series of fluorescein-modified 2'-deoxy
and 2',3'-dideoxy-uridine 5'-triphosphates (e.g., 18) by reacting alkyne-tagged fluorescein
with respective 5-iodo-modified uridine nucleotides under Sonogashira reaction conditions
(Figure 1.6).3*°Among these 2'-dUTP and 2’,3'-ddUTP tethered to fluorescein via a long linker
were found to be good substrates for thermostable polymerase TagFS. Hocek and coworkers
developed a series of bifunctional dNTPs containing a fluorophore and NMR active label,
¥, Several fluorine-containing heterocycles were coupled to iodinated triphosphate via
Suzuki reaction in the presence of Pd(OAc), and TPPTS (e.g., 19, Figure 1.6).*° The biaryl-
modified dNTPs were efficiently incorporated into DNA by KOD XL polymerase.
Photophysical and NMR analyses of labeled DNA revealed that these modifications could
allow two-channel detection of structural changes in DNA, for example from a hairpin to
duplex structure. In a similar approach, dNTPs containing GFP-like fluorophores (e.g., 20)
and viscosity-sensitive probe based on benzylidene cyanoacetamide were synthesized and
enzymatically introduced into DNA ONs.*4’ More recently, a BODIPY-labeled nucleotide
21 was developed, which could be incorporated into DNA by using DNA polymerases.*® This
environment-sensitive fluorescent label enabled the fluorescence-lifetime imaging of DNA

interactions in live cells by microscopy.*®
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Figure 1.6. Examples of fluorescently modified nucleotide analogs synthesized by Suzuki-Miyaura
and Sonogashira reactions.

1.4 Pd-mediated postsynthetic functionalization of ONs

Palladium-catalyzed cross-coupling reactions like Suzuki—Miyaura, Sonogashira, Stille etc.
afford a powerful passageway to attach a variety of biophysical probe to nucleoside or
nucleotide structures. Later, the modified nucleosides can effectively be incorporated into
oligonucleotides using enzymatic or solid-phase DNA synthesis methods (Figure 1.1).
Although this method has been significantly adapted to modify the oligonucleotides, the
methodology still has some limitations. For example, C-8 aryl modified purines are more
susceptible to acidic hydrolysis and oxidation than native nucleoside.> In case of enzymatic
polymerase approaches, the steric group on triphosphate can decrease the incorporation
efficiency of polymerase enzyme. To incorporate the modifications as mentioned above
(Figure 1.5 and 1.6) into an oligonucleotide either by solid-phase DNA synthesis or
enzymatic  methods, one has to synthesize their individual = modified

phosphoramidite/triphosphate. This could make the synthetic strategy more laborious.

10
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A more general approach based on postsynthetic method which would provide the
attachment of the various fluorescent environment-sensitive probe and other biophysical tags
to the nucleic acid using a common precursor such as halo-modified nucleic acid is needed.
In which, halo modified nucleoside is incorporated into the nucleic acid either by enzymatic
or solid-phase DNA synthesis methods. Further, the halo group is reacted with its cognate
partner such as SnBus, boronic acid/ester, alkyne to generate the nucleic acid labeled with
environment-sensitive nucleoside probe (Figure 1.1).

Performing metal-mediated cross-coupling reactions on ONs is not straightforward as
several considerations have to be taken into account. Metals can coordinate to the nitrogenous
bases and kill the catalytic activity or form adducts with the ON. Redox environment can
also damage the ON. Unlike in nucleosides and nucleotides, steric hindrance also plays a
major on the reaction efficiency at the ON level.>*Nevertheless, the applicability of Pd-
mediated cross-coupling reactions to directly functionalize ONs has been realized recently.
Notably, the developments in the design of catalytic system, especially in the context of
ligand development, and optimization of cross-coupling reaction conditions suitable for
biopolymers, especially for peptides and proteins, have essentially laid the foundation for the
implementation of Pd-mediated postsynthetic functionalization strategies to ONs.>?

In general, postsynthetic modification of halogenated ONs by using Pd catalyst is
accomplished in two ways. The halogenated nucleoside phosphoramidite (usually iodo-
modified nucleoside phosphoramidite) is incorporated into a DNA or RNA ON at desired
position(s) by solid-phase ON synthesis chemistry, and the cross-coupling reaction is
performed on the protected ON attached to the solid-support. In this case, conventional Pd-
catalyzed reactions can be performed in a polar organic solvent such DMF or DMSO to
install the modification. Further, cleavage from the solid-support and global deprotection
afford the desired functionalized ON. However, the stability of the nucleoside protecting
groups under cross-coupling reactions conditions (elevated temperatures and basic
conditions) and that of modification under strong deprotection conditions used in the ON
synthesis protocols will majorly influence the yield of the ON product. In the second
approach, an ON labeled with halogenated nucleoside is subjected to Pd-mediated reaction in
aqueous solution. In this case, the choice of Pd-ligand catalytic system becomes crucial. As
mentioned in the previous section, ligands suitable for Pd-mediated coupling reactions of
biomolecules in aqueous-phase were initially based on triphenylphosphine scaffold (Figure

11
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1.4). Cage-like ligands such as 1,3,5-triaza-7-phosphaadamantane (PTA) and its derivatives
have also been developed to effect cross-coupling reactions in aqueous condition.> Although
phosphine-based ligands, particularly TPPTS, have been highly useful in designing catalytic
systems for modifying nucleosides and nucleotides, their application at the ON level is very
limited as they are prone to oxidation, and require elevated temperature and longer reaction
time. The deiodination of substrates was also a major concern in these reaction conditions.??
Several N-heterocyclic compounds have severed as good ligands in Pd-catalyzed
cross-coupling reactions. After evaluating various N-heterocyclic compounds, Li and
coworkers identified 2-aminopyrimidine-4,6-diol (ADHP) as one of the best ligands for such
reactions (Figure 1.7).>* The advantage of this scaffold is that the diol and exocyclic amino
groups can be derivatized to modulate the electron density and solubility of the ligand. Davis
and coworkers used a catalytic system made of sodium salt of ADHP and Pd(OAc)2 to setup
aqueous-phase Suzuki—Miyaura reaction on an iodo-labeled protein substrate.>® This catalytic
system was also used in the fluorescence labeling of bacterial cell surface, wherein p-
iodophenylalanine-labeled OmpC, a protein highly expressed on Escherichia coli surface,
was coupled with a fluorescent boronic acid substrate.® Meanwhile, Lin and coworkers
developed a series of ligands by derivatizing ADHP to perform Sonogashira reaction on
protein substrates (Figure 1.7). Notably, Pd(OAc). and dimethylamino-substituted ADHP
(DMADHP) combination was found to be highly robust in cross-coupling
homopropargylglycine-encoded ubiquitin protein with various aryl iodides.>’
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Figure 1.7. Ligands based on N-heterocyclic compound ADHP for aqueous-phase Pd-catalyzed
reactions. DMG and TMG represent the minimal motif of ADHP.

Interestingly, guanidine-based ligands 29 and 30, which represent the minimal motif
of ADHP, also showed similar efficiency as the parent ligand in Suzuki—Miyaura coupling of

12
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a protein substrate.®® It is important to mention here that the coupling reactions using these
ADHP-based ligands work under mild (37 °C) and buffered (pH ~ 8.5) conditions.
Consequently, these catalytic systems and conditions have also been applied to develop Pd-

mediated labeling strategies for nucleic acids.

1.4.1 Functionalization of ONs by Suzuki—-Miyaura reaction

Manderville and coworkers, for the first time, demonstrated the utility of Suzuki—Miyaura
reaction in functionalizing DNA ONs.>® DNA ONs were first labeled with 8-bromoguanosine
by using solid-phase ON synthesis protocol. The coupling reaction was performed with
various arylboronic acid substrates in the presence of PA(OAC)2/TPPTS catalytic system and
Na.COs at 70 °C for 24 h (Figure 1.8). The coupling of arylboronic acid substrates produced
DNA ONs labeled with environment-sensitive fluorescent reporters and C8-Ar-dG adducts in

good yields.

o o)
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0 o
CH3CN/H,0 (1:2)
W3- 70°C,24h W@
OH  OBn
OO0 -
OH 8

Figure 1.8. Postsynthetic modification of 8-bromoguanosine-modified DNA ONs by agueous-phase
Suzuki—Miyaura reaction.%

Cahova and Jaschke installed a new type of nucleoside-based diarylethene
photoswitches onto DNA ONs by employing postsynthetic Suzuki-Miyaura reaction.>® DNA
ONs containing 5-iodo-dC or 5-iodo-dU were prepared and reacted with 2-[2-methyl-5-
phenylthien-3-yl]cyclopent-1-ene boronic ester (31) under the conditions optimized by
Manderville and coworkers. However, under these conditions no detectable amount of the
photoswitch-modified DNA ON product was observed. Subsequently, the authors used the
coupling conditions employed for sensitive nucleotides (Cs.COs, water/acetonitrile mixture,
argon atmosphere, 120 °C, 60 min) to achieve cross-coupling between the bulky boronic ester

substrate 34 and iodo-labeled ONs. The reaction with ONs containing 5-iodo-pyrimidine
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nucleosides at various positions produced the coupled product in moderate vyields.
Substantial amount of deiodinated ONs was also formed. Upon irradiation, the photoswitch-
modified DNA ONs were found to undergo efficient and reversible electrocyclic
rearrangement reaction to produce the open and closed forms (Figure 1.9). It has been
proposed that this approach of assembling photoswitch-modified ONs could have potential

applications in biology and nanotechnology.

31
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Figure 1.9. Synthesis of photoswitch-modified DNA ONs by postsynthetic modification of iodo-
labeled DNA ONs with 2-[2-methyl-5-phenylthien-3-yl]cyclopent-1-ene boronic ester 31. Reversible
electrocyclic rearrangement reaction at the ON level was possible by irradiating with a light source of
different wavelength.*

Davis group came up with a milder and more efficient postsynthetic DNA ON
labeling strategy based on Suzuki-Miyaura coupling reaction.® In this method, a
combination of sodium salt of ADHP/DMADHP and Pd(OAc), was used as the catalytic
system. 5-lodo-dU-modified DNA ONs were subjected to coupling reaction with various
boronic ester substrates in Tris buffer (pH 8.5) at 37 °C for 4-16 h (Figure 1.10). Pinacol
boronic esters used in this study include photocrosslinking agents (diazirine and
benzophenone), photoswitch label (azobenzene), fluorescent and sugar tags. Using these
substrates and above reaction conditions, functional ON probes were prepared in very good

yields. Subsequently, three different tags, namely hydroxymethylcytosine (hmC, natural
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modification), diazirine and biotin were introduced into DNA strands. This combination
allowed the profiling of proteins associated with hmC versus cytosine by first
photocrosslinking the DNA with proteins by using the diazirine tag followed by pull-down by

| o) ;;;/V::q,o o
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Figure 1.10. Postsynthetic modification of DNA ONs by using Suzuki—Miyaura reaction in the
presence of Pd(Il) salt and ADHP/DMADHP ligand. These Pd-ligand catalytic systems have enabled
the modification of iodo-labeled DNA ONs with a variety of biologically useful tags under mild
conditions.®

Recently, Okamoto and coworkers used diazirine photocrosslinking chemistry to
study the recognition of N®-methyladenosine (m®A) modification on RNA by the fat mass and
obesity associated (FTO) demethylase.®* This modification of RNA is regulated by m°A
methyltransferases and plays important roles in posttranscriptional regulation processes. FTO
is a nonheme Fe(ll) a—ketoglutarate-dependent dioxygenase protein, which demethylates
mPA to A. A highly photo-reactive diazirine group was placed next to m®A of an RNA strand
by performing Suzuki—Miyaura reaction between a diazirine-modified boronic ester and 5-
iodouridine-modified RNA (Figure 1.11). The photocrosslinking experiments revealed
enrichment of activated FTO based on m®A recognition, which was found to depend on Fe(ll)
cofactor and o—ketoglutarate activity.

Ding and Clark generated DNA-encoded libraries containing variety of functionalities
at the duplex terminus by performing Suzuki—Miyaura reaction between DNA-linked aryl
halides and various boronic acid/ester substrates in the presence of Pd(PPhs)s catalyst.®?
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Following this report, Ding group introduced a new catalytic system based on [(t-Bu)P-
(OH)]2PdCl, (POPd) and a biphenyl ligand 32 for postsynthetic DNA modification by
Suzuki—Miyaura reaction (Figure 1.12). This catalytic system was found to be highly active

in coupling challenging pyrimidinyl and phenyl chlorides with boronic acids.®
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Figure 1.11. Schematic diagram showing the use of postsynthetic ON modification strategy to study
RNA-protein interaction. RNA labeled with a diazirine photocrosslinking agent next to an mSA
residue was prepared by postsynthetic Suzuki-Miyaura reaction. RNA was selectively
photocrosslinked to a FTO protein (binds to m°A and demethylates) based on m®A recognition
event.®!
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Figure 1.12. Suzuki—Miyaura reaction on double-stranded DNA ONs. A combination of POPd and
ligand 32 enabled the postsynthetic modification of duplexes containing challenging pyrimidinyl and
phenyl chlorides with different boronic acid substrates.®®
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1.4.2 Functionalization of ONs by Sonogashira reaction

Unlike Suzuki—Miyaura reaction, only few examples are available on the postsynthetic
functionalization of ONs by using Sonogashira reaction. In particular, aqueous-phase
modification of ONs by Sonogashira reaction has remained elusive, and hence, on-column
Sonogashira reaction was used in following examples. In one of the first examples, Khan and
Grinstaff used Pd-catalyzed Sonogashira reaction during automated solid-phase synthesis to
modify ONs. In this approach, after incorporating the protected 5-iodo-dU residue, the ON
attached to the column was coupled successfully to alkyne-derivatized substrates in DMF in
the presence of Pd(PhsP)s, Cul, and EtzN.®* Using a similar strategy, Wagenknecht and
coworkers prepared 1-ethynylpyrene-modified DNA ONs and studied the electron-transfer
property of pyrene in DNA.%®Richert and coworkers wanted to study the
stabilization/destabilization effect of alkynyl substituents projected in the major of DNA
duplexes. For this purpose, they resorted to on-column Sonogashira reaction to introduce
various alkynyl-substituents onto DNA ONs.%® 5-lodo-dU was incorporated into short DNA
ON sequences and was further subjected to on-support Sonogashira reaction with various
alkynyl substrates in the presence of Pd(PPh3)2Clz, PPhs, and Cul in THF and EtsN. Global
deprotection gave the desired ON products in moderate yields. Thermal denaturation
experiments indicated the modifications either destabilized or stabilized the duplex, and in
particular, pyrenylbutyramidopropyne was found to significantly stabilize the duplex,
possibly by intercalation. Engels and colleagues used on-column Sonogashira coupling to
introduce a rigid spin label (2,2,5,5-tetramethyl-pyrrolin-1-yloxyl-3-acetylene, TPA) into
DNA and RNA ONs for EPR analysis.®” In one of the examples, the spin-labeled RNA ONs
were subjected to 4-Pulse Electron Double Resonance (PELDOR) analysis, which enabled
the differentiation of the A- and B-form of duplexes (Figure 1.13).%8
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Figure 1.13. On-column modification of ONs by using Sonogashira reaction. Here, an iodo-labeled
ON attached to the solid-support is functionalized by a reaction with alkyne-modified spin label .8

1.4.3 Functionalization of ONs by Stille- and Heck-type reactions

Engels group extended their on-column Sonogashira strategy to modify RNA ONs by Stille
coupling reaction. 5-lodouridine or 2-iodoadenosine in the form of phosphoramidite was
incorporated into short RNA ONs, which were then coupled with various stannylated
heterocycles in the presence of Pdz(dba)s and P(furyl)s to produce fluorescent RNA ONs.®
Jéschke and coworkers established a convenient postsynthetic DNA and RNA labeling
method using Stille-Migita chemistry. The authors used Pd>(dba)s and AsPhs as the catalytic
system to effect cross-coupling reaction in solution by using halogenated dinucleotide
substrates and in solid-support by using iodopyrimidine-labeled DNA and RNA ONs. The
coupling reactions were performed in DMF at 60 °C with various stannylated substrates to

generate fluorescent- and azide-labeled ONs (Figure 1.14).7°
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Figure 1.14. On-column modification of ONs by using Stille-Migita reaction.™
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Vinyl-labeled biomolecules serve as good bioorthogonal reactive partners in
photoclick, inverse electron demand Diels-Alder (IEDDA) and oxidative Heck reactions.”* "3
However, the versatility of vinyl label has not been well explored in the context of labeling
RNA until recently. George and Srivatsan developed a modular posttranscriptional RNA
labeling method by using IEDDA and oxidative Heck reactions.”* In this method, 5-
vinyluridine triphosphate (VUTP 33) was prepared and incorporated into RNA ONSs by in
vitro transcription reaction in the presence of T7 RNA polymerase. VUTP could be
incorporated into RNA ONSs at one or more sites and also into longer RNA transcripts with
very good efficiency. The vinyl-labeled RNA transcript was then subjected to oxidative Heck
reaction with various heterocycle boronic acid/ester substrates in the presences of Pd-EDTA
complex in aqueous buffer (Figure 1.15). The coupling reaction proceeded reasonably well
and produced fluorescent RNA ONs. In particular, benzothiophene-coupled and
benzothiophene-alkene-coupled RNA products exhibited remarkable enhancement in
fluorescence intensity as compared to its corresponding boronic acid substrate. It is suggested
this novel approach of functionalizing RNA posttranscriptionally by fluorogenic Heck-type

coupling reaction could offer direct access to fluorescent RNA reporters.
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Figure 1.15. Posttranscriptional modification of vinyl-labeled RNA transcripts by using oxidative
Heck reaction. Vinyl-labeled RNA was reacted with various heterocyclic boronic acid substrates in
the presences of Pd-EDTA complex to produce fluorescent RNA.™
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1.5 Functionalized nucleoside as supramolecular synthons
Supramolecular assemblies based on nucleobases, nucleosides, nucleotides and nucleic acids
are useful for various biomedical and material applications.” Nucleic acids have received
much attention as a unique material for constructing supramolecular motifs.”® However, the
major limitation associated with them is the scalability. On the other hand, supramolecular
synthons based on nucleic acid components (nucleobase, nucleoside and nucleotide) are
readily scalable and sustainable to generate the perfect balance between hydrophilicity and
hydrophobicity.”” Pyrimidne and purine can form non-covalent interactions like hydrogen
bonding and =-r stacking. Purine bases, in particular guanine derivatives have potential to
self-assemble more extensively compared to the pyrimidine nucleobase. The high propensity
of guanine to self-assemble originates due to the presence of additional hydrogen bonding
face (Hoogsteen) and expanded surface area for n-m stacking interaction. The self-assemblies
formed by guanine derivatives and their applications are discussed in the following section.
Usually, derivatization of nucleobase, nucleoside and nucleotides with a hydrophobic
group (e.g., fatty acid chain) is required to induce the gelation process (except guanine
derivatives). Typically, hydrophobic tail or linker is attached either to sugar or nucleobase to
achieve the necessary balance of hydrophobic character. The resulting derivatized product is
commonly known as nucleolipid. There are several examples of nucleolipids based on
pyrimidine-fatty acid conjugates, which have been published earlier in various reviews.”
Here we have shown some of the examples of pyrimidine-nucleolipids that serves as low

molecular weight gelators (LMWGs) (Figure 1.16).
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Figure 1.16. Chemical structures of synthetic pyrimidine-based nucleolipid.
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Grinstaff and coworker reported the diacylated uridinophosphocholine derivative 34,
which forms stable and opaque hydrogels consisting of entangled helical nanofibers. The
authors stated that the helical structure is formed by n-m stacking interaction between the
nucleobases and hydrophobic interaction of stearyl group. The 5’-phosphocholine group in 34
provides solubility in aqueous media. Further, the hydrogels formed by the nucleolipid 34 are
of potential use for the delivery of therapeutically relevant DNA or RNA.”® Fluorescently
modified nucleolipids synthon are less commonly reported. Our group developed an
environment-sensitive fluorescent supramolecular synthon by attaching benzofuran-2-yl and
benzothiophen-2-yl moieties at the C-5 position of uridine (e.g., 35 Figure 1.16). These
fluorescent nucleoside—lipid hybrids form organogels in DMSO, which is driven by
hierarchical structures such as fibres, twisted ribbons, helical ribbons and nanotubes.
Morphological architecture is found to be depended on the nature of fatty acid chain and
nucleobase modification. Most importantly, these nucleolipids retains their fluorescence even
in the gel state and displayed aggregation induced enhanced emission (AIEE) after gelation.®
Zelzer and coworkers reported a cytidine-based gelator by attaching octanoyl chain at the N4-
position of the cytosine ring.8* Novel supramolecular gelator, N4-octanoyl-2'-deoxycytidine
36 forms a transparent gel at 0.6 %w/v in binary systems of water and ethanol. Molecular
dynamics (MD) simulations study suggest that gelators arrange themselves into a cylindrical
fibre in such a way that the aliphatic chains face towards the inside core and cytosine ring
stacked together and the hydrophilic sugars remain at the external surface of the fibre. The
author claims that, this architecture present in cytidine based gel gives a promising
opportunity for the encapsulation of therapeutically relevant DNA or protein or small
bioactive molecules in drug delivery applications. Barthélémy and coworkers reported the
synthesis of a nucleotide lipid which contains thymidine as a head group and 1,2-dipalmitoyl-
sn-glycerol phosphate (diC16dT) as a tail (37).82 In the presence of monovalent cations (Li*,
Na*, K*, NHs" and NHEtz" ) this nucleotide lipid spontaneously forms an opaque hydrogel.
Further, the resultant hydrogel in the presence of alkali metal ions (Li*, Na*, K*) can be
safely injected into mice without any adverse effects. These hydrogels also allow the gradual
release of proteins (e.g., bovine serum albumin) into the bloodstream in vivo.

While several pyrimidine-based LMWGs have been reported, supramolecular
assemblies generated by the purine derivatives, especially guanine, require special mention.

Guanine derivatized supramolecular synthons are the most fascinating among other
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derivatized nucleosides due to their tendency to self-assemble into different forms of
architectures including linear G-ribbon and cyclic G4-quartet (Figure 1.17).8% Guanine can
self-assemble into two different ribbon structures, where hydrogen bonds are formed in
between amide proton at the N1, the amide oxygen O6, the amino protons at N2 and the lone
pair at either the N7 (G-ribbon I) or the N3 (G-ribbon II) (Figure 1.17).0n the other hand,
G4-quartet is composed of four guanine units linked together by eight intermolecular
hydrogen bonds in presence of metal ions (e.g., K*, Na*). However, there are some
exceptions where G-quartet can form even in the absence of any added cation, for example,
G-quartet formed by 8-aryl-substituted guanosine derivatives.8 Further, these G-ribbons and
G-quartets self-assemble extensively to form G-sheets and G-quadruplex, respectively. At

certain concentrations these G-sheets or G-quadruplexes aggregate to form supramolecular

gels.
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Figure 1.17. Guanine-containing derivatives self-assembled into different kind of motifs, including
linear G-ribbon I, G-ribbon Il and the cyclic G4-quartet, which further forms the supramolecular gel.

Usually, in the presence of cation, the guanine derivatives without fatty acid chain
form a hydrogel, where G-quartet is the basic unit in the gel network. Guanosine and
deoxyguanosine are insoluble in organic solvents and derivatization of them with fatty acid is
useful in inducing gelation process. Lipophilic guanine derivatives form organogel even in
the absence of added cations. Fortunately, the hydroxyl groups of sugar residues provide an
excellent way to attach a fatty acid chain via alcohol-acid coupling. Also, functionalization at
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the C-8 position can used to provide additional properties to the supramolecular gel. Thus, in
recent years, various guanine-based organogelators have been developed. Some examples of
lipophilic guanine derivatives are shown in Figure 1.18.
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Figure 1.18. Examples of lipophilic guanine based supramolecular synthons which forms organogels.

Araki reported a series 2', 3'-O-isopropylideneguanosine derivatives (e.g., 38), which
show excellent gelation ability in alkane solvent (e.g., n-Dexane).®® Also, the addition of
complimentary nucleolipid cytidine derivative, which itself is non-gelator suppressed the
gelation ability of 38. This suggests that the Watson—Crick G—-C base pair was quite stronger
compared to the G-G base pair in the gel network, indicating the G-G hydrogen bonding
plays a crucial role in the gelation process. CD and IR analysis further confirmed the
involvement of G-G base pair in the gelation process. Liu and coworkers reported reversible
organogel, which can be triggered by the addition and removal of K* ions.®® Lipophilic
guanosine derivative 39 can immobilise both chloroform and toluene. This organogelator
forms stable ribbon-like structure. The authors suggested that there could be n-n stacking
interaction between aromatic hydrocarbon solvent (toluene) and guanine moiety.
Interestingly, ribbon-like structure in organogel 39 was able to change to G-quartets after
addition of K* ion. This led to the transformation from a gel to a sol state. Upon addition of
cryptand [2.2.2], which can efficiently chelate K* ions, again G-quartets reverted to the
ribbon-like structure and reformed the gel. Such an approach proves that the gel-sol transition
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can be controlled by using external stimuli. Montesarchio and coworkers reported acylated
polyether functionalized guanosine derivatives 40. Lipophilic guanosine derivative 40 gave
stable organogel in polar solvents, such as methanol, ethanol and acetonitrile. The authors
suggested that the two bi-tailed alkyl chains at 2’- and 3'-OH is essential for the gelation
process due to a balanced lipophilicity.®” Yi and coworkers reported guanine nucleolipid 41,
which is derivatized with adamantane moiety.® Interestingly 41 forms G-quadruplex
structure at low concentration in acetonitrile solution without any templating ions. Further, at
higher concentration, the G-quadruplex from convert into a linear G-ribbon which next
transformed into a gel network. Organogel formed by 41 was sensitive to sonication, and
FESEM images showed that the morphology of the gel changes from a columnar structure to
a flower-like structure after sonication. Moreover, this study shows that conversion between
G-quartets and the G-ribbon structure could be reversibly controlled by just varying the

concentration of the gelator.

1.6 Applications of guanine-based supramolecular synthons

1.6.1 Drug delivery

“Self-destroying” guanine-based hydrogels have been used in the controlled release of
bioactive compounds. For example, the release of guanine-containing antiviral drugs

acyclovir and ganciclovir have been achieved using hydrogels based on 5'-deoxy-5'-

iodoguanosine (42) (Figure 1.19).%°
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Figure 1.19. The cyclization of (42) to (44) triggers weakening and disruption of the gel, allowing the
controlled release of acyclovir drug which was pre-incorporated into the stacked guanosine (G)-
quartet assemblies. This schematic illustration is adapted from ref. 89.

24



Chapter 1

Here, 42 and guanine-containing antiviral drug acyclovir (43) forms hydrogels with 2
equivalent KB(OH)s. Over time, 42 undergoes in situ intramolecular cyclization to form a
non-gelling compound (44), leading to breakdown of the gel. Disruption of the gel eventually
releases pre-incorporated acyclovir drug (>80% release after 72 h). This ability of self-
destroyinghydrogels could be potentially applied in controlled release of the various drugs in

vivo, provided that the gelator and cyclized side product are non-toxic to the cell.

1.6.2 Scaffold for tissue engineering

Rowan and coworkers have wused hydrogel made from 8-methoxy-2',3",5"-tri-O-
acetylguanosine (80MeTAcG, 45) as a scaffold for tissue engineering.*® Compound 45 can gel
aqueous media at a low concentration of 0.5 wt% of 45 and 100 mM NaCl (Figure 1.20). The
authors suggested that this is due to a shift in the conformational preference of 45 from anti to
syn. Further, the hydrogel network formed by 45 supports cell culture. GFP-labeled C166
endothelial cells in DMEM solution were injected in 2 wt % of 45 + 1 wt % gelatin (which
increases the adhesion of the cell). This cogel provided 3D gel network within which the cells
incorporated and proliferated with little-to-no cytotoxicity. Microscopy analysis showed that
the cells are quite healthy with good morphology, and they are present inside the gel network.
This shows the gel formed by the combination of 45 with adhesive agent gelatin is suitable

for growing the cells inside the gel network and can be used as a tissue engineering scaffold.

o

HN N
HoN /Q\N / N>\0Me

OYO o NacCl € '
O

45 (syn) Hydrogel

Fluorescence optical

microscopy

Figure 1.20. 2 wt% 80MeTAcG/DMEM gel (with added 1 wt% gelatin) forms the hydrogel at 100
mM NaCl and shows the ability to culture the GFP +C166 cells inside its gel network as seen in the
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confocal microscopy and fluorescence optical microscopy. This schematic illustration is adapted from
ref. 90.

1.6.3 Environmental remediation

Davis and coworkers reported a hydrogel made of a binary mixture of 1:1 guanosine (G, 46)
and 8-aminoguanosine (BAmG, 47 ) in the presence of a stoichiometric amount of either K*
or Ba?* ion (Figure 1.21).%! These hydrogels show the ability to selectively adsorb the anionic
dye from the bulk solution with the help of electrostatic interactions. Three dyes were used to
study the uptake by the binary hydrogel: Naphthol blue black (NBB), rose bengal (RB) and
safranin O (SO). It was found that the hydrogels in the presence of KCI adsorbs more of the
anionic dyes (RB at 58% and NBB at 37%) than the cationic SO (22%). Most importantly,
binary gel in the presence of a divalent cation Ba®* shows higher selectivity towards the
anionic dye over cationic dye. NBB and RB (89% and 75%, respectively) as compared to
15% of SO. These hydrogels are promising in the context of environmental remediation such

as removing the pollutants from industrial wastes.
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Figure 1.21. Binary mixture of G (46) and 8AmG (47) with Ba?* give G-quartet structures that lead to
the formation of transparent hydrogels. This hydrogel extracts selectively anionic dye NBB and RB
from an aqueous phase into the gel network. This schematic illustration is adapted from ref. 91.

1.6.4 lon channels
The lipophilic supramolecular assemblies have been widely used as frameworks to construct
synthetic ion channels.®?> Davis and coworkers developed ionophores based on

supramolecular assembly formed by lipophilic guanine core. These ionophores were
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constructed by self-assembly of 5'-(3,5-bis(allyloxy)benzoyl)-2’,3"-isopropylidene guanosine
(48) in the presence of potassium picrate, followed by crosslinking of neighbouring guanine
units within the formed G-quadruplex using ruthenium-catalyzed ring-closing metathesis
(Figure 1.22).%This approach of using the olefin metathesis to crosslink the guanine units
within the G-quadruplex architectures helps to avoid the dynamics between self-assembly
and disassembly of formed G-quadruplex. Thus making the stable and unimolecular G-
quadruplex based-ionophore that would remain functional and integral when incorporated
into the hydrophobic phospholipid membrane. CD analysis shows that the formed metathesis
product [G]is 2 found to be stable and intact when added to an aqueous solution of EYPC
liposomes. Further, both base-pulse assay and >Na NMR spectroscopic experiments show
the [G]is 2 can selectively transport Na* over the K* ions across phospholipid bilayer

membranes.
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Figure 1.22. Schematic illustration showing the formation of G-quadruplex [G]is 1 by the 16 units of
the 48, followed by the formation of G-quadruplex [G]:s 2via olefin metathesis. The formed
supramolecular structure [G]ss 2 acts as a Na* transporter through inclusion in a liposome membrane.
This schematic illustration is adapted from ref. 93.

1.7 Research statement

It is clear from the above studies that a variety of Pd-mediated cross-coupling reactions have

been established to functionalize DNA ONs in solution as well on solid-support. However,

similar reaction conditions do not necessarily work for RNA due to its inherent instability.
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Therefore, there is a significant demand for the development of robust and modular Pd-
mediated cross-coupling reactions that will be suitable for labeling RNA ONs. Notably,
studies also show (Section 1.3.1) that Pd-mediated cross-coupling reactions could be utilized
in generating environment-sensitive fluorescent nucleoside probes through direct C-C bond
formation. In addition to developing Pd-mediated RNA labeling strategies, we sought to
harness the potential of this C-C bond formation reaction in designing environment-sensitive
fluorescent supramolecular synthons that would self-assemble and enable construct
responsive architectures.

a) Suzuki—Miyaura cross-coupling reaction generates functional nucleic acid probes: We
describe the first example of an efficient and modular chemical functionalization
methodology to label RNA transcripts with biophysical probes by using Suzuki—Miyaura
cross-coupling reaction (Figure 1.23A). To set up the labeling technique, 5-iodo UTP analog
was synthesized and enzymatically incorporated into RNA transcripts in vitro by using T7
RNA polymerase. Further, iodo-modified RNA transcripts werefunctionalized
posttranscriptionally by Suzuki—Miyaura cross-coupling reaction with commonly used
fluorescent and affinity tags, and new fluorogenic environment-sensitive nucleoside probes.
After successfully establishing Suzuki—Miyaura cross-coupling reaction on RNA, we
extended its utility in probing different nucleic acid conformations based on their reactivity
(Figure 1.23B). For this purpose, polymorphic G-quadruplex forming human telomeric repeat
sequence was used as a study system. The effect of various DNA conformations and position
of iodo group on each loop on the efficiency of the Suzuki—Miyaura reaction was studied

systematically.
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Figure 1.23. Use of iodo-modified uridine and deoxyuridine for postsynthetic Suzuki—Miyaura cross-
coupling reaction (A) to label the RNA with fluorescent, fluorogenic environment-sensitive and
affinity label biotin. (B) to study the effect of DNA conformations on reaction efficiency.

b) Environment-sensitive fluorescent nucleolipid supramolecular synthons: To construct
fluorescent guanine-based synthons, we attached 2-vinylbenzofuran moiety at the C-8
position and long chain alkyl groups at 3'-O- and 5’-O- positions of 2'-deoxyguanosine
(Figure 1.24). To attach the fluorophore unit at the C-8 position, we have taken advantage of
Pd-mediated Suzuki—Miyaura cross-coupling reaction. Depending upon the nature of alkyl
chain, the nucleolipid exhibits interesting fluorescence properties upon self-assembly. A
combination of guanosine and fluorescent guanosine derivative, containing a methyl ester at
3’-0O- and 5’-O- positions, hindered the crystallization process observed in simple guanosine
gels and formed a stable cogel with modulated mechanical properties and morphological
features. Further, the nucleolipids containing longer alkyl chain (R = myristyl and palmityl)
formed green fluorescent organogels and exhibited chemo- and thermo-responsive behaviour
after addition of a complimentary nucleolipid.

Collectively, the results presented in this thesis underscore the potential of Pd-
mediated cross-coupling reactions in generating functionalized RNA oligonucleotides for

biophysical analysis and functionalized supramolecular assemblies for material applications.
(o]
H

<IN
Br
N N/)\NHZ

") TR Cp

HO
i) Pd-mediated Suzuki-Miyaura J ii) Acid-Alcohol coupling
cross-coupling reaction o
R”™ "OH

HN N
HzN/A\ | N~
'8 Guanosine O o NTON
= o —
. R =CH; o R = myristyl, .

b 2 . (- }40 palmityl &..,
Hinders t_he crystal_lization Fluorescent environment- Exhibits smart_chemo- a_nd
process in guanosine gel sensitive nucleolipid thermo-responsive behaviour

Figure 1.24. Application of Pd-mediated Suzuki-Miyaura cross-coupling reaction to generate the
fluorescent environment-sensitive nucleolipids for supramolecular assembly.
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Chapter 2

Posttranscriptional Labeling by Using Suzuki—-Miyaura
Cross-Coupling Generates Functional RNA probes”

2.1. Introduction

Understanding of RNA structure and function, and its use in therapeutics are greatly aided by
recent developments in the nucleic acid functionalization strategy based on bioorthogonal
chemical reactions.'* Traditional approaches like solid-phase synthesis and enzymatic
methods are very useful in installing variety of probes onto RNA for various biophysical
investigations. However, in several instances, elaborate chemical manipulations to synthesize
the functionalized monomers (e.g., phosphoramidites and triphosphates) and challenges
associated with their incorporation (e.g., stability under reaction conditions, poor coupling
and enzymatic incorporation efficiency) limit the applications of these methods.* In this
context, postsynthetic modification of RNA by using bioorthogonal reactions is proving as a
valuable tool to generate functional RNA probes. In this method, an RNA ON is labeled with
a small reactive handle by using solid-phase ON synthesis protocol or by using the substrate
promiscuity of RNA polymerases and certain RNA processing enzymes (e.g., transferases).*5
Following this step, a chemoselective reaction with the cognate reactive partner is performed
to introduce the desired functional modification into the RNA. Reactions like azide-alkyne
cycloaddition,”?? Staudinger ligation,?* inverse electron demand Diels— Alder,?>28 to name a
few, have emerged as valuable tools to label, image and profile RNA in cell-free and cellular
environments. These methods often use bulky activated building blocks (e.g., cyclooctyne,
tetrazine, norbornyl etc.) to promote efficient postsynthetic reaction under mild conditions.
However, the synthesis of many of these building blocks is tedious involving multiple steps,
and if commercially available are very expensive.?®3! Therefore, establishment of new
postsynthetic RNA modification strategies that allow direct introduction of various

functionalities by using easily accessible tags and reporters remains a high priority.?

*The work presented in this chapter is published: Walunj, M. B.; Tanpure, A. A.; Srivatsan,
S. G. Posttranscriptional labeling by using Suzuki-Miyaura cross-coupling generates
functional RNA probes. Nucl. Acid. Res. 2018, 46, e65. DOI: 10.1093/nar/gky185.
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In this regard, Pd-mediated C-C bond formation, which is applied in almost all facets
of chemistry, is proving useful as a valuable chemoselective transformation for synthetic
modification of biomacromolecules.®*® This has been possible due to the development of
new Pd-ligand catalytic systems, which appreciably accelerate the coupling reaction
inaqueous buffer.3° Manderville group first demonstrated the usefulness of Suzuki-
Miyaura reaction in the postsynthetic functionalization of DNA oligonucleotides (ON).*°
ONs containing 8-bromoguanosine were reacted with arylboronic acids in the presence of a
catalytic system made of Pd(OAc). and a water-soluble triphenylphosphan-3,3',3"-
trisulfonate ligand, which was used previously for nucleotide modification.**? Using a
similar method, a diarylethene photoswitch capable of undergoing reversible electrocyclic
rearrangement was introduced into DNA ONs.*® This catalytic system requires elevated
temperature (>70 °C), long reaction time and alkaline conditions to generate coupled ON
products in moderate yields. Meantime, Davis group used a combination of Pd(OAc)2 and 2-
aminopyrimidine-4,6-diol (ADHP) or dimethylamino-substituted ADHP (DMADHP), which
was originally developed for labeling proteins by Suzuki and Sonogashira reactions,** to
step up a milder route to directly install functional labels onto DNA ONs by using Suzuki—
Miyaura reaction.*” Despite these successes with protein and DNA, functionalization of RNA
by Pd-mediated coupling reactions remains a major challenge as methods developed for
protein and DNA mostly do not work for RNA due to inherently low stability of RNA, 284849
Therefore, we embarked on establishing a milder and efficient method to modify RNA by
first incorporating a halogenated nucleotide analog into RNA by transcription reaction,
followed by a posttranscriptional Suzuki—Miyaura reaction in the presence of a cognate
reactive partner labeled with a desired biophysical reporter or tag (Figure 2.1). Here, we
demonstrate a posttranscriptional modification method to generate functional RNA probes by
using Suzuki—Miyaura reaction under benign conditions (37 °C and pH 8.5). This method is
modular, and offers direct access to RNA labeled with fluorogenic environment-sensitive
nucleoside analogs for nucleic acid structure and recognition analysis, fluorescent probes for

microscopy and an affinity tag for pull-down and immunoassay (Figure 2.1).

35



Chapter 2

Ooco m{(’/\/\

ATP transcription
oooooooo - pOI \g\/
CTP
o NO, o

GTP - /"\0 w4 biotin IU-labeled RNA ON
/J& Xj i‘:;:"'“’ post- lPd-Iigand

transcription ®—B(0R1)

2

S tanar
®@e®-oN ®= NBD dye modification
fluorescence microscopy

OO O,
0 X X=8/0
environment-senstive and

|UTP fluorogenic nucleoside analogs functional RNA ON probes

Figure 2.1. Design showing the posttranscriptional functionalization of iodouridine-labeled RNA
transcripts by using Suzuki—Miyaura cross-coupling reaction to generate RNA labeled with functional
probes.

Base-functionalized nucleoside analogs containing fluorescent, isotope, heavy atom or
spin labels serve as excellent tools for biophysical investigation of nucleic acid structure,
dynamics and function.’®% Many such modified nucleoside and nucleotide substrates,
suitable for incorporation into ONs, are synthesized from halogenated nucleosides and
nucleotides (e.g., iodo-labeled substrates) by using Pd catalyzed cross-coupling reaction as
the key step.52% However, necessity to prepare individual substrates, and the challenges
associated with their synthesis and incorporation (vide supra) can be circumvented by
developing a modular postsynthetic RNA labeling method, which would allow direct
installation of the probes by Suzuki—Miyaura reaction between iodo-labeled RNA ONs with

various easily accessible boronic acid/ester substrates (Figure 2.1).

2.2 Results and discussion
2.2.1 Enzymatic incorporation of 5-iodouridine 5'-triphosphate (IUTP 2) into RNA ON:

In order to setup an RNA functionalization method by Suzuki—Miyaura reaction, we chose to
incorporate 5-iodouridine 5'-triphosphate (IUTP 2) into RNA transcripts by in vitro
transcription reaction.®>% Jodo-modified nucleoside phosphoramidites can also be used to
incorporate the halogen label into RNA ONs by solid-phase method. IUTP was prepared by
phosphorylating IU (1)%” using POCIls and bis-tributylammonium pyrophosphate®® by

following the literature procedure (Scheme 2.1).%°
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Scheme 2.1. Synthesis of 5-iodouridine triphosphate 2.

The efficiency of IUTP incorporation by bacteriophage T7 polymerase was evaluated
by performing in vitro transcription reactions with a series of T7 promoter-template DNA
duplexes (Figure 2.2). The templates were designed to guide the incorporation of
monophosphate of IUTP into RNA at one or two sites. The templates also contained a single
dT residue at the 5'-end of the coding region so that a reaction performed in the presence of
UTP/IUTP, GTP, CTP and a-*?P ATP, if successful, would result in the formation of the full-

length transcripts containing a radioactive a->?P A label at the 3'-end.

T7 Promoter 5 TAATACGACTCACTATAG 3'

‘\”\)\NH Template T1 3' ATTATGCTGAGTGATATCGCGGCACGT 5'
HO No T7 RNA polymerase a-%?P ATP, CTP, GTP
| :o: UTP/IUTP (2)
HO 4 OH 5' r(,ppGCGCCGUGCA) 3' (3)
5' 1(ppGCGCCG1GCA) 3' (4)
| 7 DNA templates modified transcripts

H L} L} L} Al
o o o [ " 7234~ CGAGGCCCGT &' 5'1(5,,GC1CCGGGCA)

3 (9)
O-P-0-B-0-P-0 N "OT3 3t CGCAGCGCGT 5" 5' 1(,pp GCG1CGCGCA) 3' (6)
COTOTON o 3 (7

0O 0 0 T4 34 CGCGGAACGT 5 5' r(,,,GCGCC11GCA) )
E6NH: 9 4 Ty T53~ CGCGGCACATS' 5'r(,,,GCGCCG 1G1A) 3' (8)

Figure 2.2. Incorporation of IUTP 2 (prepared from IU 1) into RNA ONs by in vitro transcription
reactions using T7 RNA polymerase and templates T1-T5. Transcripts 4-8 containing U label at
different sites are shown.

Reactions performed with template T1 and UTP/IUTP produced full-length
transcripts 3 and 4, respectively, with excellent efficiency and comparable yields (98%,
Figure 2.3, lanes 1 and 2). Slower mobility of 4 compared to 3 indicated the incorporation of
modified U into transcript 4. The labeling of IU in the full-length transcript was confirmed by
mass measurement of the purified transcript prepared from a large-scale reaction (Figure 2.4).
A control reaction in the absence of UTP and IUTP did not yield full-length transcript,
indicating that there was no misincorporation during the transcription process (lane 3).
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Interestingly, in a reaction containing 1:1 molar ratio of UTP and IUTP, the RNA polymerase
preferentially incorporated IUTP over UTP (lane 4). Reactions with other templates (T2—-T5)
indicated that U can be introduced near the promoter region and at more than one site with
very good efficiency (lanes 5—12).

% incorporation 98 70 85 93 99
IUTP (2) « df w B ow gom o= o= P
UTP e
template T 1711 1 2 2 3 3 4 4 5 5
lane 12 3 4 5 6 7 8 9 10 11 12
~
- .:-
fullength e R .‘...
transcript
a-%2P ATP -

Figure 2.3. Phosphor image of transcripts obtained by in vitro transcription of DNA templates T1-T5
in the presence of UTP/IUTP 2. Incorporation efficiency of 2 is reported with respect to a control
reaction with UTP. Trace amounts of non-templated products are formed along with full-length
transcripts.

350 120
A B
internal standard
300 1004 5466.6
250
T 80
t 200+ "
=) < 60 35401
<
£150 %‘
c
2 404
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50 204 27333
0 T _L ‘l"_‘lj T T T 0+ T T T —
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Figure 2.4. (A) HPLC chromatogram of PAGE purified 1U-labeled RNA transcript 4 at 260 nm.
Mobile phase A = 50 mM triethylammonium acetate buffer (TEAA, pH 7.0), mobile phase B =
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acetonitrile. Flow rate = 1 mL/min. Gradient = 0—30% B in 35 min, 30—100% B in 10 min and 100%
B for 5 min. HPLC analysis was performed using Phenomenex-Luna C18 column (250 x 4.6 mm, 5
micron).

(B) MALDI-TOF mass spectrum of RNA ON 4. Spectrum is calibrated with respect to the +1 and +2
ion of an internal 18-mer DNA ON standard (m/z for +1 and +2 ion are 5466.6 and 2733.3
respectively). Calcd. mass for IU-modified RNA transcript 4: [M]* 3540.8; found: [M]* 3540.1.

2.2.2 Synthesis of boronate ester and catalyst for Suzuki—-Miyaura reaction

NO Jz:)
AN H
ol 9
HN\/\/B HN{\/\Oj’\/\B,o S v'(’/))LN{’\/O‘)\/\“/B“O
Bp oo potoprtt
12 X = S(13)O(14) X =S (16); O (17)

Figure 2.5. Substrates used in posttranscriptional Suzuki—Miyaura coupling.

For the synthesis of the different boronic esters (9-11, Figure 2.5), firstly two amine-
containing boronic acid pinacol esters with different length linkers (with zero (21) or two (22)
PEG units), starting from propargylamine or 2-(2-aminoethoxy)ethanol, were synthesized
(Scheme 2.2 and Scheme 2.3).%" The resulting amines 21 and 22 were coupled to NBD-CI or
biotin yielding the desired boronate esters (9—11, Figure 2.5).

2.2.2.1 Synthesis of boronate ester containing short and long amine linker (21 and 22)

Boc,0, Et;N PBH, ZrCp,HCI
CH,Cl, EtsN ANF -0
0°C-RT, 2 hr 65 °C,16 hr o
21a 96% 21b 69% 21c
CF3;COOH:CH,Cl, .
_ -0 P
(1:9) O HsN/\/\E} Anion basic resin HzN/\/\B‘ ©
RT 1D op g O - °
97%
21d 21

Scheme 2.2. Synthesis of (E)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)prop-2-en-1-amine
amine linker 21.
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o) CH,CI o CH,Cl, o
HoNT "o 722 o BocHN” ™ "~""0OH — " " » BocHN™ > "~""OMs
0°C-RT, 3 hr 0°c,5hr
22a 92% 22b 92% 22c
PBH, ZrCp,HClI
HO;EIH\\\ P NN Et:N i fe} P> o
_ BocHN 0/\ —_— BOCHN/\/ \/\O/\/\B,
THF 65°C, 17 hr 5
0°C-RT, 19 hr
’ 22d 39% 22
47% €
CF3COOH:CH,Cl, _ o o
(1:9) H3N/O\/O\/\O/\/\E|"O Anion basic resin py N~ \/\O/\/\I?fo
— =
o) o)
RT, 3 hr )J\ - jf ‘f
CFs”™ © 22f 22

98%

Scheme 2.4. Synthesis of (E)-2-(2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyl)oxy)ethoxy)
ethan-1-amine linker 22.

2.2.2.2 Synthesis of NBD- and biotin-tagged pinacol boronate esters (9-11)

Linker 21 and 22 were reacted with NBD-CI in presence of triethyl amine to yielding NBD
modified boronate esters 9 and 10, respectively. Amine linker 22 was coupled with activated
biotin 11b™ to give biotin labelled boronate ester 11 (Scheme 2.4).

NO, NO,

NO,

/N ,N\
fol 21, EtsN, ACN ’N‘o 22, Et;N <;[ o
‘\Nt -‘7 o \N
O’Q RT. 2hr, 27% N RT E:Jzné Er—”ziw
y & ) o
e cl HNV\OME}TK
o

9 NBD-CI 10

(e} /[(0 .
HNJ{ " HNJ<
NH NHS, EDC.HCI NH o 22, Et,N, DMF NH
o) e — o s . ]
ST ,))'L RT 22MhF 74% S H\ _N 12 hr, 35% f
(l 4 oH ' X ’ Ef 4 C S VV‘(]’))J\N/{’\/O%E/\/B\O
© 4 H
1a 11b

"

Scheme 2.4. Synthesis of NBD- and biotin-tagged pinacol boronate esters 9-11.

2.2.2.3 Synthesis of 2-vinylbenzothiophene- and 2-vinylbenzofuran-boronic esters 16
and 17

Boronic esters 16 and 17 were synthesized using hydroboration reaction with 2-ethynyl

benzothiophene’ and 2-ethynyl benzofuran’?, respectively.
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Si(CHa)s
nBulLi, THF PPh3 2C|2
2 h, -78 °C CuI
— Sl—
X |2 THF Et;N
Thr,-78°C 3 hr, 60°C
MeOH, KOH CuBr, NaOMe B
RT, 30 min PPhs, MeOH W
T bis( plnacolato) X
diborane, THF X =S8 (16, 45%)
RT, 2.5 hr O (17, 50%)

Scheme 2.5. Synthesis of 2-vinylbenzothiophene- and 2-vinylbenzofuran-boronic esters 16 and 17.

2.2.2.4 Synthesis of N,N-dimethyl-4,6-dihydroxy pyrimidine ligand (L2) and catalyst
preparation
Synthesis of ligand L2 and preparation of Pd(OAc)2(L)2 complex using either L1 or L2 ligand

was completed by following the literature procedure.”®4’

Na, MeOH

N
NH 0O O )
\f - 1/2H,80, , M reflux, 6 h, 39 /?_’_ N)§N
N(CHa), EtO OEt
Ho™ o

H,N

L2
NR, NR; J\I\Rz
N™ N NaOH, H,0 N™ N Pd(OAC N™ SN + Pd(OAc)
SR S G R N 2
HO OH RT,5min  NaO ONa 65°C,1hr | NaO ONa
L1:R=H 2

L2:R=CHj,
Scheme 2.6. Synthesis of ligand L2 and palladium complex.

2.2.3 Posttranscriptional Suzuki—Miyaura cross-coupling reaction

2.2.3.1 Optimization of coupling reaction conditions: 1U-labeled RNA ON 4 was subjected
to Suzuki—Miyaura cross-coupling at different stoichiometries of the substrate and reagents
so as to achieve good conversion with minimum degradation of the coupled product. We
preferred to use a combination of Pd(OAc). and ADHP (L1) or DMADHP (L2) as this
system has been shown to be efficient in the Pd-mediated functionalization of protein and
DNA.*47 Coupling reaction was performed by incubating 4 (1 equiv) with Pd(OAc)2(L1)2 (1
equiv) and nitrobenzofurazan (NBD)-labeled boronic ester 9/10 (commonly used dye in
fluorescence imaging, 100 equiv) in Tris—HCI buffer (50 mM, pH 8.5) at 37 °C (Figures 2.5
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and 2.6). Aliquots of reaction mixture after 3, 6 and 9 h were resolved by analytical
polyacrylamide gel electrophoresis under denaturing conditions, and analyzed by UV-
shadowing. Rewardingly, reactions with boronic esters 9 and 10 resulted in the formation of
respective coupled RNA product, which migrated slower compared to the substrate 4 (Figure
2.7A). A reaction with NBD dye (10) attached to boronic ester via a longer linker showed
almost complete consumption of the substrate in 6 h as compared to 9, which remained
partially consumed after 9 h. When the amount of boronic ester 10 was reduced to 50
equivalents, the reaction required a slightly higher loading of Pd-L1 (2 equiv) to effect the
coupling in 6h (Figure 2.7B). UV-shadowing the gel at longer wavelength (~365 nm) further
confirmed the fluorescence labeling of RNA with NBD. Importantly, under these conditions

we observed no detectable degradation of the RNA product.

NO,
=N
N
— H -0
PP NN
H L,
MNO
10 10a ___ 0 2 NO,
0
ppp
HN—{
N y NH
o
11 Ma O/\>f2 o ‘5
| PP
%
Pd(OAc),L, N
Tris-HCI (pH8.5) [12 _ 12a |
37°C,6-12h | ppp p
4 NR
)\ 2 X=8 (13a)
S
L= NN 1314 { 0 (14a)
B G LN
NaQ ONa PPP
L1:R=H
. -
‘R=CHy |,c 450 [ O
ppp X=$ (16a")
\ 0 (17a)
16117 = X major trans product
PpP is shown

Figure 2.6. Posttranscriptional chemical functionalization of 1U-labeled RNA transcript 4 with
substrates 9—17 by using Suzuki—Miyaura reaction.
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A B

lane 1 2 3 4 5 6 7 lane 1 2 3 4
time (h) ) 3 6 9 3 6 9 time (h) 3 6 9
Pd(OAc),(L1), (equiv.) 1 1 Pd(OAC),(L1), (equiv.) 2
boronic ester (equiv.) 100 100 boronic ester 10 (equiv.) 50
boronic ester 9

cross-coupled

ﬁﬁ;sﬁc'ggﬁlce;d_» RNA product
transcript 4 — transcript 4
“deiodinated
UV shadow at 254 nm transcript” UV shadow at 254 nm UV shadow at 365 nm

Figure 2.7. (A) Suzuki reaction on iodo-labeled RNA ON 4 using 1 equivalent of Pd-catalyst and 100
equivalents of boronic ester 9/10. UV-shadow of the gel (short wave UV, 254 nm). (B) Suzuki
reaction on IU-labeled RNA ON 4 using 2 equivalents of Pd-catalyst and 50 equivalents of boronic
ester 10. UV-shadow of the gel at 254 nm (left) and at 365 nm (right).

2.2.3.2 Posttranscriptional coupling of RNA with fluorescent and affinity tags: Based on
these preliminary results, transcript 4 (5 nmol, 1 equiv) was then subjected to
posttranscriptional coupling reaction with boronic esters 9-11 (50 equiv) using Pd-L1/L2 (2
equiv) catalytic systems. The reaction was monitored by High performance liquid
chromatography (HPLC), and the peak corresponding to the product was isolated and
characterized by mass analysis (Figure 2.8 and Table 2.1). While UV shadowing of the gel
gave a qualitative understanding of the coupling reaction, HPLC analysis gave a better
understanding of the reaction in terms of efficiency and isolated yields (Table 2.2). A reaction
with NBD-boronic ester 9, containing a short linker, in the presence of L1 gave 28% of the
fluorescent RNA product 9a in 12 h. However, a reaction with NBD-boronic ester 10,
containing a longer linker, afforded 30% of the fluorescent RNA product 10a within 6 h.
Under similar conditions, biotin-coupled RNA product 11a was isolated in 28% yield from a
reaction with biotinylated boronic ester substrate 11. HPLC chromatogram of reactions with
substrates 9—11 revealed the formation of noticeable amount of deiodinated transcript along
with unreacted transcript 4, and hence, longer reaction times were not attempted with these
substrates (Figure 2.8). Reactions using Pd-L2 system for above substrates were found to be

less efficient as compared to Pd-L1 combination (Table 2.2 and Figure 2.9).
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Figure 2.8. (A, C, E)RP-HPLC chromatogram of reaction mixture of Suzuki—Miyaura cross-coupling
between IU-labeled transcript 4 and boronic esters 9-11. 9a—11a correspond to coupled RNA ON
product; 3 is deiodinated transcript. Mobile phase A: 50 mM TEAA buffer (pH 7.0); mobile phase B:
acetonitrile. Flow rate: 1 mL/min. Gradient: 0—30% B in 35 min, 30—100% B in 10 min and 100% B
for 5 min.
(B, D, F) MALDI-TOF mass spectrum of coupled RNA ON products 9a, 10a and 1la (HPLC
fractions) obtained from reactions between transcript 4 and boronic esters 9-11, respectively. See
Figure 2.6 for the structure of the product. Spectrum is calibrated with respect to the +1 and +2 ion of
an internal 18-mer DNA ON standard (m/z for +1 and +2 ion are 5466.6 and 2733.3 respectively). See
Table 2.1 and Table 2.2 for isolated yield and mass data.
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Table 2.1. Mass data of Suzuki—Miyaura cross-coupled RNA ON products obtained by

posttranscriptional chemical modification of IU-labeled RNA ON transcripts.

coupled product (m/z) [M]*
RNA  ON Calculated Observed
product
1 %9a 3633.1 3633.9
2 10a 3721.2 3722.1
3 1la 3784.4 3784.8
4 12a 3481.0 3482.0
5 13a 3547.1 3546.6
6 1l4a 3531.0 3531.0
7 15a 3481.0 3481.1
8 16a’ 3573.1 3573.3
9 17a’ 3557.1 3556.8
10 19a’ 3477.0 3476.4
11 20a’ 3525.1 3524.6
1200 500
A reaction with 9 using L2 B reaction with 10 using L2
1000 . 400 4 10a
800 -
3004 4
f T Pd catalyst
2 600 -
E < 200
400 4 5 3
200 4 s 100 4
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
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600 1000
C reaction with 11 using L2 D reaction with 15 using L2
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Figure 2.9. (A, B, C, D)RP-HPLC chromatogram of reaction mixture of Suzuki—Miyaura cross-
coupling between 1U-labeled transcript 4 and boronic esters 9—-11 using ligand L2. 9a—11a correspond
to coupled RNA ON product; 3 is deiodinated transcript. Mobile phase A: 50 mM TEAA buffer (pH
7.0); mobile phase B: acetonitrile. Flow rate: 1 mL/min. Gradient: 0—30% B in 35 min, 30—100% B in
10 min and 100% B for 5 min.

2.2.3.3 Posttranscriptional coupling generates RNA labeled with fluorogenic
environment-sensitive nucleoside analogs: Several examples including the ones reported
from our laboratory indicate that responsive fluorescent nucleoside analogs can be assembled
by conjugating heterocyclic rings onto nucleobases.”*®? Such nucleosides incorporated into
ONs by chemical or enzymatic means serve as excellent probes for studying nucleic acid
structure and function, and in diagnostic applications. These strategies usually use modified
nucleoside phosphoramidites or triphosphates, which involve elaborate chemical
manipulations. Moreover, in several instances, the substrates (i) show poor coupling
efficiency, (ii) do not survive the conditions used in the solid phase protocols and (iii) are not
efficiently incorporated by polymerases.* In this context, posttranscriptional coupling of 1U-
labeled RNA ONs with heterocycle-containing boronic acids/esters should provide direct
access to RNA functionalized with responsive nucleoside probes. This approach will avoid
cumbersome synthesis and challenges in the incorporation of individual modified amidites
and nucleotides.

First we focused on functionalizing RNA with some known environment-sensitive
base-modified fluorescent nucleoside analogs. 1U-labeled RNA ON 4 was reacted with
commercially available heteroaryl boronic acid derivatives 12—-15 in the presence of Pd-L1
(Figures 2.5 and 2.6). Reactions with these substrates gave fluorescent RNA ONs (12a—15a)
labeled with furan-, benzothiophene- and benzofuran modified uridine (Table 2.1 and 2.2;
Figure 2.10). These analogs have been successfully used in assays to probe nucleic acid

structure, lesion, recognition and in setting up screening platforms.83-87

46



Chapter 2

120
w0 A reaction with 12 . B mass for 12a internal standard
7 a
1004 5466.6
600 -| 4 80
) 3 =
2 E‘GD-
E400 Pd catalyst E 3482.0
£ 40
2733.3
200 -|
20 M
0 \\‘}\—/."_"J T L\\\ T T 0 . r ¥
0 5 10 15 20 25 30 35 2000 3000 4000 5000
Retention Time / min — Mass /m/z—
1200 120
C reaction with 13 D mass for 13a internal standard
13a 5466.6
1000 100
800 ] 80
& 2733.3
t z 3546.6
2600 260
< K
E s
4004 = 40
Pd catalyst
200 204
3, L
0 - - : - - : 01
T T U
0 S 10 15 20 25 30 35 2000 3000 4000 5000
Retention Time / min —= Mass / m/z —
600 120
E reaction with 14 F mass for 14a
500 14a 100 3531.0
internal standard
400 4 80
Pd catalyst 5466.6
1 ES
4 60
2300 ,E-
E 3 <
200 Z 40
100 20
0 T T T T T T 0 T T T
5 10 15 20 25 30 35 2000 3000 4000 5000 6000
Retention Time / min —= ass /m/z —=
2000 120
G reaction with 15 15a H mass for 15a internal standard
Pd catalyst 1004 5466.6
1600
34811
] 804
$1200- =
) 260
K 2 27333
800 8
E 404
3
400 20
4 LA‘
0 Sl T e r T 04 T T T L'“h
0 5 10 15 20 25 30 35 2000 3000 5000

6000

6000

Retention Time / min —=

4000
Mass /m/z—=

6000

Figure 2.10. (A, C, E, G)RP-HPLC chromatogram of reaction mixture of Suzuki—Miyaura cross-
coupling between IU-labeled transcript 4 and boronic acids/ester 12-15. 12a—15a correspond to
coupled RNA ON product; 3 is deiodinated transcript. Mobile phase A: 50 mM TEAA buffer (pH
7.0); mobile phase B: acetonitrile. Flow rate: 1 mL/min. Gradient: 0—30% B in 35 min, 30—100% B in
10 min and 100% B for 5 min.
(B, D, F, H) MALDI-TOF mass spectrum of coupled RNA ON products 12a, 13a, 14a and 15a
(HPLC fractions) obtained from reactions between transcript 4 and boronic acids/ester 12-15,
respectively. See Figure 5 for the structure of the product. Spectrum is calibrated with respect to the
+1 and +2 ion of an internal 18-mer DNA ON standard (m/z for +1 and +2 ion are 5466.6 and 2733.3
respectively). See Table 2.1 and Table 2.2 for mass data and isolated yield.
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Table 2.2. Yields of Suzuki-Miyaura cross-coupled RNA ON products obtained by
posttranscriptional chemical modification of 1U-labeled RNA ON transcripts.®

Entry RNA Boronate Reaction  Cross- £260 Isolated Isolated Isolated
ON  ester time (h)  coupled Micm™ll vyield yield (%) yield (%)
Substrate product (nmol) (with (with
(with ligand ligand
ligand L1) L1) L2)

1 4 9 12 9a 84740 14 28 11

2 4 10 6 10a 84740 15 30 24

3 4 11 6 1la 84740 14 28 23

4 4 12 6 12a 92420 1.8 36 -

5 4 13 6 13a 90340 15 30 -

6 4 14 6 14a 98553 1.6 32 -

7 4 15 6 15a 92420 2.5 50 25

8 4 16 6 16a’(16 85020 3.1(09 62+18= 46
a’")lel 80

9 4 17 6 17a’ 85400 26(0.5) 52+10= 43
(17a") 62

10 19 17 12 19a’ 79400 09(06) 18+12= -
(19a") 30

11 20 17 6 20a’ 91800 1.8(08) 36+16= -
(20a") 52

& All reactions were performed on a 5 nmole scale of IU-labeled RNA transcripts. Yields reported are
with respect to the RNA products isolated after HPLC purification. Concentration and yield of the
product was calculated using the molar absorption coefficient (€260) of the RNA product. See, 2.5
and 2.7, and Table 2.1 for mass spectra and data.

b1 £260 of coupled RNAON products was determined by using OligoAnalyzer3.1.In case of 9a—11a,
€260 of 5-vinyluridine?® was used in place of uridine. For 12a—15a, €260 of corresponding 5-
heterocycle coupled uridine was used in place of uridine.®*®° For coupled RNA ON products using
boronic esters 16 and 17, €260 of 5-(benzothiophen-2-yl)vinyluridine (3820 M*cm™) and 5-
(benzofuran-2-yl) vinyl uridine (4200 M'cm™) was determined, and used in place of uridine.

[T 16a’, 17a’, 16a’ and 20a’ represent the trans isomer of cross-coupled product (major). 16a’’, 17a"’,
19a’’and 20a’’given in parenthesis represent the ‘cis’ isomer of cross-coupled product (minor).
Isolated yields in nmoles and percentage for trans and ‘cis’ isomers products are also given.

Next, we sought to use this labeling approach to introduce new fluorescent nucleoside
modifications into RNA ONs. Although predicting the fluorescence outcome based on the
structure is difficult, we envisioned that coupling heterocycles onto nucleosides via an

extended © system may impart interesting photophysical features to otherwise nonemissive
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nucleosides.®% In this regard, we chose to couple easily synthesizable hetero aryl vinyl
boronic esters 16 and 17 with 1U-labeled RNA ON 4 (Figure 2.5 and 2.6). Rewardingly, these
substrates underwent facile coupling reaction to produce RNA ONs containing 5-
(benzothiophen-2-yl)vinyl uridine and 5-(benzofuran-2-yl)vinyl uridine, respectively, in good
yields (Figure 2.6, Table 2.1 and Table 2.2). The HPLC chromatogram of the reaction
revealed the presence of major (designated as 16a’ and 17a’) and minor (designated as
16a’’and 17a’") peaks having the same mass; probably corresponding to trans and cis
isomers, respectively (Figure 2.11, Figure 2.12 and Table 1.1). In order to ascertain the
isomeric identity of the products formed, the major peak (17a") was isolated and digested
using a cocktail of enzymes, which would generate individual ribonucleosides. The HPLC
chromatogram of the digest revealed the presence of native ribonucleosides (C, G and A) and
trans form of 5-(benzofuran-2-yl)vinyl uridine, which matched well with the retention time of
the authentic trans isomer (18) obtained from a control reaction between IU and ester 17
(Scheme 2.7 and Figure 2.13). Remarkably, reaction in the presence of Pd-L2 catalytic
system yielded only the trans products 16a’ and 17a’, suggesting that this posttranscriptional
modification is an example of a ligand controlled stereoselective alkenylation process (Table
2.2 and Figure 2.11).

0
|
| r Pd(OAC)(L1),, K,CO Y
C)2 2, KRoLO3
N0 0 H,O:MeCN (3:1) N0
0 @V o 55°C. 2 h, 66% 0
o
HO OH HO OH
1 17 18

Scheme 2.7. Synthesis of transform of 5-(benzofuran-2-yl)vinyl uridine (18).
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Figure 2.11. RP-HPLC chromatogram of reaction mixture of Suzuki—Miyaura cross-coupling
between 1U-labeled transcript 4 and boronic ester 16 and 17. A and B: reaction with boronic ester 16
using ligand L1 and L2, respectively. C and D: reaction with 17 using ligand L1 and L2, respectively.
While major peaks 16a’ and 17a’ correspond to the “trans” isomer product, minor peaks 16a’" and
17a'" correspond to the “cis ” isomer product. See Table 2.1 for mass data.
Importantly, reaction in the presence of Pd-L2 catalytic system yielded only the trans products 16a’
and 17a’, suggesting that this posttranscriptional modification is an example of a ligand-controlled
stereoselective alkenylation process.
Mobile phase A: 50 mM TEAA buffer (pH 7.0), mobile phase B: acetonitrile. Flow rate: 1 mL/min.
Gradient: 0—30 % B in 35 min, 30—100% B in 10 min and 100% B for 5 min.
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Figure 2.12. MALDI-TOF mass spectrum of coupled RNA ON products 16a’ andl7a’. (HPLC
fractions) obtained from reactions between transcript 4 and boronic ester 16 and 17, See Figure 2.6 for
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the structure of the product. Spectrum is calibrated with respect to the +1 and +2 ion of an internal 18-
mer DNA ON standard (m/z for +1 and +2 ion are 5466.6 and 2733.3 respectively). See Table 2.1 and
Table 2.2 for mass data and isolated yield.

A) standard |,

c 18
A
G
L A |
I 1 1 1 1 I I I
0 5 c 10 15 20 25 30 35
B) digest 18
HO OH
18
G A
A [\ A A LJLJ Ao r—
I I I I 1 T T T
0 5 10 15 20 25 30 35

Retention Time / min —

Figure 2.13. RP-HPLC profile of ribonucleoside products obtained after enzymatic digestion
of Suzuki-coupled RNA ON 17a’. (A) A mix of natural ribonucleosides (C, U, G, A) and 2-vinyl
benzofuran modified-uridine 18 at 260 nm (black line) and 338 nm (red line). Trans form of 5-
(benzofuran-2-yl)vinyl uridine (18) was synthesized by Suzuki coupling reaction between IU (1) and
boronic ester 17. 18 absorbs at 260 nm and 338 nm. (B) Transcript 17a’ digest at 260 nm (black line)
and 338 nm (red line). The retention time and strong absorbance at 338 nm confirmed the presence of
trans form of the modified nucleoside 18 in RNA ON 17a’. Mass analysis of individual fractions of
the digested RNA ON confirmed the identity of the natural and modified nucleosides (Table 2.3).

Table 2.3. MALDI-TOF mass analysis of HPLC fractions of RNA ON 17a’ digest.

HPLC fraction  Calculated mass for Found
C CoH13N30sK [M+K]": 282.3 282.0
G C10H13NsOsK [M+K]*: 322.3 322.1
A C10H13NsOsNa [M+Na]*: 290.2 290.1
18 Ci19H1sN207Na [M+Na]*: 409.4 409.0

A 5 nmole reaction scale gave 1.4—4 nmole of the coupled RNA product, which is
sufficient for subsequent biophysical analysis (Table 2.2). Similar yields are reported for
postsynthetic click functionalization of RNA ONs.'2172! |t is worth mentioning here that

dehalogenation is a common side reaction in Pd-catalyzed cross-coupling reactions, including
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Suzuki—Miyaura reaction. The extent of deiodination of the substrate, and hence, the
reduction in the reaction efficiency is known to vary with the reaction temperature, nature of
the catalyst-ligand system and loading nature of boronic acid/ester substrates, solvent/buffer
conditions and reaction time.**4347 Hence, for a given boronic acid/ester substrate the
deiodination can be potentially minimized by optimizing the reaction conditions in terms of
catalyst loading and reaction time. In case more amount of the RNA product is required then
a batch reaction is recommended, which can be pooled before purification, thereby avoiding
multiple HPLC runs (data not shown). Control reactions with ON 4 in the presence of boronic
acids/esters or Pd(OAc). or Pd-ligand alone did not yield the coupled product (Figure 2.14).
Similarly, an unmodified RNA ON 3 did not react under the coupling reaction conditions.

These results indicate that Suzuki coupling on 1U-labeled RNA is highly chemoselective.

1800 1600

A B
1600 + ) 1400 4
|U-labeled RNA ON 4 IU-labeled RNA ON 4
1400 4 + boronic ester 15 12004 * Pd(OAc),(L1),
1200
1000 4
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Figure 2.14. Control Suzuki coupling reactions with 1U-labeled RNA ON 4 (5 nmol) and unmodified
RNA ON 3 (5 nmol) were performed under similar conditions. (A) Reaction mix containing RNA ON
4 and boronic ester 15. (B) Reaction mix containing RNA ON 4 and Pd(OAc),(L1).. (C) Reaction
mix containing RNA ON 4 and Pd(OAc).. (D) Reaction of unmodified RNA ON 3 in the presence of
boronic ester 15 and catalytic system Pd(OAc)2(L1).. Formation of Suzuki coupled RNA ON product
was not observed in all the cases.

52



Chapter 2

2.2.2.4 Fluorogenic nature and environment-sensitivity of the coupled RNA products:
Another very important and useful feature of this postsynthetic Suzuki coupling reaction is
that it is fluorogenic in nature. Coupling of nonemissive 1U-labeled RNA 4 with very weakly
emissive boronatesl6 and 17 gave highly fluorescent RNA products 16a’ and 17a’,
respectively (Figure 2.15A and B). In particular, 5-(benzofuran-2-yl)vinyl uridine (18)-
modified RNA ON 17a’ displayed more than 25-fold enhancement in fluorescence intensity
as compared to boronic ester 17. The environment-sensitivity of this fluorescent label was
evaluated at the nucleoside level (18) and by using 18-containing RNA ONs (17a’, 19a’ and
20a’, Figure 2.15C). These ONs in which the emissive nucleoside is placed in-between
different flanking bases were prepared by posttranscriptional Suzuki coupling of 1U-labeled

RNA ONs 4, 19 and 20, respectively, with ester 17. (Figure 2.15C, Figure 2.16, Table 2.1 and

Table 2.2).
A === C 5 GCGCCG1GCA3 (4)

5' GCGGCCC1CCA 3' (19)

5' GCGCCA1ACA 3' (20)

boronic | pg-L
16/17 16a'/17a’ ester 171

5' GCGCCG18GCA 3' (17a')
5' GCGCCC18CCA 3' (19a')
5' GCGCCA18ACA 3' (20a')

Q) 0
NH
18 = NRo

HO
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Figure 2.15. (A) Image showing the fluorogenic Suzuki coupling of 1U-labeled transcript 4 with
boronic esters 16 and 17.The samples were irradiated using 365 nm light source. (B) Emission spectra
(1 uM) of substrates (very weakly emissive) and RNA ON products 16a’ and 17a’ (highly emissive).
(C) Synthesis of RNA ONs 17a’, 19a’ and 20a’, containing emissive nucleoside 18 in-between
different flanking bases, from respective iodo-labeled RNA ON transcripts by posttranscriptional
Suzuki coupling.
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Figure 2.16. (A, C) RP-HPLC chromatogram of reaction mixture of Suzuki—Miyaura cross-coupling
between IU-labeled transcripts 19/20 with boronic ester 17. 19a’and 20a’ correspond to trans coupled
RNA ON product, 19a"and 20a"” correspond to cis coupled RNA ON product. Mobile phase A: 50
mM TEAA buffer (pH 7.0); mobile phase B: acetonitrile. Flow rate: 1 mL/min. Gradient: 0—30% B in
35 min, 30—100% B in 10 min and 100% B for 5 min.

(B, D) MALDI-TOF mass spectrum of coupled RNA ON products 19a’ and 20a’ (HPLC fractions)
obtained from reactions between boronic ester 17andtranscript 19 and 20, respectively. See Figure 15¢
for the reaction. Spectrum is calibrated with respect to the +1 and +2 ion of an internal 18-mer DNA
ON standard (m/z for +1 and +2 ion are 5466.6 and 2733.3 respectively). See Table 2.1 and Table 2.2
for isolated yield and mass data.

The ground-state electronic spectrum of 18 was not significantly affected by changes
in solvent polarity. However, the nucleoside exhibited excellent fluorescence
solvatochromism, wherein the emission maximum, Stokes shift, intensity and quantum vyield
were significantly influenced by changes in the polarity of the medium (Figure 2.17 and
Table 2.4). In water, 18 displayed a weak fluorescence band (Aem = 483 nm) corresponding to
a quantum vyield of 0.028. As the polarity of the medium was decreased from water to
methanol to dioxane, a significant enhancement in fluorescence efficiency (5-fold)

accompanied by a blue-shifted emission maximum was observed (Aem = 427 nm in dioxane).
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Encouraged by these results, we next sought to study the responsiveness of the nucleoside

analog to changes in neighbouring base environment.
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Figure 2.17. Absorption (25 uM, solid line) and emission (5.0 uM, dashed line) spectra of 5-

(benzofuran-2-yl)vinyl uridine 18in solvents of different polarity. For absorption and emission study,

the samples contained 2.5 and 0.5% DMSO, respectively. The samples were excited at longest

absorption maximum (Table 2.4) with an excitation and emission slit width of 2 nm and 3 nm,

respectively.

Table 2.4. Photophysical properties of modified nucleoside 18 in different solvents.
Solvent  Amax®™ Jem  le®  Stokes shift @l

(nm)  (nm) (cm™)
Water 338 483 1.0 8882 0.028
methanol 339 447 5.0 7127 0.097
Dioxane 341 427 9.7 5906 0.149

(8 Longest absorption maximum is given. ™! Emission intensity relative to the intensity in water is
given.

[l Quantum yield of 18 in different solvents relative to 2-aminopurine as a standard was determined
using the following equation.

DFx) = (As/Ax) (FX/FS) (nx/ns)2 Dr(s)

Where s is the standard, x is 18, A is the absorbance at excitation wavelength, F is the area under the
emission curve, n is the refractive index of the solvent, and ®r is the quantum yield.
Standard deviation for @ is <0.004.

RNA ONs 17a’, 19a'and 20a’were hybridized with DNA ONs such that the emissive

analog 18 was paired opposite to complementary or mismatched bases (Figure 2.18A).
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Typical of a responsive nucleoside probe, the emission maximum and intensity of the
nucleoside were found to be sensitive to neighbouring base environment (Figure 2.18). 18
incorporated into single stranded RNA ONSs and then into duplexes (matched or mismatched)
showed a progressing increase in fluorescence intensity as compared to the free nucleoside
analog. Notably, the emission maximum of duplexes (~455 nm) was significantly blue-
shifted as compared to the nucleoside (483 nm). The enhancement in fluorescence and blue
shifted emission indicate that the micropolarity around the emissive analog in duplexes is
significantly lower than water. A comparison of emission maximum of the free nucleoside
analog in different solvents and in duplexes suggest that the modification at the 5-position of
uridine, which is projected in the major groove, experiences a polarity more close to
methanol (Table 2.4). This result is consistent with the major groove polarity of the duplexes
reported in the literature.®®%! Further, among the duplexes, the emissive analog placed in the
vicinity of guanine showed lower fluorescence intensity as compared to other bases, which is
likely due to the known quenching effect of guanine by electron transfer process.® Taken
together, these results underscore the potential of postsynthetic Suzuki coupling reaction in
directly accessing RNA ONs labeled with fluorogenic and environment-sensitive nucleosides.
Pd contamination in the labeled RNA product could potentially interfere with its application
in cell-based and in vivo experiments due to the toxicity of Pd.*® In the Suzuki-based protein
labeling method, Davis et al. observed loss in signal in the mass spectra due to non-specific
coordination of Pd to the protein.®* This effect was significantly reduced by using 3-
mercaptopropionic acid as a scavenger, which strongly binds to Pd as compared to the
protein. However, when labeling DNA by Suzuki coupling such an effect was not observed.*’
Similarly, in our reaction conditions and purification method, we did not observe loss of mass
signal from Suzuki-labeled RNA ON products. Nevertheless, it is suggested that a Pd
scavenger can be used when preparing labeled RNA ONs for in vivo and therapeutic

applications.
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A 5 GCGCCG18 GC A3 (17a') 180 B —T:
3'CGC GGC ACG T5' (17A) 160 —17a
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Figure 2.18. (A) Sequence of 18-labeled RNA ONs 17a", 19a' and 20a’ and custom DNA ONs. RNA
ONs were hybridized to DNA ONs such that the emissive nucleoside was placed opposite to
complementary base and mismatched bases. For example, hybridization of RNA ON 17a' with DNA
ONs 17A, 17T, 17G and 17C will place 18 opposite to complementary base dA and mismatched
bases dT, dG and dC, respectively. (B—D) Emission spectra of RNA ONs and corresponding
duplexes.

2.3 Conclusion
We have established an efficient method to label RNA ONs with functional probes by

conceiving posttranscriptional Suzuki—Miyaura cross-coupling reaction under biocompatible
conditions. This direct RNA labeling method can be used to install commonly used
biophysical reporters as well as generate RNA ONs labeled with new fluorogenic and
environment-sensitive nucleoside probes in a ligand controlled stereoselective fashion. Our
results demonstrate that this RNA bioconjugation approach based on Suzuki—Miyaura
coupling is a very powerful tool, which will complement existing methods to functionalize
and study RNA ON motifs.
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2.4 Experimental section

2.4.1 Materials: All chemicals and biochemicals purchased were used as supplied unless
otherwise stated. 5-iodouridine (IU 1) was prepared according to a literature report.®” Boronic
acids 12 and 15 were purchased from Sigma-Aldrich, whereas 13 and 14 were purchased
from Alfa Aesar.  4-Chloro-7-nitrobenzofurazan, biotin, bis(pinacolato)diboron, 2-
aminopyrimidine-4,6-diol (ADHP, L1) were purchased from Sigma-Aldrich. 2-
(dimethylamino)pyrimidine-4,6-diol (DMADHP, L2) was prepared according to a literature
report.”> T7 RNA polymerase, ribonuclease inhibitor (RiboLock), NTPs, RNase A and RNase
T1 were obtained from Fermentas, Thermo Fisher Scientific. DNA oligonucleotides (ONSs)
purchased from Integrated DNA Technologies, Inc., were purified by gel electrophoresis
under denaturing condition and desalted using Sep-Pak Classic C18 cartridges (Waters
Corporation). Calf intestinal alkaline phosphatase (CIP) and snake venom
phosphodiesterase | were procured from Invitrogen and Sigma-Aldrich, respectively. POCI3
was purchased from Across Organics and freshly distilled prior to use. Radiolabeled a-32P
ATP (2000 Ci/mmol) was purchased from the Board of Radiation and Isotope Technology,
Government of India. Chemicals for preparing buffer solutions were purchased from Sigma-

Aldrich (HPLC or BioUItra grade). Autoclaved water was used in all biochemical reactions.

2.4.2 Instrumentation: NMR spectra were recorded on a 400 MHz Jeol ECS-400 and Bruker
Avance Il HD Ascend 400 MHz spectrometer. Mass measurements were recorded on
Applied Biosystems 4800 Plus MALDI TOF/TOF analyzer and Bruker Avance Il HD
Ascend 400 MHz mass spectrometer. Steady-state fluorescence experiments were carried out
in a micro fluorescence cuvette (Hellma, path length 1.0 cm) on a Horiba JobinYvon,
Fluorolog-3. Reversed-phase (RP) flash chromatographic (C18 RediSepRfcolumn)
purifications were carried out using Teledyne ISCO, Combi Flash Rf. HPLC analysis was

performed using Agilent Technologies 1260 Infinity.

2.4.3 Synthesis of 5-iodouridine 5'-triphosphate (IUTP 2): To an ice cold solution of 5-
iodouridine 1 (96 mg, 0.26 mmol, 1 equiv) in trimethyl phosphate (1.20 mL) was added
freshly distilled POCl3 (61 pL, 0.65 mmol, 2.5 equiv). The solution was stirred for 24 at ~4
°C. TLC revealed only partial conversion of the ribonucleoside into the product. Bis-
tributylammonium pyrophosphate®® (0.5 M in DMF, 2.7 mL, 1.35 mmol, 5.2 equiv) and
tributylamine (670 uL, 2.86 mmol, 11 equiv) were rapidly added simultaneously under ice-
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cold conditions. The reaction was quenched after 30 min with 1 M triethylammonium
bicarbonate buffer (TEAB, pH 7.5), and was extracted with distilled ethyl acetate. The
aqueous layer was evaporated undervacuum and the residue was purified first on a DEAE
sephadex-A25 anion exchange column (10 mM-1 M TEAB buffer, pH 7.5) followed by
reversed-phase flash column chromatography (C18 RediSepRf, 0-50% acetonitrile in 50 mM
triethylammonium acetate buffer, pH 7.3, 45 min). Appropriate fractions were lyophilized to
afford IUTP 2 as a tetratriethylammonium salt (61 mg, 16%); *H NMR (400 MHz, D20): §
(ppm) 8.24 (s, 1H), 5.89 (d, J = 5.2 Hz, 1H), 4.42-4.35 (m, 2H), 4.23-4.16 (m, 3H); 3P
NMR (162 MHz, D20): 8 (ppm) -7.75 (br, P,), -11.10 (d, J = 18.31, P,), -22.06 (br, Pg);
HRMS: m/z Calcd. for CoH13IN2015P3 [M-H] = 608.8573, found = 608.8574. Analytical data
matches with the literature report.5®

2.4.4 Synthesis of amine-containing pinacol boronate ester linkers 21 and 22
21 and 22 were prepared by following a literature procedure.*’ 21 and 22 were characterized
by *H NMR, 3C NMR and HRMS, which were consistent with reported data.

2.4.4.1 tert-Butyl prop-2-yn-1-ylcarbamate (21b): To a solution of di-tert-butyl dicarbonate
(6.52 mL, 28.39 mmol, 1 equiv) in CH2Cl2 (30 mL) at 0 °C, propargylamine (21a, 2 mL,
31.22 mmol, 1.1 equiv) and EtsN (7.90 mL, 56.78 mmol, 2 equiv) were added dropwise. The
resulting solution was allowed to attain room temperature and stirred for 2 h. After
completion, the reaction was quenched with saturated ag. NH4Cl and diluted with EtOAC.
The organic layer was washed with sat. NH4Cl, sat. NaHCO3s and brine solution. Then
organic layer was dried over anhydrous Na SO, filtered. The filtrate was removed in vacuo
to afford the crude product which was purified by silica gel column chromatography (3.32 g,
68%). TLC (EtOAc:pet ether = 40:60); Rt = 0.85; *H NMR (400 MHz, CDCls): § (ppm) 4.77
(br, 1H), 3.92 (s, 2H), 2.22 (s, 1H), 1.45 (s, 9H); *C NMR (100 MHz, CDCls): &(ppm)
155.38, 80.23, 80.17, 71.32, 30.50, 28.45; HRMS: m/z calculated for CsH13NO2Na [M+Na]*
=178.0857, found = 178.0842.

2.4.4.2 (E)-tert-Butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allylcarbamate

(21c): To tert-butyl prop-2-ynylcarbamate (1 g, 6.44 mmol) in pinacolborane (1.4 mL, 9.67
mmol), subsequently, EtsN (90 pL, 0.644 mmol) and ZrCp2HCI (166 mg, 0.644 mmol) was
added to it. The solution was stirred at 65 °C for 16 h. After completion, the reaction was

allowed to attain room temperature and was diluted with EtOAc. The reaction was quenched
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with saturated ag. NH4Cl. The mixture was further diluted with EtOAc and organic layer was
washed with sat. NH4Cl, sat. NaHCO3 and brine solution. The Organic layer was dried over
anhydrous Na>SO4 and filtered. The filtrate was removed in vacuo to afford the crude product
which was purified by silica gel column chromatography provided 21c as yellowish oil (1.27
g, 69%). TLC (EtOAc:pet ether = 15:85); R = 0.58; 'H NMR (400 MHz, CDCls) § (ppm)
6.59 (dt, J = 18, 4.4 Hz, 1H), 5.57 (dt, J = 18, 1.6 Hz, 1H), 4.65 (br, 1H), 3.84 (s, 2H), 1.44
(s, 9H), 1.26 (s, 12H); 3C NMR (100 MHz, CDCls) & ppm 155.9, 149.5, 83.4, 83.3, 79.5,
44.1, 28.5, 24.9; HRMS: m/z calculated for C1sH26BNOsNa [M+Na]* = 306.1852, found =
306.1857.

2.4.4.3 (E)-3-(4,4,5,5-tetra-Methyl-1,3,2-dioxaborolan-2-yl)prop-2-en-1-amine TFA salt
(21d): (E)-tert-Butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allylcarbamate (1.20 g,
4.22 mmol) dissolved in 1:9 TFA:CH2Cl, (48 mL) and stirred at RT for 1 h. Then solvent
was removed in vacuo. Excess TFA was co-evaporated with toluene and CH2Cl, gave the
compound 21d as brown oil (1.22 g, 97%); *H NMR (400 MHz, CDCls) § (ppm) 8.06 (br,
3H), 6.53 (dt, J = 18, 5.6 Hz, 1H), 5.74 (d, J = 18 Hz, 1H), 3.68 (br, 2H), 1.26 (s, 12H); 3C
NMR (100 MHz, CDCls) & (ppm) 141.8, 124.7, 117.5, 84.2, 43.1, 24.7.

2.4.4.4 (E)-3-(4,4,5,5-tetra-Methyl-1,3,2-dioxaborolan-2-yl)prop-2-en-1-amine (21) : (E)-
3-(4,4,5,5-tetra-Methyl-1,3,2-dioxaborolan-2-yl)prop-2-en-1-amine TFA salt was further
neutralized by anion exchange resin to get the free amine 21 as a colorless oil.

2.4.4.5 tert-Butyl 2-(2-hydroxyethoxy)ethylcarbamate (22b): To a solution of di-tert butyl
dicarbonate (9.06 g, 41.55 mmol, 1 equiv) in CH2Cl, (30 mL) at 0 °C, 2-(2-
aminoethoxy)ethanol (22a, 5 mL, 49.86 mmol, 1.2 equiv) and EtzN (11.57 mL, 83.1 mmol, 2
equiv) were added. The resulting mixture was stirred at RT for 3 h. After completion, the
reaction was quenched with saturated ag. NH4Cl, and diluted with EtOAc. Organic layer was
washed with sat. NH4Cl and brine; dried using anhydrous Na>SOg, filtered. The filtrate was
removed in vacuo to afford the crude product which was purified using silica gel column
chromatography (7.90 g, 92%). TLC (100% EtOAc ); Rt = 0.60; 'H NMR (400 MHz, CDCls)
d (ppm) 5.07 (br, 1H) 3.75-3.73 (m, 2H), 3.59-3.54 (m, 4H), 3.36-3.32 (m, 2H), 2.53 (s,
1H), 1.45 (s, 9H); 1*C NMR (100 MHz, CDCls) § (ppm) 156.3, 79.5, 72.3, 70.4, 61.8, 40.5,
28.5; HRMS: m/z calculated for CoH1sNOsNa [M+Na]" = 228.1211, found = 228.1212.
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2.4.4.6 2-(2-(tert-Butoxycarbonylamino)ethoxy)ethylmethanesulfonate  (22c): To a
solution of tert-Butyl 2-(2-hydroxyethoxy)ethylcarbamate (7.5 g, 36.52 mmol, 1 equiv) in
CHCIl> (42 mL) was added EtsN (11.18 mL, 80.35 mmol, 2.2 equiv) at 0 °C. Then
methylsulfonyl chloride (3.10 mL, 40.18 mmol, 1.1 equiv) was added dropwise which results
into yellow turbid solution. Reaction mixture was stirred at 0 °C for 5 h. After completion,
the reaction was quenched with saturated ag. NH4Cl, and was diluted with EtOAc. Organic
layer was washed with sat NH4Cl, sat. NaHCO3 and brine, dried using anhydrous Na>SOg,
filtered and filtrate was removed in vacuo. The crude product was purified by silica gel
column chromatography to afford the compound 22c as clear yellow oil (9.58 g, 92%). TLC
(EtOAc:pet ether = 80:20); Rt = 0.76; *H NMR (400 MHz, CDCls3) § (ppm) 4.92 (br, 1H),
4.38-4.36 (m, 2H), 3.75-3.72 (m, 2H), 3.56 (t, J = 5.2 Hz, 2H), 3.35-3.31 (m, 2H), 3.07 (s,
3H), 1.45 (s, 9H); *C NMR (100 MHz, CDCls) § (ppm) 155.9, 79.4, 70.4, 68.8, 68.7, 40.2,
37.7, 28.4; HRMS: m/z calculated for C10H21NSOgNa [M+Na]* = 306.0987, found =
306.0990.

2.4.4.7 tert-Butyl 2-(2-(prop-2-ynyloxy)ethoxy)ethylcarbamate (22d): To a solution of
propargyl alcohol (5.63 mL, 97.6 mmol, 3 equiv) in dry THF (110 mL) at 0 °C was added
NaH (2.34 g, 97.6 mmol, 3 equiv) portion wise. The resulting suspension was stirred at 0 °C
for 30 min then 2-(2-(tert-butoxycarbonylamino)ethoxy)ethyl methanesulfonate (9.22 g,
32.53 mmol, 1 equiv) was added dropwise. The reaction mixture was stirred at RT for 19 h.
After completion, the reaction was quenched with saturated ag. NH4Cl and solvent was
removed in vacuo. Ethyl acetate was added to the resultant red liquid. The organic phase was
washed with sat. NH4Cl, sat. NaHCO3 and brine, dried over anhydrous Na>SOs, filtered. The
filtrate was removed in vacuo to get the crude product which was purified by silica gel
column chromatography to afford the pure compound 22d as yellowish oil (3.67 g, 47%).
TLC (EtOAc:pet ether = 50:50); Ri= 0.80; *H NMR (400 MHz, CDCls) § (ppm) 4.20 (d, J =
2.4 Hz, 2H), 3.70-3.67 (m, 2H), 3.64-3.62 (m, 2H), 3.54 (t, J = 5.2 Hz, 2H), 3.31 (t, J = 5.2
Hz, 2H), 2.44 (t, J = 2.4 Hz, 1H), 1.43 (s, 9H); *C NMR (100 MHz, CDCl3) & (ppm) 156.1,
79.7, 79.4, 74.8, 70.4, 70.2, 69.2, 58.6, 40.6, 28.5; HRMS: m/z calculated for C12H21NOsNa
[M+Na]" = 266.1367, found = 266.1367.

2.4.4.8 (E)-tert-Butyl-2-(2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyloxy)
ethoxy)ethylcarbamate (22¢): To tert-butyl 2-(2-(prop-2-ynyloxy)ethoxy)ethylcarbamate
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(2.35 g, 9.65 mmol, 1 equiv) was added pinacolborane (1.55 mL, 10.62 mmol, 1.1 equiv),
EtsN (134 pL, 0.965 mmol, 0.1 equiv) and ZrCp2HCI (249 mg, 0.965 mmol, 0.1 equiv).The
solution was stirred at 65 °C for 17 h. After completion, the reaction was allowed to attain
room temperature. Then, it was diluted with EtOAc and quenched with saturated agq. NH4CI.
The mixture was further diluted with EtOAc. The organic layer was washed with sat. NH4Cl,
sat. NaHCOg, brine and dried over anhydrous Na»SOg, filtered. The resultant filtrate was
removed in vacuo to afford the crude product which was purified by silica gel column
chromatography (1.38 g, 39%). TLC (EtOAc:pet ether = 20:80); Rr = 0.57; *H NMR (400
MHz, CDCls3) & (ppm) 6.63 (dt, J = 18, 4.8 Hz, 1H), 5.70 (d, J = 18 Hz, 1H), 5.04 (s, 1H),
4.10 (d, J = 4.4 Hz, 2H), 3.63-3.59 (m, 4H), 3.54 (t, J = 4.8 Hz, 2H), 3.34-3.31 (m, 2H), 1.44
(s, 9H), 1.27 (s, 12H); 3C NMR (100 MHz, CDCls) & (ppm) 156.2, 149.1, 83.4, 83.2, 79.3,
73.0, 70.5, 69.8, 40.5, 28.6, 24.9; HRMS: m/z calculated for C1gH3:BNOsNa [M+Na]" =
394.2376, found = 394.2379.

2.4.4.9 (E)-2-(2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyloxy)ethoxy)
ethanamine TFA salt (22f): (E)-tert-Butyl-2-(2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)allyloxy)ethoxy) ethylcarbamate (1.38 g, 3.5 mmol) was dissolved in 22 mL of 10%
TFA in CH2Cl,. The solution was then stirred for 3 h at RT. After completion, the solvent
was removed in vacuo. Excess TFA was co-evaporated with toluene and CH2Cl, gave desired
product as brown oil (1.65 g, 97%), *H NMR (400 MHz, CDCls) § (ppm) 7.81 (s, 3H), 6.58
(dt, J = 18, 4.8 Hz, 1H), 5.68 (d, J = 18 Hz, 1.6 Hz, 1H), 4.10 (dd, J = 4.8, 1.2 Hz, 2H), 3.74
(t, J = 4.4 Hz, 2H), 3.68-3.66 (m, 2H), 3.63-3.61 (m, 2H), 3.22 (s, 2H), 1.27 (s, 12H); 13C
NMR (100 MHz, CDClz) & (ppm) 148.1, 83.6, 75.5, 72.6, 70.1, 69.5, 66.5, 46.2, 39.9, 31.0
24.7; HRMS: m/z calculated for C13H27BNO4 [M+H]* = 272.2033, found = 272.2038.

2.4.4.10 (E)-2-(2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyloxy)ethoxy)
ethanamine (22): (E)-2-(2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyloxy)ethoxy)
ethanamine TFA salt was dissolved in MeOH. TFA salt was neutralized by anion exchange

resin yielding free amine 22.

2.4.5 Synthesis of NBD- and biotin-tagged pinacol boronate esters (9-11)

2.4.5.1 (E)-7-nitro-N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyl)benzo[c]
[1,2,5] oxadiazol-4-amine (9): 4-Chloro-7-nitrobenzofurazan (95 mg, 0.48 mmol, 1 equiv)
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was dissolved in acetonitrile (4 mL). A solution of amine boronic ester 21 (176 mg, 0.96
mmol, 2 equiv) in acetonitrile (1 mL) was added dropwise. Reaction mixture was stirred at
RT for 2 h. Solvent was evaporated and the residue was purified by silica gel column
chromatography to afford NBD boronic ester 9 as an orange-brown solid (45 mg, 27%). TLC
(EtOAc:pet ether = 30:70); Rs = 0.60. *H NMR (400 MHz, CDClscontaining 0.03% (v/v)
TMS) 6 (ppm) 8.48 (d, J = 8.6 Hz, 1H), 6.65 (dt, J = 18, 4.6 Hz, 1H), 6.46 (br, 1H), 6.16 (d, J
= 8.6 Hz, 1H), 5.75 (dt, J = 18, 1.6 Hz, 1H), 4.25-4.22 (m, 2H), 1.27 (s, 12H); *C NMR (100
MHz, CDCIs containing 0.03% (v/v) TMS) 6 (ppm) 144.31, 144.27, 143.80, 143.43, 136.27,
124.63, 99.39, 83.79, 47.03, 24.78; HRMS: m/z Calcd. for CisH20BN4Os [M+H]" =
347.1527, found = 347.1526.

2.4.5.2 (E)-7-nitro-N-(2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyl)oxy)ethyl)
benzo[c][1,2,5]oxadiazol-4-amine (10): A solution of amine boronic ester 22 (191 mg, 0.70
mmol, 1 equiv) in anhydrous THF (2 mL) was treated with EtsN (195 pL, 1.40 mmol, 2
equiv). To this reaction mixture, a solution of 4-chloro-7-nitro benzofurazan (183 mg, 0.91
mmol, 1.3 equiv) in anhydrous THF (1 mL) was added dropwise. The resulting mixture was
stirred at RT for 2.5 h. After completion, the reaction mixture was diluted with ethyl acetate
and washed with saturated ag. NH4Cl, saturated ag. NaHCO3 and brine. The organic layer
was dried over NaxSO4 and filtered. The resulting filtrate was evaporated and the obtained
residue was purified by silica gel column chromatography to afford the pure product 10 as
dark orange solid (175 mg, 57%). TLC (EtOAc:pet ether = 60:40); Rt = 0.67; *H NMR (400
MHz, CDClscontaining 0.03% (v/v) TMS) & (ppm) 8.49 (d, J = 8.6 Hz, 1H), 6.99 (br, 1H),
6.64 (dt, J = 18.4, 4.6 Hz, 1H), 6.19 (d, J = 8.6 Hz, 1H), 5.71 (dt, J = 18.4, 1.6 Hz, 1H), 4.16
(dd, J = 4.6, 1.6 Hz, 2H), 3.88 (t, J = 5.2 Hz, 2H), 3.75-3.73 (m, 2H), 3.71-3.65 (m, 4H),
1.26 (s, 12H); 3C NMR (100 MHz, CDCls containing 0.03% (v/v) TMS) & (ppm) 148.6,
144.3, 144.2, 143.9, 136.4, 123.9, 98.8, 83.4, 72.8, 70.7, 69.9, 68.3, 43.7, 24.8; HRMS: m/z
Calcd. for C19H28BN4O7 [M+H]* = 435.2051, found = 435.2069.

2.4.5.3 2,5-dioxopyrrolidin-1-yl-2-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-

yDacetate (11b)"°: A mixture of biotin (250 mg, 1.02 mmol, 1 equiv), N-
hydroxysuccinimide (188 mg, 1.64 mmol, 1.6 equiv), and EDC (254 mg, 1.33 mmol, 1.3
equiv) was dissolved in DMF ( 10 mL) and stirred for 24 h at ambient temperature. The

solution was poured onto crushed ice and the solid obtained was filtered, washed with water
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and, dried to give compound 11b as white solid (258 mg, 74%). TLC (MeOH:CH.Cl; =
6:94); Rf = 0.31; 'H NMR (ds-DMSO, 400 MHz): § 6.42 (br, 1H), 6.36 (br, 1H), 4.32-4.29
(m, 1H), 4.16-4.13 (m, 1H), 3.13-3.08 (m, 1H), 2.89-2.81 (m, 5H), 2.69-2.65 (m, 2H), 2.58
(d, 1H), 1.68-1.60 (m, 3H), 1.55-1.37 (m, 3H); *C NMR (de-DMSO, 100 MHz): § 170.3,
168.9, 162.7, 61.0, 59.2, 55.2, 30.0, 27.7, 27.6, 25.4, 24.3.

2.4.5.4 5-((4S)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-N-(2-(((E)-3-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)allyl)oxy)ethyl)pentanamide (11): NHS-ester of
biotin (11b, 200 mg, 0.59 mmol, 1 equiv) was dissolved in 3 mL of anhydrous DMF
followed by addition of dry EtsN (165 pL, 1.18 mmol, 2 equiv). A solution of amine boronic
ester 22 (208 mg, 0.77 mmol, 1.3 equiv) in 2 mL dry DMF was added, and the reaction
mixture was stirred at RT for 12 h. Solvent was evaporated and the residue was purified by
silica gel column chromatography to afford the product 11 as a white solid (105 mg, 35%).
TLC (MeOH:CH,Cl, = 10:90); Rt= 0.60; *H NMR (400 MHz, CDClI5 containing 0.03% (v/v)
TMS) 8 (ppm) 6.78 (t, J = 5.4 Hz, 1H), 6.62 (dt, J = 18, 4.6 Hz, 1H), 6.56 (s, 1H), 5.70 (dt, J
=18, 1.8 Hz, 1H), 5.62 (s, 1H), 4.52-4.48 (m, 1H), 4.33-4.10 (m, 1H), 4.10 (dd, J = 4.6, 1.8
Hz, 2H), 3.64-3.59 (m, 4H), 3.57 (t, J = 5 Hz, 2H), 3.49-3.39 (m, 2H), 3.16-3.11 (m, 1H),
2.90 (dd, J = 12.8, 4.8 Hz, 1H), 2.74 (d, J = 12.8 Hz, 1H), 2.27-2.20 (m, 2H), 1.81-1.61 (m,
4H), 1.48-1.40 (m, 2H), 1.27 (s, 12H); *C NMR (100 MHz, CDClscontaining 0.03% (v/v)
TMS) & (ppm) 173.41, 164.09, 148.82, 83.38, 72.70, 70.18, 70.00, 69.57 , 61.74, 60.23,
55.54, 40.55, 39.15, 35.95, 28.14, 28.05, 25.57, 24.79; HRMS: m/z Calcd. for C23H41BN30sS
[M+H]* = 498.2809, found = 498.2814.

2.4.6 Synthesis of 2-vinylbenzothiophene- and 2-vinylbenzofuran-boronic esters 16 and
17

2.4.6.1 General procedure for synthesis of 2-Ethynylbenzothiophene and 2-
Ethynylbenzofuran’72: tert-Butyl lithium (1.1 equiv) was added to a solution of
benzothiophene/benzofuran (1 equiv) in THF (20 mL) at —78 °C. The mixture was stirred for
30 min and a solution of iodine (1.1 equiv) in THF (30 mL) was added. The mixture was
stirred for another 30 min, allowed to warm to room temperature, diluted with saturated aq
NH4Cl, and extracted with ether. The organic solution was washed with Na>S>03 and water,
dried over NaxSO4 and the solvent evaporated under reduced pressure, affording crude 2-

iodobenzothiophene/2-iodobenzofuran as yellow oil in > 90% purity, which was confirmed
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by 'H NMR spectroscopy. To crude 2-iodobenzothiophene/2-iodobenzofuran was added Cul
(1 mol %), PdCI>(PPhz)2 (2 mol %), EtsN (20 mL) and trimethylsilylacetylene (1.2 equiv).
The mixture was flushed with Ar and heated at 60 °C for 3 h. The precipitate and solvent
were filtered and evaporated, affording crude 2-(trimethylsilylethynyl) benzothiophene/2-
(trimethylsilylethynyl) benzofuran as a yellow oil, which was then dissolved in CH3OH (20
mL) containing KOH (1 equiv). The mixture was stirred at room temperature for 30 min.
The solvent was evaporated by vacuum and the residue was purified by column
chromatography using hexanes, affording 2-ethynylbenzothiophene as a yellow solid and 2-
ethynylbenzofuran as a pale yellow oil.

2-ethynylbenzothiophene: *H NMR (CDCls) § 7.80-7.74 (m, 2H), 7.52 (s, 1H), 7.41-7.35 (m,
2H), 3.45 (s, 1H).

2-ethynylbenzofuran: *H NMR (400 MHz, CDCls) & (ppm) 3.51 (s, 1H), 7.02 (s, 1H), 7.26
(td, J=8.4,0.8 Hz, 1H), 7.36 (td, J = 8.4, 1.2 Hz, 1H), 7.47 (dd, J = 8.4, 0.8 Hz, 1H), 7.57 (d,
J=8.4 Hz, 1H).

2.4.6.2 General procedure for synthesis of boronic ester 16 and 17: A mixture of
bis(pinacolato)diboron (1.1 equiv), sodium methoxide (0.20 equiv), triphenylphosphine (6
mol%) and copper bromide (5 mol%) were stirred under nitrogen for 30 min at RT in dry
THF. To this mixture, 2-ethynylbenzothiophene/2-ethynylbenzofuran (1 equiv)’™>" in
methanol (2 equiv) was added. The reaction mixture was stirred for another 2 h at RT. After
completion of reaction, solvent was evaporated. To the obtained residue, distilled hexane was
added and filtered through celite pad. The filtrate was concentrated under reduced pressure.
The residue was purified by silica gel column chromatography to afford the desired product

as a yellow solid.

(E)-2-(2-(benzo[b]thiophen-2-yl)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (16):

A mixture of 2-ethynylbenzothiophene (200 mg, 1.26 mmol, 1 equiv), bis(pinacolato)diboron
(352 mg, 1.39 mmol, 1.1 equiv), sodium methoxide (14 mg, 0.25 mmol, 0.20 equiv),
triphenylphosphine (20 mg, 0.076 mmol, 6 mol%) and copper bromide (9 mg, 0.06 mmol, 5
mol%) yielded 16 (160 mg, 45%). TLC (EtOAc:pet ether = 10:90); R = 0.37; *H NMR (400
MHz, CDCl3) & (ppm) 7.78-7.75 (m, 1H), 7.74-7.69 (m, 1H), 7.56 (d, J = 18 Hz, 1H), 7.33—
7.29 (m, 2H), 7.26 (s, 1H), 6.01 (d, J = 18.0 Hz, 1H), 1.32 (s, 12H); *3C NMR (100 MHz,
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CDCl3) o (ppm) 144.1, 142.5, 140.1, 139.8, 125.4, 125.2, 124.6, 124.2, 122.5, 83.7, 25.0;
HRMS: m/z Calcd. for C16H20BO.S [M+H]" = 287.1277, found = 287.1278.

(E)-2-(2-(benzofuran-2-yl)vinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (17): A mixture
of 2-ethynylbenzofuran (283 mg, 1.99 mmol, 1 equiv), bis(pinacolato)diboron (559 mg, 2.2
mmol, 1.1 equiv), sodium methoxide (22 mg, 0.40 mmol, 0.20 equiv), triphenylphosphine (32
mg, 0.12 mmol, 6 mol%) and copper bromide (14 mg, 0.10 mmol, 5 mol%) yielded 17 (270
mg, 50%). TLC (EtOAc:pet ether = 10:90); R = 0.50; *H NMR (400 MHz, CDCls) & (ppm)
7.55-7.53 (m, 1H), 7.47-7.45 (m, 1H), 7.31-7.25 (m, 2H), 7.22-7.18 (m, 1H), 6.72 (s, 1H),
6.32 (d, J = 18.0 Hz, 1H), 1.32 (s, 12H); **C NMR (100 MHz, CDCl3) & (ppm) 155.3, 155.1,
136.6, 128.9, 125.4, 123.0, 121.5, 111.4, 107.3, 83.7, 24.9; HRMS: m/z Calcd. for C16H20BO3
[M+H]* = 271.1505, found = 271.1509.

2.4.7 Synthesis of transform of 5-(benzofuran-2-yl)vinyl uridine (18): 5-iodouridine 1
(229 mg, 0.62 mmol, 1 equiv), boronic ester 17 (250 mg, 0.93 mmol, 1.5 equiv), K2COs3 (257
mg, 1.86 mmol, 3 equiv) were taken in a round-bottomed flask containing H.O (12 mL) and
MeCN (4 mL). Pd(OAc)2(L1), (624 pL of a 50 mM stock, 5 mol%,) was added and the
reaction mixture was heated at 55 °C for 2 h. After completion of the reaction, the reaction
mixture was filtered through a Celite pad and was subsequently washed with MeOH. Solvent
was evaporated under vacuum. The crude product was purified by silica gel column
chromatography to afford the trans product as an off-white solid 18 (159 mg, 66%). Under
these conditions cis isomer could not be isolated. TLC (MeOH:CH2Cl> = 15:85); R = 0.48;
H NMR (400 MHz, de-DMSO) & (ppm) 11.60 (br, 1H), 8.35 (s, 1H), 7.59-7.57 (m, 1H),
7.54-7.50 (m, 2H), 7.30-7.26 (m, 1H), 7.22 (td, J = 7.6, 0.8 Hz , 1H), 6.99 (d, J = 16 Hz,
1H), 6.88 (s, 1H), 5.82 (d, J = 4.8 Hz, 1H), 5.46 (br, 1H), 5.32 (appt, J = 4.4 Hz, 1H), 5.11 (br,
1H), 4.11 (s, 1H), 4.04 (appt, J = 4.6 Hz, 1H), 3.90-3.87 (m, 1H), 3.78-3.74 (m, 1H), 3.65-
3.61(m, 1H); 3C NMR (100 MHz, de-DMSO) & (ppm) 162.1, 155.1, 154.1, 149.6, 139.8,
128.9, 124.6, 123.1, 123.0, 121.0, 115.8, 110.7, 110.0, 104.9, 88.3, 84.7, 73.8, 69.3, 60.5;
HRMS: m/z Calcd. for C19H19N2O7 [M+H]* = 387.1192, found = 387.1189; e260 = 4200 M-
tem™, 333 = 11960 Mtcm™,

24.8 Synthesis of N,N-dimethyl-4,6-dihydroxy  pyrimidine ligand (L2):
Dimethylguanidine sulphate (1.5 g, 5.5 mmol) and sodium (253 mg, 11.00 mmol) in dry

methanol (5 mL, 3.3 vol) was stirred for 30 minutes. Ethyl malonate (1.68 mL, 11.00 mmol)
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was then added carefully and the reaction mixture was refluxed for 6 h. The resulting solution
was allowed to attain room temperature and distilled H,O was added to it. Further the
solution was acidified with acetic acid to get the white crystalline solid of L2 (507 mg, 59%);
'H NMR (400 MHz, CDCls) & (ppm) 10.50 (br, 2H), 4.66 (s, 1H), 3.00 (s, 6H); *C NMR
(100 MHz, CDClz) 6 (ppm) 155.0, 167.9, 155.0, 78.3, 37.0; HRMS: m/z calculated for
CsHoN302K [M+K]* = 194.0332, found = 194.0847.

2.4.9. Incorporation of IUTP by in vitro transcription reaction

2.4.9.1 Radiolabel experiment: The promoter-template duplexes (5 pM) were assembled by
heating a 1:1 mixture of DNA promoter of T7 RNA polymerase consensus sequence and
DNA ON templates T1-T5 in annealing buffer (10 mM Tris-=HCI, 1 mM
ethylenediaminetetraacetic acid (EDTA), 100 mM NaCl, pH7.8) at 90 °C for 3min. The
solution was allowed to attain room temperature slowly and then kept in an ice bath for 20
min followed by storing at —40°C. The transcription reactions were carried out at 37 °C in 40
mM Tris—HCI buffer (pH7.8) containing 250 nM annealed promoter-template duplexes, 10
mM MgCI2, 10 mM NacCl, 10 mM of dithiothreitol (DTT), 2 mM spermidine, 1 U/ ul RNase
inhibitor (Riboblock), 1 mM guanosine triphosphate(GTP), cytidine triphosphate (CTP),
uridine triphosphate (UTP) and or IUTP 2, 20 uM adenosine triphosphate (ATP), 5 pCi a-32P
ATP and 3 U / uL T7 RNA polymerase in a 20 pL reaction volume. The reaction was
quenched after 3.5 h by adding 20 uL of loading buffer (7 M urea in 10 mM Tris—HCI, 100
mM EDTA, 0.05% bromophenol blue, pH 8). Each sample was heated for 3 min at 75 °C and
then cooled in an ice bath. The samples (4 uL) were loaded on an 18% denaturing
polyacrylamide gel and were electrophoresed. The radioactive bands were phosphorimaged
and then quantified by using GeneTools software from Syngene to determine the relative
transcription efficiencies. Percentage incorporation of IUTP 2 is reported with respect to
transcription efficiency in the presence of natural NTPs. All reactions were performed in

duplicate and the errors in yields were <2%.

2.4.9.2 Large-scale transcription reaction using template T1 and IUTP 2. Transcription
reaction was performed in 250 pL reaction volume using 2 mM of ATP, GTP, CTP and IUTP
2, 20 mM MgCl> 2,10 mM DTT, 0.40U/uL RNase inhibitor (Riboblock), 300 nM promoter-
template duplex and 800 units of T7 RNA polymerase. The reaction mixture was incubated at

37 °C for 6 h. The reaction volume was made one-third by speed vac followed by addition of
67



Chapter 2

50 L denaturing loading buffer (7 M urea in 10 mM Tris—HCI, 100 mM EDTA, pH 8) and
the sample was loaded on a preparative 20% denaturing polyacrylamide gel. After running
the gel for 6h, appropriate band was marked by UV shadowing and excised from the gel. In
order to isolate the RNA, the band was extracted with 0.3 M sodium acetate and desalted
using a Sep-Pak classic C18 cartridge. Under these conditions, an average of 10 nmole of the
iodo-modified RNA transcript 4 was isolated (€260 = 84300 M‘cm™).

2.4.10 Suzuki-Miyaura reaction between transcript 4 and boronic ester (9-11,
15-17)/boronic acid (12-14)

2.4.10.1 Preparation of Pd(OAc)2(L)2 complex: To L1 (65mg, 0.5 mmol) or L2 (78 mg, 0.5
mmol) in a 5 mL round bottom flask was added autoclaved H>O (3 mL) and NaOH (10 M
stock,100 pL,1 mmol).The solution was stirred for 5 min at RT to obtain a clear solution.
Then Pd(OACc)2 (55 mg, 0.25 mmol) was added and the mixture was stirred at 65 °C for 1 h.
Solution was taken in a 5 mL volumetric flask and the volume was adjusted to 5 ml with

autoclaved H>O to give a final stock solution of 50 mM.

2.4.10.2 Analytical-scale reaction with boronic ester 9 and 10: To a solution of iodo-
modified RNA transcript 4 (200 uM, 1 equiv) in 10 pL of Tris—HCI buffer (50 mM, pH 8.5)
was added boronic ester 9 or 10 (50 or 100 equiv) dissolved in dimethyl sulfoxide (DMSO).
The coupling reaction was initiated by adding Pd(OAc)2(L1). catalyst (1 or 2 equiv). Final
reaction volume was 50 pL containing 20% DMSO (v/v). The reaction mixture was
incubated at 37 °C in thermoshaker. Aliquots of reaction mixture (16 uL) were taken at 3, 6
and 9 h, and 10 pL of denaturing loading buffer (7 M urea in 10 mM Tris—HCI, 100 mM
EDTA, pH 8) was added to each aliquot. Samples were loaded on an analytical 20%
denaturing polyacrylamide gel. Bands corresponding to the products were visualized by UV-
shadowing method (shortwave UV 254 nm and long wave UV 365 nm).

2.4.10.3 Large-scale reaction: To a solution of iodo-modified RNA transcript 4 (5 nmol,
100 uM, 1 equiv) in 10 pL of Tris—HCI buffer (50 mM, pH 8.5) was added boronic acid/ester
dissolved in DMSO (250 nmol, 5 mM, 50 equiv). The reaction was initiated by adding
catalyst Pd(OAc)2(L)2 (10 nmol, 0.2 mM, 2 equiv). The final reaction volume was adjusted to
50 ul with water and DMSO such that the percentage of DMSO was 20% v/v. The reaction

was incubated at 37 °C for 6—12 h. The reaction mixture was filtered using a spin filter (0.45
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pm pore size) and was further washed with 40 uL of water. The filtrate was analyzed by RP-
HPLC (Phenomenex-Luna C18 column, 250 x 4.6 mm, 5 micron). Mobile phase A: 50 mM
triethylammonium acetate (TEAA) buffer (pH 7.0), mobile phase B: acetonitrile. Flow rate: 1
ml/min. Gradient: 0—30% B in 35 min, 30—100% B in 10 min and 100% B for 5 min. The run
was monitored by UV absorption at 260 nm. Each peak was collected and freeze-dried.
Similar procedure was used for posttranscriptional Suzuki coupling between 1U-labeled

transcripts 19 and 20 with ester 17.

2.4.11 General procedure for the sample preparation for MALDI-TOF mass analysis of
transcript and posttranscriptionally coupled RNA ON products: Sample for mass
analysis was prepared by combining 1 pL of the transcript/coupled RNA product (~200 puM),
2.5 pL of DNA standard (100 puM, 18-mer) and 5 pL of a mixture of saturated 3-hydroxy
picolinic acid and 100 mM ammonium citrate buffer (pH 9, in the ratio of 9:1). The sample
was desalted using ion-exchange resin (Dowex 50W-X8, 100-200 mesh, ammonium cation
form), spotted on the MALDI plate, and was air dried. The resulting spectrum was calibrated
relative to an internal 18-mer DNA ON standard. Depending on the peak intensity the ratio of
RNA ON and internal DNA standard was varied.

2.4.12 Enzymatic digestion of Suzuki-coupled RNA ON product 17a’: Enzymatic
digestion of Suzuki-coupled RNA ON product 17a’. A total of 3 nmol of RNA ON 17a’ was
treated with snake venom phosphodiesterase I (10 pL, 0.01 U), calf intestinal alkaline
phosphatase (10 puL, 1 U/uL) and RNase A (5 uL, 0.25 ug), MgCl2 (20 pL, 40 mM), 10 ul of
dephosphorylation buffer (50 mM Tris—HCI buffer, 40 mM MgClz, 0.1 mM EDTA pH 8.5) in
a total volume of 100 pL for 12 h at 37 °C. Subsequently, RNase T1 (2 pL, 0.2 U/uL) was
added and the sample was incubated for another 4 h at 37 °C. The ribonucleoside mixture
obtained from the digest was analyzed by RP-HPLC using Phenomenex-Luna C18 column
(250%4.6 mm, 5 micron) at 260 and 338nm. Mobile phase A: 50 mM TEAA buffer (pH7.0),
mobile phase B:acetonitrile. Flow rate: 1 ml/min. Gradient: 0—10% B in 20 min, 10—100% B
in 10 min, 0—100% B in 5 min. The fraction corresponding to the individual ribonucleosides
was collected and analyzed by mass spectrometry, which also confirmed the identity of the

natural ribonucleosides (C, G and A) and Suzuki-coupled ribonucleoside 18 (trans form).
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2.4.13 Fluorescence of 5-(benzofuran-2-yl)vinyl uridine-modified RNA ONs obtained by
posttranscriptional Suzuki coupling: RNA ONs 17a’, 19a’ and 20a’ (10 uM) were
hybridized to custom DNA ON (11 uM) by heating a mixture (1:1.1) of the ON in 20 mM
cacodylate buffer (pH 7.1, 500 mM NaCl, 0.5 mM EDTA) at 90 °C for 3 min. Samples were
cooled slowly to room temperature and incubated in crushed ice for 2 h. Samples were
diluted to give a final concentration of 0.5 uM with respect to 17a’, 19a’and 20a’ in
cacodylate buffer. Samples were excited at 350 nm with an excitation slit width of 4 nm and
emission slit width of 5 nm. Fluorescence experiments were performed in triplicate in a micro
fluorescence cuvette (Hellma, path length 1.0 cm) on a Horiba JobinYvon, Fluorolog-3 at 20
°C.
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2.6 Appendix-1I: Characterization data of synthesized compounds

!H NMR of IUTP 2 in D2O (400 MHz). Peaks corresponding to triethylammonium acetate

buffer are present.
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'H NMR of the compound 9 in CDCls containing 0.03% (v/v) TMS (400 MHz)
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H NMR of the compound 10 in CDCl3 containing 0.03% (v/v) TMS (400 MHz)
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'H NMR of the compound 11b in ds-DMSO (400 MHz)
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'H NMR of the compound 2-ethynylbenzothiophene in CDCls (400 MHz)
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'H NMR of the compound 16 in CDCl3 (400 MHz)
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'H NMR of the compound 17 in CDCls (400 MHz)
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'H NMR of the compound 18 in ds-DMSO (400
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'H NMR of the compound 21b in CDCl3 containing 0.03%
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[ =R R o]

'H NMR of the compound 21c in CDCls containing 0.03% (v/v) TMS (400 MHz)
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'H NMR of the compound 21d in CDClIs containing 0.03% (v/v) TMS
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DCls contalnlng 0.03% (v/v) TMS (400 MHz)

*H NMR of the compound 22b inC
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F13

'H NMR of the compound 22c in CDCl3 containing 0.03% (v/v) TMS (400 MHz)
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'H NMR of the compound 22d in CDCl3 (400 MHz)
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'H NMR of the compound 22f in CDCl3 contalnlng 0.03% (v/v) TMS (400 MHz)
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'H NMR of the ligand L2 in ds-DMSO (400 MHz)
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RP-HPLCH™ and corresponding MALDI-TOFP! spectra for iodo-modified RNA transcripts 19
and 20.

300
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A HPLC profile for transcript 19 A mass for transcript 19
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[B1 (A, C) HPLC chromatogram of PAGE purified 1U-labeled RNA transcript 19 and 20 at 260
nm. Mobile phase A = 50 mM triethylammonium acetate buffer (TEAA, pH 7.0), mobile
phase B = acetonitrile. Flow rate = 1 mL/min. Gradient = 0—-30% B in 35 min, 30—100% B in
10 min and 100% B for 5 min. HPLC analysis was performed using Phenomenex-Luna C18
column (250 x 4.6 mm, 5 micron).

b1 (B, D) MALDI-TOF mass spectrum of RNA ON 19 and 20. Spectrum is calibrated with
respect to the +1 and +2 ion of an internal 18-mer DNA ON standard (m/z for +1 and +2 ion
are 5466.6 and 2733.3 respectively). Calcd. mass for IU-modified RNA transcript 19: [M]*
3460.8; found: [M]" 3460.4. Calcd. mass for IU-modified RNA transcript 20: [M]" 3508.3;
found: [M]* 3508.0.
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Effect of Nucleic Acid Conformation on the Efficiency of
Suzuki—Miyaura Cross-Coupling Reaction: Polymorphic
G-quadruplex Structure as a Study Model

3.1 Introduction

The ability of nucleic acids to perform various biological roles originates from their ability to
adopt different secondary and tertiary structures. Four-stranded DNA structures, popularly
known as G-quadruplexes (GQ), are the most studied tertiary structures of nucleic acids
formed by guanine-rich sequences. The GQs have drawn significant attention owing to their
structural diversity and their crucial roles in many cellular processes. For example, human
telomeric (H-Telo) G-rich DNA overhang protects the cell from recombination and
degradation.? The overhang of human telomere is composed of a (T2AGs)n repeat, which
adopts multiple conformations in vitro, which depends on the ionic conditions (Figure 3.1).34
In the presence of K* ions, telomeric repeat mainly forms hybrid 1 and hybrid 2 topologies in
which the double chain reversal loop is found at the 5'- and 3'-end, respectively.>® On the
other hand, the same sequence when crystallized in the presence of K* ions and polyethylene
glycol (PEG)forms a parallel GQ structure.” 8

double chain

diagonal loop reversal loop

lateral loop lateral loop

2@ ...|.... G15

c21Q% % G616

G20@ ).l

c20@’ G17

double chain

lateral loop double chain lateral loop reversal loop lateral loop
reversal loop
(A) Antiparallel (B) Parallel (C) Hybrid 1 (D) Hybrid 2

@=dGC @=d7T @=dA

Figure 3.1. GQ topologies formed by telomeric repeat in different ionic conditions. (A) Antiparallel
GQ conformation of 5-d[AGs-(T2AG3)s]-3' in Na* solution.®(B) Parallel GQ conformation of 5'-
d[AGs-(T.AGs3)s]-3'in  crystalline conditions or in the presence of PEG 200 containing K*
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solution.”8(C) Hybrid 1 GQ conformation of 5'-d[T.G3s-(T2AG3)3A]-3’ in K* solution.® (D) Hybrid 2
GQ conformation of 5’-d[TAGs-(T2AG3)sT,]-3'in K* solution.®Double chain reversal loops of parallel,
hybrid 1 and hybrid 2GQ are shown in the pink color.

Considering the biological importance of G-rich sequences and their ability to fold
into different conformations, their identification, isolation, and characterization in the human
genome is of great interest. There are several reports, where photochemical approaches have
been used to probe different GQs using halo-modified nucleoside.®*2 In this approach, upon
UV light irradiation (280-320 nm), 5-halouracil containing H-Telo G rich sequences gives a
highly reactive 5’ uracil radical. This formed radical, further induces conformation-dependent
and atom specific hydrogen abstraction of nearby sugar residue leading to 2'-
deoxyribonolactone derivatives as well as forms the intra-stand crosslink with nearby purine
residue. However, the use of UV light leads to the formation of a major amount of
dehalogenated side product. Also, UV light destroys the GQ structure during irradiation
which leads to the loss of structural information for further study. Template-assisted click
chemistry has also been used as a useful strategy to identify hybrid RNA-DNA G-
quadruplexes® 15, though this strategy has not been well explored for individual GQs and
other nucleic acid structures. Recently, Luedke and co-workers utilized the reactivity of a
vinyl-modified nucleoside analog and phenyltriazolinedione to study GQ conformations. The
vinyl-modified nucleoside was incorporated into GQ forming human telomeric sequences and
interestingly, phenyltriazolinedione was found to reasonably reactive with vinyl group of GQ
in conformation-selective manner as compared to dsDNA.'® Although this new
bioconjugation strategy is catalyst free, direct attachment of probes to obtain spectrum read-
out of the GQ conformation is not straight-forward. Inspired by this strategy, we wanted to
explore the influence of nucleic acid conformational space on the efficiency of postsynthetic
Suzuki—-Miyaura cross-coupling reaction. This endeavour would also enable the direct
incorporation of fluorogenic and environment-sensitive nucleoside probe based on the
reactivity of different GQ conformations.

In this chapter, we describe the role of GQ conformations on the reactivity of iodo-
modified H-Telo DNA sequences towards Suzuki—Miyaura cross-coupling reaction. 5-lodo-
2'-deoxyuridine phosphoramidite was synthesized and incorporated into DNA ONs, which
upon annealing in different ionic conditions and in the presence of a synthetic molecular
crowding agent (PEG) form different GQ structures (Figure 3.2). Depending on the type of

conformation and position of the iodo group within the loop region, the efficiency of Suzuki
96



Chapter 3

reaction varied. Apart from labeling H-Telo DNA GQs with probes, the Suzuki coupling
reaction did not work on the corresponding duplex form, suggesting a conformational

dependence of the reaction.

o

N""0
DMTrO

o
Nc\/\o.F’LNJ\

3
lSoIid phase DNA synthesis

IdU-modified G-rich human telomeric DNA

lAnneaIing (metal ion, molecular crowding)

parallel antiparallel hybrid1 hybrid2  random unfolded duplex

OH

@f\}s: Postsynthetic Suzuki-Miyaura

O  OH | cross-coupling reaction
Pd catalyst

Fluorescently labeled DNA ONs

Figure 3.2. Design principle for studying the effect of postsynthetic Suzuki—Miyaura cross-coupling
reaction on the various DNA GQ conformations. Here, we have taken polymorphic GQ structures of
H-Telo DNA ON repeat as a study model.

3.2 Results and Discussion

3.2.1 Synthesis and incorporation of phosphoramidite 3 into H-Telo DNA ONs: 5-lodo-
2'-deoxyuridine phosphoramidite 3 was synthesized in simples steps as shown in Scheme 1
using analogous reported procedure.!” 5-lodo-2'-deoxyuridinelwas protected with DMTr
group to obtain 5’-O-DMT-protected 5-iodo-2'-deoxyuridine 2, was then further reacted with
2-cyanoethyl-N,N-diisopropylchlorophosphoramidite to give phosphoramidite substrate 3 in
good yields. The identity of the product was confirmed by 3P NMR and mass analysis.
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B | NH M
NAO NKO NAO
Ho o DMTrcl, DMAP DT o iPr,NP(C)OEICN ‘DMTFO o
Q oyridine, RT PrNEt, CH,Cl,
HO overnight, 70% HO RT, 75%

o}
1 (1dU) 2 P-0
>-N' A
)_, CN
3
Scheme 3.1. Synthesis of 5-lodo-2'-deoxyuridine phosphoramidite 3 for the solid-phase synthesis of
DNA ONs. DMTr = 4,4'-dimethoxytrityl, DMAP = dimethyl aminopyridine.

The following sequences derived from human telomeric DNA repeat were studied: 5'
d[AG3-(T2AG3)3]-3" (H-Telo-22), 5-d[T2G3-(T2AGz)3A]-3" (H-Telo-24) and 5-d[TAGs-
(T2AG3)3T2]-3" (H-Telo-25), as models for the study (Figure 3.3). H-Telo-22 forms
antiparallel GQ in the presence of Na* ions, hybrid-type mixed parallel-antiparallel GQs in
the presence of K* ions and random unfolded form in Li* ions. While H-Telo-24 and H-Telo-
25 ONs form hybrid typel and type2 GQs, respectively, in K ionic conditions, in presence of
Na* H-Telo-24 adopts an antiparallel form and H-Telo-25 does not support the formation of
an antiparallel GQ structures. Further, in different GQ structures of H-Telo repeat, there is a
reasonable difference in conformation of the loop nucleotides. Hence, to evaluate the effect
of nucleic acid conformation on the efficiency of Suzuki reaction, we decided to replace the
first and second dT bases in all the three loops of H-Telo DNA with 5-iodo-2'-deoxyuridine
(Figure 3.3).The IdU-modified ONs 4-17 were prepared by solid-phase DNA ON synthesis
protocol and deprotected at room temperature for 48 hand purified by gel electrophoresis.
Deprotection at room temperature was necessary for minimizing the deiodination of IdU-
modified H-Telo DNA ONs. Purity of the products was ascertained by RP-HPLC and identity
was confirmed mass measurements (see 3.6 Appendix-Il for HPLC profile, mass spectra, and
Table 3.1; see the experimental section for details).
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IdU (1) modified H-Telo G-rich DNA ONs 4-17

5 TTGGG1TAGGGTTAGGGTTAGGGA 3' (11) 5 TTGGGTTAGGGT1AGGGTTAGGGA 3'
S' TTGGGTTAGGG1TAGGGTTAGGGA 3' (12) 5 TTGGGTTAGGGTTAGGGT1AGGGA 3
5' TTGGGTTAGGGTTAGGG1TAGGGA 3' (13) 5 TAGGGT1AGGGTTAGGGTTAGGGTT 3'
5' TAGGG1TAGGGTTAGGGTTAGGGTT 3' (14) 5 TAGGGTTAGGGT1AGGGTTAGGGTT 3'
5' TAGGGTTAGGG1TAGGGTTAGGGTT 3' (15) 5 TAGGGTTAGGGTTAGGGT1AGGGTT 3'
S' TAGGGTTAGGGTTAGGG1TAGGGTT 3' (16) 5 AGGGTTAGGG1TAGGGTTAGGG 3'

) S' TTGGGT1AGGGTTAGGGTTAGGGA 3"  (17) 5' AGGGTTAGGGTTAGGGT1AGGG 3

N S S S S~
= O oo~NNooh
O — — — — — —

Control H-Telo G-rich DNA ONs 18-20

H-Telo-24 (18) 5 TTGGGTTAGGGTTAGGGTTAGGGA 3'
H-Telo-25 (19) 5 TAGGGTTAGGGTTAGGGTTAGGGTT 3'
H-Telo-22 (20) 5 AGGGTTAGGGTTAGGGTTAGGG 3'
C-rich H-Telo-22 (21)

5' CCCTAACCCTAACCCTAACCCT 3

Figure 3.3. IdU-modified H-Telo DNA ONs 4-17: The dT residue in the first (4, 7, 10, 13), second
(5, 8, 11, 14, 16), and third (6, 9, 12, 15, 17) loops of H-Telo DNA ONs was replaced with iodo-
modified nucleoside 1. ONs 18-20are control, unmodified H-Telo G-rich DNA. ON 21 is C-rich
DNA sequence complementary to DNA ONs 4-20.

Table 3.1. 260 and MALDI-TOF/ESI-MS mass data of IdU-modified DNA ONs (4-17).

IdU-modified DNA 260 (Mm@ Calculated mass Observed mass

4 238960 7685.8 7685.8[]
5 238960 7685.8 7686.01
6 238960 7685.8 7686.6°!
7 247760 7990.0 7991.0%!
8 247760 7990.0 7991.71°1
9 247760 7990.0 7990.7(
10 238960 7685.8 7686.6[°!
11 238960 7685.8 7685.4[°1
12 238960 7685.8 7686.0"!
13 247760 7990.0 7990.71
14 247760 7990.0 7990.5[°
15 247760 7990.0 7988.7]
16 223160 7077.4 7078.41°
17 223160 7077.4 7076.8["]

8] £,60 of modified ONs was determined by using OligoAnalyzer 3.1. The extinction coefficient of
nucleoside 1 (260 = 3360 M-cm™) was used in place of thymidine (ezs0= 8700 Mtcm).

[b] Mass analysis was done using MALDI-TOF spectroscopy.

[T Mass analysis was done using ESI-MS.
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3.2.2 1dU incorporation and Suzuki—Miyaura coupling reaction conditions did not affect
the GQ structure and stability

In the previous chapter, posttranscriptional Suzuki—Miyaura coupling reaction to label short
RNA ONs with various biophysical labels under mild conditions was described.’® The
reactions were carried out in Tris-HCI buffer (50 mM, pH = 8.5) containing 20% DMSO.
Before performing cross-coupling reaction on different GQ DNA conformations, we studied
the effect of iodo modification and coupling reaction conditions on the formation and
stability of GQ structures by CD and thermal-melting experiments. As a representative
example, IdU-modified (12, 15 and 17) and control unmodified (18-20) H-Telo DNA ONs
were annealed in Tris-HCI buffer (50 mM, pH = 8.5) containing 100 mM KCI or 100 mM
NaCl. The CD spectra of both the control and modified H-Telo ONs in K* solution were
found to be similar and showed a intense positive peak at ~290 nm with a shoulder at ~270
nm and small negative peak at ~235 nm, which is characteristic of hybrid type mixed
parallel-antiparallel stranded GQ structures (Figure 3.4). In the presence of Na* solution, the
control (18, 20) and modified (12, 17) H-Telo ONs displayed a positive peak at ~293nm and
a strong negative peak at ~260 nm shows the formation of an antiparallel GQ structure.
While, in Na* solution 25-nt ONs 15 and 19, does not support the formation of an antiparallel
GQ structure giving a very weak signals in the CD spectrum (Figure 3.4B). UV-thermal
melting analysis of the control and modified H-Telo ONs in different ionic conditions (NaCl
and KCI) gave a very similar Tr values. Consistent with the previously reported literature,*
CD and Tm data prove that the replacement of thymidine residues in the loops with 5-iodo-
2'-deoxyuridine 1 and Suzuki reaction conditions does not perturb the folding of GQ

structure.
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Figure 3.4. (A, B, C)CD spectra of IdU-modified H-Telo ONs12, 15 and 17 and control unmodified
ONs18-20 in 50 mM Tris-HCI buffer (pH 8.5) containing 100 mM KCI or 100 mM NacCl. (D, E, F)
Representative UV-thermal melting profiles of IdU-modified ONs 12, 15 and 17 and control
unmodified ONs 18-20 in 50 mM Tris-HCI buffer (pH = 8.5) containing 100 mM KCI or 100 mM
NaCl at 295 nm.

Table 3.2. Ty values of iodo-modified and control unmodified GQs in the presence of KCI and NaCl.

IdU-modified Tm Control Tm
GQ (°C) unmodified (°C)
GQ

12 in KCI 705+0.5 18 in KCI 69.2+0.0
12 in NaCl 51.3+0.6 18 in NaCl 50.0+1.0
15 in KCI 50.3+0.5 19 in KCI 61.8+0.7
15 in NaCl 47.7+0.9 19 in NaCl 48.7+1.3
17 in KCI 66.8 +0.7 20 in KCI 65.3+0.6
17 in NaCl 56.6 + 0.8 20 in NaCl 56.2 +0.8

3.2.3 Conformation-dependent cross-coupled product formation in H-Telo G-rich DNA
sequences

H-Telo DNA ONs were annealed in Tris-HCI buffer containing LiCI/NaCIl/KCI and reacted
with benzofuran boronic acid (a) in the presence of Pd(OAc).L. (Scheme 2). Reaction
mixtures were analysed by RP-HPLC and the fraction corresponding to the labeled ON
products was isolated (Figure 3.5-3.10, Table 3.3). The identity of the cross-coupled products
were confirmed by MALDI-TOF or ESI-MS analysis (see 3.6 Appendix-11 for mass data and
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Table 4; see the experimental section for details). We have chosen benzofuran boronic acid as

a cross-coupling partner because the resultant ONs products will be fluorescent.®

b “:u
o dG/dT o dG/dT
o:rlno i) Annealing o:ﬁno
| |
OH o Q | LiCI/NaCl/KCl OH o
HNJ]/ Tris-HCI (pH = 8.5)
: OA\N 90 °C, 3 min 0
O0=pP-0 90 °C to RT O=P-0
OH o} — > OH 0

ii) Suzuki—-Miyaura reaction
pH
o dT/dA CE\\—B c dT/dA
O=P-0 O OH O=P-0

OH o Pd(OAc),L; OH o
37°C, 3hr

O—(F?’ o e O—(F?’ o
OH + L= NN oy &

|
Nao)\)\ONa

Scheme 3.2. General scheme for the postsynthetic Suzuki-Miyaura coupling reaction on IdU-
modified DNA ONs (4-17).

IdU-modified DNA ONs 4-17 BF-modified DNA ONs 4a-17a

All the ONs used in this study form a random unfolded structure in the presence of
LiCI?® and respective GQ structures in the presence of NaCl and KCI (Figure 3.4).
Rewardingly, when the reactions were performed with G-quadruplex structures the yields of
the coupled ON products were considerably higher than when the reactions were performed
with the unfolded structures formed by the same sequences (Figure 3.5-3.10, Table 3.3).In
case of GQ structure where the modification was replaced at the first thymidine residue of the
first, second, or third loop (ONs 4-9) though did not show any conformational selectivity for
the cross-coupling reaction, the yields were reasonably good (Figure 3.5-3.7, Table 3.3). For
example, in NaCl, the antiparallel GQ topology shows almost similar yield when placed in
first (4), second (5) or third loop (6) (Figure 3.5A). Similar results were observed in the case
of hybrid 1 (ONs 4, 5, 6) and hybrid 2 (ONs 7, 8, 9) structures in the presence of KCI (Figure
3.5A and 3.5B).

On the other hand, when the modification was placed at the second thymidine residue
of the first, second or third loop (24-mer ONs 10-12), the reaction efficiency was found to
vary with the position of modification. ONs 10-12 in Li* ionic condition (random unfolded

structure) showed low and similar coupling efficiency with the boronic acid substrate (Figure
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3.5C). Interestingly, an antiparallel GQ topology formed by ON 12 in which IdU is present in
the third loop gave 2 to 3-fold higher yields of the product than ONs 10 and 11 in which the
modification is present in the first and second loop, respectively (Figure 3.5C and Table 3.3).
For the same set of sequences (ONs 10-12) in the presence of K* ions, the yields for the
cross-coupled product was very similar irrespective of the position of modification. However,
reactions with 25-mer ON sequences 13-15 the trend was reversed. In Li* and Na* ionic
conditions, the ONs gave similar amounts of the coupled ON products irrespective of position
of modification (Figure 3.5D, Table 3.3). However, the same ONSs in the presence of K* ions
showed difference in coupling efficiency. There was a progressive increase in the product

yield as the iodo position was moved from first (13) to second (14) and to the third loop (15).

A 1 replaces 1*'dT in each loop of 5'-d[T,G,(T AG,),A]-3' B 1 replaces 1°'dT in each loop 5'-d[TAG,(T,AG,),T,]-3'

80 s 80
I 1in 1% loop (4) B 1 in 1% loop (7)
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Figure 3.5. Bar diagram for isolated yields of cross-coupled products (4a-15a) when IdU in first,
second and third loop in the presence of LiCl, NaCl and KCI. (A) 4,5 and 6. (B) 7, 8 and 9. (C) 10, 11
and 12. (D) 13, 14 and 15.

Figure 3.5C shows the preferential formation of cross-coupled product in the lateral (third) loop of
GQ formed by 5'-d[T2G3(T2AG3)3A]-3" (H-Telo-24) DNA sequences in Na* solution;

Figure 3.5D shows the preferential formation of cross-coupled product in the double chain reversal
(third) loop of GQ formed by 5-d[TAG3(T.AGs)3T>]-3" (H-Telo-25) DNA sequences in K* solution.
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Table 3.3. Yields of cross-coupled products (4a—15a) obtained by Suzuki—Miyaura cross-coupling
reaction in different loops of iodo-modified G-quadruplexes sequences in respective ionic conditions

(Li*, Na* and K*).1

IdU-modified H-telo Structure Isolated yields of cross-coupled product in
DNA ONs formed by %
ONs Firstloop  Second loop  Third loop

H-Telo-24 in Li* (1% T)'  Unfolded 36 (4a) 33 (5a) 28 (6a)
H-Telo-24 in Na* (1%T)®  Antiparallel 58 (4a) 52 (5a) 54 (6a)
H-Telo-24 in K* (15 T)! Hybrid type 1 46 (4a) 62 (5a) 55 (6a)
H-Telo-25 in Li* (1 T)®I Unfolded 17 (7a) 16 (8a) 31 (9a)
H-Telo-25 in Na* (1% T)1  Unfolded 42 (7a) 32 (8a) 55 (9a)
H-Telo-25 in K* (15 T)! Hybrid type 2 43 (7a) 46 (8a) 48 (9a)
H-Telo-24 in Li* (2™ T)I  Unfolded 13 (10a) 11 (11a) 16 (12a)
H-Telo-24 in Na* (2" T)i!  Antiparallel 10 (10a) 18 (11a) 33 (12a)
H-Telo-24 in K* (2" T)1  Hybrid type 1 21 (10a) 20 (11a) 22 (12a)
H-Telo-25 in Li* (2" T)®  Unfolded 5 (13a) 8 (14a) 7 (15a)
H-Telo-25 in Na* (2" T)i!  Unfolded 15 (13a) 19 (14a) 15 (15a)
H-Telo-25 in K* (2" T)©  Hybrid type 2 9 (13a) 15 (14a) 23 (15a)

& All reactions were performed on a 2.5 nmole scale of IdU-modified DNA sequences(4—15).
bI Represents 1 replaces first dT residue of loop in GQ sequences (4-9).
[l Represents 1 replaces second dT residue of loop in GQ sequences (10-15).
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Figure 3.6. RP-HPLC chromatogram of reaction mixture of postsynthetic Suzuki—Miyaura cross-
coupling reaction on IdU-modified H-Telo-24 (1 replaces 1% thymidine in the loop) DNA ON in
presence of LiCl (A) 4 (first loop), (B) 5 (second loop), (C) 6 (third loop); in the presence of NaCl (D)
4 (first loop), (E) 5 (second loop), (F) 6 (third loop); in the presence of KCI (G) 4 (first loop), (H) 5

(second loop), (1) 6 (third loop).
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Figure 3.7. RP-HPLC chromatogram of reaction mixture of postsynthetic Suzuki-Miyaura cross-
coupling reaction on ldU-modified H-Telo-25 (1 replaces 1% thymidine in the loop) DNA ON in
presence of LiCl (A) 7 (first loop), (B) 8 (second loop), (C) 9 (third loop); in the presence of NaCl (D)
7 (first loop), (E) 8 (second loop), (F) 9 (third loop); in the presence of KCI (G) 7 (first loop), (H) 8
(second loop), (1) 9 (third loop).
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Figure 3.8. RP-HPLC chromatogram of reaction mixture of postsynthetic Suzuki-Miyaura cross-
coupling reaction on ldU-modified H-Telo-24 (1 replaces 2" thymidine in the loop) DNA ON in
presence of LiCl (A) 10 (first loop), (B) 11 (second loop), (C) 12 (third loop); in the presence of NaCl
(D) 10 (first loop), (E) 11 (second loop), (F) 12 (third loop); in the presence of KCI (G) 10 (first
loop), (H) 11 (second loop), (1) 12 (third loop).
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Figure 3.9. RP-HPLC chromatogram of reaction mixture of postsynthetic Suzuki-Miyaura cross-
coupling reaction on IdU-modified H-Telo-25 (1 replaces 2" thymidine in the loop) DNA ON in
presence of LiCl (A) 13 (first loop), (B) 14 (second loop), (C) 15 (third loop); in the presence of NaCl
(D) 13 (first loop), (E) 14 (second loop), (F) 15 (third loop); in the presence of KCI (G) 13 (first
loop), (H) 14 (second loop), (1) 15 (third loop).
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Figure 3.10. RP-HPLC chromatogram of reaction mixture of postsynthetic Suzuki—Miyaura Cross-
coupling reaction on IdU-modified DNA ON 16 in presence of (A) LiCl, (B) NaCl, (C)KCI and 17 in
presence of (D) LiCl, (E) NaCl, (F) KCI.

Table 3.4. ESI-MS and MALDI-TOF mass data of BF-modified DNA.

BF-modified  e260 (Mcm™)®  Calculated mass Observed mass

DNA ONs
4a 248213 7676.0 7676.809
5a 248213 7676.0 7753.01 (M+2K-3H)
6a 248213 7676.0 7752.91 (M+2K-3H)"
7a 257013 7980.0 7981.01
8a 257013 7980.0 7981.0
9a 257013 7980.0 7981.0
10a 248213 7676.0 7753.01 (M+2K-3H)"
1la 248213 7676.0 767570
12a 248213 7676.0 7675.40)
13a 257013 7980.0 8057.011 (M+2K-3H)"
14a 257013 7980.0 7981.01
15a 257013 7980.0 7979.3®
16a 232413 7067.6 7067.6")
17a 232413 7067.6 7068.007

(8 Molar absorption coefficient of benzofuran modified ONs was determined by using OligoAnalyzer
3.1, which wasused for the determination of the concentration of modified ONs. The extinction
coefficient of nucleoside BFAU (e260 = 12613 M~cm™)®® was used in place of thymidine (g260 = 8700
M-cm™).

[bI Mass analysis was done using MALDI-TOF spectroscopy.

[l Mass analysis was done using ESI-MS.

Synthetic molecular crowding agents such as PEG can induce G-rich sequences
including human telomeric repeat to adopt a parallel-stranded GQ topology.® Labeled H-Telo
ON 12 and control ON 18 were annealed in Tris-HCI buffer containing 40% PEG (200) and
100 mM KCI. Consistent with earlier reports, CD profiles of the ONs in PEG confirmed the
formation of a parallel GQ structure (positive and negative peaks at ~265 nm and ~245 nm,
(Figure 3.11A). Suzuki reaction between the parallel form of 12 and benzofuran boronic acid
in the presence of Pd (OAc).L. catalyst did produce any detectable coupled product (Figure
3.11B). Closer examination of the HPLC chromatogram revealed considerable reduction in
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the peak intensity of the Pd catalyst (retention time ~3.7 min), which could be due to the
sequestering effect of PEG. To ascertain this, reactions were performed at different % of PEG
(5-30%, Figure 3.12). The formation of cross-coupled product 12a decreased with increase in
the % of PEG (Figure 3.12). Higher amounts of PEG could decrease the diffusion rates and

also could coordinate with palladium, thereby reducing the effective concentration of the
catalyst.?!
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Figure 3.11. (A) CD profile for H-Telo DNA 12 and control unmodified H-Telo DNA 18 in 50 mM
Tris-HCI buffer (pH = 8.5) containing 40% PEG (200) and 100 mM KCI. (B) HPLC chromatogram
for reaction mixture of Suzuki—Miyaura cross-coupling on parallel GQ formed by the DNA ON 12.
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Figure 3.12. HPLC chromatogram for the reaction mixture of Suzuki—Miyaura cross-coupling on
parallel GQ topology formed by DNA sequence 12with an increase in the percentage of PEG (A) 5%
(B) 15% (C) 30%.

3.2.4 Suzuki-Miyaura reaction on duplexes formed by using IdU-modified H-Telo DNA
ONs

DNA duplexes were prepared by annealing IdU-modified DNA ONs (12, 15 and 17) with 1.1
equivalent of its complementary C-rich DNA ON 21 in Tris-HCI buffer (50 mM, pH = 8.5)
containing either 100 mM NaCl or 100 mM KCI (Scheme 3.3). Both control (1821, 19+21)
and modified DNA duplexes (1221, 1521) showed similar CD profiles characteristic of B-
DNA double helix structure (positive peak at ~270 nm and negative peak at ~240 nm, Figure
3.13).22 IdU-modified duplexes were reacted with benzofuran boronic acid (50 equiv) in the
presence of Pd (OAc).L. catalyst (2 equiv). The reaction mixture was incubated at 37 °C and
analysed by HPLC. No cross-coupled product was formed even after 12 h of incubation
(Figure 3.14), which also suggests the role of conformation on the reaction efficiency. Next,
we have carried out experiments to study the influence of position of IdU modification in
double-stranded DNA on the reaction efficiency. We have performed Suzuki reaction on
DNA duplex formed by ONs 10/11 and complementary C-rich ON 21. RP-HPLC analysis of
the reaction mixture reveals the duplexes formed were completely unreactive. Thus it
concludes that position of IdU labeling on the double-stranded DNA does not influence the

reactivity of Suzuki reaction.

C-rich ssDNA ON (21) Suzuki-Miyaura

7 N \_ Anealing | cross-coupling
|

NaCI/KCl m a, Pd(OAC)y(L),

/\/J\ — —— > No reaction
90°C-0°C  IdU-modified dSDNA  Tris-HCI (pH = 8.5)

ldU-modified G-rich (12621/15021/17021) 37 °C, 3-12 hr
ssDNA ONs (12/15/17) NH,
L= NJ§N N1

B

| a=
NaO/I\/\ONa o) OH

Scheme 3.3.Suzuki—Miyaura cross-coupling reaction on iodo-modified dsDNA with benzofuran
boronic acid (a) in presence of 100 mM salt (NaCI/KCI).

111



Chapter 3

8 —— 18421 in NaCl 8 ——18+21in KCl
A ———12+21in NaCl B ——12+21 in KCI
6 6
=) °
4 4
S S
E g,
2% 2%
1%
£ 04 504
2 =3
w w
2 24
44 4
-6 T T T T T T T -6 T T T T T T T
200 220 240 260 280 300 320 340 200 220 240 260 280 300 320 340
Wavelength (nm) Wavelength (nm)
10
——19+21 in NaCl 10 4 ———19¢21 in KCI
81 C ——— 1521 in NaCl . D —15.21inKCl
_— 6 &
= °
= .
E E,
z z
4 £
w- @2
4
-6+
T T T T T T T -8 . . g : . . .
200 220 240 260 280 300 320 340 200 220 240 260 280 300 320 340

Wavelength (nm)

Wavelength (nm)

Figure 3.13. CD spectra of control DNA duplexes (18+21, 1921, 8 uM, black line) and lodo-
modified DNA duplexes (12¢21, 1521, 8 uM, red lines) in aqueous Tris-HCI buffer (50 mM, pH =

8.5) containing either NaCl or KCI.
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Figure 3.14. RP-HPLC chromatograms illustrating no detectable reaction product between
benzofuran boronic acid and iodo-modified dsDNA composed of G-rich DNA ON 12/15/17 and its
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complementary C-rich DNA ON 21. The reaction contained 50 mM Tris-HCI buffer (pH = 8.5) and
100 mM of NaCI/KCI.

3.2.5 Possible reasons for the differences in the reactivity of unfolded, double stranded
and GQ structures

lodo modification at the C5 position of the nucleoside incorporated into DNA duplexes,
should be project in the major grove. The major groove in DNA duplexes is wide (~11.5 A)
but is also deep (~8.5 A). Probably, this restriction in space puts a constraint on the Pd
(OAC)2L> catalyst and or the intermediates in the coupling process to attain the right
geometry. This restriction is somewhat realised in the random unfolded structures and, hence,
we observed reasonable coupling reaction.

The H-Telo ONs used in the study form GQs with three loops formed by TTA bases.
IdU-modified GQs in general produced higher yields of the coupled ON products as
compared to the random coil structure. When IdU was placed at the first dT in each of the
three loops, the coupling efficiency was found to be the best, irrespective the GQ topologies.
Based on the 3D structures, the first dT of each of the loops in antiparallel and hybrid
structures though show subtle differences in their interaction with neighbouring bases, they
are exposed and the C5 iodo group is accessible for coupling reaction (Figure 3.15 and 3.16).
On the other hand, IdU placed at the second dT position of the three loops reacted less
efficiently with the boronic acid substrate. For example, in the antiparallel form, the second
dT in the first loop is almost buried and stacks on the G-tetrad core (Figure 3.15A). While in
the second loop the dT is stacked from one side with adjacent dA (Figure 3.15B), dT in the
third loop is not stacked but is located in the groove wherein there is void space around the
C5 position (Figure 3.15C). Staking interaction can transfer electrons from adjacent guanine
to its neighbouring nucleobase, here 1dU, thereby potentially increasing its nucleophilicity.?®
Increase in nucleophilicity could decrease the efficiency of IdU to undergo oxidation step in
the palladium-catalyzed coupling reaction.?* Hence, electronic and steric effects originating
from the nucleotide conformation results in differences in reactivity exhibited by the ONs

adopting different conformations.
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Figure 3.15. Antiparallel G-quadruplex NMR structure of Telo-22 in Na* solution (PDB ID: 143D).2
A close-up view of stacking interactions of nucleobase in the first, second and third loop region. 2'-
deoxyguanosines are shown in grey, 2'-deoxyadenosines are shown in yellow, first 2'-
deoxythymidines of each loop are shown in red and second 2'-deoxythymidines of each loop are
shown in blue. C5 position of the thymidine residues are shown in cyan color.
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Figure 3.16. Hybrid 1 G-quadruplex structure of Telo-24 in K* solution (PDB ID: 2GKU).> A close-
up view of stacking interactions of nucleobase in the first, second and third loop region. 2'-
deoxyguanosines are shown in grey, 2'-deoxyadenosine are shown in yellow, first 2’-deoxythymidines
of the loop are shown in red and second 2'-deoxythymidines of each loop are shown in blue. 5'
terminal TT residues are shown in the green. C5 position of the thymidine residues is shown in cyan
color.

3.2.6 Changes in ionic conditions do not influence coupling efficiency

It is reported that inorganic salts alter the efficiency of organic reactions such as
Suzuki—-Miyaura cross-coupling, Diels—Alder cycloaddition, Wittig reactions, to name a
few.To test the influence of added salts on the postsynthetic Suzuki—Miyaura cross-
coupling of ONSs, a short 5-iodouridine-modified RNA ON 22,'® which does not form any
secondary structure was reacted with benzofuran boronic acid in the presence of
LiCI/NaCI/KCI (Scheme 3.4). The added salts did not affect the reaction and yields of the
coupled product 22a were similar in different ionic conditions. This observation indicates that
the reaction efficiency is influenced by the conformation adopted by ONs and not due to

added salts.
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boronic acid (a) in the presence of salt (LiCI/NaCI/KCI).
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Figure 3.17. RP-HPLC chromatogram of the reaction mixture of Suzuki—Miyaura cross-coupling
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Table 3.5. Yields for cross-coupled RNA ON product 22a obtained by Suzuki—Miyaura reaction
between 1U-modified RNA ON transcripts 22 and benzofuran boronic acid.®

Salt Isolated vyield Isolated yield
for 22a (nmol)  for 22a (%)

LiCl 1.85 37

NaCl 1.97 39

KCI 1.63 33

&1 All reactions were performed on a 5 nmole scale of iodo-modified RNA transcripts 22. Yields
reported are with respect to the RNA products isolated after HPLC purification. Concentration and
yield of the product were calculated using the molar absorption coefficient (¢€260) of the RNA product
22a (98553 M*cm™).

3.2.7. Benzofuran-modification introduced by postsynthetic Suzuki reaction
fluorescently distinguishes different GQ topologies: In order to evaluate whether the
modified ONs synthesized by Pd-catalyzed reactions are suitable for downstream biophysical
analysis, benzofuran-modified H-Telo DNA ON 16a was subjected to fluorescence analysis.
ON 16a containing the label at the 1% dT base of the second loop formed respective GQ
topologies in different ionic conditions without hampering the native fold, which was
confirmed by CD analysis (Figure 3.18). We then recorded the fluorescence spectra of the
ON in the presence of K* or Na* ions by exciting the samples at 330 nm. The duplexes made
of ON 16a in KCI and NaCl exhibited very low fluorescence (Figure 3.19). The mixed
hybrid-type GQs (hybrid 1 and 2, blue line) formed by 16ain KCI exhibited ~6-fold
enhancement in fluorescence intensity with a red shift in emission maximum (dem = 434 nm)
as compared to the duplex form (lem for 16a+21 is 427 nm). Antiparallel topology displayed
further enhancement in fluorescence intensity (~14-fold, black line) compared to its duplex
form. The probe also distinguished between hybrid 1 and hybrid 2 forms (Figure 3.19).
While ON 5a, which predominantly forms a hybrid 1 structure in KCI, displayed an intense
emission band (magenta line), nearly 5-fold higher than the hybrid 2 structure formed by ON
8a (red line). ON 16a, as before, showed intermediate fluorescence as this sequence forms
both hybrid 1 and 2 forms in KCI (blue line). The ability of the probe to fluorescently
distinguish different GQ topologies is due to the differences in the microenvironment of the
probe in different conformations.*® Collectively , these results clearly indicate the usefulness

of Pd-catalyzed cross-coupling reactions in constructing ONs labeled with functional probes.
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Figure 3.18. CD spectra of (A) GQs of BFdU-modified H-Telo DNA ONs 5a (hybrid 1), 8a (hybrid
2) and respective unmodified H-Telo DNA ONs 18 and 19 in KCI. (B) GQs of BFdU-modified H-
Telo DNA ON 16a, unmodified H-Telo DNA ON 20 and corresponding duplexes (16a+21, 20+21) in
different ionic conditions. CD spectra of ON samples (5 uM) were recorded in 10 mM Tris-HCI
buffer (pH 7.5) containing 100 mM KCI or 100 mM NaCl. 16a and 20 in NaCl forms antiparallel GQ
structure (black lines) and in KCI hybrid type structures (red lines). Duplexes are shown in blue lines.
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3.3 Conclusion

In conclusion, we have successfully performed the postsynthetic Suzuki—Miyaura cross-
coupling reaction on various DNA conformations, including random unfolded, GQs and
duplex DNA. The difference in reactivity displayed by different DNA conformations mainly

depends on the position of 1dU label in the loop and electronic and steric environment around
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IdU. Overall this study shows that postsynthetic Suzuki—Miyaura cross-coupling reaction
works in a conformation-dependent manner and conformational selectivity of the reaction
decreased in the order of: GQ topology > single-stranded DNA and no reaction with double
stranded DNA. Given the compatibility of 5-halo-2’-deoxyuridine (e.g., BrdU) with the
metabolic machinery of living cells,?®?" this postsynthetic Suzuki—Miyaura cross-coupling
could be potentially used to install probes in a conformation-selective fashion to detect the

presence of GQs in cellular environment.

3.4 Experimental section

3.4.1 Materials: 5-iodo-2'-deoxyuridine (1) was purchased from TCI Chemicals (India) Pvt.
Ltd. DMTr-ClI, N,N-diisopropylethylamine, benzofuran boronic acid (a), 2-cyanoethyl N,N-
diisopropylchlorophosphoramidite, 2-aminopyrimidine-4,6-diol (ADHP, L) and Pd(OAc):
were purchased from sigma aldrich. DMAP was purchased from alfa aesar. N-benzoyl-
protected dA, dT and N,N-dimethylformamidine-protected dG phosphoramidite substrates for
solid phase oligonucleotide synthesis were purchased from ChemGenes and Proligo. All
other reagents and solid-supports required for oligonucleotide (ON) synthesis were purchased
either from ChemGenes or from Sigma-Aldrich. Unmodified DNA ONs 18-21 were
purchased from Integrated DNA Technology, and purified by denaturing polyacrylamide gel
electrophoresis (PAGE). ONs were desalted using Sep-Pak Classic C18 cartridges (Waters

Corporation). Autoclaved water was used in all biochemical reactions.

3.4.2 Instrumentation: NMR spectra were recorded on a 400 MHz Jeol ECS-400 and
Bruker Avance 11l HD Ascend 400 MHz spectrometer. Modified DNA oligonucleotides were
synthesized on an Applied Biosystems RNA/DNA synthesizer (ABI-394).Mass
measurements were done using Applied Biosystems 4800 Plus MALDI TOF/TOF analyzer
and ESI-MS Waters SYNAPT G2-Si Mass Spectrometry instrument in negative mode. HPLC
analysis of ONs was performed using Agilent Technologies 1260 Infinity HPLC. UV-thermal
melting analysis of ONs was performed on a Cary 300Bio UV-Vis spectrophotometer. CD
spectra were recorded on a JASCO-J-815 CD spectrometer. Absorption spectra were

recorded on a PerkinElmer, Lambda 45 UV-Vis spectrophotometer.

3.4.3 Synthesis of 5-iodo-modified uridine phosphoramidite substrate 3
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3.4.3.1 5-lodo-5'-DMT-protected-2'-deoxyuridine 2: 5-lodo-2'-deoxyuridine 1 (1 g, 2.82
mmol, 1 equiv.), DMAP (172 mg, 1.41 mmol, 0.5 equiv.), DMTrCI (1.43 g, 4.24 mmol, 1.5
equiv.) were taken in a round bottom flask. Dry pyridine (30 mL) was added to it and
reaction mixture was stirred at room temperature (RT) overnight. After completion of the
reaction, solvent was evaporated under vacuo. The crude residue was purified by column
chromatography to afford the pure compound 2 as an off-white solid. (1.35 g, 70%). TLC
(MeOH:CHCls = 5:95 containing few drops of EtsN); Ri = 0.33; *H NMR (400 MHz, CDCls)
8 (ppm) 8.11 (s, 1H), 7.42 (d, J = 8 Hz, 2H), 7.34-7.28 (m, 6H), 7.23-7.20 (m, 1H), 6.85—
6.83 (m, 4H), 6.34 (dd, J = 5.8, 7.8 Hz, 1H), 4.57-4.55 (m, 1H), 4.12-4.11 (m, 1H), 3.79 (s,
6H), 3.37 (s, 2H), 2.53-2.48 (m, 1H), 2.29-2.23 (m, 1H); *C NMR (100 MHz, CDCls) &
(ppm) = 158.64, 144.42, 144.18, 135.61, 135.60, 135.43, 130.14, 130.10, 128.09, 127.02,
113.37, 86.95, 86.42, 85.51, 72.20, 63.68, 55.29, 41.54. HRMS (m/z): Calculated for
CsoH29IN20O7Na [M+Na]*™ = 679.0917, found: 679.0916.

3.4.3.2 5-lodo-2'-deoxyuridine phosphoramidite substrate 3: 5'-O-(4,4'-Dimethoxytrityl)-
2'-deoxy-5-iodo-2'-deoxyuridine(328 mg, 0.5 mmol, 1 equiv) was dissolved in dry DCM (4
mL). To this clear solution diisopropylethylamine (523 pL, 3 mmol, 6 equiv) was added and
stirred for 30 min at RT. Next, 2-cyanoethylchloro-N,N-diisopropylphosphoramidite (167
pL, 0.75 mmol, 1.5 equiv) was added slowly under nitrogen. The reaction mixture was stirred
for 1 h under nitrogen at RT. After completion of the reaction, reaction mixture was purified
by column chromatography to afford the product 3 as a white foamy solid. (316 mg, 75%).
TLC (Acetone:cyclohexane=40:60 with few drops of EtsN);R =0.47; *H NMR (400 MHz,
CDCls3) & (ppm) (diastereomers ratio = 1:0.5); *H NMR for major diastereomer: 8.14 (s, 1H),
7.42 (br.s, 2H), 7.32 (br.s, 6H), 7.24 (br.s, 1H), 6.86-6.84 (m, 4H), 6.31 (br.s,1H), 4.62 (br.s,
1H), 4.21 (s, 1H), 3.80 (s, 6H), 3.64-3.53 (m, 4H), 3.42-3.31 (m, 2H), 2.70-2.68 (m, 1H),
2.62 (br.s, 2H), 2.31-2.28 (m, 1H), 1.17-1.06 (m, 12H); 3P NMR (162 MHz, CDCls): §
(ppm) 149.55, 149.09; HRMS (m/z): Calculated for C3gHssIN4OgPNa [M+Na]* = 879.1995,
found: 879.1996.

3.4.4 Solid-phase synthesis of modified DNA ONSs: IdU-modified DNA ONs were
synthesized on a 1.0 umol scale (1000 A CPG solid support). Phosphoramidite 3 was site-
specifically incorporated into the ONs by a standard DNA ON synthesis protocol. After the

final detritylation step, the solid support was treated with a 30% aqueous solution of
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ammonium hydroxide for 48 h at RT. The aqueous ammonium hydroxide solution was
evaporated to dryness on a Speed Vac, and deprotected ON products were purified by 20%
polyacrylamide gel electrophoresis under denaturing conditions. Respective modified ON
products were visualized by UV shadowing; product bands were excised from the gel and
transferred to a Poly-Prep column (Bio-Rad). The gel pieces were crushed with a sterile glass
rod, and ONs were extracted in sodium acetate buffer (0.3 M, 4 mL) for 12 h. The resulting
solutions were filtered and desalted using Sep-Pak classic C18 cartridges (Waters).

3.4.5 Mass analysis of DNA ONs

3.4.5.1 MALDI-TOF: Sample for mass analysis was prepared by combining 1 pyL of the
modified DNA ON (~500 uM), 3 pL of DNA standard (100 pM, 18-mer) and 5 uL of a
mixture of saturated 3-hydroxy picolinic acid and 100 mM ammonium citrate buffer (pH 9, in
the ratio of 9:1). The sample was desalted using ion-exchange resin (Dowex 50W-X8, 100-
200 mesh, ammonium cation form), spotted on the MALDI plate, and was air dried.
Depending on the peak intensity the ratio of DNA ON and internal DNA standard was
varied. MALDI-TOF spectra are calibrated relative to the +1 and +2 ions of an internal 18-
mer DNA ON standard (m/z for +1 and +2 ions are 5466.6 and 2733.3, respectively).

3.4.5.2 ESI-MS: ESI-MS analysis was performed in negative mode by injecting DNA
oligonucleotide (0.5 nmol) dissolved in 50% acetonitrile in an aqueous solution of 10 mM

triethylamine and 100 mM hexafluoro-2-propanol.

3.4.6 CD measurement: The CD spectrum was recorded from 200 to 350 nm on a J-815 CD
spectropolarimeter (Jasco, USA) using 1 nm bandwidth at 20 °C. Each CD profile is an
average of three scans collected at a scan speed of 100 nm min. CD measurements were
performed in duplicate and all spectra were corrected using an appropriate blank solution in
the absence of ONE.

3.3.6.1 G-quadruplex DNA conformation: Respective DNA conformations were made by
annealing 1dU-modified DNA ONs 12/15/17 (8 uM) and control unmodified H-Telo DNA
18-20 (8 uM) at 90 °C for 3 min in Tris-HCI buffer (50 mM, pH = 8.5) containing either 100
mM NaCl or 100 mM KCI. To obtain the parallel conformation, IdU-modified DNA ON 12
and unmodified DNA ON 18 were annealed at 90 °C for 3 min in 50 mM Tris—HCI buffer
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(pH 8.5) containing 40% PEG 200 and 100 mM KCI. All the solutions were slowly cooled to
RT and kept in an ice bath for at least 1 h.

3.3.6.2 Duplex DNA: The corresponding IdU-modified (12421, 15¢21) and unmodified DNA
duplexes (1821, 1921) were prepared by heating a 1:1.1 mixture of H-Telo DNA ONs
12/15/18/19 (8 uM) and complementary C-rich DNA ON 21 (8.8 uM) at 90 °C for 3 min in
50 mM Tris-HCI buffer (pH 8.5) containing either 100 mM NaCl or 100 mM KCI. The
solutions were slowly cooled to RT and kept in an ice bath for at least 1 h.

3.4.7 Thermal melting analysis: 1dU-modified and unmodified DNA ONs (1 uM) were
annealed similarly like CD samples and thermal melting analysis was performed usingCary
300 Bio UV-Vis spectrophotometer. The temperature was increased from 20 °C to 90°C at 1
°C/min and the absorbance was measured every 1 °C interval at 295 nm.

3.4.8 Suzuki—Miyaura cross-coupling reaction condition and purification

The percentage of DMSO kept 20% v/v in the reactions and reaction performed at 37 °C
temperature. The reaction mixture was filtered using a spin filter (0.45 pm pore size) and was
further washed with 50 pL of water. The filtrate was analyzed by RP-HPLC (Phenomenex-
Luna C18 column, 250 x 4.6 mm, 5 micron). Mobile phase A: 50 mM TEAA buffer (pH 7.0),
mobile phase B: acetonitrile. Flow rate: 1 mL/min. Gradient: 0—30 % B in 35 min, 30—100%
B in 10 min and 100% B for 5 min. The run was monitored by UV absorption at 260 nm.
Each peak was collected and freeze-dried.

3.4.8.1 Reaction on IdU-modified DNA ON 4-17 in presence of different salt: 1dU-
modified G-rich DNA ONs 4-17 (2.5 nmol, 50 uM, 1 equiv) in 10 pL of Tris-HCI buffer (50
mM, pH 8.5) containing 100 mM salt (LiCI/NaCI/KCI) and 8.75 uL of DMSO was taken in
0.5 mL of eppendorf. Reaction mixture was annealed by heating at 90 °C for 3 min. The
samples were cooled to RT and kept in an ice bath for at least 1 h. Further, benzofuran
boronic acid a (1 nmol, 2.5 mM, 50 equiv) was added to the above solution. The reaction was
initiated by adding catalyst Pd(OAc).L. (0.1 mM, 2 equiv).Reaction was incubated at 37 °C
for 3 hr.

3.4.8.2 Reaction on duplex DNA: ldU-modified G-rich DNA ONs 12, 15 and 17 (2.5 nmol,
50 uM, 1 equiv) and complementary C-rich DNA ON 21 (2.75 nmol, 55 uM, 1.1 equiv) in 10
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uL of Tris-HCI buffer (50 mM, pH 8.5) containing either NaCl or KCI (100 mM) and 8.75
uL of DMSO was taken in 0.5 mL of eppendorf. Reaction mixture was annealed by heating
at 90 °C for 3 min. The samples were cooled to RT and kept in an ice bath for at least 1 h.
Further, benzofuran boronic acid a (2.5 mM, 50 equiv).The reaction was initiated by adding
catalyst Pd(OAc)2L2 (0.1 mM, 2 equiv). Reaction was incubated at 37 °C for 3—12 hr.

3.4.8.3 Reaction on 10-ntiodo-modified RNA 22: IU-modified RNA 22 (5 nmol, 100 uM, 1
equiv) in 10 uL of Tris-HCI buffer (50 mM, pH 8.5), 8.75 uL of DMSO was taken in 0.5 mL
of eppendorf. Reaction mixture was annealed by heating at 90 °C for 3 min containing 100
mM salt (LiCI/NaCI/KCI). The samples were cooled to RT and kept in an ice bath for at least
1 h. Further, benzofuran boronic acid a (5 mM, 50 equiv). The reaction was initiated by
adding catalyst Pd(OAc).L> (0.2 mM, 2 equiv). The reaction was incubated at 37 °C for 3 h.

3.4.9. Detection of GQ structures by fluorescence. H-Telo ONs 5a/8a/16a (0.5 uM) were
annealed at 90°C for 3 min in 10 mM Tris—HCI buffer (pH 7.5) containing either 100 mM
KCI or 100 mM NaCl. To obtain a DNA duplex (16a<21), ON 16a and complementary C-
rich ON 21 was assembled by heating a 1:1.1 mixture in 10 mM Tris—HCI buffer (pH 7.5)
containing either 100 mM KCI or 100 mM NaCl at 90 °C for 3 min. All the samples were
then cooled slowly to attain RT and placed in an ice bath for 1 h. Each Sample was excited at
330 nm with excitation and emission slit widths of 5 nm and 6 nm, respectively. All
fluorescence experiments were performed in triplicate with appropriate blank corrections in a
micro fluorescence cuvette (path length 1.0 cm, Hellma) on a Horiba Jobin Yvon,
Fluorolmax-4 at 20 °C.
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3.6 Appendix-I1: Characterization data of synthesized compounds

'H NMR (400 MHz) of compound 2 in CDCls containing 0.3 v/v% of TMS. Triplet at 1.26 ppm and
quartet at 2.90 ppm correspond to EtsN.
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H NMR (400 MHz) of compound 3 in CDClIs containing 0.3 v/v% of TMS. (diastereomers ratio =
1:0.5).
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ESI-MS of compound 3
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RP-HPLC chromatogram of PAGE purified IdU-modified DNA ONs 4-17 at 260 nm.
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ESI-MS (-ve mode) spectra of 1dU-modified H-Telo DNA ONs (A) 4,(B) 5, (C) 6, (F) 9;
MALDI-TOF spectra of IdU-modified H-Telo DNA ONs (D)7, (E) 8. See Table 3.1 for

details.
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ESI-MS (-ve mode) spectra of IdU-modified H-Telo DNA ONs (A) 10, (D) 13;MALDI-TOF
spectra of IdU-modified H-Telo DNA ONs (B)11, (C) 12, (E) 14,(F) 15.See Table 3.1 for

details.
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(A) ESI-MS (-ve mode) spectrum of IdU-modified H-TeloDNA ON16. (B) MALDI-TOF
spectrum of IdU-modified H-TeloDNA ON 17. See Table 3.1 for details.
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E) 8, (F) 9a.See Table 3.4 for details.

ESI-MS (-ve mode) spectra of BF-modified H-Telo DNA ONs (A) 4a,(B) 5a,(C) 6a, (D) 7a,
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ESI-MS (-ve mode) spectra of BF-modified H-Telo DNA ONs (A) 10a, (D) 13a,(E) 14a.

MALDI-TOF spectra of BF-modified H-Telo DNA ONs (B) 11a, (C) 12a, (F) 15a. See
Table 3.4 for details.
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MALDI-TOF spectra of BF-modified H-Telo DNA ONs (A) 16a, (B) 6a.See Table 3.4 for

details.
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Chapter 4

Supramolecular Synthons Made of an Environment-
Sensitive Fluorescent Nucleoside Exhibits Interesting
Emission Properties Upon Self-Assembly

4.1 Introduction

Building blocks of nucleic acids such as nucleobase, nucleoside, nucleotides and their
derivatives are desirable candidates for developing supramolecular self-assemblies as they
retain their recognition feature and are easily scalable.> Among the nucleobases, guanine can
form variety of self-assemblies because it has two hydrogen bonding faces, namely Watson-
Crick and Hoogsteen (Figure 4.1A).2* The most common self-assembly motifs of guanine
unit are shown in Figure 1. In the absence of any cation, guanine assembles into G-ribbon 1
and G-ribbon Il architecture (Figure 4.1B). Addition of cations such as K*, Na" allows
guanine to adopt planar G4-quartets, composed of four guanine bases, which are

noncovalently linked together by eight intermolecular hydrogen bonds (Figure 4.1C).

A) B) G-Ribbon

«f*}\ V{H ({\H |

HO
k % R = H (deoxyguanosine) /}“N Q \N)\N\'

N N H

OH (guanosine)

HO R R " Ribbon | R
v Y\[;[ i R—N N
G R"N/\\'N N y
C) G-quartet )4%, H —\_o., ‘N-H
) N—H N 'H
M*=K*, Na* >— W, @ N =0.., N-H SN N
R' = Ribose/ ‘ N, N4 N Moo= N
2'-deoxyribose f\ ”“H’N‘H H.,,,ojgj‘(w H —
2 N N- N N-R'
Ny R - . >/
< )\ ~ N« N-R' Ribbon i

Figure 4.1.Structures of (A) guanosine and deoxyguanosine. (B) G-Ribbon type I and type II.
(C) G-quartet.

While lot of work has been done on unsubstituted guanine,* sugar substituted lipophilic
guanine derivatives have received much more attention in the supramolecular chemistry.>®

There are numerous reports where supramolecular behaviour of the lipophilic guanine
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derivatives has been well explored in solution”® as well as in gel state.'®*® Lipophilic
guanine derivatives with proper hydrophilic and hydrophobic balance form gel network even
in the absence of added cations. Guanine and lipophilic guanine derivatives are especially
attractive in the supramolecular field due to their potential applications in drug delivery,'” 2
nanotechnology,?! 24 synthetic ion channels?*~3° and so on.

In spite of the immense development in the area of guanine-based supramolecular
self-assemblies, use of fluorescently modified lipophilic guanine derivatives in developing
responsive fluorescent organogels has not been well explored. Attachment of aryl groups can
be a convenient choice to develop such fluorescently modified synthons for constructing the
fluorescent supramolecular assemblies, which can also provide an additional noncovalent
interaction such as n—m stacking. To accomplish this, we envision to incorporate a suitable
aryl moiety, which could impart fluorescence as well as offer the opportunity to modulate the
self-assembly using external stimuli.

In chapter 2, we have gained an understanding of the power of palladium-mediated
cross-coupling reaction to generate the environment-sensitive nucleoside analogs. Herein, we
have used palladium-mediated cross-coupling reaction to develop a new fluorogenic
nucleolipids containing environmentally-sensitive fluorescent deoxyguanosine nucleoside
analogs. The fluorophore is based on a (E)-8-(2-(benzofuran-2-yl)vinyl)-guanine core (Figure
4.2), which serves as the head group and alkyl chain, attached at 3’-O and 5’-O-positions of
the sugar serves as the lipophilic group. Here we have chosen to attach acyl, myristoyl and
palmitoyl group to the sugar residue, which provides lipophilicity to the molecule. The
fluorescent deoxyguanosine nucleolipid hinders the crystallization process in guanosine
hydrogel, thereby facilitating the formation of a stable co-gel with modulated mechanical
properties. Further, the responsiveness of fluorescent deoxyguanosine nucleolipids containing
longer fatty acid chain (myristoyl and palmitoyl) was used to develop chemo-and thermo-

responsive smart materials.

4.2 Design of fluorescent deoxyguanosine nucleolipids

Recently from our group, we have reported a fluorescent uridine based nucleolipid, which
shows excellent supramolecular behavior.3! Heterobicycles such as benzofuran and
benzothiophene were attached at the C-5 position of uracil ring via rotatable aryl-aryl bond,
which upon self-assembly show aggregation-induced enhancement in fluorescence. However,

such a fluorescent environment-sensitive moiety was not employed in case of other
137
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nucleosides such as deoxyguanosine. In order to address this, we have envisioned to attach 2-
vinylbenzofuran moiety at the C-8 position of 2'-deoxyguanosine. We have taken advantage
of the power of Pd-mediated Suzuki-Miyaura cross-coupling reaction to develop
environment-sensitive fluorescent deoxyguanosine nucleolipids (Figure 4.2). Attachment of
aryl moiety could impart fluorescence properties and additional m—m stacking interaction
without affecting the Watson-Crick H-bonding of the native nucleoside. Coupling of various
fatty acids at 3’-O- and 5'-O-positions of 2'-deoxyguanosine could facilitate the hydrophobic
interaction during the self-assembly process. Interestingly, the presence of a trans double
bond (circled in pink color) could provide an extra handle to control the self-assembly

process by using light as an external stimulus.

Fluorescent environment-

0
WB‘Ot sensitive nucleolipid
0 4

(E)—Z-(Z-(ben;ofuran-2—yl)vinyl) O/)o@ %
pinacol boronic ester %,

Y
5, ©,
O O’f'g;’)o' photo-switchable
& %~ handle

a_,

(/ /]\ i) Pd-mediated

cross-coupling

HO
. . additional n—r stacking
o i) Alcoh_ol-amd & imparts fluorescence
coupling
OH
2'-deoxyguanosine n
O
WOH
fatty acid

Figure 4.2. Design of self-assembling fluorescent deoxyguanosine nucleolipid.

4.3 Results and discussion

4.3.1 Synthesis and characterization of lipophilic derivatives of (E) 8-(2-(benzofuran-2-
ylvinyl)-2'-deoxyguanosine: Synthesis of the lipophilic derivatives of (E) 8-(2-(benzofuran-
2-ylvinyl)-2'-deoxyguanosine (4-5) was performed in two steps from 8-bromo-2'-
deoxyguanosine 1 (Scheme 4.1 and 4.2). Fluorescent nucleoside 3 (trans BFVdG) was
prepared by Suzuki—Miyaura cross-coupling reaction between 8-bromo-2’-deoxyguanosine
and (E)-2-(2-(benzofuran-2-yl)vinyl) pinacol boronic ester (2)*? using Pd(OAc). and water-
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soluble TPPTS ligand (Scheme 4.1). Further, 3" and 5’ hydroxyl groups of the sugar residue
of nucleoside 3 were reacted with acetic anhydride to yield the acylated product OAcBFVdG
(4) in good yields. To synthesise lipophilic deoxyguanosines containing longer alkyl chains
(5 and 6), the hydroxyl groups of the sugar residue of nucleoside 3 were coupled with
myristic and palmitic acid using EDC-HCI to yield OmyrBFVdG (5) and OpalBFVdG (6)
(Scheme 4.2). The trans configuration of the double bond in the fluorescent nucleoside
derivatives (3-6) was confirmed by determining the coupling constant between the alkene
protons (J = 15.2-15.6 Hz, see 'H NMR data in the experimental section).

N
NH
7
Br—<N L & PA(OAC),, TPPTS  H N/QJ})\/\(D
N” “NH, /
HO /B, Na,COs, ACN:HZO
o + b o
5 100 °C, 6 hrs, 66%

HO
) HO

(OAC),0 HzN*Ji’ %
Et3N DMAP O
DMF RT j/
overnight, 83%
(o} OAcBFVdG (4)

Scheme 4.1. Synthesis of (E)-diacetyl 8-(2-(benzofuran-2-yl)vinyl)-2’-dG (OAcBFVdG, 4), TPPTS =
triphenylphosphan-3,3’,3"-trisulfonate; DMAP = 4-dimethylaminopyridine.

N (0]

o]
Ui~ ﬁ /
HzN/k\N/ W\(D HscH‘COOH HN/k M(D

HO EDC.HCI, DMAP, DMF ©
o RT, overnight E
HsC
HG o n = 12 (OmyrBFVdG, 5, 82%)
3 m 14 (OpalBFVdG, 6, 91%)
O "CH,

Scheme 4.2. Synthesis of lipophilic derivatives of 8-(2-(benzofuran-2-yl)vinyl)-2'-dG (OmyrBFVdG,
5 and OpalBFVdG, 6) EDC-HCI = 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride;
DMF = N,N-dimethylformamide.

Modification at the C-8 position of guanine nucleoside  results
in anti to syn conformational change about the glycosidic bond (N9-C17).33738 This shift in the

conformation is because of the steric clash between the substituent at the C-8 position and 5’
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OH group of the sugar residue. This conformational change can be characterized by using
NMR spectroscopy. An anti to syn conformational change results in a downfield shift of the
'H2' signal, but an upfield shift of the 'C2’ signal as compared to that of a native
nucleoside.®"*®® According to this analysis, compound 3 and 4 prefers syn conformation
(Figure 4.3 and 4.4, Table 4.1 and 4.2). Furthermore, 2D NOESY analysis of compounds 3
and 4 shows, strong cross peak between anomeric proton (H1') and vinyl proton (Ha) (see
appendix Il for 2D NMR spectra). These results further confirm the syn glycosidic
conformation of 3 and 4.

o | Li

l'*]d S ,,""'k,ﬁ‘iislt,J&iﬂiﬁh‘ﬂ\ ,,,-‘LL A )‘L, M

© !

(B) ,‘lx Ji‘ﬂ J L&\_"“ "LA. *._, LA L

- ol UL

120 115 11.0 105 100 95 90 85 80 75 7.0 65 60 55 50 45 40 35 30 25 20 15 10 05 00
Chemical Shift (ppm)

Figure 4.3.'H NMR spectra for (A) (E)-diacetyl-8-(2-(benzofuran-2-yl)vinyl)-2’-deoxyguanosine
(OACBFVUG, 4), (B) 8-bromo-2'-deoxyguanosine (BrdG), (C) (E) 8-(2-(benzofuran-2-yl)vinyl)-2'-
deoxyguanosine (trans BFVdG, 3), (D) 2’-deoxyguanosine (dG).
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Figure 4.4. Partial *H NMR spectra (A) (E)-diacetyl-8-(2-(benzofuran-2-yl)vinyl)-2’-deoxyguanosine
(OACBFVUG, 4), (B) 8-bromo-2'-deoxyguanosine (BrdG), (C) (E) 8-(2-(benzofuran-2-yl)vinyl)-2'-
deoxyguanosine (trans BFVdG, 3), (D) 2'-deoxyguanosine (dG). Blue arrow represents H2a proton of
sugar residue, which is getting more downfield in case of compounds 3, 4 and BrdG compared to
native nucleoside dG.

Table 4.1. 'H NMR data for compounds 3, 4, dG and BrdG.

Compound N1-H Vinyl- Vinyl- N2- 1-H 3-H 4'-H 5-H 5- 2-H 2'-H

H H H H

dG 1062 - - 645 611 432 380 355 349 250 2.8
3 1075 7.50 741 654 637 444 387 374 367 276 213
BrdG 1079 - - 648 615 439 379 362 349 316 2.09
4 1081 755 729 6.58 643 543 444 430 427 323 244

Table 4.2. *C NMR data for compounds 3, 4, dG and BrdG.

Compound C4' C1'” C3' C5 (2

dG 876 826 708 618 39.6

3 876 829 708 618 39.0
BrdG 879 851 710 621 365
4 833 815 743 637 352

Proton and carbon signals are in ppm. Spectra were standardized with respect to ds-DMSO.
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4.3.2 Self-assembly of OAcBFVAG (4) in solution

The self-assembly behaviour of acetylated BFVdG 4 was studied by using 'H NMR in
deuterated solvents such as DMSO and chloroform at two different concentration. In de-
DMSO at 5 mM and 30 mM concentration compound 4 shows sharp and well-defined signals
for all the protons, which is indicative of the presence of monomeric form (Figure 4.5A and
4.5B).3940 Similarly, compound 4 in CDCls at 5 mM concentration is in the monomeric form
(Figure 4.5C). However, at higher concentration, amino N2-H protons of compound 4, which
resonates at 5.94 ppm in 5 mM solution, shift downfield to 6.43 ppm in a 30 mM solution,
(compare figure 4.5C and 4.5D). This shows that amino N2-H protons are hydrogen-bonded
only at higher concentration and forms loosely bounded aggregates.***? It is known that
guanosine derivatives in the presence of metal ions such as K™, facilitate the formation of
stacked G-tetrad such as octamers, hexadecamers, and higher-ordered aggregates in organic
solvents.**¢ When a weighed amount of KI (~20 equiv) is added to a CDCls solution of 4 (5
and 30 mM), we observed a single sharp peak at 13.08 ppm corresponds to imino N1-H
proton. The amino N2-H signal becomes unobservable broad at room temperature.
Importantly, we did not observe the doubling of signals in the *H NMR, which is indicative
of the formation of D4-symmetric octameric structure (Figure 4.5E, 4.5F, 4.6). This finding is
consistent with previously reported literature for such an octameric structure, which

eventually forms a columnar aggregate.>*
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Figure 4.5. Partial 'H NMR of OAcBFVdG (4) in different deuterated solvents solvent. (A) ds-
DMSO (5 mM). (B) ds-MeOH-d4 (5 mM). (C) CDCls (5 mM) (D) CDClIs (30 mM) (E) CDCls (5
mM) + Kl (F) CDCIs (30 mM) + KI. ~ 20 equivalent of KI is used in this study and sample was
equilibrated for 4 h at room temperature.

Table 4.3. *H NMR (400 MHz) chemical shifts (ppm) for solutions of 4 in different deuterated
solvents at room temperature (See the figure 4.5 for details).

Solvent Concentration of NH(1) ppm NH(2) ppm
4 (mM)

de-DMSO 5 10.81 6.58
de-DMSO 30 10.80 6.58
CDCls 5 n.d 5.94
CDCls 30 12.07 (br.s) 6.43
CDCls+KI 5 13.08 n.a.

CDClz + Kl 30 13.08 n.a.

Further, the NMR spectrum of 4 (30 mM) in CDCIs was recorded as a function of
increasing concentration of KI, which resulted in the gradual formation of the D4-symmetric

octameric structure (Figure 4.6 and Figure 4.7).

G-quartet G-octamer
Q=K
Right Left
Columnar aggregates
(A) (B) (C)

Figure 4.6. Self-assembly of lipophilic guanine derivatives. (A) The G-quartet formed by 4, (B)
Representation ofthe octameric G8-M™, (C) polymeric chiral columnar aggregates (G4-M*), formed
by a stack of G-quartets held together by K* (shadowed spheres).
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Figure 4.7. Partial 'H NMR of OAcBFVdG (4,30 mM) with increase in molar equivalent of
potassium iodide (K1) in CDCls. (A) 0, (B) 0.13, (C) 0.5, (D) 2. Each sample was equilibrated for 4 h
at room temperature.

CD technique is ideal for following the process of the association from the isolated
molecules to the formation of supramolecular aggregate, and also it allows the determination
of the handedness of the cholesteric superhelix.**>! We have performed CD analysis of
compound 4 in chloroform at two different concentration. Compound 4 at 5 mM
concentration shows a positive peak around 420 nm and a weak negative peak around 410
nm. While at 30 mM concentration, it shows the negative peak at 440 nm and weak positive
peak at 430 nm (Figure 4.8A). This shows that compound 4 is possibly in a random
assembled state as seen in 1H NMR (Figure 4.5).** When KI was added to a solution of
compound 4 (5 mM and 30 mM) in chloroform, the spectrum gradually changes to a much
stronger monosignate spectrum which is characteristic of the cholesteric phase (Figure
4.8B).52% A cholesteric phase is formed by the chiral arrangement of chiral columnar
aggregates (Figure 4.6C).>* Interestingly, compound 4 at 5 mM and 30 mM concentration in
the presence of KI shows a strong monosignate positive peak (430 nm), and strong
monosignate negative peak (440 nm), respectively. This indicates that, in presence of KI,
compound 4 at 5 mM shows the formation of right-handed cholesteric phase, whereas at 30
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mM it adopts left-handed cholesteric phase (Figure 4.8B). These results are quite surprising
to us, as changing the concentration of 5 mM to 30 mM, we observed change in the

handedness of the cholesteric phase, from right-handed to left-handed.
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Figure 4.8. CD spectra for compound 4. (A) at 5 and 30 mM in chloroform. (B) at 5 and 30 mM in
chloroform in the presence of 20 equivalent of potassium iodide (KI). Spectra were collected from
500 to 220 nm on a Jasco J-815 CD spectrometer using 1 nm bandwidth at 25°C. Experiments were
performed in duplicate wherein each spectrum was an average of three scans. The spectrum of
chloroform without lipophilic deoxyguanosine and K1 was subtracted from all the sample spectra.

4.3.3 Addition of OAcBFVdG (4) stabilizes guanosine gel

Despite the long history of guanosine hydrogels, the major limitation associated with such
gels is their poor stability.>>%® For example, crystallization occurs over a period of time (24
h), which collapses the gel (Figure 4.9). This crystallization happens because the gel-forming
assemblies are generally kinetically trapped and are not the thermodynamically trapped inside
the gel network. Addressing this drawback is very important to advance the utility of
guanosine-based hydrogel gels for biomedical and material applications. In this context, non-
gelling additives (e.g., acylated guanosine) have been used to prevent the crystallization
process and hence, increase the stability of the gel or even provide additional functional
properties.>” Therefore, we hypothesized that mixing guanosine with OAcBFVdG4, which
has the same recognition feature of the native base could provide a heterogeneity to disfavour
the crystallization while still allows the formation of supramolecular self-assembly for

gelation to take place.
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Figure 4.9. Picture showing the crystallization process in guanosine hydrogel (2 wt%).

Fluorescent guanosine derivative 4 does not show any gelation ability in DMSO in the
absence and presence of metal ions (K" and Na*). However, it supports the formation of a
stable gel when mixed with guanosine in the presence of 500 mM KCI. 35 wt% of non-
gelator is the maximum concentration that results in a stable gel, and beyond this
concentration, the gel collapses (Figure 4.10A, Table 4.4). It is important to mention here that
even in the gel state, we could observe fluorescence, and the gel was stable for few months
(Figure 4.10B).

(A) Wt%of G 100% 75% 70% 65% 60% 40% (B) 65%

Wt%of4 0% 25% 30% 35% 40% 60% 35%
few
months
E—
Vials shadowed at 365 nm wavelength No crystallization even

afterfew months

Figure 4.10. (A)Visual appearance of 2 wt% co-gel made from varying ratios of OAcBFVdG (4) and
Guanosine (G) in 500 mM potassium chloride (KCI). (B) Vial showing 2 wt% co-gel (35:65, 4:G) is
stable and no crystallization was observed after a few months.

Table 4.4. Amount of OAcBFVAG (4), guanosine, and DMSO:H,0 proportion required for co-gel
formation.

W1t% of W1t% of viv% of DMSO in
OACBFVdG (4) guanosine (G) H.0

0 100 0 % DMSO in H20
25 75 40% DMSO in H.O
30 70 50% DMSO in H.0
35 65 50% DMSO in H20
40 60 60% DMSO in H20
60 40 60% DMSO in H20
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Next, we checked the fluorescence of the co-gel in assembled and disassembled
states. Interestingly, guanosine gel in the presence of 4, though exhibited a weak
fluorescence, its emission maximum was markedly red-shifted (~510 nm, yellowish color) as
compared to the free analog 4 (Aem = 474 nm) (Figure 4.11). Expectedly, the mixture in
solution state obtained by heating the gel displayed a significant enhancement in fluorescence
intensity with a blue-shifted emission (Aem = 474 nm, cyan color). It is well documented that
guanosine quenches the fluorescence of several fluorophores. Hence, here we believe that
the fluorescent additive 4 is involved in the formation of a fibrous gel network, which results
in the quenching of fluorescence by guanosine and aggregation-induced quenching. However,

it is not clear how the gel formed by this mixture shows significantly red-shifted emission.
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Figure 4.11. Fluorescence spectra for cogel made up 2 wt% gel (35:65, 4:G) in DMSO:H,0
containing 500 mM KCI at two different temperature 25 °C (gel state, Aem = 510 nm) 85 °C (sol state,
dem = 474 nm). The samples were excited at 387 nm with an excitation and emission slit width of 1
nm and 2 nm, respectively.

4.3.4 Percentage of incorporation 4 in co-gel

Next, we wanted to find out the percentage of gelator guanosine and nongelator (4) into the
cogel. For most of the LMWG, it can be expected that not all of the gelator molecules are
incorporated into a gel network, and some may remain in the solution phase.’®%° NMR
spectroscopy can be used to measure the amount of each component, which is incorporated
into the gel network during the assembly process.®®®® When the components are in the
solution phase, peaks correspond to 100% molecules can be observable by *H NMR. When

the components start to assemble, molecules get incorporated into the gel network, and
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broadening of the peaks can be observed in the gel state. Hence, the component which is not
incorporated into the gel network can only be seen in the NMR spectrum. We have performed
variable temperature 'H NMR experiment with the expectation that higher temperature
guanosine and 4 are in the sol phase should be observable by *H NMR. When the temperature
is decreased from 85 °C to 25 °C in steps (with 10 °C increment, 15 min equilibration time)
guanosine and 4 starts to assemble leaving behind some amount of components in sol phase,
which can be detected by *H NMR (Figure 4.12).

857 L_JU"UJ\LL h J LJ\

|
-
|

!

8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5
Chemical Shift (ppm)

Figure 4.12.Variable temperature *H NMR spectrum of 2 wt% co-gel (35:65, 4:G) in the presence of
500 mM KCI. The integration of the internal standard (t-BuOH) peak (green arrow) was compared
with the integration of the G (blue arrow) and 4 (red arrow) anomeric proton (H1') peaks to determine
the percentage of incorporation of each component at the given temperature.
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Table 4.5. Peak integration values for the variable temperature *H NMR experiment. t-BuOH is an
internal standard.

Temp 4 Peak G Peak t-BuOH Percentage Percentage
integration integration  peak gelation gelation
integration  according to 4 according to G

85°C 0.096 0.354 9 0% (assumed) 0% (assumed)
75°C 0.080 0.314 9 17% 11%

65°C 0.047 0.301 9 50% 15%

55°C 0.025 0.297 9 74% 16%

45°C 0.016 0.291 9 83% 18%

35°C 0.008 0.277 9 91% 22%

25°C 0.004 0.197 9 96% 44%

85 °C /A

75°C L
65 °C \

55 °C L
45 °C L
35°C Jpﬁ
25°C l L

650 645 640 635 630 625 6520 615 610 605 600 595 590 585 580 575 6570 565 560 555 550
Chemical Shift (ppm)

Figure 4.13. Zoomed in spectrum from boxed region in Figure 15. The integration of the internal
standard (t-BuOH) peak was compared with the integration of the guanosine (blue arrow) and 4 (red
arrow) anomeric proton (H1’) peaks to determine the percentage of gelation for the given temperature.

The amount of the components left in the sol phase was estimated using the
integration of anomeric protons (H1’, 5.68 ppm for guanosine and 6.32 ppm for 4) w.r.t. an
internal tert-butyl alcohol standard (singlet at 1.07 ppm for three CHz, Table 4.5, Figure 4.12
and 4.13). This experiment shows that at room temperature ca. 44% of available guanosine
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and ca. 96% of available 4 participate in the gel network formation. This indicates that
compound 4 is incorporated into the gel roughly two times as much as that of guanosine.
Although 4 is non-gelator, still it has more incorporation efficiency into the gel network
compared to guanosine. The reason behind the incorporation preference for the 4 is its
preference to adopts a syn-conformation over the anti (Figure 4.14).>%° Previously, it is
reported that syn-conformation helps in gelation process by forming the effective cation-
templated H-bonded self-assembly of stacked G-quartet.!®®* While anti-conformation of
guanosine derivatives hinders the process of gelation. Hence, the syn-conformation of non-

gelator 4 is helping guanosine to form the stable co-gel by forming the effective G-quartet.
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Figure 4.14. Conformational changes in 8-aryl deoxyguanosine from anti to syn due to steric clash
between aryl at the C-8 position and acetyl moiety at 5’ position. A hydrogen bond between amino
proton and oxygen of the acetyl group is shown in red dotted line. The steric effect between aryl and
5" -OH group, and the possibility of a hydrogen bond between N2H and acetyl moiety are the main
forces for molecule 4 to adopt the syn conformation.

4.3.5 Morphology of Guanosine and cogel

e —.

Figure 4.15. FESEM images of xerogel of (A) 2 wt% guanosine and (B) 2 wt% co-gel (35:65, 4:G).

The morphological insight of guanosine gel and co-gel (35:65 wt%, G:4) was
characterized using field emission scanning electron microscopy (FESEM). Xerogel of
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guanosine and co-gel shows completely distinct morphology. Xerogel of guanosine itself
crystallizes and form discontinuous thick sheets having a width around 1 pm (Figure 4.15A).
However, in the presence of nongelator4, the formation of an interconnecting fibrous network
was observed (Figure 4.15B). This dramatic change in morphology can occur on account of a
change in the crystallization kinetics of native gel and thus forming the thermodynamically
stable co-gel. Similar kind of changes in morphology after addition of non-gelator is observed

in the previously reported literature.®

4.3.6 Rheological measurement of co-gel

Next, we investigated how varying ratios of co-monomers 4 and G affect the viscoelastic
properties of the co-gel. Strain sweep experiment shows that these co-gels are stable till 1%
of strain (Figure 4.16). We observed a drastic decrease in storage modulus (G') and loss
modulus (G") with increase in the amount of nongelator 4 (25 to 40 wt%). It is possible that
the tetrads formed by heterogeneous combination of guanosine and acetylated guanosine
analog 4 do not stack efficiently on each other and not support long range ordering resulting
in fibrous gel network with lower mechanical strength.®%1:5¢ This observation is also in line

with the FESEM images of xerogels made of guanosine and a mixture of guanosine and 4.
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Figure 4.16. Strain sweep measurement for guanosine (G) and cogel with varying ratio of 4 and
guanosine performed at constant angular frequency 10 rad/sec.
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4.3.7 Self-assembly of fluorescent deoxyguanosine containing longer fatty acid chains
4.3.7.1 Gelation ability of nucleolipid 5 and 6

Unlike OAcBFVdG 4, myristoyl and palmitoyl-attached nucleolipids 5 and 6 supported the
formation of organogels in DMSO. The nucleolipids were dissolved in DMSO by heating and

were left to come to room temperature. Rewardingly, nucleolipid 5 and 6 formed stable
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fluorescent gels at room temperature even in the absence of any cations such as K*, Na*
(Figure 4.17). The gel-sol interconversion was found to be thermo-reversible over several
cycles of heating and cooling steps. All gels were stable at room temperature for several
months. Ultrasound waves can promote rapid gelation by facilitating the conversion of
intramolecular interactions into intermolecular interactions.®” A hot solution of nucleolipid in
DMSO was subjected to ultrasonication for approximately 1 min, which resulted in the rapid
formation of gels. The gelation ability of nucleolipid was found to depend on alkyl chain
length. Critical gelation concentration (CGC) for nucleolipid 5 containing C14 myristoyl
chain was found to be higher as compared to nucleolipid 6 containing C16 palmitoyl chain
(CGC for 5 = 1 wt%, CGC for 6 = 0.7 wt%). Importantly, in the gel state also nucleolipids
exhibited high fluorescence, which is in contrast to the majority of LMWGs, which lose their

fluorescence upon self-assembly (Figure 4.17).

Figure 4.17. Left pair: photograph of organogels of 2-vinylbenzofuran-modified nucleolipids 5 and 6
in DMSO at the respective CGC values. Middle pair: the same samples under UV illumination (254
nm). Right pair: the same samples under UV illumination (365 nm).

4.3.7.2 Morphology and rheology measurements of nucleolipid gels

FESEM images of xerogel of nucleolipids revealed entangled ribbon-like structures (Figure
4.18). The mechanical properties of organogels of 5 and 6 were investigated by rheological
measurements under constant oscillating frequency with the varying shear strain (Figure
4.19A). At low strain values, storage modulus (G’) of 5 and 6 (2825 and 1720 Pa) was
significantly greater than its loss modulus (G": 366 and 241 Pa). Further, crossover point of
G’ and G" for 5 and 6, where gel transforms into the sol, was observed at around 45% and
20% of the strain, respectively. The effect of variation in angular frequency at a constant
strain (0.05 %) on G’ and G" of the nucleolipid gels was studied. Though frequency sweep
did not significantly affect the G’ and G”, the G’ values were found to be considerably higher

than the G values (Figure 4.19B). These results indicate that nucleolipid gel 5 containing
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C14 myristoyl chain exhibits more mechanical strength in terms of viscoelastic character

compared to 6 containing C16 palmitoyl chain.

Figure 4.18. FESEM images of xerogels of nucleolipid 5 (A) and 6 (B).
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Figure 4.19. Rheological studies for nucleolipid gel 5 and 6 at respective CGC in DMSO. (A) Strain
sweep measurement at a constant angular frequency of 10 Hz. (B) Angular sweep measurement at a
constant strain of 0.05 %.
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4.3.7.3 Driving force for the self-assembly
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Figure 4.20. Structure of nucleolipid 5 and 6 showing the N1 imino H (represented in blue color) and
N2 amino H (represented in red color) and aromatic C-H (represented in pink color) which
participated in hydrogen bonding.
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To evaluate the type of hydrogen bonding interactions that drive the gelation process,
variable temperature *H NMR experiment using 5 and 6 at their CGC values was performed.
For organogel 5, as the temperature of the gel was increased from 25 °C to 75 °C, the N1
imino H (represented in blue color, Figure 4.20) and N2 amino H (represented in red color)
exhibited a significant upfield shift in their signal in the sol state (Ad = 0.19, Ad = 0.20 ppm,
respectively Figure 4.21). Aromatic C-H (represented in pink color, Figure 24) of benzofuran
moiety also showed small upfield shift and sharper signal during the gel-sol transition (Ad =
0.04, Figure 4.21). Similar kind of shift in the protons was also observed in previously
reported organogels.3! Importantly, in the case of organogel 5, at 25 °C we observed peak at
11.95 ppm corresponds to N1 imino H characteristic for G-tetrad formation (Figure 4.21A).
This peak disappears as temperature increases from 25 °C to 75 °C. The progressive change
in the NMR signals of the protons mentioned above is possibly due to loosening or breaking
of the respective H-bonds as the gel is transformed into the sol phase. Collectively, these
results indicate that N1-H and N2-H of guanine base and to some extent C-H of benzofuran
ring drives the self-assembling process by possibly forming G-tetrad as the basic unit. This
notion is further substantiated by CD analysis of nucleolipids in gel and sol states (Figure
4.22). CD spectrum of organogels of 5 and 6 recorded at 25 °C revealed two opposite signed
bands at 269 nm and 256 nm, which suggests the presence of G-tetrad motif in the gel
network. A negative peak at 446 nm corresponds to the 2'-vinylbenzofuran chromophore.
Upon transforming the gel to sol by increasing the temperature to 75 °C, the CD signals

almost disappeared indicating the disassembling of the chiral gel network
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Figure 4.21. Partial *H NMR spectra of nucleolipid organogels 5 (A) and 6 (B) in ds-DMSO as a
function of increasing temperature. N1-H and N2-H, which participated in strong hydrogen bonding,
exhibited a significant upfield shift in their proton signals during the gel-sol transition. Aromatic C-H
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proton of benzofuran may have participated in weak intramolecular hydrogen bonding, also showed
small upfield during gel-sol transition.

(A) 150 (B)

organogel 5 at 25 °C 1204
organogel 5 at 75 °C

organogel 6 at 25 °C
organogel 6 at 75 °C

100 269 nm

fo]
o
1

269nm 305 nm

o
S
1
B
o

A
=)
I

¥
256 nm 256 nm

Ellipticity (mdeg)
g o

Ellipticity {(mdeg)
2

Qo
o
|

-100 4
446 nm -120 446 nm

-150

T T T T T T T T T
250 300 350 400 450 500 550 600 250 300 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Figure 4.22. (A) and (B) CD spectra for organogel 5 and 6, respectively. All CD spectra were taken at
CGC value of nucleolipids. Spectra were collected from 600 to 230 nm on a Jasco J-815 CD
spectrometer using 1 nm bandwidth at 25 °C. Experiments were performed in duplicate wherein each
spectrum was an average of three scans. The spectrum of chloroform without nucleolipid was
subtracted from all the sample spectra.

4.3.7.4 Powder X-ray diffraction (PXRD) analysis

Further insights on the molecular arrangement of nucleolipids in the gel network was
obtained by PXRD analysis. PXRD spectrum of xerogels of nucleolipid 5 and 6 displayed a
prominent diffraction peak corresponding to an interplanar distance of 4.04 nm and 3.75 nm,
respectively (Figure 4.23). Notably, xerogel of nucleolipid 5 containing myristoyl chain
showed diffraction peaks corresponding to layer spacings in the ratio of 1:1/2:1/3:1/4:1/6,
which is indicative of an ordered lamellar arrangement (Figure 4.23A).31-%%7° However, in
the case of xerogel of nucleolipid 6 containing palmitoyl chains, PXRD pattern did not reveal
a lamellar packing arrangement (Figure 4.23B). Layer spacing in the range of 3.8 and 4.1 A
was also observed, which could arise due to tetrads held by stacking interaction.
Collectively, results from NMR, CD and PXRD experiments suggest a hierarchical self-
assembling process, wherein nucleolipids come together to form a G-tetrad by a coordinated
H-bonded network, which stacks and propagates into a lamellar arrangement, resulting in

fibers and then entangled ribbons.
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Figure 4.23.PXRD spectra of xerogels of 5 (A) and 6 (B). Inset in (A): peaks in the 20 values range
of 3.5-14° and 18-23° and inset in (B): peaks in the 28 values range of 3.5-6.5° and 20-25°have been
magnified. Layer spacing (nm) for prominent diffraction peaks are also given.

4.3.7.5 Aggregation induced enhancement in the fluorescence

Most often LMWG used as synthons in constructing supramolecular assemblies lose their
strong fluorescence upon self-assembly, which restricts their practical applications.”
Therefore self-assembling organic fluorophores that retain or exhibits enhanced fluorescence
upon aggregation are promising candidates for the fabrication of optical materials and
sensor.”>”™ Nucleolipids 5 and 6 contains a heteroaryl moiety, which is attached to the
guanine ring via an aryl-vinyl bond. This bond could undergo rotation in the excited state and
lead to quenched fluorescence. However, if rigidified in the gel state, then it could show
enhancement in the fluorescence intensity.”® To test this, the fluorescence of nucleolipids at
respective CGC was recorded in the assembled (25 °C) and dissembled states (75 °C). When
the temperature of the gel is increased from 25 °C to 75 °C, the gel disassembles and shows a
decrease in fluorescence intensity (Figure 4.24A). Nucleolipids 5 and 6 in gel state displayed
almost 4.5-fold and 3-fold higher fluorescence intensity as compared to in sol state,
respectively. Along with fluorescence intensity, we have also observed changes in emission
wavelength in the gel as well as in sol state. In DMSO monomeric nucleolipid 6 (2 uM)
shows emission wavelength at 474 nm (Figure 4.24B). In the gel state, at CGC
nucleolipids 5 and 6 show a bathochromic shift (23 nm) corresponding to an emission
maximum of 497 nm. When the temperature of the gel increased from 25 °C to 75 °C, gel
dissembles and this dissembled state displayed hypsochromic shift from 497 nm to 484 nm

(Figure 4.24A). This result indicates, in disassemble or sol state, chromophore loses its
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rigidification which leads to the decrease in emission wavelength as well as emission
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Figure 4.24.Fluorescence spectra for (A) Nucleolipid 5 and 6 in DMSO (at CGC concentration) at
two different temperature 25 °C (gel state, Aem = 497 nm) 75 °C (sol state, Aem = 484 nm). (B)
Nucleolipid 6 in DMSO (2 uM concentration, monomeric state, Aem = 474 nm) at 25 °C. The samples
were excited at 387 nm with an excitation and emission slit width of 1 nm and 1 nm, respectively.

4.3.7.6 Chemo- and thermo-responsive supramolecular material
The ability of guanine base to form a Watson-Crick base pair with cytosine promoted us to
study the self-assemblies of two-component mixtures made of nucleolipid 5 and

complementary nucleoside cytidine and its dimyristate derivative (Figure 4.25A).
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Figure 4.25. (A) Structure of Cytidine and its dimyristate derivative. (B) Picture of vials showing the
addition of cytidine (5 equiv) into organogel 5.

Addition of even 5 equivalents of cytidine to nucleolipid 5 did not affect the gel
formation and its fluorescence (Figure 4.25B). On the other hand, the addition of 2’, 3'-O-
dimyristoyl-substituted cytidine to guanosine nucleolipid5 resulted in interesting
observation. Addition of 5 equivalents of 2’, 3’-O-dimyristoyl-substituted cytidine did not
disrupt the organogel formed by 5, but exhibited remarkable red-shift in emission maximum
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(497 nm to 543 nm), thereby converting the green fluorescence gel to yellow fluorescent gel,
albeit with reduced fluorescence intensity (Figure 4.26A). When the yellow fluorescent co-
gel was disassembled by heating at 75 °C, it showed a blue shift in the emission band (486
nm) corresponding to free nucleolipid 5 (Figure 4.26B). This change in emission wavelength
and emission intensity with the addition of complimentary nucleolipid shows the chemo-
responsive property of organogel 5. Also, changes in the emission wavelength and intensity
upon heating shows the thermochromic behaviour of the co-gel. Altogether, chemo and
thermochromic behaviour of this organogel 5 can be possibly applied in constructing the

chemical and temperature sensor material.”"’®
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Figure 4.26. (A) Picture of vials showing changes in emission color after the addition of cytidine
dimyristate. (B) Fluorescence spectra for cogel made up of nucleolipid 5 and cytidine dimyristate (1:5
millimolar ratio) in DMSO (at CGC concentration of nucleolipid 5) at two different temperature 25
°C (gel state, Aem = 543 nm) 75 °C (sol state, Aem = 486 NmM). The samples were excited at 387 nm with
an excitation and emission slit width of 2 nm and 3 nm, respectively.

4.3.8 Cis—trans isomerization of fluorescent nucleoside BFVdG
In the field of photochemistry, there has been great interest in developing photo-switchable
compounds including stilbene and azobenzene derivatives, which reversibly undergoes E-Z
photoisomerization by external light stimuli.”® Compounds 3-6 (derivatives of stilbene)
contains trans double bond, which can potentially undergo photoisomerization into cis double
bond. Derivatives of 8-vinyl guanosine, including 8-styryl-2’-deoxyguanosine, 8-vinylpyrene-
2'-deoxyguanosine, 8-(2-pyridyl)-2'-deoxyguanosine were reported to be cis-trans
photoisomerizable switches capable of influencing DNA conformation8-83

Along the same line, we also wanted to examine the photoisomerization of
compound 3. For this, we have synthesized Z-isomer 9 in two steps.3 Sonogashira cross-

coupling reaction of 1 and ethynylbenzofuran (7)% gave compound 8. Hydrogenation of
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8 using 5% Pd/C at room temperature for 16 h gave the cis isomer 9 in moderate yields
(Scheme 4.3). The geometry of double bond in compound 9 was confirmed by calculating
coupling constant between vinyl protons in *H NMR spectrum (J = 13.6 Hz, See 'H NMR
data in the experimental section). 1D NMR analysis indicates that compound 8 and 9 also
adopt syn conformation (Table 4.7 and 4.8). Furthermore, 2D NOESY analysis of
compound 9 shows strong cross peak between anomeric proton (H1’) and vinyl proton (Ha)
(see appendix for the 2D NMR spectra). These results indicate a syn conformational

preference for compound 9 over anti.

Et,N, Pd(PPh J& >—C©
HzNA’& )\B 3\ t3Cu| ISMF 3l H,N )\
©:o

-

~ Overnight,110 °C, 51% HO

HO 1 HO 8

Hp. 5% PA/C_ H2

HNJ}
16 hrs, rt
44%

HO

cis BFVdG (9)
Scheme 4.3. Synthesis of (Z) 8-(2"-vinylbenzo[b]furan)-2'-dG (BFVdG, 9).

Table 4.7. Proton signals in ppm, spectra was standardized with respect to de-DMSO (2.5 ppm)

Compound N1-H Vinyl Vinyl N2-H 1-H 3-H 4-H 5-H 5-H 2'-H 2'-H

dG 10.62 H- H- 6.45 6.11 432 380 355 349 250 218
9 1088 698 6.72 6.60 6.34 439 381 3.66 360 272 205

8 10.92 - - 6.68 631 441 382 364 354 3.04 220
BrdG 10.79 - - 6.48 6.15 439 379 362 349 316 221
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Table 4.8. Carbon signals in ppm, spectra was standardized with respect to de-DMSO (39.5 ppm)
Compound C4’ cl’' c3r G CY

dG 876 826 708 618 39.6
9 874 829 706 616 38.0
8 879 830 711 621 375

BrdG 879 851 710 621 365

Photoisomerization of compounds 3 and 9 was examined using HPLC and UV
spectroscopy. Isomer E (3) and Z (9) have distinct UV absorbance (Figure 4.27A) and
retention time in HPLC chromatogram (Figure 4.27B). Trans isomer absorbs at Amax= 360
nm, and cis-isomer absorbs at Amax = 285 nm in water containing 5% DMSO (Figure 4.27A).
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Figure 4.27. A) UV profile for compound trans BFVAG (3) and cisBFVdG (9) having concentration
25 uM in water (5% DMSOQO). 320 nm is the isobestic point. (B) HPLC profile for compound trans
BFVAG (3) and cisBFVAG (9). Mobile phase A: 50 mM TEAA buffer (pH 7.0); mobile phase B:
acetonitrile. Flow rate: 1 mL/min. Gradient: 0—50% B in 10 min, 50—100% B in 10 min and 100% B
for 5 min.

The photoisomerization of compound 3 and 9 was examined in an aqueous solution
containing 20% DMSO. HPLC analysis of E-Z photoisomerization was done with UV
detection at the isosbestic point (320 nm). When E isomer trans BFVdG (3) was exposed to
365 nm UV lamp for 15 min, a new peak emerged matching the retention time of the
authentic Z isomer cis 9 (Figure 4.28). Exposure of E isomer trans 3 for 60 min gave almost
86% of Z isomer cis 9. When the Z isomer 9 was irradiated using 254 nm UV light, a peak
corresponding to the E isomer 3 was observed (Figure 4.29). Exposure of Z isomer 9 for 15

min at 254 nm wavelength gave almost 91% of E isomer 3. Reversibility of the
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photoisomerization process was evaluated by alternatingly irradiating the sample with 365
nm and 254 nm light source (Figure 4.30). Both HPLC and UV absorption profiles confirmed

the exchange of isomers upon irradiation.

(A) (8) k

12 14 16 18 20 22 24

r
’E» 12 14 16 18 20 22 24
Ha N/k N 30 min \ )
HO. 365 nm 12 14 16 18 20 22 24
- L

HO HO 45 min ; ;
X 12 14 16 18 20 22 24
trans BFVAG (3) cis BFVAG (9)
60 min T T T T T 1
12 14 16 18 20 22 24

Retention time (min)

Figure 4.28. (A) Scheme for E to Z isomerization at 365 nm wavelength. (B) HPLC profile for the
same at 0, 15, 30, 45 and 60 min Mobile phase A: 50 mM TEAA buffer (pH 7.0); mobile phase B:
acetonitrile. Flow rate: 1 mL/min. Gradient: 0—50% B in 10 min, 50—100% B in 10 min and 100% B
for 5 min.
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Figure 4.29. (A) Scheme for cis to trans isomerization at 254 nm wavelength. (B) HPLC profile for
the same at 0, 1, 2, 3, 6 and 15 min Mobile phase A: 50 mM TEAA buffer (pH 7.0); mobile phase B:
acetonitrile. Flow rate: 1 mL/min. Gradient: 0—50% B in 10 min, 50—100% B in 10 min and 100% B
for 5 min.
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Figure 4.30. (A) Scheme for reversible photoisomerization of BFVdG at respective wavelength. (B)
HPLC profile for the same. Mobile phase A: 50 mM TEAA buffer (pH 7.0); mobile phase B:
acetonitrile. Flow rate: 1 mL/min. Gradient: 0—50% B in 10 min, 50—100% B in 10 min and 100% B
for 5 min. (C) UV profile for the respective reaction mixture after exposure of particular wavelength.

Inspired by this photo reversible behaviour of the nucleoside 3, we sought to use this
E—Z photoisomerization process to control the self-assembly of nucleolipid 5 and 6 inside the
gel network. The idea is, after irradiation of organogel 5 and 6 with appropriate wavelength,
trans double bond present in the nucleolipids 5 and 6 would get isomerizes to the cis double
bond. This formed Z isomer containing cis double bond is no longer planar and shows the
less effective ability of the molecule to pack into a one-dimensional network thus could
inhibit the effective n—n stacking interaction inside the gel network. This changes in packing
efficiency and could result in the changes in mechanical or morphological properties of the
organogel. Unfortunately, we did not observe any changes in the properties as mentioned

above, and the gel was still intact after irradiation of light even after 2 h (data is shown). This
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could be because of trans to cis isomerization process is less favourable in the gel state,

which is more rigid compared to the solution phase.%®

4.5 Conclusion

In summary, we have synthesized fluorescent environment-sensitive deoxyguanosine
supramolecular synthons, which shows the interesting self-assembly behaviour and emission
properties. We have demonstrated that mixing of the nongelator 4 into the guanosine gelator,
hinders the crystallization process of guanosine gel, which results to the formation of
thermodynamically stable gel. This ability to access the cogel of guanosine with nongelator 4
may open the new gate for tailoring the properties of guanosine gels like morphology and
visco-elastic nature. We have also developed the organogels based on fluorescent
deoxyguanosine-fatty acid hybrids. In particular, addition of the complimentary cytidine
dimyristate nucleolipid to the fluorescent organogel 5 resulted in remarkable changes in
emission wavelength and emission intensity, i.e., the green fluorescence gel transitioned to
yellow fluorescent gel. Moreover, the emission properties of cogel of nucleolipid 5 and
dimyristate cytidine are responsive to the temperature change. Thus, organogel 5 exhibits
responsiveness to the heat as well as complementary nucleolipid. This dual responsiveness of
the fluorescent nucleolipids can open the new opportunity in the supramolecular field for

sensing application.

4.6 Experimental section

4.6.1 Materials: 8-Bromo-2'-deoxyguanosine was purchased from ChemGenes. Palmitic
acid, Pd(OAc)., Pd(PPhs)s, Cul and 5% palladium on carbon were purchased from Sigma-
Aldrich. EDC (1-(3-dimethylaminopropyl)-3-ethyl carbodiimide hydrochloride) and 4-
dimethylaminopyridine were obtained from Avra synthesis private limited. Myristic acid was
procured from Fluka.TPPTS (triphenylphosphan-3,3’,3"-trisulfonate) were purchased from
alfa aesar. 8-vinylbenzo[b]furan boronic ester (2)% and 2-ethynylbenzofuran (7)% were
synthesized by previously reported procedure. Silicon wafers (N-type without dopant) were

purchased from Sigma-Aldrich.

4.6.2 Instrumentation: NMR spectra were recorded on 400 MHz Jeol ECS-400
spectrometer and Bruker 500 MHz spectrometer. Mass measurements were recorded on
Applied Biosystems 4800 Plus MALDI TOF/TOF analyzer and Water Synapt G2 High
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Definition mass spectrometers. Steady state fluorescence experiments were carried out in a
micro fluorescence cuvette (Hellma, path length 1.0 cm) on Fluoromax- 4 spectrophotometer
(Horiba Jobin Yvon). The morphology of gels was analyzed by using Zeiss Ultra Plus field-
emission scanning electron microscope (FESEM). Powder X-ray diffraction (PXRD) spectra
were obtained at room temperature using Bruker D8 Advance diffractometer (CuKa
radiation, A = 1.5406 A). CD spectra were recorded on a JASCO-J-815 CD spectrometer.

Rheology measurements were carried out in Anton Paar MCR 302 instrument.
4.6.3 Synthesis

4.6.3.1 (E) 8-(2-(benzofuran-2-yl)vinyl)-2’-deoxyguanosine (trans BFVdG, 3): 8-bromo-
2'-deoxyguanosine (1) (410 mg, 1.19 mmol, 1 equiv), Pd(OAc). (13.4 mg, 6 mmol%),
TPPTS(170 mg, 30 mmol%), Na,COs (380 mg, 3.58 mmol, 2 -equiv),and 8-
vinylbenzo[b]furan boronic ester (2)*? (420 mg, 1.55 mmol, 1.3 equiv) were placed in a round
bottomed flask fitted with a condenser and reverse filled with argon. Degassed 2:1
H>0:CH3CN (24 mL) solution was added and the solution was heated to reflux for 6 h.
Following completion the mixture was diluted with 50 mL of H2O and pH was adjusted to
7.5 with 1M aqueous HCI. The mixture was then cooled to 0°C, filtered, washed with DCM
to yield 365 mg of 3 (75%) as yellow powder. TLC (MeOH:CH.Cl, = 20:80); Rs = 0.80; H
NMR (400 MHz, ds-DMSO) & (ppm) 10.75 (br.s, 1H), 7.64 (d, J = 7.8 Hz,1H), 7.59(d, J =
7.8 Hz,1H), 7.50 (d, J = 15.6 Hz, 1H), 7.41 (d, J = 15.6 Hz, 1H), 7.36-7.32 (m, 1H), 7.25 (t,
J=7.4Hz, 1H), 7.15 (s, 1H), 6.54 (br. s, 2H), 6.37 (dd, J= 8.4, 6.4 Hz, 1H), 5.34 (d, J = 4
Hz, 1H), 5.09 (t, J = 5.4 Hz, 1H), 4.44 (s, 1H), 3.88-3.85 (m, 1H), 3.77-3.72 (m, 1H), 3.69—
3.64 (m, 1H), 2.80-2.73 (m, 1H), 2.17-2.11 (m, 1H); C NMR (100 MHz, ds-DMSO) & =
156.5, 154.4, 154.1, 153.4, 151.9, 1435, 128.7, 125.3, 123.3, 121.3, 120.0, 117.1, 116.6,
111.0, 107.3, 87.6, 82.8, 70.8, 61.8; HRMS calcd for C20H20NsOs [M+H]*410.1464; found
410.1458.

4.6.3.2 (E)-diacetyl 8-(2-(benzofuran-2-yl)vinyl)-2’-deoxyguanosine (4): Compound 3
(305 mg, 0.75 mmol) EtsN (0.27 mL, 1.95 mmol, 2.6 equiv), acetic anhydride (0.17 mL, 1.8
mmol, 2.4 equiv) and a catalytic amount of DMAP (9.16 mg, 7.5 mmol%) were added to
anhydrous DMF (10 mL). The resulting solution was stirred overnight at room temperature.
The crude, after evaporation in vacuo of the solvent, was applied to a silica gel column and

eluted with a mixture of dichloromethane-methanol (96:4). The product was obtained as a
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yellow solid (306 mg, 83% vyield). TLC (MeOH:CHCl, = 10:90); Ry= 0.64; *H NMR (400
MHz, de-DMSO) & (ppm) 10.81 (br. s, 1H), 7.65 (d, J = 7.2 Hz, 1H), 7.58-7.54 (m, 2H),
7.38-7.33 (m, 1H), 7.31-7.24 (m, 2H), 7.16 (s, 1H), 6.58 (br. s, 2H), 6.43 (t, J = 7.2 Hz, 1H),
5.44-5.41 (m, 1H), 4.48-4.42 (m, 1H), 4.31-4.25 (m, 2H), 3.27-3.17 (m, 1H), 2.46-2.44 (m,
1H), 2.11 (s, 3H), 1.96 (s, 3H); *C NMR (100 MHz, ds-DMSO) & = 170.2. 170.1, 156.4,
154.5, 153.9, 153.3, 151.8, 143.4, 128.6, 125.5, 123.3, 121.4, 120.4, 117.4, 115.4, 110.9,
108.4, 83.3, 815, 74.3, 63.7,35.2, 20.9, 20.5; HRMS calcd for CsH2sNsO7 [M+H]*
494.1675; found 494.1670.

4.6.3.3 Synthesis of 3’, 5’-O-disubstituted deoxyguanosine nucleolipids (5 and 6):
Compound 4 (1.0 equiv), fatty acid (myristic acid/palmitic acid 2.4 equiv), EDC (2.4 equiv)
and DMAP (2.4 equiv) were dissolved in anhydrous DMF. The reaction mixture was stirred
for overnight at room temperature under nitrogen atmosphere. After completion of the
reaction, the reaction mixture was diluted with dichloromethane and extracted using 5%
NaHCOs solution and dried over sodium sulfate. Then dichloromethane layer was dried over
anhydrous Na»SOg, filtered. The filtrate was removed in vacuo to afford the crude product
which was purified by silica gel column chromatography to obtain the deoxyguanosine

nucleolipids (5 and 6). Characterization data for 5 and 6 is provided below.

Compound (E)-dimyristoyl 8-(2-(benzofuran-2-yl)vinyl)-2’-deoxyguanosine (5):
Compound 3 (300 mg, 0.73 mmol, 1 equiv,), myristic acid (402 mg, 1.76 mmol, 2.4 equiv),
EDC-HCI (337 mg, 1.76 mmol, 2.4 equiv) and DMAP (215 mg, 1.76 mmol, 2.4 equiv)
yielded 5 as a yellow solid (500 mg, 82%) TLC (MeOH:CH.Cl, = 10:90); R= 0.88; *H NMR
(400 MHz, CDCI3) & (ppm) 12.32 (br.s, 1H), 7.68 (d, J = 15.2 Hz, 1H), 7.55 (d, J = 7.8 Hz,
1H), 7.49(d, J= 7.8 Hz, 1H), 7.32 (t, J= 7.6 Hz,1H), 7.26-7.20 (m, 2H), 6.85 (s, 1H), 6.41 (t,
J= 7.2 Hz, 1H), 6.02 (br.s, 2H), 5.55-5.53 (m, 1H), 4.72-4.68 (m, 1H), 4.43-4.39 (m, 1H),
4.36-4.34 (m, 1H), 3.43-3.36 (m, 1H), 2.41-2.33 (m, 3H), 2.28 (t, J = 7.4 Hz, 2H) 1.69-
1.62 (m, 2H), 1.57-1.52 (m, 2H), 1.29-1.18 (m, 40H), 0.89-0.84 (m, 6H); *3C NMR (100
MHz, CDCls) & (ppm) = 174.00, 173.32, 155.37, 155.34, 153.99, 152.84, 152.58, 139.44,
132.02, 129.05, 125.76, 123.32, 121.46, 118.09, 114.24, 111.24, 108.78, 84.36, 82.49, 74.63,
63.75, 34.39, 34.19, 33.97, 32.06, 29.83, 29.80, 29.75, 29.65, 29.59, 29.50, 29.46, 29.38,
29.32, 29.23, 25.02, 24.94, 22.83,14.26; HRMS calcd for CasH72NsO7 [M+H]" 830.5432;
found 830.5430.
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Compound (E)-dipalmitoyl 8-(2-(benzofuran-2-yl)vinyl)-2’-deoxyguanosine (6):
Compound 3 (300 mg, 0.73 mmol, 1 equiv,), palmitic acid (452 mg, 1.76 mmol, 2.4 equiv),
EDC-HCI (337 mg, 1.76 mmol, 2.4 equiv) and DMAP (215 mg, 1.76 mmol, 2.4 equiv)
yielded 6 as a yellow solid (590 mg, 91%) TLC (MeOH:CH.Cl, = 10:90); Rf = 0.80; ‘H
NMR (400 MHz, CDCls containing 0.03 v/v % TMS) & (ppm) 12.38 (br. s, 1H), 7.70 (d, J =
15.6 Hz, 1H), 7.55 (d, J = 7.8 Hz, 1H), 7.49(d, J = 7.8 Hz, 1H), 7.34-7.30 (m, 1H), 7.26—
7.20 (m, 2H), 6.84 (s, 1H), 6.42 (t, J= 7.2 Hz, 1H), 5.96 (br.s, 2H), 5.55-5.53 (m, 1H), 4.73—
4.69 (m, 1H), 4.44-4.40 (m, 1H), 4.37-4.33 (m, 1H), 3.43-3.35 (m, 1H), 2.42-2.33 (m, 3H),
2.28 (t, J =7.6 Hz,2H) 1.71-1.64 (m, 2H), 1.55-1.51 (m, 2H), 1.29-1.19 (m, 48H), 0.89-
0.85 (m, 6H); *3C NMR (100 MHz, CDClIs containing 0.03 v/v % TMS) § = 173.83, 173.15,
155.19, 153.85, 128.91, 128.58, 123.17, 121.31, 117.94, 111.09, 108.62, 84.16, 82.33, 74.49,
63.59, 35.67, 34.25, 34.05, 31.93, 29.77, 29.71, 29.67, 29.62, 29.52, 29.46, 29.37, 29.32,
29.24, 29.19, 29.10, 24. 89, 24.80, 22.70, 14.13, HRMS calcd for Cs2HgoNsO7 [M+H]*
886.6058; found 886.6051.

4.6.3.4 8-(2-(benzofuran-2-yl)ethynyl)-2’-deoxyguanosine (8): To solution of 8-bromo-2’'-
deoxyguanosine (1) (200 mg, 0.49 mmol, 1 equiv), 2-ethynylbenzofuran (7, 105 mg, 0.74
mmol, 1.5 equiv), and EtsN (205 pL, 1.5 mmol, 3 equiv) in 5 mL of DMF were added
Pd(PPhs)4(15 mg, 2.5 mmol%) and copper(l)iodide (5 mg, 5 mmol%) under nitrogen. The
mixture was stirred at 110 °C for overnight. The resulting mixture was concentrated in vacuo
and washed with chloroform and crude product was purified by reversed phase combi-flash
chromatography to yield 5 (101 mg, 51%) as yellow powder. TLC (MeOH:CH2Cl; = 10:90);
Rt = 0.44; *H NMR (400 MHz, ds-DMSO) & (ppm) 10.92 (br.s, 1H), 7.73 (d, J = 8 Hz,1H),
7.66-7.64 (m,1H), 7.57 (d, J = 0.8 Hz, 1H), 7.49-7.45 (m, 1H), 7.37-7.33 (m, 1H ), 6.68
(br.s, 2H), 6.31 (m, 1H), 5.34 (d, J =4.4 Hz, 1H), 4.89 (t, J = 5.6 Hz, 1H), 4.43-4.39(m, 1H),
3.84-3.81 (m, 1H), 3.67-3.61 (m, 1H), 3.57-3.51 (m, 1H), 3.07-3.00 (m, 1H),2.23-2.17 (m,
1H); 3C NMR (100 MHz, ds-DMSO) & = 156.2, 154.7, 154.3, 151.2, 136.4, 127.8, 127.0,
126.9, 124.0, 122.1, 118.0, 114.5, 111.5, 87.9, 85.6, 83.6, 83.0, 71.1, 62.1, 48.7, 37.5; HRMS
calcd for C2oH1sNsOs[M+H]*408.1308 ; found 408.1305.

4.6.3.5 (Z) 8-(2-(benzofuran-2-yl)vinyl)-2'-deoxyguanosine (cis BFVdG, 9): To the above
obtained 8-(2'"-ethynyl benzo[b]furan)-2’-dG (88 mg, 0.23 mmol, 1 equiv) in20 mL of

ethanol was added, dissolved and stirred for 10 minutes at 50 °C. After hydrogen substitution
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in the system, 5% palladium/carbon (10.6 mg) was added, stirred for 48hr at room
temperature and catalytic hydrogen reduction was performed. After the reaction, solvent was
concentrated in vacuo and crude product was purified by reversed phase combi-flash
chromatography to yield 9 (38 mg, 43%) as a yellow solid. TLC (MeOH:CHCl, = 10:90);
R= 0.50; 'H NMR (400 MHz, de-DMSO) & (ppm) 10.88 (br.s, 1H), 8.58 (s, 1H) 7.69 (d, J =
8 Hz, 1H), 7.53 (d, J = 8 Hz 1H), 7.36-7.32 (m, 1H), 7.26 (t, J = 7.2 Hz, 1H), 6.98(d, J =
13.6, 1H), 6.72 (d, J = 13.4, 1H), 6.60 (br.s, 2H), 6.34 (dd, J = 8.4, 6.4, 1H), 5.27 (d, J = 4
Hz, 1H), 5.04 (t, J = 5.2 Hz, 1H), 4.39(s, 1H), 3.81 (dd, J = 7.2, 4.0 Hz, 1H), 3.69-3.59 (m,
2H), 2.75-2.68 (m, 1H), 2.08-2.02 (m, 1H). 3C NMR (100 MHz, ds-DMSO) & : 156.49,
153.92, 153.75, 153.39, 151.44, 142.41, 128.66, 125.42, 123.16, 121.67,119.89,116.90,
116.87,110.91, 109.27, 87.43, 82.91,70.56,61.57; MALDI ToF calcd for CaoH19Ns0s5K
[M+K]" 448.50 ; found 448.08.

4.6.4 Gelation test

4.6.4.1 Cogel made up of OAcBFVAG (4) and guanosine (G): A weighed amount of
OACcBFVdG4 and guanosine in a glass vial was dissolved in DMSO:H20 system by heating.
The samples were cooled to room temperature and the gel formation was confirmed by
inverting the vial. Together 4 and guanosine within 30 minutes formed stable cogels.
Repeated heating and cooling steps were performed to confirm the thermo-reversibility of the

formed gels. All experiments were performed at least in duplicate.

4.6.4.2 Organogel made up of nucleolipid 5 and 6: A weighed amount of deoxyguanosine
nucleolipids in a glass vial was dissolved in dimethyl sulfoxide by heating. The samples were
cooled to room temperature and the gel formation was confirmed by inverting the vial.
Nucleolipids 5 and 6 within 30 minutes formed stable gels. Repeated heating and cooling
steps were performed to confirm the thermo-reversibility of the organogels. All experiments

were performed at least in triplicate.
For all the experiments detailed below, fresh gels were made just prior to use.

4.6.5 FESEM analysis. The morphology of assemblies formed by individual nucleolipids
and different mixtures of nucleolipids and nucleosides was characterized by FESEM. Gel

samples in respective solvents were drop-casted on a silicon wafer and dried in a vacuum
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desiccator for ~15 h. Samples were gold-sputtered to minimize sample charging before

FESEM analysis. The FESEM images were analyzed by using ImageJ 1.46r software.

4.6.6 Rheological studies: Rheology measurements were carried out in Anton Paar MCR 302
instrument by using 15 mm diameter parallel plate. Measurements were carried out at 25 °C.

For all the experiments, around 200 uL of the hot solution was placed on the parallel.

4.6.6.1 Cogel made up of OAcBFVAG (4) and guanosine (G): A strain sweep experiment
at a constant frequency (10 rad/sec) was performed in the 0.01-500% range to determine the
linear viscoelastic region of the gel sample. A hot solution of the gel was loaded on to the
plate. The hot solution was allowed to form the stable gel for 30 min prior to the

measurement. The gap was fixed at 500 pm for the parallel plate apparatus.

4.6.6.2 Organogel made up of nucleolipid 5 and 6: A strain sweep experiment at a constant
frequency (10Hz) was performed in the 0.01-100% range to determine the linear viscoelastic
region of the gel sample. Frequency sweep experiment at constant strain (0.05 %) was
performed in the 0.1-100 rad/sec range. A hot solution of the gel was loaded on to the plate.
The hot solution was allowed to form the stable gel for 30 min prior to the measurement. The
gap was fixed at 1 mm for the parallel plate apparatus.

4.6.7 Variable temperature 'H NMR: 'H NMR was recorded on aJeol 400 MHz NMR

instrument as a function of temperature.

4.6.7.1 Cogel made up of OAcBFVdG (4) and guanosine (G): A 2 wt% mixture of 4 and
guanosine (35:65) containing 500 mM KCI in 0.5 mL mixture of d6-DMSQO:D>0 (1:1) was
warmed to obtain a clear solution and to this hot solution internal standard tBuOH (2 uL) was
added. Then the solution was transferred into a hot NMR tube, which was immediately
transferred into a Jeol 400 MHz NMR instrument at 85 °C and was allowed to equilibrate for
15 min. NMR spectra were recorded at 85 °C, after which the sample was cooled to 75 °C
and again allowed to equilibrate for 15 min. This process was repeated until the final

measurement (at 25 °C) was completed.

4.6.7.2 Organogel made up of nucleolipid 5 and 6: Gels of 4 (1 w/v %) and 5 (0.7 w/v %)
in de-DMSO at respective CGC were formed in individual NMR tubes by heating and cooling
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steps. The temperature of the sample was elevated from 25 °C to 75 °C with an increment of

10 °C and equilibration time of 15 min. The spectrum was recorded at every 10 °C interval.

4.6.8 Powder X-ray diffraction (PXRD) analysis of deoxyguanosine nucleolipids 5 and 6:
Gels of 5 and 6 in DMSO at respective CGC were formed on a glass slide by drop-casting
method. The glass slide was placed in a vacuum desiccator and dried under vacuum for
nearly 15 h to obtain the xerogels. PXRD spectrum was recorded using Bruker D8 Advance
diffractometer with CuKa source (1.5406 A). Diffraction data were collected at 20 angle
from 1° to 30° using a 0.01° step size and 0.5 s per step. Low angle diffraction data was
collected by keeping the motorized divergence slit in automatic mode so as to maintain the
X-ray beam footprint on the sample to 12 x 12 mm. Further, the position sensitive detector
(Lynxeye) channels were reduced to minimize the background X-ray scattering entering the

detector.

4.6.9 Variable temperature circular dichroism for organogel 5 and 6: Spectra were
collected from 600 to 200 nm on a Jasco J-815 CD spectrometer using 1 nm bandwidth at 25
°C and 75 °C. Sample kept for 10 min at each temperature for equilibration. Experiments
were performed in duplicate wherein each spectrum was an average of three scans. The

spectrum of DMSO without nucleolipid was subtracted from all the sample spectra.

4.6.10 Variable temperature Fluorescence: Spectra for were recorded in a micro
fluorescence cuvette (Hellma, path length 1.0 cm) using TCSPC Fluoromax-4 fluorescence

spectrometer (Horiba Jobin Yvon).

4.6.10.1 Cogel made up of OAcBFVdG (4) and guanosine (G): A hot solution of a 2 wt%
mixture of 4 and guanosine (35:65) containing 500 mM KCI in 0.5 mL mixture of
DMSO:H20 (1:1) was taken in a micro fluorescence cuvette and was allowed to stand at RT
until a stable cogel was formed, cuvette was inverted to test the gel formation. Fluorescence
spectra of gel samples were recorded at two different temperature 25 °C and 85 °C. Sample
was excited at 387 nm with an excitation slit width of 1 nm and emission slit width of 2 nm

with equilibration time 15 min.

4.6.10.2 Organogel 5 and 6: A hot solution of the nucleolipid at respective CGC was taken

in a micro fluorescence cuvette and was allowed to stand at RT until a stable gel was formed,
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cuvette was inverted to test the gel formation. Fluorescence spectra of gel samples were

recorded at two different temperature 25 °C and 75 °C. Sample was excited at 387 nm with

an

mi

excitation slit width of 1 nm and emission slit width of 1 nm with equilibration time 15

n

4.6.11 E-Z photoisomerization:Photo irradiation to observe trans to cis isomerization was

performed in a 100 uL of aqueous solution (20% DMSO ) containing 50 uM of nucleoside
BFVAG (3 and 9) using a handheld UV lamp (Spectroline® E-Series UV lamp, 8 W) at 365

nm wavelength. Conversion from the cis to trans isomer was carried outby irradiation using

at 254 nm wavelength.
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Chapter 4

4.8 Appendix I11: Characterization data of synthesized compounds

'H NMR of the compound 3 in ds-DMSO (400 MHz)
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'H NMR of the compound
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'H NMR of the compound 5 in CDCl3 (400 MHz)
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'H NMR of the compound 6 in CDCls containing 0.03% (v/v) TMS (400 MHz)
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'H NMR of the compound

—8.32 @

in ds-DMSO (400 MHz). Peak at 8.32 ppm is for CHCls.

10.88]

R R R R R B R R RS R L s R ko ] 8.5

ERTEEES S O a e
8.0

l7s
e 7o
sz J\‘ } le.s

HO 9 o

4.5

Intensity (A.U.)

L U_ UJL_MLL_JUL JJAJMLL b

i iy M R i ¥ Iy iy - .
& o QDO & ra & dd A L
& S 58805 &= 55 g &= 8 5 05
b S 3222235z 23 2 25 = 2

—

& 110 105 100 95 9.0 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 10 05 0.0

[y BT =
ISR mS = BTk 5] . .
O 0 05 0g ol ool = @ @ 8 s
EEEBn 9 BEES g i o e
ceeen QNN =2 B8 = o
S~ NSSAY YV 2NN |

1900
o 1800

HO b F700
7{19

600

T
i
=
=

Intensity (A.U.)

30 150 140 130 120 10 100 90 80 70 60 80 40 30 20 10 0
Chemical Shift (ppm)

179



Chapter 4

2D NOESY spectra for compound 3 in ds-DMSO. Mixing time = 300 ms.
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2D NOESY spectra for compound 4 in dse-DMSO. Mixing time = 300 ms.
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2D NOESY spectra for compound 9 in ds-DMSO (2.5 ppm) 300 ms.
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Final Conclusions and Outlook

Final Conclusions and Outlook

In this doctoral dissertation, we have developed palladium-mediated cross-coupling reactions
for postsynthetic modification of nucleic acids and generation of fluorescent nucleoside
supramolecular synthons. We demonstrated the incorporation of iodo group into RNA
transcript by means of in vitro transcription reaction followed by Pd-mediated
posttranscriptional Suzuki—Miyaura cross-coupling reaction to label RNA with various
biophysical probes. This method is highly chemoselective and enabled the direct access of
RNA oligonucleotides labeled with commonly used fluorescent and affinity tags and new
fluorogenic environment-sensitive nucleoside probes in a ligand-controlled stereoselective
fashion. Further, we explored the influence of nucleic acid conformations on the
Suzuki-Miyaura cross-coupling reaction using polymorphic G-quadruplex forming
sequences as the study model. We observed that the cross-coupling reaction works in a
conformation-dependent manner and conformational selectivity of the reaction decreased in
the order of — GQ topology > single-stranded DNA and no reaction with double-stranded
DNA. This developed postsynthetic Pd-mediated cross-coupling is versatile and provides an
access to attach vast number of fluorescent probes to generate a fluorogenic nucleic acid via
direct C-C bond formation. This power of Pd-mediated chemistry to generate a fluorogenic
nucleic acid could be potentially used in fluorescent labeling of nucleic acid in vivo with
background-free signal. Also, we are currently in the process of studying the effect of
different conformations of RNA on postsynthetic Suzuki reaction.

Along the same line, we have used Pd-mediated cross-coupling reaction to develop
environment-sensitive fluorescent deoxyguanosine nucleolipids. We demonstrated how the
variations in the aliphatic chain length attached to 3’ and 5’ hydroxyl groups of the sugar
residue could serve two purpose in guanine-based self-assembly process. Attaching acetyl
moiety to the hydroxyl group, hinders the crystallization process of guanosine gel, which
results to the formation of thermodynamically stable gel. While, myristoyl and palmitoyl
containing fluorescent nucleolipids supports the organogel formation and show interesting
chemo- and thermo-responsive behaviour upon self-assembling.

Taken together, our results demonstrate that appropriately tailored nucleosides can
serve as useful tools in establishing new postsynthetic nucleic acid labeling technology and
develop fluorescent supramolecular assemblies exhibiting unique properties.
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