Design of C5-Substituted 2’-Deoxyuridines, Small
Fluorescent Molecule and Study of

Photophysical/Biophysical Properties

A Dissertation Submitted to the
Indian Institute of Technology Guwahati
As Partial Fulfillment for the Award of Degree of

Doctor of Philosophy
in Chemistry
by

Hiranya Gogoi
Roll No. 126122016

Under The Supervision of

Prof. Subhendu Sekhar Bag

@\%‘ﬁ ng;g,h}

&

R 2
S S
£ q@gp
2 g

5 &

d}}&/ \oq\

te of Techn©
Department of Chemistry
Indian Institute of Technology Guwahati
Guwahati 781039
May 2019

TH-2109_126122016



Dedicated to

My
Parents
And
Those who have helped me

TH-2109_126122016



Nothing in life is to be feared, it is only to be understood.
-Marie Curie

TH-2109_126122016



INDIAN INSTITUTE OF TECHNOLOGY, GUWAHATI
Department of Chemistry

&&E‘\aﬂ #Q”?&
EN
<

>
Q0
&

%, )
% of Techn®®

Pl * 47>
S
5

WY

DECLARATION

I do hereby declare that the research work embodied in this thesis entitled “Design
of C5-Substituted 2'-Deoxyuridines, Small Fluorescent Molecule and Study
of Photophysical/Biophysical Properties”’ has been carried out by me under the
supervision of Prof. Subhendu Sekhar Bag in the Department of Chemistry,

Indian Institute of Technology Guwahati, India.

In keeping with the general practice of reporting scientific observations, due
acknowledgments have been made wherever the work described is based on the

findings of other investigators.

IIT Guwahati Hiranya Gogoi
May, 2019

TH-2109_126122016



Dr. Subhendu Sekhar Bag, FRSC gt ﬁ% Ph: +91-361-258-2324(0)

Professor g‘ = Ph: +91-361-258-4324 (R)
Department of Chemistry ¥ % Fax: +91-361-258-2349
Indian Institute of Technology % E E-mail: sshag75@iitg.ernet.in
Guwabhati-781039 sshag75@yah00.¢o.in
Assam, INDIA "Ww"”’

CERTIFICATE

This is to certify that the research work presented in this thesis entitled “Design of
C5-Substituted 2'-Deoxyuridines, Small Fluorescent Molecule and Study of
Photophysical/Biophysical Properties’ is an authentic record of the results
obtained from the research work carried out by Mr. Hiranya Gogoi under my
supervision in the Department of Chemistry, Indian Institute of Technology
Guwahati, India. This work is original and has not been submitted elsewhere for a

degree or award.

II'T Guwahati Prof. Subhendu Sekhar Bag
May, 2019 (Thesis Supervisor)

TH-2109_126122016


mailto:ssbag75@iitg.ernet.in

ACKNOWLEDGMENT

It is with high regards and profound respect that I express a deep sense of sincere gratitude to
my supervisor Prof. Subhendu Sekhar Bag for his stimulating guidance, precious constructive
suggestions and decisive insights during the entire course of my research work.

I would like to thank my Doctoral Committee members, Prof. Anil Kumar Saikia (chairman),
Dr. Chandan Mukherjee (member) and Prof. Animes Kumar Golder (member) for their
intellectual input, encouragement, valuable suggestions and comments during the entire course of
my research work.

I wish to thank my lab mates Rajen da, Sangita ba, Subhashis da, Suman da, Manoj da, Afsana
ba, Suranjan and Mohan for their cooperation, support and pleasant company throughout my
research work. Without their help, it would have been impossible to complete my research work.

Sincere thanks go to my other lab mates Dipankar da, Momina ba, Tridip da and Anindya for
their cooperation and sharing some happy moments inside and outside the laboratory.

I would like to acknowledge my juniors Anupama, Sayantan, Krisanu, Shilpa, Samir, Sourav,
Queen, Aniket, Suravi and Sinchini for their help, support and pleasant company in the laboratory.
Thanks to all of my friends, juniors, seniors and trainees whom I met during my research life in
II'T Guwabhati for their help.

My honest regards to all the faculty members of our department for their encouragement and
help. I want to express my thanks to Dr. Babulal Das, Mr. Chandan Borgohain and Dr. Kh. Kesho
Singh for their help in collecting various experimental data and our technical and official staffs for
their help and support.

I owe the success to my parents (Mr. Jagat Gogoi and Mrs. Kunjalata Gogoi) who have been
a constant source of inspiration to carry out my career. I wish to thank them for giving me the
freedom to pursue a career path of my choice and their constant support and encouragement in
realizing my dreams. I want to express my thanks to my brother and sisters and all the family
members for their support.

I would like to express my deep gratitude to the Lakshminath Bezbaroa Central Library for
providing physical and digital access to research materials, space and environment for study and
financial assistance. Thanks to all library staff for their help.

And last but not least, I would like to acknowledge the Department of Chemistry, II'T
Guwahati for giving me the opportunity and fellowship to carry out my research work. I am also

thankful to the CIF II'T Guwahati for providing instrument facilities.

Hiranya Gogoi

TH-2109_126122016



Hiranya Gogoi

Present Address: Permanent Address:
C/O: Prof. Subhendu Sekhar Bag Vill — Erapather
Department of Chemistry P. O. — Bhadoi Panchali
Indian Institute of Technology Guwahati Dist. — Dibrugarh
Guwahati — 781039, Assam, India Pin — 786191

Phone: +91 361 2582324 Assam, India

Email: g.hiranya@iitg.ac.in Mobile: +91 9678347743

hiranyagogoi32@gmail.com

Area of Interest

Design and synthesis of modified fluorescent nucleosides for chemical and biochemical

application.
Education:

2019 Ph. D. [Thesis submitted] Title: “Design of C5-Substituted 2'-
Deoxyuridines, Small Fluorescent Molecule and Study of
Photophysical/Biophysical Properties.”

2012 Master of Science (in Organic Chemistry)

Gauhati University, Assam

2009 Bachelor of Science (Chemistry Hons.)
Duliajan College
Dibrugarh University

Honors/Awards:

% Graduate Aptitude Test (GATE) in Chemistry, 2012, awarded by MHRD, Government
of India.

List of Publications

1. eDesign of "Click" Fluorescent Labeled 2'-deoxyuridines via C5-[4-(2-
Propynyl(methyl)amino)]phenyl Acetylene as a Universal Linker: Synthesis,
Photophysical Properties, and Interaction with BSAe Bag*, Subhendu Sekhar; Gogoi,
Hiranya e J Org Chem 2018, 83 (15), 7606-7621.

TH-2109_126122016


mailto:g.hiranya@iitg.ac.in
mailto:hiranyagogoi32@gmail.com

2. eDesign of a fused triazolyl 2-quinolinone unnatural nucleoside via tandem CuAAC-
Ullmann coupling reaction and study of photophysical propertye Bag*, Subhendu
Sekhar; Das, Suman Kalyan.; Gogoi, Hiranyae Tetrahedron 2018, 74 (18), 2218-2229.

Communicated

1. eSensing BSA Protein with Fluorescent Unnatural Tetrazolylpyrene Nucleosidee Bag*,

Subhendu Sekhar; Gogoi, Hiranya; Pradhan, Manoj Kumar; Talukdar, Sangita.

2. eDesign, Synthesis and Studies on the Photophysical/Biophysical Properties/Interaction
of Fluorescent Triazolyl Fluorene-Labeled 2'-deoxyuridine Nucleosidee Bag*, Subhendu

Sekhar; Gogqoi, Hiranya.

3. eStudies on the Interaction of Pyrenylamido Triazolyl Aromatic Amino Acid Scaffold
with Short Abasic DNAse Bag*, Subhendu Sekhar; Gogoi, Hiranya; Jana, Subhashis.

List of Conferences/Symposiums

1. XII"™ J-NOST Conference for Research Scholars, November 24-27, 2016, CSIR-CDRI,

Lucknow, India.

2. Recent Trends in Chemical Science (RTCS), October 12-13, 2017, Department of
Chemistry, NIT Meghalaya, India.

TH-2109_126122016



6\

ABSTRACT

TH-2109_126122016



Abstract

The dissertation entitled “DESIGN OF C5-SUBSTITUTED 2'-DEOXYURIDINES,
SMALL FLUORESCENT MOLECULE AND STUDY OF
PHOTOPHYSICAL/BIOPHYSICAL PROPERTIES” is an embodiment of research aimed
towards the synthesis and studies on photophysical/biophysical properties of (a) nucleosides
containing triazolyl donor/acceptor aromatics at C5 position of 2'-deoxyuridine, (b) study of
interaction of fluorescently labeled nucleoside/fluorescent unnatural nucleoside with model
protein biomolecule (BSA), (c) nucleosides containing fluorene aromatics at C5 position of 2'-
deoxyuridine and (d) studies on the interaction of an AIE fluorescent probe, pyrenylamido
triazolyl aromatic amino acid PyAm-A"TAA, with short abasic DNAs. Towards this journey,
few fluorescent C5-substituted 2'-deoxyuridine nucleosides have been synthesized and their
photophysical properties evaluated. The biophysical properties of two triazolyl nucleoside, one
tetrazolyl nucleoside and one triazolyl aromatic amino acid have been investigated.

Thus, this thesis contains a total of 5 Chapters including one Review Chapter (Chapter 1).
Each chapter contains its individual experimental and reference sections. Chapter 1 is a
review of the applications of various types of fluorescent and non-fluorescent C5-substituted
2'-deoxyuridines. Chapter 2 deals with the synthesis of a post-synthetically modifiable
universal linker, 4-(Propynyl(methyl)amino)phenylacetylene, containing 2’-deoxyuridine
nucleoside and then to generate fluorescent C5- donor/acceptor aromatics substituted 2'-
deoxyuridine nucleosides. The study of photophysical properties of such nucleosides has also
been included in this chapter. Chapter 3 deals with the studies on the interaction of a
ratiometric fluorescent probe, pyrene-labeled dual fluorescent 2'-deoxyuridine, and a
tetrazolylpyrene unnatural fluorescent nucleoside with BSA. Chapter 4 focuses on the
synthesis of fluorescent C5-triazolylfluorene-labeled 2'-deoxyuridines and studies on their
photophysical/biophysical properties. Chapter 5 deals with the studies on the interaction of an
AIE fluorescent probe, pyrenylamido triazolyl aromatic amino acid PyAm-A"TAA, with short
abasic DNAs.

CHAPTER 1: APPLICATIONS OF C5-SUBSTITUTED 2'-DEOXYURIDINES: A
REVIEW

This chapter highlights the applications of various types of fluorescent and non-fluorescent
C5-substituted 2'-deoxyuridines. The C5-substituted 2'-deoxyuridines are known for their
potential antiviral properties for a long time. 5-iodo-2'-deoxyuridine (IDU) is the first synthetic
nucleoside showing effective antiviral properties and was synthesized in 1959. Later, more

i
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effective antiviral agents such as BVDU and IVDU have been synthesized. Eventually, safer
and more effective practices have led to the synthesis of numerous uridine analogous exhibiting

antiviral as well as anticancer properties ((Figure Al).

Figure Al. Different types of C5-substituted 2'-deoxyuridines.

In 1973, Kropinski et al. have discovered a modified base 5-(4-aminobutylaminomethyl-2'-
deoxyuridine in the DNA of bacteriophage ¢ W-14 with a higher melting temperature compared
to its natural analog DNA without a modified base. The results of the assay have established
the idea among researchers that DNA can be stabilized to more extent than the natural ones.
Thus, the earlier modifications of DNA mainly focused on the effects of substituents on the
stability of DNA duplexes. Development of methodologies and knowledge led to the synthesis
of alkenyl and alkynyl 5-substituted uridines which provide incorporation of diverse
functionality into DNA leading to modulated covalent, electrostatic interaction properties
within DNA. In many cases, when incorporated into DNA, short alkenyl and alkynyl chains
have shown higher duplex stability than alkyl chains with the same carbon numbers.

On the other hand, understanding the structure, properties, and functions of biological
macromolecules, cells and microorganisms often utilize fluorescence-based techniques for a
long time. Thus, a number of fluorescence-based techniques have been developed which
contributed significantly to the field of molecular genetics. In this regard, the molecules which
have good photophysical properties can be very helpful for understanding the various chemical,
biochemical and biological phenomena. Thus, the nucleosides can be modified to impart rich
photophysical properties. Such modifications can be done at the base or at the sugar of a

nucleoside. We limited our discussion with the various types of base modified fluorescent
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uridines at the C5 position, their synthesis and applications in this chapter. Figure Al
represents various types of C5-substituted 2'-deoxyuridines.
Thus, this chapter contains a critical survey of applications of few C5-substituted 2'-

deoxyuridines.

CHAPTER 2: DESIGN, SYNTHESIS AND PHOTOPHYSICAL PROPERTIES OF
FLUORESCENT C5-SUBSTITUTED 2’-DEOXYURIDINES

This chapter elaborates the design concept and the synthesis of a post-synthetically
modifiable universal linker, 4-(Propynyl(methyl)amino)phenylacetylene, containing 2'-
deoxyuridine nucleoside and then to generate fluorescent C5- donor/acceptor aromatics
substituted 2'-deoxyuridine nucleosides. The photophysical properties of the synthesized
nucleosides have also been explored and discussed in this chapter.

Understanding the biological events associated with inter-biomolecular interactions, such
as dielectric properties in DNA, proteins, cell membranes and structures, functions, dynamics
of biomolecules is a very indispensable research area in current years. In this respect, highly
solvatochromic fluorescent probes and fluorescently labeled biomolecular building blocks such
as solvofluorochromic nucleosides/ amino acids have been successfully utilized for the sensing
and detection of such biomolecular events. The fluorescently labeled nucleosides also find
many applications such as DNA sequencing, chemical and biochemical sensing processes,
single nucleotide polymorphism (SNPs) typing and many more biotechnological applications.
Fluorescently labeled nucleosides/nucleotides that display a strong enhanced signal upon
hybridization with a target DNA can be used for the detection of single nucleotide
polymorphism (SNPs typing).

As a part of our continuous research efforts in the design of solvofluorochromic
molecules/biomolecular building blocks, we thought that it would be worthwhile to design dual
emissive modified nucleosides. Based on our experience, literature reports and wider
applicability, we considered the design of C5-labeled 2'-uridines as model nucleoside probes
useable for DNA analysis in the future. Till the date, there is no report wherein C5-position of
2'-deoxyuridine is linked with an electron donor unit as a post-synthetically modifiable
functional group which effectively can generate a modulated fluorescence property of a
fluorophore if attached at the terminus or the terminal alkyne can be reacted with a fluorophoric
azide functionality. Inspired by our previous result on “installation/modulation of fluorescence
response” of various small fluorescent molecules and an interesting dual emission behavior

iii
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from pyrene when attached to N,N-dimethylanilino triazole donor unit and motivated by the
importance of dual emitting probe for DNA analysis, we thought that it would be worthwhile
to generate a set of fluorescent 2'-deoxyuridine nucleosides which could show interesting
intramolecular charge transfer property or dual emission. We further thought that attaching an
electron donor phenylacetylene unit as a post-synthetically modifiable functional group at the
C5-position of 2'-deoxyuridine would be beneficial to generate a set of fluorescent 2'-
deoxyuridines with modulated fluorescence property of a fluorophore via azide-alkyne
cycloaddition reaction. Furthermore, the same nucleoside, if incorporated into DNA, can offer
the opportunity of generating fluorescent oligonucleotide probes via post-synthetic click

reaction with modulated fluorescence property.
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Scheme ALl. Graphical representation of the design concept for the synthesis of universal linker
containing modified 2'-deoxyuridine and its fluorescent analogs and the dual fluorescent

spectra of a representative pyrenyl fluorescent nucleoside.

Therefore in this chapter, we have reported the rational design and synthesis of triazolyl
push-pull  fluorophore-labeled  uridines via the intermediacy of C5-{4-(2-
propynyl(methyl)amino)}phenyl acetylene as a universal linker. Our design involves the
synthesis of a wuniversal linker, 4-(Propynyl(methyl)amino)phenylacetylene and its
incorporation into C5-position of 2'-deoxyuridine. The universal linker containing 2'-
deoxyuridine can then undergo Huisgen 1, 3-dipolar cycloaddition reaction with donor-
acceptor chromophore containing fluorogenic azides to afford the target fluorescent uridines.
The donor aromatic substituted triazole moiety is thought to allow an intramolecular charge
transfer (ICT) process from triazole-linked moiety to the fluorophoric units leading to

solvatochromic fluorescence at a longer wavelength. Moreover, the fluorophores, such as

iv
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pyrene, coupled electronically with donor aryltriazoles, could show dual fluorescence property
or interesting modulated solvatochromic emission response. Thus, our design would ultimately
lead to predetermined photophysical properties of the fluorophores and hence of the nucleoside.

The synthesized nucleosides have shown interesting solvatochromic characteristic and/or
intramolecular charge transfer (ICT) feature. Few of them also exhibit dual emitting
characteristics evidencing our designing concept. The HOMO-LUMO distribution shows that
the emissive states of these nucleosides can be characterized with more significant electron
redistribution between the C5-{4-(2-propynyl(methyl)amino)}phenyl triazolyl donor moiety
and the aromatic chromophores linked to it leading to modulated emission property. The
solvent polarity sensitivity of these nucleosides has also been tested. The synthesized triazolyl
benzonitrile-, naphthyl- and pyrenyl- nucleosides have been found to exhibit interesting
intramolecular charge transfer (ICT) and dual (LE/ICT) emission property. The dual
fluorescent nucleosides having ratiometric fluorescence property could be utilized for DNA
analysis if incorporated in a DNA for the generation of fluorescent oligonucleotide probes. All

experimental results are presented in this chapter.

CHAPTER 3: STUDIES ON THE INTERACTION OF TRIAZOLYLPYRENE-
LABELED FLUORESCENT 2'-DEOXYURIDINE AND UNNATURAL
TETRAZOLYLPYRENE NUCLEOSIDES WITH BSA

This chapter describes the studies on the interaction of a triazolylpyrene-labeled fluorescent
2'-deoxyuridine and an unnatural fluorescent tetrazolylpyrene nucleoside with bovine serum
albumin (BSA) protein utilizing UV-visible and fluorescence spectroscopy. Protein-ligand
interactions are of paramount importance for all processes taking place in living organisms.
These interactions regulate the states and functions of proteins which are important for
regulation of biological functions. Therefore, the study of such interactions is crucial for the
development of newer drug candidates. A small molecule with unique photophysical properties
responding to the microenvironment exceptionally and bearing information related to
biological protein-ligand binding sites and events is significant for drug discovery and many
other research topics. Therefore, molecular design and proteomics are two topmost research
topics in the field of drug discovery. However, a large number of experimental trials required
to gain insight into the properties and functions of a particular protein and develop smart
molecules accordingly. Therefore, highly abundant proteins like serum albumins often used as

models in order to investigate protein-small molecule interactions which ultimately assist in

\'%
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designing biologically active compounds. Therefore, aqueous complexation studies of
synthetic molecules with serum albumins such as bovine serum albumin (BSA) gain significant

research interest during the last decade.
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Figure A2. Schematic presentation of the interactions of BSA with pyrene-labeled nucleosides.

With the above background and the observed photophysical properties of our previously
reported pyrene-labeled fluorescent probes, 35 and 36 (Figure A2), we envisaged that these
nucleosides might offer some interesting binding interactions with a biomolecule such as a
model protein BSA. Thus, from the UV-visible and fluorescence study, we have successfully
shown that our click chemistry derived triazolyl and tetrazolyl fluorophoric nucleosides 35 and
36, respectively, serve as versatile fluorescent light-up probes for BSA protein detection in the
aqueous media. The enhancement in the fluorescence intensity of both of these nucleoside
probes upon addition of BSA indicates strong interaction with high binding constant. All

experimental results are presented in this chapter.

CHAPTER 4: SYNTHESIS AND STUDIES ON THE
PHOTOPHYSICAL/BIOPHYSICAL PROPERTIES OF TRIAZOLYLFLUORENE-
LABELED 2’-DEOXYURIDINES

This chapter elaborates the synthesis of triazolylfluorene-labeled 2'-deoxyuridines and
studies on their photophysical properties and interaction of one of them with calf thymus DNA
(ctDNA). Fluorene is a rigid and planar molecule containing two benzene rings fused by a five-

Vi
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membered ring. The structural importance of fluorene is its planar structure and delocalized 7-
electron cloud. The fluorene moiety can be utilize as spacers via aromatic coupling at the 2 and
7 positions for the design and synthesis of fluorescent probes. Also, the C-H functionalization
at the C9 position of the fluorene is highly facile. For such structural features, fluorene has
been utilized as building blocks for the synthesis of various organic molecules including dyes,
polymers etc. Many of these molecules have been exploited for their applications in cell
imaging and detection of explosives. However, a very few examples of fluorene containing
nucleosides are available in the literature. Electronic conjugation between a triazole and a
fluorene scaffold could lead to the generation of a modulated photophysical property within
the parent molecule, which might be useful for the investigation of biological events.
Therefore, the synthesis of triazolylfluorene decorated nucleosides with novel photophysical
properties is an interesting topic of research.

o

(i) Click reaction

1

NH () Sonogashlra J‘Y

o @ ﬂjN

——TMS
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- =
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OTBDMS Desilylation OTBDMS
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15 37

Scheme A2. Graphical representation of the synthesis of triazolylfluorene-labeled 2'-
deoxyuridines.

With the above background, we have synthesized few fluorescent nucleosides wherein the
C5 position of 2'-deoxyuridine is electronically conjugated with fluorene analogues via
Sonogashira cross-coupling and copper-catalyzed click chemistry. We envisaged that these
nucleosides might offer some interesting photophysical properties and binding interaction with
DNAs and/or proteins. From the study on photophysical properties of the synthesized
nucleosides, we have observed that the two of the synthesized nucleosides show interesting
dual emission properties in various organic solvents which are very important for monitoring
the DNA microenvironment. We also have studied the interaction of cyanofluorenyl 2'-
deoxyuridine 42 (Scheme A2) with ctDNA and observed that this nucleoside is capable of
sensing ctDNA via generation of an enhanced fluorescence signal. All experimental results are

presented in this chapter.

vii
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CHAPTER 5: STUDIES ON THE AGGREGATION INDUCED FLUORESCENCE
EMISSION PROPERTY OF PYRENYLAMIDO TRIAZOLYL AROMATIC AMINO
ACID AND ITS INTERACTION WITH SHORT ABASIC DNAs

This chapter described the studies on the aggregation induced fluorescence emission (AIE)
property of a fluorescent pyrenylamido triazolyl aromatic amino acid scaffold PyAm-A"TAA
and the interaction with short abasic DNAs.

The development of fluorescent molecules with the ability to recognize DNA sequence
alteration via the generation of highly specific fluorescence signal are of recent attraction in
biology and in bioorganic and medicinal chemistry. In this respect, the probe with AIE
property would be advantageous as these fluorophores in any concentration can be utilized as
light-up fluorescent probes. In particular, sensing of DNA lesions is crucial for reliable disease
diagnosis and the design of new chemotherapeutics. The most commonly encountered DNA
lesions are abasic DNA, mismatched DNA, base modified DNA, single-strand breaks, double-
strand breaks, and intrastrand cross-linked DNA. Out of all DNA lesions, however, an abasic
site [Ap or ®] DNA is most frequent and can lead to deleterious mutations. Therefore, the
design of fluorescent probes for the detection and stabilization of abasic DNA is paramount
importance for the cellular survival and development of new chemotherapeutic agents.

Over the years, many platforms have been developed for the detection and stabilization of
DNA abasic site (Ap site). Thus, fluorescent oligonucleotide probes containing non-
nucleosidic base surrogates have been utilized for Ap site recognition and stabilization.
Similarly, fluorimetric sensing, as well as stabilization of an abasic DNA, has also been
achieved with the use of nucleosidic base surrogates. However, these methods require
preparation of fluorescent modified DNA probes which in turn need complicated probe design
and high cost analysis. Therefore, the best alternative strategy is to employ a ligand/ molecule
which can fit within the gap created by the Ap site. Therefore, the label-free detection of Ap
site is very much desirable to offer simple and low-cost strategy. The fluorescent molecules
having a comparable volume of an A: T pair and good intercalating property are, in general,
the suitable candidates to cover the gap space created by an Ap site and thus, are capable of

sensing and stabilizing Ap DNA via inter-/intrastrand 7-7 stacking interaction.

viii
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Oi NH
Scheme A3. The chemical structure of the AIE probe and the schematics of the concept of
binding of the probe PyAm-A"TAA to an abasic site opposite to A base (X = A).
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Fluorescence
Enhancement

With the above background and concept, we studied the interaction of an AIE probe
PyAm-A"TAA (43, Scheme A3) with short 13-mer DNA duplexes containing an abasic site
opposite to all four natural bases utilizing a “Just Mix & Read” label-free strategy which does
not need any annelation and relies on simple read out the fluorescence signal from the probe.
We have successfully demonstrated that the bare fluorescent pyrenylamido aromatic triazolo
amino acid scaffold, PyAm-A"TAA, serves as a good AIE light-up probe for label-free
detection of DNA abasic site specifically opposite to base adenine (A) without affecting the

DNA duplex stability. All the experimental results are presented in this chapter.
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Chapter 1 Applications of C5-Substituted 2'-Deoxyuridines: A Review

1.1. Introduction

1.1.1. Nucleosides, Nucleotides and Nucleic Acids

Nucleic acids are one of the most essential building blocks of living cells. Chemists and
biochemists recognize nucleic acids as the center of importance in biological systems.
Structurally, nucleic acids exist in long polymeric structures consist of nucleotides. Even
though their compositions are simple nucleotide monomers, these biopolymers take an active
part in various complex cellular functions. For example, deoxyribonucleic acid (DNA) stores,
access and replicates genetic information as a linear nucleotide code. On the other hand,
ribonucleic acid (RNA) transports genetic information from DNA to the ribosome which
ultimately leads to protein synthesis. The role of nucleic acids as a genetic carrier was not
realized until about 70 years ago. During last half century, numerous experiments and
investigations were performed significantly on the structure of DNA, ¥ structure-function
relationships between DNA and RNA & ° and fundamental processes like DNA replication,
RNA transcription and protein synthesis.'®!® The observations and results of these
investigations lead to modern molecular biology and form the basis of nucleic acids as a genetic
carrier. The transportation of genetic information from DNA into RNA and then to a protein
known as the central dogma of molecular biology originally put forward by Francis Crick
(Figure 1.1).16.17

Self-replication

(L )
Transcription Translation L{
- , o BN _— X
Reverse transcription
DNA

RNA Protein

1.001 1.002 1.003

Figure 1.1. The central dogma of molecular biology
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According to the theory of central dogma, an individual DNA molecule serves as templates
for complementary DNA strands during the replication process, while as complementary RNA
molecules during the transcription process. Sequentially, the RNA molecules serve as
fingerprints for the arrangements of amino acids by ribosomes during the process of translation.
The principle of this paradigm have withstood the test of time and experimentation and
continues to represent as guiding principle for molecular biologists involving in all areas of
basic biological, biomedical and genetic research. However, certain additions are necessary
which are based on observations and discovery of some unusual transcriptions. These include
the occurrence of RNA synthesis and RNA-directed DNA synthesis (reverse transcription), as
found in some viruses and plant species.®® Later on, various experiments and their findings

indicate the involvement of RNA in more complex biological activities than DNA.1% 20

1.1.2. Structure of Nucleic Acids

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are the two types of nucleic
acids present in living cells as mentioned before. Both are polymers of repeating subunits called
nucleotides. The arrangement of nucleotide subunits in the primary structure of a nucleic acid
responsible for the flow of genetic information within a cell. Each nucleotide monomer consists
of (i) a pentose (5 carbon) sugar, (ii) a base, which is essentially a cyclic nitrogen-containing
compound, and (iii) a phosphate group. There are two types of sugar present in nucleic acids,
deoxyribose which is present only in DNA and ribose which is present in RNA. Therefore, the
two nucleic acids are named according to the sugars present in them. The only structural
difference between these two sugars is the absence of oxygen at 2'-position of deoxyribose
sugar (1.004, 1.005, Figure 1.2). The bases present in nucleic acids resemble either a purine
ring system or a pyrimidine ring system and termed accordingly as purines and pyrimidines
(Figure 1.2). These bases are also called as nucleobases as they primarily found in nucleic
acids. In DNA, four different bases are found naturally: adenine (A), guanine (G), cytosine
(C) and thymine (T). The first two are derivatives of purine whereas the other two are
derivatives of pyrimidine. In RNA, we find the same first three nucleobases as in DNA but
instead of thymine, another pyrimidine derivative uracil (U) is present as a fourth nucleobase.
In addition to these major bases, there is also a large range of minor bases which occur less
frequently than others. A wide variety of modified nucleobases are found in RNAs, whereas

the DNA of eukaryotes consists of simply modified nucleobases involving the methylation of
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the C5-position of cytosine or the exocyclic amino group of adenine. These modifications
support a mechanism of regulation and expression of individual genes at the DNA level in
eukaryotes. #! The third component of a nucleotide monomer is a phosphate group which is
derived from phosphoric acid (1.006, Figure 1.2).

HO HO
(0]
Loy 0y 0.
OH OH OH 0-P-0
O.
Pentose sugar  Pentose sugar
in DNA in RNA Phosphate group
1.004 1.005 1.006
NH, (0] NH, (0] (0]
NN N—~*NH 2
N NH NH
¢ ft ¢TI, | 1 1
N NJ N NJ‘NH2 N‘bo N'§O N'bo
H H H H H
Adenine Guanine Cytosine Uracil Thymine
1.007 1.008 1.009 1.010 1.011
Purine nucleobases Pyrimidine nucleobases

Figure 1.2. Components of a nucleotide.

(0]

NH, s 3 NH, o
6 7
1 5 N 3 NH N
N* 3 N% NH
LIl s L NN LR P
ISNTN 1 2 N7 N NSO
HO_ 5 3 HO, HO HO
(0] (0] 0} (0]
& I 4 It
0H 7 ‘0 2 OH OH OH OH
2'-deoxyadenosine 2'-deoxycytidine Adenosine Uridine
1.012 1.013 1.014 1.015

Figure 1.3. Natural nucleosides and their ring numbering system.

The structure composed by any one of the nucleobases with either one of the two sugar
moieties via a glycosidic bond is known as nucleoside (Figure 1.3). When the sugar moiety is
ribose then we have ribonucleoside, on the other hand, if it is deoxyribose then we have a
deoxyribonucleoside. Accordingly, nucleosides with individual bases and ribose sugar are
termed as adenosine, guanidine, cytidine, thymidine, uridine respectively. On the hand,
nucleosides with individual bases and deoxyribose sugar are termed as deoxyadenosine,
deoxyguanidine, deoxycytidine, deoxythymidine, and deoxyuridine respectively. Structurally,

a nucleotide is a nucleoside phosphate. These nucleotide monomers are connected together to
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form a polymeric structure by 3', 5'-phosphodiester bonds leading to the primary structure

nucleic acids (Figure 1.4).

0 . N , N
0-$-04 o 5'end "1'"0 ¢ iH 5'end ..T..O PN iH
o i NTENTINH, i N“SNIINH,
. 0:P-0— o NH, 0:P-0— o NH,
o_ N o O_ N7
Deoxyriboucleotide ¢ fN ¢ fN
0 NN 0 on WA
1.016 | I
0:P-0~ NH, 0:P-0— g NH,
0. Ay 6. Ay
-9 0 2o o on K&,
0-P-0 (o) 1 1
o 0:P-0 o o 0:P-0 o o
OH OH o \ELNH O- ELNH
OH
Ribonucleotide 0 N‘bo 0 N‘bo
0:1:'—0 (0) O:II)—O (o)
1.017 O w o w
0 0 OH
3'end -L- 3'end ..J._
DNA RNA
1.018 1.019

Figure 1.4. The molecular structure of Nucleotides, DNA and RNA.

In addition, one or two additional phosphates can be inserted into the first phosphate group
of a nucleoside molecule via a pyrophosphate linkage. The nucleosides with one phosphate
group are called nucleoside monophosphates (NMPs), those with two and three phosphate
groups are called nucleoside diphosphates (NDPs) and nucleoside triphosphates (NTPs)
respectively. One of the most important nucleobases involved in these compounds is adenine
which forms adenosine mono, di and triphosphate molecules (AMP, ADP, and ATP) (Figure

1.5). These molecules are well-known for their vital roles in many biological processes.

NH, NH, NH,
N~ N NN N 0N
¢ ft; < f\,) ¢y
o NN -9 9 NN O 9 9 NN
“0-F-09 ¢ o-F-0-F-0q ¢ 0-F-0-F-0-F-094 ¢
o 0 O o 0 o
OH OH OH OH OH OH
AMP ADP ATP
1.020 1.021 1.022

Figure 1.5. Adenosine phosphates.
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One of the most important structural features of DNA is the specific pairing of nucleobases.
In a natural DNA, adenine always pairs with thymine and cytosine always pairs with guanine
and vice versa. This base pairing is specific in DNA and during polymerase-mediated
replication, it forms the basis of the genetic alphabet, ultimately leading to the basis of the
genetic code.?? 2 However, the genetic alphabets and hence the information stored in them by
no means should be restricted to only two base pairs. It became a logical thought among the
scientific community that an expanded genetic alphabet could provide us a platform for the
encoding of additional information which might be beneficial not only for various in vitro and
in vivo applications but also for a variety of biotechnology applications. Toward the expansion
of genetic alphabet, an unnatural third base pair can be formed between two identical unnatural
nucleotides (self-pairs) or two different unnatural nucleotides (hetero pairs). The incorporation
of such unnatural base pairs into DNA would expand the potential of DNA in terms of
information and functions such as site-directed labeling of oligonucleotides and in vitro
selections with oligonucleotides functionalized with diverse chemical structures.?*?® Thus, the
design and synthesis of unnatural base pairs is an interesting research area leading towards the
expansion of genetic alphabet which would find widespread applications in biotechnology

including the production of unnatural proteins and organisms.?’-2

Y
H FONS/AEE S  T— a-N
N-H" ‘)’\g L TN
N ‘H'N N N . JHe
HO ¢ oSN OH HO ¢ i N ol
Lo T e et Ry
HO OH HO H o

1.007 1.011 1.008 1.009
Adenine (A) : Thymine (T) Guanine (G) : Cytosine (T)

Figure 1.6: Presentation of hydrogen bonding between the DNA bases.

1.2. Need for Modified Nucleosides

The study of nucleic acids is a broad area extended over numerous fields of science. The
diverse structural features and chemical functional groups present in nucleic acids allow them
to interact with many different molecules. These molecules can act as some sorts of gene

regulatory proteins which can alter the natural flow of genetic information through DNA or
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RNA.%% 3 In addition, molecules from extracellular sources can stabilize DNA or RNA to a
greater extent and may also artificially alter or inhibit their functions. These biologically active
molecules are either naturally occurring or chemically synthesized. Incorporation of such
molecules into nucleic acids have a substantial contribution in the field of nucleic acid research
and towards the development of chemotherapeutic regimens.*?

Fluorescence is one of the most intrusive, rapid, highly responsive and simple analytical
techniques.®® Understanding the structure, properties, and functions of biological
macromolecules, cells and microorganisms often depend on fluorescence-based techniques for
a long time.>**° The molecules which have good photophysical properties can be very helpful
for understanding the various chemical, biochemical and biological phenomena. Naturally
occurring nucleotide bases in nucleic acids show extremely poor fluorescence property.*4+
These bases show very short fluorescent decay times and hence provide poor structural
information. The development of fluorescent biomolecular building blocks having good
photophysical properties can provide a better understanding of molecular environments, events
and therefore is a highly demanding research area. Fluorescently labeled nucleosides often find
their applications in the following research topics:-

Q) Detection of single nucleotide polymorphisms (SNPs).
(i) Determination of nucleic acid structure and function.
(iii)  Study of the nucleic acid microenvironment.

(iv)  Detection and monitoring of biological ligand binding events.

1.3. Types of Modification

Modified nucleosides can be classified mainly into two categories: (i) Base-modified and
(i) Sugar-modified nucleosides.

(i) Base-modified nucleosides: - In the synthetic oligonucleotide research area, the
synthesis of nucleobase modified nucleosides is probably the most common and most explored
topic among researchers. Natural pyrimidine nucleobases can be modified via substitutions
generally in C2, C4 N3, C5 and C6 positions (1.023-1.027, Figure 1.7).*°*Among these, C5-
substituted products are the most explored for their applications in medicinal and
biochemistry.* Similarly in natural purine nucleobases, substitutions can be done effectively
at C2, C6 and C8 positions (1.028-1.031, Figure 1.7).5% An example of naturally occurring

biologically active purine analog is 7-deazapurine (pyrrolo[2,3-d]pyrimidine).>” Due to its

TH-2109_126122016



Chapter 1 Applications of C5-Substituted 2'-Deoxyuridines: A Review

applications in many currently available drugs, the synthesis of its substituted nucleoside
analogs is a recent topic of interest. Several modified 7-deazapurine nucleoside analogs have
been utilized in various investigations.®®®3 Some examples of such types of nucleoside analogs
are shown in Figure 1.7 (1.032-1.035).

NH,

0 0 NCZ NH, 0
N Ph 7SN \(ll “NH
X0 o prNRo

N

UU}J “ed e

OH
1.023 1.024 1.025 1.026 1.027
Ph
AN-OCH; N N2 1l o
N N N N
N SN N NH
O ST I DT,
N NJ N NJ‘NNH2 N NJ 0O N NJ*NH
HO HO H HO HO
o) (o) o
OH OH OH OH OH OH
1.028 1.029 1.030 1.031
Ph
NH, NC  NH, \ NH,
‘T “,jl H,es—= i “j N‘Ti ”,jl
N N N
HO N HO N HO N HO
0 o) 0 0
OH OH OH OH OH OH OH
1.032 1.033 1.034 1.035

Figure 1.7. Selected examples of base-modified nucleosides.

Some simple examples of base-modified nucleosides are isosteres of the natural DNA
bases.5* Generally, in these modified bases, the exocyclic carbonyl groups are replaced with C-
F groups and N-H groups are replaced with C-H groups (Figure 1.8). These modified
nucleosides have been utilized in several investigations.®>*® The compounds 1.038 to 1.043
represent a broad family of nucleosides known as C-nucleosides, where the sugar moiety is
linked to a base through a C-C single bond. Several naturally occurring C-nucleosides and their
synthetic analogs contributed significantly in the field of medicinal chemistry.®® A direct
advantage of C-nucleosides is their higher stability against enzymatic and acid-catalyzed

hydrolysis when compared to corresponding N-nucleosides.
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CH,
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HO, HO. HO. HO
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Figure 1.8. Selected examples of base isosteres and C-nucleosides.

As mentioned in the above section, natural nucleobases show weak photophysical
properties. However, nucleosides can be modified to impart useful photophysical properties.
Fluorescent nucleoside analogs often developed by modification on the natural nucleobases or
by utilizing fluorophores with remarkable photophysical properties as base surrogates. Such
fluorescent nucleoside base analogs can be classified as chromophoric base, Pteridine,
expanded nucleobase, extended nucleobase, and isomorphic base analogs. Chromophoric base
analogs are obtained by replacing natural bases with polycyclic aromatic hydrocarbons (PAH)
(1.044-1.047, Figure 1.9).7°7 These nucleoside analogs display high emission quantum
efficiencies but lack Watson-Crick (W-C) hydrogen bonding ability. Pteridines are highly
emissive planar heterobicyclic aromatic compounds. These compounds are naturally occurring
and have chemical structures similar to purines (1.048-1.051, Figure 1.9). The initiation and
development of pteridine labeled nucleosides were mostly done by Hawkins and co-workers.”
4 Expanded nucleobase analogs are developed by either fusion or insertion of aromatic rings
into purine and pyrimidine bases (1.052-1.055, Figure 1.9). In many cases, such modifications
lead to the generation of highly emissive nucleobases with H-bonding complementarity similar
to that of natural nucleobases. Extended nucleobase analogs are often developed by attaching
fluorophores with known photophysical properties to the nucleobases either through rigid or
flexible linkers (1.056-1.059, Figure 1.9).7> 76 The parent fluorophores normally retained their
photophysical properties when attached to the nucleobases via electronically nonconjugated
linkers. On the other hand, attachment via electronically conjugated linkers typically generate
new fluorophores with unique photophysical properties. Isomorphic nucleobase analogs

(1.060-1.063, Figure 1.9) are heterocycles which have a close resemblance to the
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corresponding natural nucleobases in terms of structure and W-C base pairing property.” /" 8

When compared to other nucleobase analogs, a practical advantage of these analogs is their
close resemblance to the natural nucleobases and minimal or non-perturbing nature. Because
of the non-perturbing nature, isomorphic base labeled probes found numerous applications in

the field of nucleic acid research.” """
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Figure 1.9. Selected examples of fluorescent base analogs.

(if) Sugar-modified nucleosides: - Research for the effective, selective and nontoxic
antiviral agents initiated a variety of strategies for the development of modified nucleoside
analogs. In many cases, these strategies involved the modification of the sugar moiety of
natural nucleosides. For example, acyclic nucleosides like acyclovir and ganciclovir are
clinically used for the treatment of herpes viruses. Dideoxynucleosides and their analogs such
as didanosine (ddl), zalcitabine (ddC), stavudine (d4T) and avacavir are used for the treatment

of AIDS (Figure 1.10).
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Figure 1.10. Selected examples of clinically approved sugar modified nucleoside drugs.

Our research area is focused on the base modified pyrimidine nucleosides at C5-position,
therefore we will not discuss the sugar modified nucleosides broadly. Some different types of
biologically active sugar modified nucleosides are shown in Figure 1.11. Below sections will
restrict the discussion about the C5 modification of 2’-deoxyuridine only. Therefore the

examples will include the modified 2'-deoxyuridines wherein C5-position is modified.
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m
O. .0 HO HO—0
N '< N
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Figure 1.11. Selected examples of sugar modified nucleosides.

1.4. 5-Substituted (C5) Modified Pyrimidine Nucleosides

5-substituted pyrimidine nucleosides consist of a special group of compounds highly
recognized for their applications in pharmaceutical molecular genetics. Incorporation of
diverse functionalities in the C5-position of pyrimidine nucleosides/nucleotides has been a

continuous interest in order to improve their physicochemical properties such as metabolic

10
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stability, oral bioavailability, and pharmacokinetics.®® 8 These molecules have shown potential

antiviral activities against diverse classes of viruses and will be discussed later in this chapter.

The evolution of molecular techniques for the analysis of nucleic acids has a great impact
on the development of molecular genetics. The molecular techniques used in this endeavor
mostly related to the utilization of modified oligonucleotide probes. As a site for modification
and attachment of molecular signaling components, the C5-position of pyrimidine nucleosides
is possibly the ideal site as this site remains in the major groove of the B-DNA. As there is no
significant steric hindrance at the major groove, even very large groups can be incorporated
without destabilizing the DNA structure. Thus a wide selection of biologically active molecules
is possible for incorporation at the C5-position of pyrimidine nucleosides/nucleotides for
interpretation of molecular genetics. Moreover, C5-substituted pyrimidine derivatives are well-
known for their high compatibility with the endogenous kinases and DNA polymerases needed

for their incorporation into DNA.82-84

1.5. Non-Fluorescent 5-Substituted Modified 2*-Deoxyuridines and
Their Applications

1.5.1. 5-Aminoalkyl-2'-Deoxyuridines and Their Applications

In 1973, Kropinski et al.® discovered a hypermodified base 5-(4-
aminobutylaminomethyl)-2'-deoxyuridine (1.084, Figure 1.12) in the DNA of bacteriophage
dW-14 with higher melting temperature than the same natural DNA without a modified base.
The results of that assay establish the idea among researchers that DNA can be stabilized to
more extent than the natural ones. Following the discovery of Kropinski and his colleagues,
Takeda et al.® synthesized a series of ODNs containing 5-(4-aminobutylaminomethyl)uracil
instead of thymidine and monitored their duplex stability in terms of melting temperature. In
the investigation, they observed that the stability of duplexes definitely enhanced for some
specific base pairs. After this, a variety of the C5-modified nucleosides with aminoalkyl side
chains have been investigated during the period and are listed in Figure 1.12. The amino
substituted saturated alkanes (1.085-1.087) were reported as non-stabilizing.2”-%° However, the
amino substituted side chains containing amide functionality (1.088-1.097) were reported to
enhance stabilization.**% The amide groups present in these nucleosides can stack and
effectively form hydrogen bonds with nearby bases which are possible reasons behind the

11
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enhanced stabilization. The guanidinium substituted C5 side chain (1.098) has been reported
to stimulate the cellular uptake of oligonucleotides.®® Kuwahara et al.®” synthesized pyrimidine
nucleoside triphosphates containing amino acids with similar aminoalkyl side chains and are
listed in Figure 1.13.% Incorporation of these molecules into DNA could provide diverse

modified DNA libraries with significant protein-like properties.
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Figure 1.12. Selected examples of 5-aminoalkyl-2'-deoxyuridines.
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Figure 1.13. Selected examples of 2'-deoxyuridine triphosphates containing amino acids.

1.5.2. 5-Alkenyl 2'-Deoxyuridines and Their Applications

The functional groups of natural nucleic acids are not suited for general acid-base catalysis
due to their pH range.® To address this limitation, Sakthivel et al. 1% synthesized a novel series
of 5-(3-amino-1-propenyl)-2'-deoxyuridines and their triphosphate derivatives (1.111-1.117,
Figure 1.14). These compounds could be good examples to provide the potential for covalent

binding, electrostatic interactions, and metal-ion catalysis and are listed the Figure 1.14.
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Figure 1.14. Selected examples of 5-(3-amino-1-propenyl)-2'-deoxyuridine triphosphates.

The analogs 1.115 and 1.116 were the first reported examples of cationic and anionic
nucleotide analogs incorporated into DNA by PCR, which can alter the electrostatic properties
of DNA. Hollenstein et al.*® reported similar 2'-deoxyuridine triphosphates containing proline,
urea and sulfonamide groups (1.118-1.121, Figure 1.14) for incorporation into DNA. More
recent C5-substituted analogs of 2'-deoxyuridine containing alkenyl side chains are listed in

Figure 1.15,102:108

DNA can be functionalized with primary amine and imidazole functions with potential
catalytic properties utilizing these alkenyl linkers, which could be beneficial for in vitro
selection of potential nucleic acid based catalysts. The compounds 1.130 and 1.131 (Figure
1.15) have been utilized for the synthesis of triple-helix forming oligonucleotides (TFO)s.1%
Z-alkenyl linker (1.131) reported as destabilizing to the formation of TFOs to a great extent,
while TFOs having E-alkenyl linker (1.130) reported as unpurturbing in nature, exhibiting

stability similar to the unmodified structures.
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Figure 1.15. Selected examples of 5-alkenyl-2'-deoxyuridine analogs.

1.5.3. 5-Alkynyl 2'-Deoxyuridines and Their Applications

One of the most explored C5 modifications in pyrimidine nucleosides is the attachment of
an alkynyl linker. Acetylenes and their highly conjugated homologs are well-known for their
ability to generate strong electronic transmission between consecutive subunits. The linear sp
hybridized carbon chain can provide rigid structures which should facilitate the exact location
of the substituents attached with alkynyl functionalized oligonucleotide probes and thus can
provide a better understanding of substituent-nucleotide interaction. A comprehensive study
on this was done by Froehler and co-workers in the early 1990s, where they have reported the
antisense properties of oligonucleotides labeled with 5-(1-propynyl) uracil and 5-(1-propynyl)
cytosine. 1?11 Both of the modified bases showed increased affinity of a particular sequence
for hybridization with complementary RNA, when incorporated in multiple positions of the
sequence. Subsequent studies have reported the ability of the C5 propynyl group to stabilize
DNA not only through base stacking interactions but also through cooperative interactions
among them, when present in consecutive positions in a sequence.*'? 13 In 2004, Richert and
co-workers reported extensive studies of C5 substituents containing acetylenic linker which are
shown in Figure 1.16. They incorporated these substituents in the oligonucleotide 5'-
CTTTTCU*TTCTT-3', where U* was one of the modified deoxyuridines.!!4

15
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Figure 1.16. Selected examples of 5-alkynyl-2'-deoxyuridine analogs reported by Richert and
co-workers.

The C5 propynyl analog (1.134) was found to show higher stabilizing effect than
thymidine, while longer alkynyl substituents up to five carbons (1.135-1.137) showed a more
stabilizing effect than propynyl. The hydroxyl ethyl group (1.143) was reported as most duplex-
stabilizing within the series showing a Tm value of 42.9 °C in 100mM NaCl concentration,
which is higher than both the propynyl (39.4 °C) and thymidine (39 °C). Most of the other

substituents were reported as destabilizing to the duplex formation.

In 2009, Howorka et al.**® described the synthesis of C5-substituted 2'-deoxyuridines and
their 5'-triphosphate derivatives bearing alkynyl linkers with carboxyl, alkyl and amino group
at the terminal. The synthesized compounds are shown in the scheme Figure 1.17. The authors
explored the effect of these substituents on the enzymatic incorporation into DNA using Deep
Ventr exo and Taq DNA polymerase. According to the authors, most of the substituents can
be incorporated into oligonucleotides efficiently by both of the polymerases. However, better
results were reported with Deep Vent than with the Taqg polymerase. Interestingly, both of the
polymerases showed difficulties incorporating the amino-propargyl derivative (1.154) and

almost no incorporation was observed.
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Figure 1.17. Selected examples of 5-alkenyl-2'-deoxyuridine analogs.

The chemistry of covalently linked nucleosides have been explored for their applications
as interstrand cross-linkers in DNA duplexes, 11¢122 inhibitors of ribonucleotide reductase 2
and HIV reverse transcriptase, * models for the repair mechanism of DNA photolesions,?
supramolecular self-assembly*?® and protein binding.*?” Some selected examples of covalently
linked 2'-deoxyuridines connected via alkynyl and diynyl linkers are shown in Figure 1.18.12%
131 Sniady et al. synthesized covalently linked 2'-deoxyuridine dinucleosides via ethynyl and
short diynyl spacers (1.158-1.160, Figure 1.18).1% These compounds can be converted to their
furopyrimidine derivatives. Crisp et al. utilized a semi-flexible diynyl spacer containing long
alkyl chain to synthesize such types of compounds (1.163-1.164, Figure 1.18).'2 These
compounds have been studied for the formation of intramolecular hydrogen bonding between
the two nucleobases and intensity of hydrogen bond formation was measured in terms of H
NMR chemical shifts.

Seela et al.*?® 13! employed azide-alkyne cycloaddition (click reaction) to link nucleosides
using a moderately long diynyl spacer (1.161, Figure 1.18). It was reported that all of these
1,2,3-triazole functionalized nucleosides (1.162, 1.166 and 1.167) exhibited enhanced duplex
stabilization which is superior to that of the propynyl group for several oligonucleotide
sequences. It is interesting to observe that such bulky groups do not perturb DNA stability. The
presence of the polar character of the side chains and highly polar 1,2,3-triazole moiety in these
molecules possibly enabled them to get solvated by H>O molecules due to which no
perturbation was observed. The compounds 1.166 and 1.167 can be further modified into a
circular structure using a bis azide, 1,4-bis(azidomethyl)benzene (1.165). This type of bis-click
circularization is a very useful strategy utilizing oligonucleotides for the construction of

circular RNA, peptides and other macrocycles.
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Figure 1.18. Selected examples of covalently linked dinucleosides and their linkers.

1.6. 5-Substituted 2'-Deoxyuridines in Clinical Research
5-iodo-2'-deoxyuridine (IDU) (1.168, Figure 1.18) was the first synthetic nucleoside

analog with effective antiviral properties and was synthesized in 1959. It is used in the
treatment of herpetic keratitis and ocular herpes virus infections.’®? 13 The suggested
mechanism of action of IDU is the involvement of its active triphosphate derivative (IDUTP),
which inhibits the growth of viral DNA when incorporated. However, the use of IDU for the
treatment of herpes infections is limited due to its toxicity. Research for non-toxic and more
effective antiviral agents leads to the development of several modified uridines: 5-ethyl-2'-
deoxyuridine (EDU), (E) -5-(2-bromo)-2'-deoxyuridine (BVDU), (E)-5-(2-iodovinyl)-2'-
deoxyuridine (IVDU), 5-(2-chloroethyl)-2'-deoxyuridine (CEDU) etc. The EDU is
commercially known as acedurid and used for the treatment of herpetic keratitis and reported
as less-mutagenic in comparison to IDU. Among these analogs, BVDU and IVDU were found

to show the highest antiviral activity against HSV-1 and VZV infections.'3% 134

18
TH-2109_126122016



Chapter 1 Applications of C5-Substituted 2'-Deoxyuridines: A Review

0 0
S
HN ! HN F HNT Br
Od'“N od"N od"N
HO HO HO
0 o o
OH OH OH
IDU FDU BVDU
1.168 1.169 1.170

(0] [0)
"IN |
HNJJj/\/ HNuj/\ HN Cl1
1 | 1
O4§N 04N Oé‘N
HO
(0] (0]

(0]
OH OH OH
IVDU EDU CEDU
1.171 1.172 1.173

Figure 1.19. Selected examples of 5-substituted-2'-deoxyuridines licensed for clinical antiviral

use.

The possible mechanism of action for BVDU includes the involvement of its active
triphosphate derivative. According to the literature, the BVDU converted to BVDU
triphosphate by virus-encoded kinases, which then possibly interfere with viral DNA
polymerases or incorporated into viral DNA.13 134 |t was reported that the chloroethyl
derivative CEDU in lower doses is more effective than BVDU but its potential application is
limited due to its mutagenic properties. Some fluorinated pyrimidines and their nucleosides
exhibit potent antitumor activity and among them, 5-fluorouracil and 5-fluorodeoxyuridine
(FDU) (1.169, Figure 1.18) are the most important examples. Both 5-fluoro -2'-deoxyuridine
and 5-fluorouracil are used for the treatment of breast cancer and a variety of tumors.**> 136
However, FDU is not specifically tumor selective and dose-limiting intestinal toxicity is
observed in certain cases.'®’

5-isopropyl-2'-deoxyuridine (1.174, Figure 1.20) was also reported to exhibit antiviral
activity against HSV-1, but comparatively weaker than BVDU.'® Acetals are well-known
prodrug candidates.®®® Fan et al.}*? reported a nucleoside acetal, 5-(dimethoxymethyl)-2'-
deoxyuridine (1.175, Figure 1.20) with potent anti-orthopoxvirus activity. The antiviral
activity of the compound suggested being related to oxygen atoms on the substituent, which
permits binding to more hydrophilic protein targets through hydrogen bonding interactions.
Safadi et al.'*! reported similar 5-substituted 2'-deoxyuridine derivatives and explored for their
antiviral activity against HIV-1 (1.176-1.178, Figure 1.20). According to the authors, 5-
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hydroxymethyl-2'-deoxyuridine (1.154) exhibited moderate activity while 5-carbamoyl-2'-
deoxyuridine (1.177) and 5-carbamoylmethyl-2'-deoxyuridine (1.178) exhibited potential
activity against HIV-1.
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od"N od'*N od'“N od"N od"N o
HO HO HO, HO HO
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1.174 1.175 1.176 1.177 1.178

Figure 1.20. Selected examples of 5-substituted-2'-deoxyuridines with antiviral properties.

Alkynyl modifications of uridines constitute a large group of molecules which have been
explored for diverse biochemical studies. In 2007, Meneni et al.}*? synthesized a series of 5-
alkynyl uridines (1.179-1.186, Figure 1.21) via Sonogashira coupling and explored their
anticancer property. These nucleosides were studied for their antitumor properties in vitro using
two human breast cultures MCF-7 and MDA-MB-231. Among the series, 5-ethynyl -2'-
deoxyuridine (1.179) reported as most potent exceeding the potency of cisplatin and 5-
fluorouracil. P-tolyethynyl-2'-deoxyuridine (1.183) was also found to show high potency with
MCEF-7 but the results were negative with MDA-MB-231. Lower antitumor activity was
reported for 1.184, 1.185 which have longer or bulkier aliphatic substituents in the aromatic
ring. Cristofoli et al. studied iodoethynyl (1.187, Figure 1.21) and trimethylsilylethynyl
(1.188) 2'-deoxyuridines to acquire antiviral structure-activity relationships. These compounds
also showed enhanced antiviral activity against HSV-1, HSV-2, and VSV.143
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Figure 1.21. 5-alkynyl-2'-deoxyuridines reported by Meneni et al. and Cristofoli et al.
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Korshun and co-workers synthesized several 5-arylethynyl-2'-deoxyuridines (1.189- 1.194,
Figure 1.22) and explored their antiviral properties.®: 14414 They reported that 5-arylethynyl-
2'-deoxyuridines with bulky aryl substituents (1.190-1.194) show potential antiviral activity
against HSV-1. The 5-phenylethynyl-2'-deoxyuridine (1.189) was reported as inactive against
HSV-1. Among the series, the anthracene labeled nucleoside (1.194) showed the highest
activity against HSV-1. They observed that the introduction of a flexible spacer between aryl
and triple bond (e.g. 1.193) increases the cytotoxicity and significantly reduce the antiviral
property. Thus, it can be concluded that for these compounds, the direct connection of the rigid

ethynyl group to uracil is a crucial feature for antiviral activity.
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Figure 1.22. 5-arylethynyl-2'-deoxyuridines reported by Korshun and co-workers.

Following the success of 5-ethynyl-2'-deoxyuridine and its derivatives as an anticancer
agent, Lee et al.}*® reported the synthesis of a series of isoxazole and triazole derivatives of 5-
ethynyl-2'-deoxyuridine (1.195-1.204, Figure 1.23). Among the isoxazole nucleosides, the
acetylated isoxazole nucleosides, (1.197-1.199) showed high potency against NUG-3
(stomach) and PC-3 (prostate) cancer cell lines, inhibiting 50% cancer growth rate at a
concentration of 10 uM. Among these three nucleosides, 1.199 with the bulkiest group (tert-
butyl) exhibited the greatest antioncogenic activity. The deacetylated isoxazole nucleosides
along with other nucleosides with smaller substituents (1.195, 1.196) were reported to show

dramatically reduced anticancer activities. Among the triazole nucleosides, 1.201 was reported
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as the most potent anticancer agent. Like isoxazole nucleosides, deacetylated triazole
nucleosides displayed lower anticancer activity than their corresponding acetylated derivatives.
The possible reason could be increased lipophilicity of the nucleosides due to acetyl groups.
According to the authors, the triazole nucleosides exhibited lower anticancer activities than the
isoxazole nucleosides. However, lower cytotoxicity was reported for triazole nucleosides in
comparison to isoxazole nucleosides which suggested that triazole nucleosides are better drug

candidates than isoxazole nucleosides.
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Figure 1.23. Isoxazole and triazole derivatives of 5-ethynyl-2'-deoxyuridine reported by Lee

et al.

In 2010, Park et al.!*” synthesized 2'-deoxyuridine derivatives bearing
perfluoroalkyltriazole moieties (Figure 1.24) and explored their anticancer properties. Among
these analogs, 1.208 was reported as the most potent in inhibiting the cancer cell (PC-3, MDA-
MB-231, ACHN) growth rate by more than 80% at a concentration of 10 M. Interestingly, in
this case, the acetylated congeners (acetyl protection on sugar hydroxyl groups) of these
nucleosides exhibited decreased or non-enhanced activity in most cases. According to the
authors, the fluorinated nucleoside analogs were sufficiently lipophilic by themselves due to

which acetyl groups possibly remain ineffective in this case.
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Figure 1.24. 5-perfluoroalkyltriazole -2'-deoxyuridines reported by Park et al.

Recently, Shmalenyuk et al.}*® 149 synthesized several C5-substituted uridines and explored
their activity against tuberculosis (Figure 1.25). The selected nucleosides with long-chain
alkyloxymethyl (1.210-1.212) and alkyltriazolidomethyl (1.213-1.215) substituents at C5-
position of the nucleoside exhibited inhibitory activity against two Mycobacterium tuberculosis
strains, H37Rv, and MDR MS-115. According to their report, all of these compounds inhibited
the growth of the mycobacterium H37Rv by at least 99% at a concentration equal to or less
than 20 pg mL™, except 1.210 (40 pg mL* for 99% inhibition). Among these compounds,
1.214 and 1.215 showed the highest inhibitory activities against both mycobacterium H37Rv
and MDR MS-115. These two compounds inhibited the growth rate of both Mycobacterium

tuberculosis strains by 99% at a concentration of 10 pg mL™ in the assay.
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Figure 1.25. 5-substituted -2'-deoxyuridines with antituberculosis properties reported by
Shmalenyuk et al.

1.7. Fluorescently Labeled 5-Substituted 2'-Deoxyuridines and
Their Applications

Due to the lack of inherent emissive properties of the natural nucleobases, tremendous
research efforts have been made towards the design and development of fluorescently labeled

nucleosides. These fluorescent nucleosides find widespread applications in various research
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fields of biochemical interest. The applications of a few 5-substituted fluorescent 2'-

deoxyuridines are provided below.

1.7.1. Applications of 5-Substituted 2'-Deoxyuridines Directly Linked to

Fluorophores

The utilization of nucleosides labeled with fluorophores via multiple C-C bonds in order to
study molecular genetics is known for a long time. Oligonucleotides containing such types of
extended fluorescent nucleosides found their applications significantly in the study of SNP
detection, nucleic acid lesion and electron transfer process in DNA.' Fluorescent
nucleosides can also be obtained by attaching fluorophores to the nucleobases via a single C-
C bond, thereby extending the n-conjugation and installing modulated optical property in the
nucleoside.’>®1%3 Many of these analogs form stable base pairs and show microenvironment
sensitivity, when incorporated in oligonucleotides. Such types of fluorescent nucleosides

analogs are listed in Figure 1.26.
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Figure 1.26. Examples of 5-substituted-2'-deoxyuridines directly linked to fluorophores.
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One of the most representative examples of C5-substituted 2'-deoxyuridines directly linked
to a fluorophore via a single C-C bond is pyrenyl modified 2'-deoxyuridine (1.216, Figure
1.26), which has been studied extensively for SNP detection and reductive electron transfer in
DNA. 151 164-166 A very distinguished study was reported by Wagenknecht and co-workers on
single C-C bonded extended 2'-deoxyuridine analogs. In a DNA assay, they have incorporated
a phenothiazine modified nucleoside, 5-(-10-methyl-phenothiazin-3-yl)-2'-deoxyuridine
(1.217) into oligonucleotides and utilized the same for the study of the electron transfer process
in DNA. In their investigation, the electron transfer is reported as highly sequence-dependent
and occur more efficiently over T-A base pairs than over C-G base pairs.!®” In another study
they have incorporated BODIPY, a dye as a fluorescent label into 2'-deoxyuridine (1.218) , the
resulting nucleoside exhibited preferred Watson-Crick base pairing but showed low quantum
yield.®® They have also reported the incorporation of 6-N, N-dimethylaminopyrene-modified
2'-deoxyuridine (1.220) as an acceptor in a donor-DNA-acceptor system in order to study the

DNA-mediated charge transfer processes.*®®

Tor et al. reported the synthesis and photophysical properties of five-membered heterocycle
(furan, thiophene, oxazole, and thiazole) and pyridine modified 2'-deoxyuridines (1.221-1.225,
Figure 1.26).1%%1Y Among the 5-membered heterocyclic analogs, the furan-containing
derivative (1.221) exhibited the highest emission quantum efficiency and microenvironment
sensitivity. According to the authors, the oligonucleotides containing furan-modified 2'-
deoxyuridine formed stable DNA duplexes. On the other hand, the pyridine-modified 2'-
deoxyuridine displayed multiple sensing properties and thus highly sensitive to changes in
polarity, viscosity, and acidity.}’* Recently, Srivatsan et al.}’? reported the synthesis of
benzofuran modified 2'-deoxyuridine (1.226), which display enhanced fluorescence intensity
when incorporated into human telomeric DNA and RNA oligonucleotide sequences. This
emissive nucleoside has been utilized for the selective detection of DNA and RNA G-

quadruplexes.

Matsuda et al.*® reported the synthesis of 5-(5,6-dimethoxybenzothiazol-2-yl)-2'-
deoxyuridine (1.227, Figure 1.26) and utilized for the selective detection of 5-formyl-2'-
deoxyuridine which is an oxidized lesion of thymidine generated due to oxidative stress in
DNA and speculated to cause carcinogenicity and aging of cells.X” In another study, Zhou et
al.’®® reported the synthesis of several highly fluorescent 5-benzimidazolyl-2'-deoxyuridines
(2.219, 1.228-1.236) from 5-formyl-2'-deoxyuridine and formation of these nucleosides can be
utilized for the selective detection of 5-formyl-2'-deoxyuridine from a mixture of natural
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nucleosides. The fluorescence emission quantum yields of these nucleosides were found to be
sensitive to change in pH and organic solvents. Gothelf et al.}’* synthesized anthraquinone-
modified 2'-deoxyuridine (1.237) labeled oligonucleotides and studied their electrochemical
properties in order to explore the application of such modified bases in DNA assays.

Kim et al.l”™ reported the synthesis of piperazinephenyl -bearing 2'-deoxyuridine, PPU
(1.238, Figure 1.26) which impart cationic as well as high fluorescence property. The
synthesized nucleotides containing PPU showed enhanced stability against enzymatic
degradation and increased thermal stability than the unmodified ones. Furthermore, the
fluorescent PPU-modified nucleotides can be delivered into the cytoplasm and their presence
within the cytoplasm can be detected without tagging additional fluorophore. Such types of
modified oligonucleotides can be very useful for monitoring the activity of oligonucleotides

inside the cell.

Bag et al.'’® reported the synthesis of a 5-(2-naphthyl)-2'-deoxyuridine (1.239, Figure
1.26) labeled oligonucleotide probe for SNP detection. The naphthalene labeled
oligonucleotide probe exhibited an enhanced fluorescence emission with a shift in wavelength
upon hybridization with a target DNA where the naphthyl moiety lies opposite to adenine in
the target DNA.

1.7.2. Applications of 5-Substituted 2'-Deoxyuridines Linked to

Fluorophores via an Alkenyl Linker

2'-deoxyuridines containing alkenyl chains at the C5-position often utilized to tether highly
fluorescent dyes and other bulky aromatics in order to synthesize highly functionalized
fluorescent nucleotides. These alkenyl side chains often accompanied by polar amino or keto
groups (acrylamides) possibly for the hydration of these chains by H>O molecule in DNA
grooves. Some recent examples of such types of nucleosides are shown in Figure 1.27. One of
the most represented examples, a double thiazole orange labeled 2'-deoxyuridine (1.240) is
reported by Okamoto and his co-workers.}”’-18 The nucleotides labeled with this fluorescent
nucleoside was reported as hybridization sensitive and therefore found to exhibit high
fluorescence on hybridization with a target DNA. These fluorescent hybridized sensitive
probes have been applied for RNA imaging'®8 and monitoring,}’® fluorescent in situ
hybridization (FISH) 84 18 and detection of bacterial ribosomes.!”” Okamoto et al. also

synthesized anthraquinone modified 2-deoxyuridine (1.241) and incorporated into
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oligonucleotides. The anthraquinone labeled oligonucleotide probes were applied in the
investigation of photostimulated hole transport through DNA and photoelectrochemical SNP

typing.187' 188

R=

1.244 1.245

Figure 1.27. Selected examples of 5-substituted-2'-deoxyuridines linked to fluorophores via

an alkenyl linker.

Modified 2'-deoxyuridines labeled with fluorescein (1.242) Texas red (1.243) and dabcyl
(1.244) are also known.!'8191  Miyasaka et al. synthesized fluorescein modified 2'-
deoxyuridine labeled oligonucleotides and explored their conformational dynamics in the
single-stranded state.'® Rindermann et al. synthesized oligonucleotides labeled with
fluorescein and Texas red and explored their ability for the interpretation of fluorescence
resonance energy transfer (FRET) process in DNA.'*® Toga et al. applied fluorescein and
dabcyl labeled oligonucleotide probes for the detection of cellular nucleotide excision repair
(NER) repair of damaged DNA.!
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Yang et al.!®

synthesized pyrene labeled 2'-deoxyuridine (1.245, Figure 1.27) and
incorporated into oligonucleotides. These pyrene labeled oligonucleotide probes have been
applied for DNA detection utilizing competitive Host-Guest interaction strategy with the -

cyclodextrin polymer.

1.7.3. Applications of 5-Substituted 2'-Deoxyuridines Linked to

Fluorophores via an Alkynyl Linker

As mentioned before, an alkynyl linker can provide rigid and linear structures to
fluorophores for their incorporation in DNA. A common approach for the generation of
fluorescent uridine nucleosides is based upon attachment of an ethynyl linker carrying a
fluorophore at the C5-position of uracil. The Sonogashira coupling reaction is one of the most
effective and frequently used methods for the synthesis of 5-alkynyl uridines. Some
representative examples of modified fluorescent 2'-deoxyuridines containing ethynyl linker are

shown in the scheme Figure 1.28.

Saito and co-workers represented some remarkable examples of such types of modified
fluorescent 2'-deoxyuridines (1.246-1.250).1%* 193-1% These nucleosides belong to a distinct
category of nucleosides called as base discriminating fluorescent (BDF) nucleosides and their
corresponding oligonucleotide probes are called as BDF probes. One of the most important
features of BDF probes is their change in fluorescence intensity depends on the BDF base itself
and bases opposite to it on the complementary stand rather than hybridization. Saito et al.
synthesized 1-pyrenoyl-labeled 2'-deoxyuridines YU (1.246), AMPYU (1.247) and N,N-
dimethylaminophenyl substituted 1-pyrenoyl-labeled 2'-deoxyuridine (1.248) in order to
develope fluorescent oligonucleotide probes.’®31% The oligonucleotide probes labeled with
PYU and AMPYU have been applied for SNP detection. The AMPYU BDF probes reported as
adenine base selective and thereby emit fluorescence only in presence of adenine opposite to
the BDF base.'® It was reported that the N, N-dimethylaminophenyl substituted 1-pyrenoyl-
labeled 2'-deoxyuridine (1.248) exhibited dual fluorescence and the oligonucleotide probes
containing this particular nucleoside have been applied to monitor DNA structures.'® Such
dual fluorescence emitting probes can be very useful for monitoring hybridization in DNA and
RNA duplexes.
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Figure 1.28. Selected examples of 5-substituted-2'-deoxyuridines linked to fluorophores via

an alkynyl linker.

Saito et al. also synthesized 2- and 9-anthracenecarboxamide labeled 2'-deoxyuridines, %
ANty (1.249) and %AntU (1.250) respectively and incorporated into oligonucleotides.®>* The
authors studied the fluorescence behavior of the hybridized structures of these oligonucleotide
probes with their target oligonucleotides. Based on observations, they reported that the probes
containing AU exhibit better fluorescence properties in response to change in solvent polarity
and hence, is more suitable for DNA microenvironment study than the probes containing °
Aty Also, >A™U containing probes reported as adenine base selective and hence emit

fluorescence only in presence of adenine in a target sequence opposite to BDF base.

Tor et al.'® reported the synthesis of 1, 10-Phenanthroline labeled 2'-deoxyuridine (1.251,
Figure 1.28) and incorporated into oligonucleotides. The synthesized fluorescent
oligonucleotide probes have been applied for the detection of perfect and mismatched base
pairing in DNA duplex and can be useful for SNP detection. However, these oligonucleotides
labeled with phenanthroline exhibited a slight decrease in duplex stability than the unmodified

ones. The authors further coordinated Ru' and Os'' metals to the phenanthroline moiety of the
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modified 2'-deoxyuridine for the generation of hybridization sensitive molecular beacon (MB)

probes containing metals (Metallo beacons).*": 1%

Kim et al. synthesized 2-ethynyl fluorene labeled (1.252) and 1-pyrenyl labeled (1.253) 2'-
deoxyuridines and incorporated into oligonucleotides.'®*?2 Several oligonucleotides
containing these modified bases were found to serve as quencher-free molecular beacon (MB)
probes. The synthesized oligonucleotide and MB probes have been applied to discriminate fully
matched and one-base mismatched base pairing in DNA duplexes and in turn can be useful for
SNP detection. The 1-pyrenyl labeled oligonucleotide probes also have been utilized for the
detection of B-to-Z- DNA transition.?%?

Wagenknecht et al.?®> 204 reported the synthesis of 2'-deoxyuridines modified with
spyropyran and diarylethenes (1.254-1.257, Figure 1.28), which are well-known for their
photochromic behavior. As a representative example of diarylethene modified 2'-
deoxyuridines, compound 1.255 was incorporated into oligonucleotides where the retention of
the photochromic properties of the diarylethene moiety was observed and found to be
independent of oligonucleotide sequences.?®* Recently, Wagenknecht et al. synthesized
ethynyl Nile red labeled 2'-deoxyuridine (1.258) and applied for the study of supramolecular
nature of DNA towards mixed non-covalent assemblies.?®® Mely et al. reported the synthesis
of 2-furyl-3-hydroxychromone labeled 2'-deoxyuridine (1.259) which exhibit dual emissive
behavior.?%® The synthetic oligonucleotide probes containing this particular nucleoside also
inherited the dual emissive behavior and have been applied for the detection of SNPs, B
conformer from A conformer of DNA and for monitoring DNA annealing.

Bag et al. have synthesized y-oxo-pyrene carboxamide labeled solvatochromic 2'-
deoxyuridine (°*°PYU, 1.260, Figure1.28).2%” Upon incorporation into short oligonucleotides,
the synthesized singly- and doubly-labeled fluorescent oligonucleotide probes were found to
detect efficiently the base “A” and consecutive “AA” base of a target DNA sequences opposite
to the labeled base via generation of an enhanced fluorescence signal. It was also demonstrated
that the fluorescence of ©*°PYU is highly quenched by G-base, thus could be used for designing
G-quenched molecular beacon for DNA detection. The probes also could be useful for

discrimination of A/G or AA/GG allele as revealed from their fluorescence behavior.
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1.8. Probing Biomolecular Microenvironment with Fluorescent

Nucleosides

As a result of tremendous research effort, several fluorescent probes have been reported for
probing biological microenvironment with a generation of a distinct and readable fluorescence
signal. As for example, saccharide sensor, fructose sensor, fluorescence sensors for metal ions
in living cells were developed and reported similar to a number of fluorescent
nucleosides/fluorescently labeled nucleosides, fluorescent amino acids, etc., have appeared in
the literature as biomolecular building blocks for probing of nucleic acids’ /proteins’ structures,
dynamics, and functions. All these efforts are aimed at understanding the structure, dynamics,
and functions of such biomolecular entity by studying the detectable signal generated from
sensitive fluorescence techniques. All the research efforts are in success with the use of
microenvironment sensitive solvatochromic fluorophores. Fluorophores with emission maxima
that display sensitivity to solvent polarity, popularly known as solvatochromic fluorophores,
are widely used in the study of biomolecular microenvironment surrounding the chromophore.
Therefore, they are widely being used in the various research field of biochemical interest
which includes: (a) In Carbohydrates Research?®2%3: (b) In Phospholipids and Fatty Acids
Research?!4218; (c) In Amino Acids and Protein Research?®%?; (d) In Nucleic Acid Research.
In this respect, we will restrict our discussion on the importance of fluorescent nucleosides for

probing the biomolecules.

Nucleosides constitute an important class of biologically active molecules and are well-
known for their antiviral, antibacterial and anticancer properties for more than 50 years.
However, the number of nucleosides approved for clinical use as antiviral agents, drugs are
limited due to issues such as poor resistance, poor bioavailability, and high cytotoxicity etc.??3
Another important factor is the poor cell membrane penetrability of the nucleosides due to their
inability to recognize nucleoside transporter proteins.??* The recognition of nucleosides by the
nucleoside transfer proteins is highly specific and depends on the nucleobases present in a
particular nucleoside. Thus, the understanding of protein-nucleoside interaction is critical for
the development of new drugs. Therefore, the development of solvatochromic fluorescent
nucleosides for probing biomolecules such as proteins could be highly useful not only for the
understanding of protein-drug interactions but also for the development of new nucleoside-
based drugs. In addition, the understanding of protein-drug interaction can be useful for the
investigation of the structure and functions of proteins similar to nucleoside transporter
proteins. Moreover, the nucleoside metabolism is critical for cellular survival and functions of
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many enzymes depend directly or indirectly on nucleosides.?® Thus, the development of
fluorescent nucleosides is of paramount importance for the understanding of various biological
processes and development of new chemotherapeutics. A few examples of nucleosides are
depicted below which have been exploited for sensing the microenvironment of either BSA or

various DNA.

Thus, Bag et al. recently reported the design and synthesis of a novel fused triazolyl-2-
quinolinone (FTQuon) nucleoside (1.261, Figure 1.29) as a new generation of angularly
widened unnatural nucleobase surrogate with two possible H-bonding faces, one H-bond
acceptor and another donor.?® They showed that this nucleoside exhibited good interaction
property with BSA protein signaled via a switch on fluorescence response. The strong binding
of the nucleoside probe occurs in the hydrophobic pocket of BSA as was evident from a steady

state fluorescence anisotropy experiment and supported by docking study.

FTQuon
1.261

Figure 1.29. Structure of the triazolyl-2-quinolinone nucleoside, FTQuon.

They also have utilized their pyrene tetrazolyl unnatural fluorescent nucleoside, T2"YBP°
(1.262, Figure 1.30) for sensing the DNA microenvironment and thereby in DNA detection.??®
They have demonstrated that the probe, T??YBP° can be utilized as a versatile fluorescent light-
up probe not only for label-free specific detection and discrimination of base mismatched base
pairs but also for label-free recognition of abasic site and bulge DNA. Thus, it was
demonstrated that the probe T2PYBP° exhibited enhanced fluorescence signals in presence of
pyrimidine mismatch pairs (T/T) and purine mismatch pairs (C/C) in DNA. The probe also
exhibited a strong enhanced fluorescence signal upon interaction with pyrimidine base bulge-
out DNAs and abasic DNAs containing an abasic site opposite to pyrimidine bases. Thermal
denaturation study revealed that the binding of these deformed DNA duplexes with the probe
resulting in an increase in their thermal melting stability. As evident from the spectroscopic
analysis, the probe is a minor groove binder and binds efficiently to the minor grove near the

deformed site. Such types of versatile label-free fluorescent probes can be very useful for
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recognition of various types of DNA lesions and also for the investigation of drug-DNA

interaction in a simple and cost-effective way.

N:z

(o}

OH 1.262

Figure 1.30. Structure of the tetrazolylpyrene unnatural fluorescent nucleoside, ™2"YBP®,

The same pyrene tetrazolyl unnatural fluorescent nucleoside has also been utilized by them
as a versatile fluorescent light-up probe for label-free detection of multimeric G-quadruplex
DNA with high specificity.??’ It was demonstrated that the probe is able to discriminate
between telomeric multimeric and monomeric G-quadruplexes in terms of fluorescence signal
without affecting their conformation and thermal melting stability. The enhancement in the
fluorescence signal of the probe was highly significant when it binds with multimeric H45 G-
quadruplex. A strong intercalative binding interaction of the probe inside the TTA pocket
connecting two G-quadruplex units of the multimeric H-45 G-quadruplex was explained by the
authors which was also supported by a molecular docking study. Thus, such multimeric G-
quadruplex selective light-up fluorescent probe can be very useful for designing and

development of new G-quadruplex specific binders and new chemotherapeutics.

1.9. Summary and Future Prospect

From the literature report, we have seen that the C5-substituted 2'-deoxyuridine nucleosides
constitute a special class of molecules which find diverse applications in the field of
pharmaceutics and molecular genetics. Modifications at the C5-position of the pyrimidine
nucleosides are highly exploited for the improvement of pharmacokinetics and physiological
properties of nucleoside-based drugs. Many of the C5-substituted nucleosides find their
applications in clinical research and have been discussed in Section 1.6. The diagnosis of the
newly discovered diseases demand effective and safer drugs and therefore the C5-substituted
nucleosides will always remain an interesting research area for application in

chemotherapeutics and drug discovery.
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The modification at the C5-position of a pyrimidine nucleoside is highly functional and can
be utilized for the incorporation of diverse functional groups into DNA. Incorporation of a wide
selection of biologically active molecules is possible via modification at C5-position without
affecting the DNA duplex stability. In many cases, such modifications lead to enhanced DNA
duplex stability (Section 1.5). Thus, the incorporation of functional groups with catalytic and
electrostatic properties via C5-position can be utilized for the synthesis of stable functionalized
DNA imparting such properties which can be useful for the interpretation of various processes
of molecular genetics.

The applications of fluorescence-based techniques are rapidly growing in almost every field
of science and technology due to their superior reliability, operational simplicity, and
responsiveness than other molecular techniques. Since, the natural nucleosides shows weak
emission properties, the development of fluorescent nucleosides is very crucial for the
investigation of various biological events utilizing fluorescence-based techniques. Nucleosides
can be modified to impart rich photophysical properties by attaching a known fluorophore with
rich photophysical properties. These fluorophores are generally dyes and polyaromatic
hydrocarbons. The C5-position of the pyrimidine nucleoside possibly the ideal site for
incorporation of such large molecules without affecting the DNA stability, since the C5-
position lies in the major groove of DNA. Thus, the C5-fluorescently labeled nucleosides are
highly preferred for the development of fluorescent oligonucleotide probes which exhibit
hybridization dependent emission response. In Section 1.7, we have discussed various types of
fluorescent C5-substituted nucleosides and their applications. These fluorescent nucleosides
have continuously aided researchers not only to gain insight into the structure and functions of
biological macromolecules but also for the detection and diagnosis of DNA disorders such as
SNP, Abasic sites etc.

From the literature, we have seen that most of the fluorescent nucleosides have been utilized
as oligonucleotide probes for probing of the biological microenvironment. The examples of
utilization of bare fluorescent nucleosides for probing biological microenvironment are rare.
Incorporation of fluorescently labeled nucleosides into oligonucleotides for the development
of fluorescent oligonucleotide probes is a tedious job and often depends on the size and
chemical nature of the nucleosides. It is always desirable to develop fluorescent nucleosides
which able to sense biological microenvironment on its own and deliver useful information in
the form of highly distinguished emission signals. Therefore, the development of fluorescent
nucleosides is very important in order to get insight into nucleoside/DNA and or protein

interactions which definitely aid in the development of new chemotherapeutic drugs.
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Moreover, understanding of such interactions can be very useful for the investigation of

structure and functions of nucleic acids, nucleoside transporters and other similar proteins.
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Chapter 2 Design...... and Photophysical Properties of C5-Substituted 2'-Deoxyuridines

2.1. Introduction

The modified fluorescent nucleosides find extensive applications for exploring the
structure, function, and dynamics of nucleic acids.!® Particularly, the base modified
fluorescently labeled nucleosides have many applications such as medical diagnostics,
biological sciences, DNA sequencing, chemical and biochemical sensing processes, single
nucleotide polymorphism (SNPs) typing.*° It is a very indispensable research tool for
understanding biological events associated with inter-biomolecular interactions, such as DNA-
protein interactions, protein-protein interactions, drug-DNA and drug-protein interactions.
Fluorescently labeled nucleosides/nucleotides that display a strong fluorescence signal upon
hybridization with a target DNA can be used for the detection of single nucleotide
polymorphism (SNPs typing).t In the previous chapter, we have mentioned and discussed
numerous examples of 5-substituted uridine nucleosides which are modified in order to
improve or generate usable photophysical properties within them. The fluorescently labeled
nucleosides shown in Figure 2.1 have been utilized for studying oligonucleotide dynamics
(2.01), RNA-ligand binding interaction (2.02), SNPs detection (2.03) and in cell imaging
(2.04). Many more solvatochromic fluorescent probes and fluorescently labeled biomolecular
building blocks such as solvofluorochromic nucleosides/ amino acids have been successfully

utilized for the sensing and detection of biomolecular microenvironment/biomolecules.t 1113

0 M © o 0
NH Se’ NH NH
I 1 | *b
SN

1
S
N™™O0 N™MO N™™NO
HO HO | HO.
OH OH OH OH OH OH
2.01 2.02 2.03 2.04
Oligonucleotides dynamics RNA-ligand binding SNP detection Cell imaging

Figure 2.1. Few examples of 5-substituted fluorescent uridine nucleosides and their

applications. 14

Toward the synthesis of such type of modified nucleosides, transition-metal catalyzed
coupling reactions play a significant role.*® Palladium (Pd) and copper (Cu) are the two most
significant and frequently used transition metals for the synthesis of modified and unnatural

nucleosides. During the past two decades, Pd is perhaps the most widely used transition metal
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in cross-coupling reactions. Some salient features of Pd chemistry are: (i) Pd complexes are
inert to a variety of functional groups due to which chances of occurring unwanted side
reactions are less, (ii) Pd catalyzed reactions often proceeds at ambient temperature within a
couple of hours, (iii) low precatalyst loading (<1 mol%) is sufficient for the completion of
reactions. The widespread applications of Pd chemistry in the field of nucleic acid chemistry
are listed schematically in Figure 2.2. The Pd-catalyzed carbon-carbon bond formation has

become one of the most common methods for modification of oligonucleotides.

Antiviral
Nucleosides

Antitumor
Nucleosides

Reporter : I::> Fluorescent
Groups <:| sL ey Nucleosides

C-Nucleosides
Antisense
Oligonucleotides

Mutagenic and
DNA repair studies

Prodrug and
Drug delivery

Figure 2.2. Applications of Pd chemistry in Nucleic acid chemistry

On the other hand, copper-catalyzed reactions are often utilized for the carbon-carbon and
carbon-heteroatom bond formation. Some salient features of copper as a catalyst are (i) diverse
functional group tolerance, (ii) cost-effective and, (iii) good associative property with
heteroatom.®2° As for example, copper-catalyzed Tandem or cascade reaction is a well-known
method for the synthesis of heterocyclic molecules with significant biological importance.?
Among the diverse heterocyclic molecules, 1, 2, 3-triazole heterocycles constitute a highly
recognized class of biologically active molecules finding widespread applications in the field
of chemical biology, medicinal chemistry, and material science.?> 2 A triazole is a small

structured molecule (five-membered ring with molecular formula C2H3Nz3) having rich features
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such as high metabolic stability, biocompatibility and H-bonding capability.?*?® Many
biologically active compounds containing triazole moiety find their applications as antibiotics,
antiviral and antibacterial agents.?” The triazole unit can be formed using Cu(l) catalyzed azide-
alkyne cycloaddition reaction. This reaction is often called as click reaction which is utilized
in a diversified way in nucleic acid chemistry.

Our work throughout this thesis will be utilizing Pd-catalyzed Sonogashira coupling
reaction and click reaction for the synthesis of fluorescent molecules and nucleosides.

Therefore, we will limit our discussions to these two reactions in the next sections.

2.2. Sonogashira Cross-Coupling Reaction

The Sonogashira coupling reaction is one of the soundest methodologies which was put
forward by Kenkichi Sonogashira, Yasuo Tohda, and Nobue Hagihara in their 1975
publication.?® The Sonogashira coupling reaction makes use of Palladium and copper as
catalysts to couple an sp? and even sp® halide or triflate with a terminal alkyne under mild
reaction conditions. Cassar, Dieck, and Heck reactions also afford the same reaction products,
but these reactions required only copper as catalyst and the reaction conditions used by them
were harsh, such as high temperatures.?® % The high efficiency of the reagents, simple reaction
setup and mild reaction conditions established the Sonogashira cross-coupling reaction as a
highly useful reaction for a C-C bond formation between a terminal alkyne and an aryl or
alkenyl halide. In brief Sonogashira cross-coupling reaction is the Pd (0)/Cu(l) catalyzed
coupling reaction between an aryl halide and a terminal alkyne in the presence of base resulting
in a conjugated alkynyl derivative. Scheme 2.1 shows the classical Pd (0)/Cu(l) catalyzed

Sonogashira cross-coupling reaction.

Pd cat., Cu cat.

— base, rt —
RTH + RI-X —_— R_R1

2.05 2.06 2.07
R, = aryl, vinyl
X=1, Br, Cl, OTf

Scheme 2.1. Palladium, copper-catalyzed Sonogashira cross-coupling reaction.
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2.2.1. Mechanism of Sonogashira Cross-Coupling Reaction

R————R, R-X
V\ Pd’L, (
(iv) R/> ()
I
L—Pd———R,
| L
L |
Pd-Cycle R,—Pd—X
| i)
Ir (iii)
Rl_ Pld . "— RZ
L

—R,

-
&

Cu™X"
(vi)
L= Phosphane, base
solvent or alkyne

Figure 2.3. The supposed mechanism for Sonogashira Cross-Coupling.

The actual mechanism of Sonogashira coupling is not fully understood but the most
accepted mechanism based on a palladium cycle and a copper cycle (Figure 2.3).%° In the
palladium catalyzed cycle, the pd°L. complex (i) is catalytically active which reacts with aryl
halide to form the intermediate oxidative addition complex [Pd"L,R:X] (ii). On the other hand
in the copper cycle, the terminal alkyne in presence of a base reacts with Cu (1) (v) to form
copper acetylide [R2-C=C-Cu] complex (vi). Then the trans-metallation occurs between [Pd"
L,R1X] and [R2-C=C-Cu] complex (ii and vi, respectively) to form [R1Pd" L,C=C-R2] complex
(iii), the orientation of both organic ligands are converted to cis from trans in a cis-trans
isomerization (iv), which in turn followed by reductive elimination to forms the desired cross-
coupled product [R1C=CR2].

Sonogashira cross-coupling reaction finds its applications in a wide range of research areas

including natural product chemistry, medicinal chemistry, and material science. In the previous
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chapter (Section 1.5.3 and Section 1.7.3), we have discussed plenty of examples of modified

nucleosides which have been synthesized utilizing Sonogashira cross-coupling reaction.

2.3. Click Chemistry

The green concept of click chemistry is one of the exciting methodologies first reported by
K. B. Sharpless and his co-workers in 2001, which is a copper-catalyzed azide-alkyne 1,3-
dipolar cycloaddition reaction (CUAAC) (Scheme 2.2). 233135 The products of classic Huisgen
1,3-dipolar cycloaddition are generally a mixture of both 1,4- and 1,5- disubstituted triazoles
(regioisomers), but only 1,4-disubstituted triazoles are obtained from copper (I) catalyzed
azide-alkyne cycloaddition reaction. The methods for generation of 1, 2, 3-triazole are shown
in Scheme 2.2 including the Cu(l)-catalyzed click reaction. The copper (1)-catalyzed reaction
is a highly efficient reaction featuring simple reaction setup, a variety of functional group
tolerance, mild reaction conditions, a wide range of selection of solvents including green
solvent, water. The 1, 3-dipolar cycloaddition reaction of azides and terminal alkynes is a
powerful and very robust transformation.?> 3> 3 |t finds various applications in host-guest
chemistry, in metal coordination for sensing and detection of metal ions and in the generation
of modulated solvatochromic fluorescent small organic molecules for possible application in
sensing in chemical and biochemical research. The click reaction also finds its applications in
biological research topics such as chemical ligation®”*°, labeling or modification of proteins®’-

40 lipids*, and nucleic acids.*?

H
- Cu(I) complexes I’N*S_ . )
CuAAC - VN 1,4-triazole (anti
" Ri=N; + Ry——-H e.g. CuSO, I PN (antl)
2.08 2.09 Na ascorbate 2.10
R2
~ A Cp*RuCIL, RPN"S— .
RUAAC  R-N; + R——H(R;) > . H(R;) 1,5-triazole (syn)
‘N
2.11 2.12 2.13
R, R,
R,. R,.
— Heat I\ \ N A
Thermal R,~N; + R,——R; . oo Ry + LR
N NN
2.14 2.15 2.16 2.17

Scheme 2.2. Methods of 1, 2, 3-triazole synthesis.
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Click chemistry can be utilized to synthesize highly fluorescent biomolecules and their
mimics from nonfluorescent precursors.*® 4’ Researchers exploiting click chemistry to design
highly fluorescent nucleic acids and proteins in order to study molecular genetics. Since the
click product, the “triazole” unit is highly stable against enzymatic degradation, hydrolysis,
and oxidation,*® therefore, it is quite possible to impart these chemical properties into

biologically active molecules with the help of click chemistry.

2.3.1. Mechanism of Copper-Catalyzed Azide-alkyne Cycloaddition

Reaction

Fokin and Finn proposed a catalytic cyclic mechanism for CUAAC reaction based on
density functional theory (DFT) calculations.*® In the first step of the catalytic cycle, the
terminal alkyne derivative displaces one ligand from copper metal to form Copper acetylide.
In the second step, another ligand is displaced by the azide in order to bind with copper which
leads to the formation of an uncommon six-membered copper (I11) metallacycle in the third
step. Then the ring contraction and protonolysis of the metallacycle lead to the formation of

the triazole product and completes the catalytic cycle (Figure 2.4).

N [CuL
H
R, Step S Step 1
H+
N_ _R, R———Culx
N7 N
- _NL -R2
>/& N = N
R CulLx Step 2
Step 4
R,
’ + R
/y\N\CuLx N///N\N o
N /
R,———Culx
R,
Step 3

Figure 2.4. Supposed mechanism of copper-catalyzed azide-alkyne cycloaddition (CUAAC).
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2.4. Click Chemistry as a Tool in Nucleic Acid Research for
Generating Fluorescent Nucleosides

Understanding intercellular biological processes often depend on fluorescence-based tools
and their ability to monitor biomolecules. Green fluorescent proteins (GFPs) and fluorescently
labeled oligonucleotides often utilized to monitor biomolecules in biological system.®%** The
generation of fluorescence by the "click™ reaction can be used for the visualization of DNA in
free solution or embedded in DNA-protein complexes and can also be used for labeling and
visualization of biomolecules. The utilization of nucleosides, nucleotides, and oligonucleotides
as substrates of click chemistry is well established for more than a decade.*> A
comprehensive study was done by Seela and co-workers. A good example of their work is the
incorporation of a pyrrolo dC analog of deoxycytidine with a terminal alkyne (2.18) into
oligonucleotides (Scheme 2.3).¢ The terminal alkyne residues of oligonucleotides were
selectively conjugated by the CuAAC reaction to the non-fluorescent 3-azido-7-
hydroxycoumarin (2.19) to give strongly fluorescent 1,2,3-triazole conjugate (2.20). The
fluorescence properties of oligonucleotides with these covalently linked coumarin-nucleobases

displayed the expected pH-dependence of fluorescence intensity.

OH

V4
HN \
N% )
O&N
HO, HO
0 050 OH Click reaction (0]
+ S >
oH Ny OH
Non-fluorescent Non-fluorescent Highly fluorescent
2.18 2.19 2.20

Scheme 2.3. Click chemistry to generate fluorescent nucleoside analogs from non-fluorescent
precursors.

There are several examples of click chemistry mediated incorporation of fluorophores into
DNA. The two basic methods utilized for this purpose are pre-synthetic and post-synthetic
modifications of DNA. In this respect, we will discuss some recent examples of modifications

at the DNA bases achieved via these two methods below.
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2.4.1. Pre-Synthetic Modification of DNA

The term “pre-synthetic modification” denotes the desired modification on a nucleoside
prior to the incorporation into DNA. In the field of the click reaction mediated synthesis of
base modified fluorescent nucleosides/nucleotides, major contributions are done by Seela and
co-workers. In 2012, they have reported two pyrrolo-dC (dC = deoxycytidine) click adducts
(2.21, 2.22, Figure 2.5) and incorporated into oligonucleotides for DNA mismatch detection.*
According to the authors, the oligonucleotide probes containing these compounds were able to

discriminate between matched and mismatched DNA base pairs.

C) )
%0 Re

)

Q :

OH

2.25 2.26 2.27

Figure 2.5. Fluorescent nucleoside click adducts reported by Seela and co-workers.

Seela and co-workers also reported several pyrene-labeled nucleosides (2.23-2.27, Figure
2.5) and incorporated into oligonucleotides.®® >” They have reported that the nucleoside 2.23
containing a short linker is destabilizing to the DNA duplex formation, while the nucleosides
2.24 and 2.25 with long linkers improve the DNA stability.5®Also, the dC click conjugates
(2.24, 2.26) exhibited superior fluorescence emission properties than the 7-deazaguanosine
derivatives (2.23, 2.25, 2.27), both in single-stranded and double-stranded DNA.>’
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2.4.2. Post-Synthetic Modification of DNA

Incorporation of fluorophores via pre-synthetic modification have certain limitations. For
example, many fluorophores susceptible to decompositions under basic conditions and at
deprotection step used during the solid-phase oligonucleotide synthesis or during the PCR
process. Moreover, incorporation of bulky adducts into DNA can be difficult due to the steric
hindrance. In these contexts, the post-synthetic modification is most probably the ideal method
for DNA modification. The term “post-synthetic modification” denotes that the desired
modification has been done on the DNA strand within a complex biological medium.*® %8 In

this respect, we will discuss a few examples in this section below.

In 2006, Carell et al. reported multiple post-synthetic labeling of alkyne-modified DNA.>®
They synthesized two modified uridine nucleosides (2.28, 2.29, Figure 2.6) and incorporated
into ODNs for the generation of ODNs bearing alkyne reporter groups in various densities.
Afterward, they performed click reaction between the alkyne bearing duplexes of these ODNs
and various azides (2.19, 2.30, 2.31, Figure 2.6). A low conversion to products was reported
for the ODNs containing the nucleoside with short alkyne linker (2.28), while complete high-
density conversion was reported for ODNSs containing the nucleoside with long flexible alkyne
linker (2.29).

o o // (0] (0} OH
= Z N
HNJJD/ HN

1
od"N oa"N N3 O cooH
HO o I HO, o I HO% HO. 0.0
HO [ :I /I NN
OH OH on OH N3 7R 3
2.28 2.29 2.30 2.19 2.31

Figure 2.6. Alkyne bearing nucleosides and organic azides utilized by Carell et al. for post-
modification of DNA.

In 2010, Seela et al. employed fluorogenic azides, 9-azidomethyl anthracene (2.34) and 3-
azido-7-hydroxycoumarin (2.19) for post modification of ODNs containing octa-(1,7)-diynyl-
8-aza-7-deaza-2'-deoxyadenosine (2.32, Figure 2.7).** According to the authors, the modified
ODNs showed enhanced fluorescence emission as well as stability upon fully matched duplex
formation. They have also compared the fluorescence emission properties of click compounds

obtained by reaction between the free alkyne group of 8-aza-7deaza-2'-deoxyadenosine (2.32)
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and 7-deaza-2'-deoxyadenosine (2.33) with both of the fluorogenic azides (2.19, 2.34). It is
interesting that the 8-aza-7-deaza-2’-deoxyadenosine click compounds did not exhibit
fluorescence quenching in their analysis, while the 7-deaza-2'-deoxyadenosine click
compounds exhibited quenched emission most possibly due to the charge transfer between the

nucleobase and the fluorophore.

Figure 2.7. Alkyne bearing nucleosides, 8-aza-7deaza-2'-deoxyadenosine, 7-deaza-2'-
deoxyadenosine and the fluorogenic azides utilized by Seela et al. for post-modification of
DNA.

In 2010, Wagenknecht et al. reported successful incorporation of Nile Red dye into DNA
post-synthetically (Figure 2.8).%° For that purpose, they have utilized the in-situ generation of
azide in the DNA by reaction with a nucleotide containing 5-iodo-2'-deoxyuridine with sodium

azide, which was followed by a click with an ethynyl modified Nile Red (2.35) to yield the

modified DNA.
(0]
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Figure 2.8. Schematic representation of post-synthetic incorporation of Nile Red dye into DNA

reported by Wagenknecht et al.
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The use of bioorthogonal chemical reporters in order to monitor biomolecules in living
systems has drawn much attention among researchers lately.%% Because of the unobtrusive
nature of click substrates (azides and alkynes), click chemistry is a powerful candidate for
generation of such reporters without perturbing the targets biological functions. However,
performing Cu(l) catalyzed click reactions within live cells is not a safe practice even
successful examples have been demonstrated.® ¢ Copper ion impurities from the post-
synthetic or in vivo modification can become a cytotoxic threat even when present in trace
amounts. Hence, the development of copper-free “click” type reactions and alternatives for
post-synthetic modification of nucleic acids is a current research topic in demand. Such types
of reactions include strain-promoted® % ®° and other 1,3-dipolar cycloadditions,”® * Diels-
Alder reactions with normal’? and inverse electron demand,’ ™ reductive aminations,” thiol-

ene additions’ 77, and Suzuki-Miyaura-type coupling reactions.”

2.5. Background

Polarity sensitive fluorescent molecules are ubiquitous for sensing of biomolecules and
studying inter-biomolecular interactions inside a cell.®%®2 In particular sensing of the local
microenvironment of DNA is highly important in connection with the detection of DNA
mutations causing a deleterious effect on cellular survival, high throughput screening, and
many other biotechnological applications.®38% All these events in DNA rely on novel
fluorescent probe either as bare or unnatural fluorescent nucleosides or fluorescently labeled
natural nucleosides.® 8- Though many such probe systems in relation to DNA have been
reported but the probes suffer from fluorescence quenching by neighboring nucleobases or
short wavelength emission or poor microenvironment sensitivity. 8 Therefore, designing of
novel emissive probes, particularly, fluorescent nucleosides with unique fluorescence
properties, extreme sensitivity to change in DNA microenvironment and interactions are highly
desirable. Among the three approaches, linking a fluorophore in nucleoside bases is the major
approach to generate fluorescent nucleoside useable for DNA sensing.™ 2 839 As a result of
tremendous research efforts, a large number of fluorescently labeled nucleosides and
corresponding oligonucleotide probes have been designed and utilized to a variety of
applications that include probing DNA hybridization,®> ° typing single nucleotide
polymorphism (SNP),” ® ® and monitoring the interbiomolecular interaction,?*8 to name a

few. However, the majority of the reported environmentally sensitive fluorescent nucleosides
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exhibited single band emission that senses the differences in micropolarity either by a change
in emission intensity or wavelength.'” % %-102 Among these, Saito’s ESF nucleosides®® 10
104(1.224-1.228, Figure 1.27, Chapter 1) are highly attractive for monitoring the micropolarity
changes within DNA. However, often the majority of such probes suffer from several
shortcomings such as poor microenvironment sensitivity and low quantum yields, 83-88, 100, 103-
105

Therefore, to overcome these limitations, the concept of two-band emission would be more
advantageous over commonly utilized single-band fluorescent probes/nucleosides.'%-1% Thus,
recording a ratio of the intensities at two wavelengths would allow ratiometric sensing which
is more advantageous than sensing based on single wavelength emission.%® 1% Basically,
ratiometric sensing results in an intrinsically calibrated emission response.1%-1% Ratiometric
probing of DNA, though reported, but is based on labeling of DNA by two interacting dyes
such as FRET pair or excimer/exciplex pair.% % 11112 However, labeling with two dyes is
difficult, time-consuming as well as highly uneconomical.®® % 106-110 On the contrary, a single
fluorophore with dual emission property would be much more beneficial.}**%°> Highly
increased dipole moment and dipole-dipole interactions in the excited state allow such
fluorophores to be able to sense the changes in local micropolarity within a biomolecular
microenvironment or in the cell.®%® Therefore, dual emissive fluorophores are very useful as
a ratiometric probe because they offer facile and straightforward quantification of a
biomolecular event through the ratio of their two bands. However, due to the scarcity of such
fluorophores that display dual emissions and the difficulties in their syntheses, the phenomena
of dual emission based sensing of biomolecular events are poorly explored, especially, in the
field of DNA analysis.!**119 With a poor literature reports and the unique ability for sensing
the change in the microenvironment of DNA biomolecules, the design of dual emissive
modified nucleosides that can control the equilibrium between two excited states at ambient

temperature without changing the solvent properties is an unavoidable research area.

2.6. Aim and Objective

As a part of our continuous research efforts in the design of solvofluorochromic
molecules/biomolecular building blocks, 2124 we thought that it would be worthwhile to
design dual emissive modified nucleosides. Based on our experience, literature reports and
wider applicability we considered the design of C5 substituted uridines as model nucleoside
probes useable for DNA analysis in the future.s: 8% 120. 125134 However, there is no report

wherein C5 position of 2’-deoxyuridine is linked by an electron donor unit as a post-
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synthetically modifiable functional group which effectively can generate a modulated
fluorescence property of a fluorophore if attached at the terminus or the terminal alkyne can be
reacted with a fluorophoric azide functionality. Previously, we have shown the
“installation/modulation of fluorescence response” of various small fluorescent molecules and
an interesting dual emission behavior from pyrene when attached to N,N-dimethylanilino
triazole donor unit.®® Inspired by our previous result and motivated by the importance of dual
emitting probe for DNA analysis, 111 we thought that it would be worthwhile to generate a
set of fluorescent 2'-deoxyuridine nucleosides which could show interesting intramolecular
charge transfer property or dual emission. We further thought that attaching an electron donor
phenylacetylene unit as a post-synthetically modifiable functional group at the C5-position of
2'-deoxyuridine would be beneficial to generate a set of fluorescent 2'-deoxyuridines with
modulated fluorescence property of a fluorophore via azide-alkyne cycloaddition reaction.*
121-124, 129134 £yrthermore, the same nucleoside, if incorporated into DNA, can offer the
opportunity of generating fluorescent oligonucleotide probes via post-synthetic click reaction
with modulated fluorescence property. Following the aforementioned design logics the

research was aimed as below:

(@) The design and synthesis of 5-(3-((4-ethynylphenyl)(methyl)amino)propynyl)-2'-
deoxyuridine a possible post-synthetically modifiable nucleoside.

(b) Its application to generate a set of triazolyl fluorescent 2'-deoxyuridines generated via
Sonogashira cross-coupling reaction and azide-alkyne cycloaddition reaction.

(c) Study of photophysical properties of a few such fluorescent 2'-deoxyuridines revealed
interesting solvatochromic photophysical properties corroborating our design concept.

(d) Theoretical study to support the experimental photophysical properties of three

fluorescent uridines by TDDFT calculation.
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Scheme 2.4. The design concept of the dual emitting nucleoside.
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2.7. Result and Discussion
The Design Concept

Our design involves the synthesis of a universal linker, 4-(Propynyl(methyl)amino)phenyl
acetylene, and its incorporation into C5-position of 2'-deoxyuridine. The universal linker
containing 2'-deoxyuridine can then undergo Huisgen 1, 3-dipolar cycloaddition reaction with
donor-acceptor chromophore containing fluorogenic azides to afford the target fluorescent
uridines. The donor aromatic substituted triazole moiety was thought to allow an intramolecular
charge transfer (ICT) process from triazole-linked moiety to the fluorophoric units leading to
solvatochromic fluorescence at a longer wavelength. Moreover, the fluorophores, such as
pyrene, coupled electronically with donor aryltriazoles, could show dual fluorescence property
or interesting modulated solvatochromic emission response (Figure 1). Thus, our design would
ultimately lead to predetermined photophysical properties of the fluorophores and hence of the
nucleoside. The dual fluorescent nucleosides having ratiometric fluorescence property could
be utilized for DNA analysis if incorporated in a DNA for the generation of fluorescent

oligonucleotide probes.

2.7.1. Synthesis of Fluorescently Labeled 2'-Deoxyuridines

The synthesis of fluorescently labeled 2'-deoxyuridines was achieved via Sonogashira
coupling and 1,3-dipolar cycloaddition reaction. To generate a series of target fluorescent
uridines, we first synthesized the universal linker containing uridine 2.43 (Scheme 2.5). The
synthesis was started from N-methylaniline (2.36) which was converted first to its p-iodo
derivative (2.37). Afterward, the p-iodo derivative was allowed to undergo a Sonogashira
coupling with trimethylsilylacetylene to afford compound 2.38, which underwent
propargylation to yield TMS- protected linker unit 2.39. This linker unit was then coupled with
bis-TBDMS-protected 5-iodo-2'-deoxyuridine (2.41) through its free propargyl end via a
Sonogashira coupling to get compound 2.42.5¢ The TMS group was then deprotected to afford
the  bis-TBDMS-protected  5-iodo-2'-deoxyuridine  containing  donor-substituted
phenylacetylene as universal linker 2.43 (Scheme 2.5).

Finally, the 1,3-Huisgen azide-alkyne cycloaddition reaction was carried out between the
uridine containing the universal linker and various donor-acceptor-substituted fluorogenic
aromatic azides ( A-G, Scheme 2.5b) synthesized from the corresponding amines under click
reaction condition to afford the target uridines 2.44A-G, in bis-TBDMS-protected form and
2.45C, 2.45E and 2.45G in desilylated form, in moderate to very good yields.**® The final
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products were purified by column chromatography and characterized by NMR and HRMS

analysis. The structures of the synthesized nucleosides are shown in Figure 2.9.

(a) Synthesis of TMS protected N-methyl, N-propargyl amino phenyl acetylene \X
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Scheme 2.5. (a) Synthesis of TMS protected N-methyl, N-propargyl amino phenylacetylene
and (b) Synthesis of donor aryltriazolo fluorophore-labeled 2'-deoxyuridines and aromatic

azides used in the synthesis.

63
TH-2109_126122016



Chapter 2

TBDMSO

OTBDMS

2.44A (52%) NN

TBDMSO

OTBDMS

2.44C (94%)

TBDMSO

OTBDMS

2.44E (53%) N-N

TBDMSO

OTBDMS

2.44G (77%)

2.45E (80%)

N:N
N
0
2N
HNTY ~
od'*N
TBDMSO,
o
OTBDMS

2.44B (52%

) N
N;‘N CF,
oy s
O N o]
HN“D/\l (0]

O0“”°N
TBDMSO

OTBDMS

2.44D (94%) N-;NN
w2
[0)

N
TBDMSO.

OTBDMS

2.44F (57%) N:N

OH
2.45C (81%)

NiN,N O
»j%J@JV

oy

HO.
o

OH
2.45G (85%)

Figure 2.9. Structures of synthesized protected/deprotected fluorescent uridines.

2.7.2. Study of Photophysical Properties

After getting all the nucleosides in hands, we studied the photophysical properties of a few

selected nucleosides in organic solvents of varying polarities to check the solvatochromic

nature. The UV-visible spectra of all the compounds (10um) were measured using a UV-visible
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spectrophotometer with a cell of 1 cm path length at 25 °C and 1 mm slit width. All the sample

solutions were prepared before an hour of the measurement. The excitation wavelengths for
recording the emission spectra was at the maximum wavelength of absorbance (A2 ) in each

case. The fluorescence quantum yield (@) was determined using quinine sulfate as a reference
with known ®f=0.54 in 0.1 molar solution in sulphuric acid.

From the UV-visible spectra, we observed that the solvent polarity had an only minor
influence on the absorption properties of most of the fluorescent nucleosides. However, the
fluorescence emission property was modulated enormously upon changing the polarity of the
solvents. Thus, the analysis of absorption spectra of nitrobenzene containing nucleoside 2.44B
exhibited absorptions at around 290 and 365 nm in various organic solvents with very little
solvatochromism ( by 2-4 nm blue shift) (Figure 2.10a). Upon excitation at 365 nm, it
exhibited weak structured emission at around 390 nm with almost similar intensity in all
solvents except for EtOH, DMF, CHCI3 and DMSO wherein enhanced intensity was observed
(Figure 2.10Db).

0.50 0.50
(a) Dioxane 8 (b)
(0] — THF X Dioxane
g —— EtOAc ’:‘; i E["gA
So.25| TN ©0.25 —cxal,
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o] —EE ——ACN
< ,\E;e(;‘ § ——EtoH
e E MeOH
0.00 . 0.00Z
240 500 375 695

535
Wavelength (nm)

370
Wavelength (nm)
Figure 2.10. (a) UV-visible and (b) fluorescence emission spectra of nucleosides 2.44B in

various organic solvents (10 uM)

A similar absorption pattern with less solvatochromicity was shown by the trifluoromethyl
coumarin containing nucleoside 2.44D with absorption at 291nm and 375 nm. Excitation
spectra at long wavelength (375 nm) showed very weak and broad emission at 445 nm (Figure
2.11a, b).
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Figure 2.11. (a) UV-visible and (b) fluorescence emission spectra of nucleosides 2.44D in

various organic solvents (10 uM)

The UV-visible spectra of anthracene containing nucleoside 2.44F revealed absorptions at
around 290 nm and at three regions, 348, 367 and 386 nm in a regular pattern which is the
vibronic absorption characteristic of anthracene (Figure 2.12a). In this case, also, negligible
solvatochromicity was observed in the absorption spectra. However, upon excitation at 365
nm, interesting emissions have been observed. In the highly polar and protic solvents, only
characteristic emissions of anthracene centered at 415 nm were observed and we characterized
it as emission from a locally excited (LE) state (Figure 2.12b). On the other hand, in nonpolar
solvents such as in dioxane and in moderately polar solvents such as CHCIs, EtOAc and THF,
a dual emission was observed. The additional band observed at higher wavelength region is
characterized as emission from intramolecular charge transfer (ICT) state. The LE emission
bands were observed at around 415-420 nm and solvatochromic ICT bands were observed at
490, 493, 534 and 543 nm in dioxane, CHCIs, EtOAc, and THF respectively.
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Figure 2.12. (a) UV-visible and (b) fluorescence emission spectra of nucleosides 2.44F in

various organic solvents. The concentration of the nucleoside was 10 puM.
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The UV-visible spectra of nucleoside containing benzonitrile chromophore 2.45C showed
a short wavelength absorption at 288 nm and a long wavelength weak absorption centered at
346 nm in almost all solvents. Interestingly, upon excitation at long wavelength, the emission
spectra showed a structureless, broad and strong solvent polarity dependant ICT emission
(Figure 2.13a, b). A strong emission in dioxane at 471 nm was observed which experienced
an 80 nm red shift with a gradual decrease in intensity when the polarity of the solvent increased
to ACN/DMF (551 nm) (Table 2.1). In a polar protic solvent like methanol, almost no emission
was observed which is possibly due to the fluorescence quenching event mediated via

dipolar/H-bonding interaction. '3 13
0.50 1.0
@ _, 3 R —LE
o _?:):ane < A
= a5 —— EtOAc
c% N (E:t:(:c S ——CHcl,
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Figure 2.13. (a) UV-visible, (b) fluorescence emission spectra in various organic solvents for
nucleoside 2.45C. Dioxane-water titration: (c) UV-visible, (d) fluorescence emission spectra

for the same. The concentration of the nucleoside 2.45C was 10 puM.
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Table 2.1. Summary table of photophysical properties of the nucleoside 2.45C

Entry Solvents
2.45C
Prop.¢ Diox. | CHCIs | EtOAc | THF | DMSO | DMF | EtOH | ACN | MeOH
Af 0.021 | 0.148 | 0.201 | 0.21 | 0.265 | 0.275 | 0.29 | 0.305 | 0.309
2% 281, 280, 280, 281, 286, 284, 282, 282, 282,
(nm) 338 335 334 341 342 339 335 331 335
Al 471 470 500 507 429, 551 429, 546 431,
(nm) 535 535 539
& 034 | 021 0.27 0.29 0.04 0.04 | 0.02 | 0.04 | 0.008

Similar results were observed upon titration of a solution of the nucleoside 2.45C in
dioxane by water. A red shift in the emission of about 72 nm was observed in 30% water while
decreased intensity along with a negligible shift in wavelength was observed up to 50% water.
Beyond this, the addition of further water led to almost full quenching of fluorescence (Figure
2.13c, d). These features indicated an emission from an ICT state.!!3 135 137146 Flyorescence
quantum vyields revealed a similar trend as solvent polarity was increased (Table 2.2). The
fluorescence lifetime for this nucleoside showed biexponential decay in all solvents following
a similar trend as that was observed in steady-state emission upon changing the solvent polarity.
As an example, in ACN the average lifetime and quantum yield were 1.75 ns and 0.04,
respectively, while in dioxane the corresponding values were 2.83 ns and 0.34, respectively
(Table 2.2). This may be because of the fluorescence quenching through nonradiative pathway
via hydrogen bonding which is also supported from an increased nonradiative rate constant
(Knr) from 2.31 in dioxane to 5.46 in ACN (Table 2.2).1*2
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Table 2.2. Summary table of fluorescence properties of the nucleoside 2.45C

Entry 2.45C Solvents
Prope rties¢ Dioxane THF ACN | DosW5s | DssWis | DsoWa2o | D70W3o0
Af 0.021 0.21 0.305 0.186 | 0.249 0.262 0.277
A2 (nm) 281,338 | 281,341 | 282,331 | 281, 282, 284, 283,
336 334 335 339
A" (nm) 471 507 546 | 510 | 530 | 534 | 539
o 0.34 0.29 0.04 0.26 0.05 0.04 0.02
<t> [ns] 2.83 2.97 1.75 24 | 229 | 168 1.45
ke [108s71] 1.22 0.98 0.25 1.08 0.24 0.23 0.13
Knr [108 s71] 2.31 2.38 5.46 3.08 4.13 5.72 6.76
DpWq = Dioxane (D) and water (W) solvent mixture; p and q are the volume of each
solvent.

The nucleoside containing naphthalene fluorophore, 2.45E showed structureless absorption
at around 288 nm with little solvatochromicity as was revealed both from the spectra in various
organic solvents as well as dioxane-water titration (Figure 2.14a,c). Only a slight increase in
intensity was observed when polarity was increased. However, strong solvent dependent
emission was observed for this nucleoside centering around 449 nm in dioxane when excited
at 290 nm. A red shift of 80 nm was observed with an increase in intensity as we moved from
dioxane to ACN (529 nm). On the other hand, in a polar protic solvent such as MeOH, the
intensity and hence the quantum vyields were decreased which might be because of an H-
bonding effect (Figure 2.14, Table 2.3, 2.4). A dioxane-water experiment revealed a red shift
of 83 nm (449-532 nm) up to 50% dioxane-water mixture (Table 2.4). These results clearly
indicated the features of an ICT emission. On addition of 30-60% water, another band at around
388 nm was observed with an increase in intensity. Beyond 70% water, the single band at 388

nm was prominent, which might be the emission from LE state (Figure 2.14d).
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Figure 2.14. (a) UV-visible, (b) fluorescence emission spectra in various organic solvents for

nucleoside 2.45E. Dioxane-water titration: (c) UV-visible, (d) fluorescence emission spectra

for same. The concentration of the nucleoside 2.45E was 10 pM.

Table 2.3. Summary table of photophysical properties of the nucleoside 2.45E

Entry Solvents
2.45E
Prop.¢ Diox | CHCIs | EtOAc | THF | DMSO | DMF | EtOH | ACN | MeOH
Af 0.021 | 0.148 | 0.201 | 0.21 0.265 | 0.275| 0.29 | 0.305 | 0.309
28 287 287 287 289 292 292 290 290 290
(nm)
AN 449 452 469 469 | 338,541 | 338, 519 525 515
(nm) 528
& 0.012 | 0.007 | 0.019 | 0.029 | 0.019 0.02 | 0.012 | 0.012 | 0.0008
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Table 2.4. Summary table of fluorescence properties of the nucleoside 2.45E

Entry 2.45E Solvents
Properties¢ Dioxane | THF | ACN | MeOH | DgsWs | DssWis | D7oW30 | DsoWso
Af 0.021 021 | 0.305 | 0.309 | 0.186 | 0.249 | 0.262 0.277
A2 (nm) 287 289 290 290 287 287 288 288
2" (nm) | 449 | 469 | 525 | 515 | 478 | 506 | 388, | 388,532
518
& 0.012 | 0.029 | 0.01 | 0.0008 | 0.018 | 0.017 0.01 0.005
<t>[ns] 1.15 277 | 6.47 2.72 1.76 2.9 3.24 1.82
ke [108s71] 0.1 0.1 0.02 0.003 | 0.102 | 0.058 0.03 0.027
Knr [108571] 8.59 350 | 1.53 3.67 5.58 3.39 3.05 5.47
DpWq = Dioxane (D) and water (W) solvent mixture; p and q are the volume of each solvent.

The nucleoside containing pyrene fluorophore 2.45G exhibited most interesting
photophysics among the series of the synthesized nucleosides. This nucleoside showed slight
blue-shifting (by 2-4 nm) in the absorption spectra when the polarity was increased from
dioxane to methanol (Figure 2.15a). This nucleoside exhibited dual-emission behavior in low
polar solvents like toluene, dioxane, chloroform, ethyl acetate, and THF. A red shift in the ICT
band of about 84 nm (453-537 nm) with a decrease in intensity was observed when the solvent
polarity was increased from toluene to THF (Figure 2.15b, Table 2.5). The LE band in these
solvents consists of structured pyrene-like emission at 385 and 403 nm. However, in high polar
solvents like ACN, EtOH and MeOH, only structured pyrene-like emission (LE emission) has
been observed (Figure 2.15b). In a dioxane-water titration, we have revealed similar
observation. In pure dioxane, the ICT emission at 487 nm was fully dominated over the LE
emission. As the percentage of H.O was increased up to 40%, the intensity of the ICT band
gradually decreased with a strong red shift of 89 nm, while the intensity of LE emission
increased gradually. Beyond this point, we observed only pure LE emission (Figure 2.15d).
The fluorescence quantum yield of this nucleoside also followed a similar trend (Table 2.6).

71
TH-2109_ 126122016



Chapter 2 Design...... and Photophysical Properties of C5-Substituted 2'-Deoxyuridines

1.0 0.6
—— Toluene
o —_—
) (a) Toluene 9‘ (b) R ?:_?:ane
o ‘ —_ ?:’:a”e < —— EtOAC
8 J —— EtOAC ’; — CHCl,
© ——CHCl ) —— DMF
Q 0.5 \ e 30-3 DMSO
8 DMSO > ——ACN
o ——ACN G —— EtOH
< ——EtoH c MeOH
MeOH 9
C
0.0 AN 0.0 X
200 350 500 352 522 692
1.2 2
% of H O added
(d) 25" %
© S F—
° % H,0 added \;|< 15% 20%
o 0% 2% 30% 40%
% — 5% 10% ’; 50% 60%
—15% 20% ) P b
£ 0.6 30% —— 40% 1 s o
o ——50% —— 60%
3 80% 90% ;‘
97%
< : N
) \
0.0 AW 3 ) T
205 355 505 353 533 713
Wavelength (nm) Wavelength (nm)

Figure 2.15. (a) UV-visible, (b) fluorescence emission spectra in various organic solvents for
nucleoside 2.45G. Dioxane-water titration: (c) UV-visible, (d) fluorescence emission spectra

for same. The concentration of the nucleoside 2.45G was 10 uM.

Furthermore, the values of t1 and t> remain consistent while the relative contributions of
the two lifetimes vary according to the observed wavelengths in dioxane and THF. Thus, the
contribution from longer lifetime component t2 increased from 49% to 57% as the monitoring
wavelength was changed from 400 to 495 nm in dioxane. The similar behavior was also
observed in THF solvent. The decreased intensity of ICT band was reflected by the decreased
lifetime from 11 = 0.13 (in dioxane) to 11 = 0.06 ns in THF (Table 2.6). We also observed a
similar trend in a dioxane-water titration, the values of 11 and t2 were consistent while the
relative contributions of the two lifetimes vary according to the observed wavelengths in the

dioxane-water solvent mixture (Table 2.6).
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Table 2.5. Summary table of photophysical properties of the nucleoside 2.45G

Entry Solvents

2.45G

2] 3]

2 c @ o

S 12 |g |8 |8 |+ 12 ¢ |& |8 |3

o o 3 I o L > = = ) D
Q = = &) <

o = A O L &) L =

o

Af 0.013 | 0.021 | 0.148 | 0.201 | 0.21 | 0.265 | 0.275 | 0.29 | 0.305 | 0.309

A2 282, | 243, | 244, | 245, | 278, | 280, | 278, | 241, | 241, | 241,
345 | 278, | 279, | 277, | 343 | 330, | 328, | 277, | 276, | 276,

(nm)
328, | 345 | 326, 346 344 | 326, | 327, | 326,
343 341 342 341 341
it 390, | 387, | 387, | 385, | 386, | 388, | 386, | 385, | 384, | 382,
(nm) 453 | 400, | 474 | 401, | 408, | 406 | 402, | 398, | 400, | 397
494 527 | 537
& --- | 0.079 | 0.062 | 0.042 | 0.04 | 0.02 | 0.012 | 0.025 | 0.011 | 0.008

To interpret the photophysical properties in a more intuitive manner, we recorded the time-
resolved fluorescence spectra of the pyrenyl nucleoside, 2.45G in different solvents, which also
supported the observation of steady-state fluorescence. Thus, we collected the lifetime data by
monitoring both LE and ICT emissions with an excitation light of 337 nm which showed
biexponential decays (Table 2.6). When we monitored the decay at LE emission (400 nm) in
dioxane, the relative contribution of the longer lifetime component (1 = 10.88 ns) was found
to decrease from 49% to 39% as the solvent polarity increased (in THF, t1 = 7.13 ns), while
the same was increased from 51% (t1 = 0.99 ns) to 61% (t1 = 0.66 ns) for the case of the shorter
lifetime component. In methanol, the component contributing 49% showed a decay time 12 =
7.64 ns, while the other component contributing 51% showed a decay time 12 = 0.59 ns. These
results suggest only a weak emission from LE state and no ICT emission which might be due

to the nonradiative pathway followed by the chromophore in methanol (Table 2.6).
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Table 2.6. Summary table of fluorescence properties of the nucleoside 2.45G

Entry 2.45G Solvents
Propertiesi Dioxane | THF ACN | DosWs | DssWis | D7oWso | DsoWso
Af 0.021 0.21 0.305 | 0.186 | 0.249 0.277 0.294
A% (nm) | 328, 343 | 327, | 328, | 328, | 328, | 328
343 341 343 343 343 343
A (M) 387, 386, 384, 386, 386, 386, 385,
400, 403, 400, 401, 401, 400, 399,
494 533 590 526 550 570 580
oo 0.007 0.002 | 0.003 | 0.024 | 0.022 | 0.038 0.038
u[ns] 0.9 0.6 1.0 15 14 1.8 2.2
(51%) | (61%) | (42%) | (32%) | (29%) | (26%) | (21%)
LE | t[ns] 10.8 7.1 11.7 23.4 26.8 28.4 29.3
(49%) | (39%) | (58%) | (68%) | (71%) | (74%) | (79%)
k 0.012 0.006 | 0.004 | 0.015 | 0.011 | 0.017 0.016
Knr 1.68 3.13 1.37 0.60 0.50 0.44 041
o 0.054 0.035 0.002 | 0.027 0.01 0.003 0.0005
11[ns] 0.13 0.06 0.1 0.3 0.2 0.1 0.3
ICT (43%) | (49%) | (40%) | (49%) | (56%) | (56%) | (92%)
2[ns] 1.3 1.9 14 3.4 1.3 1.3 1.31
(57%) | (51%) | (60%) | (51%) | (44%) | (44%) | (8%)
ke 0.71 0.35 0.021 0.14 0.15 0.05 0.013
Knr 12.44 9.55 10.73 5.23 15 15.82 25.63
ks and knr in 108 s*; DyW, = Dioxane (D) and water (W) solvent mixture; p and q are
the volume of each solvent.

To gain insight into different solvatochromic behaviors of benzonitrile (2.45C), naphthyl

(2.45E) and pyrenyl (2.45G) nucleosides, we studied the correlations of their absorption (72>

) and fluorescence maxima (v" ) with the solvent polarity function Af (Figure 2.16). Thus,

max

from the plots, it was clear that for all the cases, the vas values apparently correlate linearly
with Af values. This indicated that the ground states of these fluorophoric nucleosides were

moderately polar in nature. However, the vy values for all the nucleosides showed a very good
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linear correlation with Af for the whole range of the solvent polarity tested which indicates that
the nature of the fluorescent states remained essentially unchanged in all the solvents for all the
cases. However, due to modulation by the solvents, the spectral feature changes significantly.
The highly polar nature of the fluorescence states of these nucleosides was evident from the
high slopes of the v vs Af plots, indicating their possible ICT character (Figure 2.16a-c).!**
135146 Morever, a plot of Stokes’ shift (Av) in different solvents against solvent polarity
parameter Af also showed a good linear correlation with Af with large slopes which also
suggested that the fluorescence states are highly polar in nature (Figure 2.16d).
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Figure 2.16. Plots of vx and vaps values against Af for fluorescently labeled nucleoside 2.45C
(a), 2.45E (b) and 2.45G (c) (vagct) and vabs Values) in different solvents. (d) plot of Av values
against Af in different solvents for 2.45C, 2.45E and 2.45G.

2.7.3. Theoretical Calculations

We next carried out a theoretical calculation to support the observed polarity-dependent
emission and the ICT feature using the Gaussian 09 program package.'*’ From the HOMO-
LUMO overlap and transition oscillator strength, it is clear that the So—S; electronic transitions
are fully allowed for all the three representative nucleosides indicating the reverse transition,

i.e., So«Ss, as fully allowed. Redistribution of electronic charge density was reflected from an
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overlap in HOMO-LUMO supporting the solvatochromicity and intramolecular charge transfer
emissions (Figure 2.17-2.20).1% 148152 Ag for example, except for coumarin (2.44D), the
TDDFT calculations suggested the So— S transitions with high configuration interaction (ClI)
values as the dominant orbital transitions in the low-lying singlet excited states of the studied
nucleosides. Interestingly, the universal linker unit with the triazole at C5-position of 2'-
deoxyuridine comprised the HOMO, while the aromatic fluorophoric unit irrespective of their
substituents formed the LUMO in all the studied nucleosides supporting our designing concept.
Except for the case of coumarin (2.44D), the triazole unit overlapped with the LUMO of the

chromophore indicating a good electronic redistribution and ICT character (Figure 2.17-2.20).

() E; = 3.49 eV ; .. =355.5 nm;
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Figure 2.17. The possible transitions from TD-DFT calculation for the nucleoside containing
coumarin (2.44D).
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HOMO

Figure 2.18. The possible transitions from TD-DFT calculation for the nucleoside containing
naphthalene (2.44E).

76
TH-2109_126122016



Chapter 2 Design...... and Photophysical Properties of C5-Substituted 2'-Deoxyuridines

Thus, the calculated excitation energy for the transition So—S1 for pyrene (2.45G) and
benzonitrile (2.45E) containing fluorescent nucleosides were found to be 436 nm (2.84 eV, f =
0.1299; C1=0.704) (Figure 2.19); 407 nm (3.05ev, f = 0.217, Cl = 0.705) (in vacuum) (Figure
2.20), respectively. These values co-related with the experimental results of 343 nm (Dioxane)
and 346 nm (THF) respectively. Other two prominent transitions are at 414.8 nm (2.98 eV; f =
0.0006; CI = 0.703) and 348.8 nm (3.56 eV; f = 0.508; Cl = 0.641) for pyrenyl nucleoside
((Figure 2.19) and at 376.4 nm (3.29 eV; f = 0.0010; CI = 0.705) and 315 nm (3.93 eV; f =
0.0551; C1=0.702) for benzonitrile nucleoside (Figure 2.20). For the case of coumarin (2.44D)
and naphthalene (2.45E) labeled nucleosides, along with weak So—S; transition (f =
0.0008/0.0046), the prominent transitions are observed from So—S; and So—S3, respectively

indicating the emissive states of these nucleosides as LE state (Figure 2.17, 2.18).

() E; = 2.98 eV; A= 414.8
nm; f=0.0006; Cl = 0.703

() E3 = 3.56 eV;
A= 3488 nm; f=
0.508; Cl =0.641
A A

(1) E; =2.84 eV; A =436.0
nm; f=0.1299; Cl = 0.704

Figure 2.19. The possible transitions from TD-DFT calculation for the nucleoside containing
pyrene (2.45G).

From the strong HOMO-LUMO mixing it is clear that the emissive state of benzonitrile
(2.45E) is characterized by more significant electron redistribution, i.e., ICT feature. The
calculations rationalized the explanation of ICT origin of the solvent polarity dependency of
the nucleosides emission (Figure 2.20). The pyrene nucleoside (2.45G) showed dual emission.
The long wavelength band is highly sensitive to the polarity of the solventi.e., ICT origin. Thus
the dual emission comes from both LE and CT states. The transition from HOMO-1 to LUMO
is closer to the experimental value with higher f value (f = 0.508) indicating that the S state is

populated well (Figure 2.19).
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(Il) E;=3.93 eV; A= 315.3 nm;
f=0.0551; Cl = 0.702

LUMO+2 yy

() E;=3.29 eV; A= 376.4 nm;
f=0.0010; CI = 0.705
LUMO+1

N

LUMO

(I)E4 =3.05 eV; A= 406.8 nm;
f=0.217; Cl = 0.705

HOMO

Figure 2.20. The possible transitions from TD-DFT calculation for the nucleoside containing
benzonitrile (2.45E).

2.8. Conclusion

In conclusion, we have successfully synthesized few novel triazolyl donor and/or acceptor
chromophore containing fluorescent nucleosides via Sonogashira coupling and click reaction
which showed high solvatochromic properties in various solvents. The synthetic scheme was
simple and most of the reagent, starting materials are easily available commercially at very low
cost. The main importance of our work is the utilization of a simple donor phenylacetylene as
linker to generate solvatochromic fluorescent nucleoside via click reaction with readily
available fluorogenic aryl azides and hopefully all the experimental and theoretical results
clearly showed that the fluorogenic aromatic azides having no substituent or electron
withdrawing substituent, such as —CN, upon reaction with the universal donor phenylacetylene
linker of the 2’-deoxyuridine under click reaction condition would able to generate interesting
fluorescent nucleoside. Furthermore, the fluorophoric moieties in these nucleosides showed a
direct correlation between the fluorescence intensities and the solvent polarity. All these results
along with the fluorescence band-shape and quantum yields revealed a correlation between the
D-A structure and the emissive states. The emissions from the nucleoside 2.45C, 2.45E and
2.45G were originating from ICT states, indicated by their strong fluorescence emission with
broad band-shapes, high quantum vyield, and high solvofluorochromicity. In addition to that,
the nucleoside 2.45G exhibited solvent polarity independent LE emission originated from a

non-polar n—m* state. Therefore, the dual emission as was observed for nucleoside 2.45G
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indicated the presence of a mixed LE and CT state wherein the switching between these two
states depends on the structure and the solvent polarity.

The strong polarity sensitive ICT emission from these nucleosides can be utilized in
monitoring the change in micropolarity inside and outside a DNA duplex. Thus, these
nucleosides would be useful in generating fluorescent oligonucleotide probes for DNA
analysis. Furthermore, the sensing index derived from the intensity ratio between ICT and LE
emission could be employed for the same. The dual emitting fluorescent pyrene containing
nucleoside would impact greatly in nucleoside research as rare examples of such nucleosides
exist in the literature. Furthermore, the donor phenylacetylene linker reported here is interesting
and would find wide applications in generating fluorescent nucleosides or post-synthetically

derived fluorescent oligonucleotide probes.

2.9. Experimental Section

2.9.1. General Experimental

All reactions were carried out under a nitrogen atmosphere in flame-dried glassware, using
schlenk line. Organic extracts were dried over anhydrous sodium sulfate. Solvents were
removed in a rotary evaporator under reduced pressure. Silica gel (60- 120 mesh size) was used
for the column chromatography. Reactions were monitored by TLC on silica gel 60 F254 (0.25
mm). *H NMR spectra were recorded at 400 MHz or 600MHz and 3C NMR spectra were
recorded at 100 or at 150MHz (mentioned accordingly). Coupling constants (J value) were
reported in Hertz. The chemical shifts were shown in ppm downfield from tetramethylsilane,
using residual chloroform (6 = 7.26 in *H NMR, § = 77.23 in 3C NMR) or DMSO (5 = 2.5 in
'HNMR, 6 =39.5in C NMR) as an internal standard. The NMR-FID files were processed in
MestReNova v9.0 software. Mass spectra were recorded with a High-Resolution mass
spectrometer (HRMS) and data analyzed by using the built-in software. IR spectra were
recorded on KBr plate in an FT-IR spectrophotometer and reported in frequency of absorption
(cm™). For dioxane-water titration experiments, water was taken from a Milli-Q purification
system. For photophysical studies, all solutions were freshly prepared just before doing the

experiments.
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2.9.2. Synthesis and Characterizations

Synthesis of 4-iodo-N-methylaniline (2.37): This compound was synthesized following a

modified literature procedure.> 3.95 g (13.84 mmol) of N-methylaniline
1—©—NHMe

(2.36) was taken in a round bottom (R.B.) flask and was dissolved in 20 ml
of pyridine: dioxane (1:1). The resulting reaction mixture was cooled to 0 °C in an ice bath and
half of the total 5.6 g (22.14 mmol) of I, was added to it. While maintaining the ice cooled
condition, remaining half amount of I, was added after 2 hours. After stirring for about 3 hours,
the ice bath was removed and the reaction mixture was stirred at room temperature for another
22 hours. After completion of the reaction, monitored by TLC, the reaction mixture was
partitioned between ethyl acetate and water. The collected organic layer was washed with
saturated sodium thiosulfate solution, water, and brine solution. After evaporation, the crude
product was purified by column chromatography (Si-gel, Hex: EtOAc = 30:1) to obtain the 4-
iodo-N-methylaniline 2.37 as a dark yellow liquid. Yield 92 % (7.97 g).'H NMR (CDCls, 400
MHz): 8 7.4 (d, J = 8.4 Hz, 2H), 6.36 (d, J = 8.4 Hz, 2H), 3.71 (s, 1H), 2.767 (s, 3H); *°C NMR

(CDCls, 100MHz): 6 148.9, 137.8, 114.7, 77.7, 30.6.
Synthesis of N-methyl-4-((trimethylsilyl)ethynyl)aniline (2.38): This compound was
M= : NHMe synthesized lfollowing a modi.fi.ed literature procedur.e. 59 (21.45
mmol) of 4-iodo-N-methylaniline (2.37) was taken in a dry R.B.

and dissolved in 20 ml of dry benzene. To the above solution, 10 ml of dry n-butylamine was
added and the resulting mixture was degassed for 10 minutes by bubbling N2 through it.
PdCl2(PPhs)2 (0.45 g, 0.03 mmol) followed by Cul (0.04 g, 0.01 mmol), were added to the
reaction mixture while continuing the degassing. Finally, trimethylsilylacetylene (3.16 g, 32.17
mmol) was added to the reaction mixture and it was refluxed (70-80 °C) under N2 atmosphere
for 7 hours. After completion of the reaction, the reaction mixture was partitioned between
ethyl acetate and water. The collected organic layer was washed with an aqueous ammonium
chloride solution, water, brine solution and dried over anhydrous Na>SOs. After evaporation,
the crude product was purified by column chromatography (Si-gel, Hex: EtOAc = 30:1) to
obtain product 2.38 as a reddish-brown liquid. Yield: 83% (3.62 g). IR (KBr): ¥ 3421, 2147,
1609, 1521cm™; 'H NMR (CDCls, 400 MHz): & 7.06 (d, J = 8.8 Hz, 2H), 6.23 (d, J = 8.8 Hz,
2H), 3.64 (s, 1H), 2.56 (s, 3H), 0.00 (s, 9H); 3C NMR (CDCls, 100 MHz): & 149.5, 133.4,
111.8,106.6,91.1, 30.4, 0.7; +ESI-HRMS calculated for C12H1gNSi [M+H]* 204.1203, found
204.1198.
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Synthesis of N-methyl-N-(prop-2-yn-1-yl)-4-((trimethylsilyl)ethynyl)aniline (2.39): This

\\ compound was synthesized following a modified literature
154 - -4-

IMS—= D N procedure. 25 g (1229 mmol) of N-methyl-4
M | ((trimethylsilyl)ethynyl)aniline (2.38) was taken in a R.B. and

dissolved in 8 ml of dry DMF. K2COs (2.55 g, 18.44 mmol) was
added to the mixture followed by propargylbromide (2.19 g, 18.44 mmol). The resulting

reaction mixture was stirred at 50 °C for 15 hours under N, atmosphere. After completion of
reaction, the reaction mixture was partitioned between ethyl acetate and water. Collected
organic layer was washed with water, brine solution and dried over anhydrous Na;SOa. After
evaporation, the product was purified by column chromatography (Si-gel, Hex: EtOAc = 30:1)
and obtained as brown semi solid. Yield: 79 %( 2.36g). IR (KBr): v 3279, 2147, 1883, 1605,
1517cm®; 'H NMR (CDCls, 400 MHz): 8 7.36 (d, J = 8.4 Hz, 2H), 6.71 (d, J = 8.4 Hz, 2H),
4.05 (d, J = 1.6 Hz, 2H), 2.98 (s, 3H), 2.17 (s, 2H), 0.2 (s, 9H); *C NMR (CDCls, 100 MHz):
5148.9, 133.3, 113.4, 106.2, 91.9, 79.0, 72.3, 42.2, 38.5, 0.3; +ESI-HRMS calculated for
C1sH20NSi [M+H]* 242.1360, found 242.1356.

Synthesis of 3',5'-di-O-tert-butyldimethylsilyl-5-iodo-2'-deoxyuridine  (2.41):This

o compound was synthesized following a modified literature
! | iH procedure.’™ 4 g (11.23 mmol) of 5-iodo-2'-deoxyuridine (2.40)
N"NO0 : : : -
TBDMSG was taken in a dry R.B. and dissolved in dry DMF. The reaction
o mixture was vacuumed and filled with N2. Imidazole (3.85 g, 56.49
OTBDMS

mmol) was added to the reaction mixture and the clear reaction

mixture was vacuumed one more time and filled with N.. The above mixture was cooled to 0
°C in an ice bath and t-butyldimethylsilylchloride (5.08 g, 33.69 mmol) was added to the
reaction mixture. The ice bath was removed after 1 hour and the resulting mixture was stirred
at room temperature under N2 for 18 hours. After completion of reaction, the reaction mixture
was partitioned between ethyl acetate and water. Collected organic layer was washed with
water, brine solution and dried over anhydrous Na,SO4. After evaporation, the product was
purified by column chromatography (Si-gel, Hex: EtOAc = 5:1) and obtained as white foam.
Yield: 96% (6.35 g). IR (KBr): ¥ 3457, 3184, 3062, 2954, 2931, 2857,1694, 1607cm™; H
NMR (CDClIs, 600 MHz): 5 8.96 (s, 1H), 8.07 (s, 1H), 6.26 (t, J = 6.6 Hz, 1H), 4.38 (s, 1H),
3.97 (s, 1H), 3.88 (d, J = 11.4 Hz, 1H), 3.75 (d, J = 10.8 Hz, 1H), 2.31-2.28 (m, 1H), 2.00-1.96
(m, 1H), 0.93 (s, 9H), 0.88 (s, 9H), 0.14 (d, J = 6.6 Hz, 6H), (0.07) (d, J = 4.8 Hz, 6H); 3C
NMR (CDCIs, 150 MHz): 5 160.2, 150.0, 144.6, 88.6, 86.0, 72.7, 68.5, 63.2, 42.2, 38.7, 26.3,
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25.9, 18.7, 18.2, -4.4, -4.6, -4.9, -5.0; +ESI-HRMS calculated for C21H0IN2OsSi> [M+H] *
583.1515, found 583.1511.

Synthesis of 3',5"-di-O-tert-butyldimethylsilyl-5-(3-((4-
ethynylphenyl)(methyl)amino)propynyl)-2'-deoxyuridine  (2.42):This compound  was

synthesized following a modified literature

~ .
©/ procedure.’®® 1.12 g (1.92 mmol) of 3',5-bis-O-
O N

HN Z tert-butyldimethylsilyl-5-iodo-2'-deoxyuridine

I
CEDMSO oy (2.41) and N-methyl-N-(prop-2-yn-1-yl)-4-
o ((trimethylsilyl)ethynylaniline (2.39) were taken

OTBDMS

in a dry R.B. and dissolved in 15 ml dry EtsN. The
resulting mixture was degassed by bubbling N2 through it. After 10 minutes, PdCIl>(PPhsz)2
(40.49 mg, 0.057 mmol) followed by Cul (3.66 mg, 0.019 mmol) were added to the above
mixture while continuing the degassing. The resulting mixture was stirred at 55 °C for 7 hours.
After completion, the reaction mixture was partitioned between ethyl acetate and water.
Collected organic layer was washed with aqueous ammonium chloride, water, brine solution
and dried over anhydrous Na>SOs. After evaporation, the product was purified by column
chromatography (Si-gel, Hex: EtOAc = 3:1) and obtained as light brown foam. Yield: 78 %
(783 mg). IR (KBr): ¥ 3451, 3047, 2954, 2930, 1714, 1688, 1609 cm™*; *H NMR (CDCls, 600
MHz): & 8.53 (s, 1H), 7.86 (s, 1H), 7.35 - 7.32 (m, 2H), 6.72 — 6.69 (m, 2H), 6.25 (dd, J = 7.5,
5.4 Hz, 1H), 4.38-4.36 (m, 1H), 4.25 (s, 2H), 3.96 (q, J = 2.4 Hz, 1H), 3.84 (dd, J = 11.4, 2.4
Hz, 1H), 3.73 (dd, J = 11.4, 2.4 Hz, 1H), 3.01 (s, 3H), 2.31 — 2.27 (m, 1H), 2.00 - 1.96 (m,
1H), 0.88 (s, 9H), 0.87 (s, 9H), 0.22 (s, 9H), 0.07 (s, 3H), 0.06 (s, 6H), 0.04 (s, 3H); *°C NMR
(CDCls, 150 MHz): 6 161.5, 149.2, 148.9, 142.4, 133.3, 113.1, 111.7, 106.3, 99.8, 91.7, 89.7,
88.5, 86.0, 77.2, 75.3, 72.6, 63.1, 43.0, 42.1, 38.4, 26.1, 25.8, 18.5, 18.1, 0.3, -4.5, -4.7, -5.2, -
5.5; +ESI-HRMS calculated for C3sHsgN30sSiz [M+H] *696.3679, found 696.3672.

Synthesis of 3',5'-di-O-tert-butyldimethylsilyl-5-(3-((4-
ethynylphenyl)(methyl)amino)propynyl)-2'-deoxyuridine(2.43):  This compound  was

Z synthesised following a modified literature procedure.®’
o _ N,@/ 991 mg (1.42 mmol) of (2.42) was taken inadry R.B. and

-
}i I ' dissolved in 10 ml dry methanol. Anhydrous K>CO3
O“'N
TBDMSOS (984g, 7.11 mmol) was added to the above solution and
STBEDMS the resulting mixture was stirred for 4 hours at room

temperature. After completion of reaction, the reaction mixture was partitioned between ethyl
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acetate and water. Collected organic layer was washed with water, brine solution and dried
over anhydrous Na>SOs. After evaporation, the product was purified by column
chromatography (Si-gel, Hex: EtOAc = 4:1) and obtained as dark orange foam. Yield: 87%
(773g). IR (KBr): ¥ 3312, 2954, 2928, 1712, 1685, 1609 cm™; *H NMR (CDCls, 600 MHz):
89.23 (s, 1H), 7.86 (s, 1H), 7.36 (d, J = 8.4 Hz, 2H), 6.72 (d, J = 9.0 Hz, 2H), 6.25 (t, J = 6.6
Hz, 2H), 4.36 (t, J = 2.4 Hz, 1H), 3.95 (s, 1H), 3.83 (d, J = 11.4 Hz, 1H), 3.72 (d, J = 11.4, 1H),
3.01 (s, 3H), 2.96 (s, 1H), 2.31-2.28 (m, 1H), 2.00-1.92 (m, 1H), 0.87 (s, 9H), 0.86 (s, 9H),
0.06 (s, 6H), 0.03 (s, 6H); +APCI-HRMS calculated for CasHsoN3OsSi> [M+H]* 624.3284,
found 624.3299.

General Procedure for the Synthesis of Aryl Azides: An ice cold solution of sodium nitrite
(3 egv.) in water was added dropwise to a cold solution of arylamine (1 eqv.) in water and
concentrated hydrochloric acid at 0 °C over 7 to10 min. The reaction mixture was slowly stirred
for 1-2 min before an ice cold solution of sodium azide (6 eqv.) in water was added dropwise
at 0 °C over 10 min. The mixture was stirred for 15 min. The resulting mixture was extracted
with hexane. The organic layer was washed with water, followed by a brine solution, dried
over anhydrous Na>SOa. After evaporation, the product was passed through a section of silica
gel (60-120 mesh). Formation of the azides were confirmed from FT-IR study and yields were
within 60%-80% in all cases. The produced azides were then immediately used for the next
step without further purification.

General Procedure for Click Reaction: Alkyne (1 eqv.) and azide (1.5 eqv.) were
suspended in a 1:1 water/tert-butanol mixture. Sodium ascorbate (0.05 eqv., freshly prepared
in 1ml water) was added, followed by CuSO4.5H.0 (0.2eqv., freshly prepared in 1ml water).
The reaction mixture was refluxed (70 °C) for 12 hours. The progress of the reaction was
monitored by TLC. After completion of the reaction, tert-butanol was evaporated in a rotary
evaporator and the reaction mixture was partitioned between ethyl acetate and water. The
collected organic layer was washed with water, aqgueous ammonium chloride, brine solution
and dried over anhydrous Na,SOas. After evaporation, the product was purified by column
chromatography.

General Procedure for Deprotection of Tertiarybutyldimethylsilyl Ether: To a solution of
respective  TBDMS protected nucleoside (leqv.) in THF, a solution of tetra-n-
butylammoniumfluoride (TBAF) (2.5 eqv.) in THF was added. The reaction mixture was
stirred at room temperature for 1 hour. After completion of the reaction, the solvent was

evaporated in a rotary evaporator and was partitioned between ethyl acetate and water. The
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collected organic layer was washed with brine solution and dried over anhydrous Na;SOa. After

evaporation, the crude material obtained was purified by column chromatography.

Synthesis of 3',5'-di-O-tert-butyldimethylsilyl-5-(3-((4-(1-(4-bromophenyl)-
triazolyl)phenyl)(methyl)amino)propynyl)-2'-deoxyuridine (2.44A):Using general procedure

for click reaction, starting from 100 mg (0.16

N:N
@J\"N@‘Br mmol) of compound 2.43 and 47.5 mg of 1-
O N

N7 azido-4-bromobenzene (0.24 mmol), the title

1
CEDMSO o>y compound was isolated by Si-gel column
0 chromatography (Hex: EtOAc = 3:1) as yellow

OTBDMS

~ solid. Yield: 52% (68 mg); m.p. 138-140 °C. IR
(KBr): ¥ 3423, 2928, 2856, 1717, 1688, 1618 cm™; 'H NMR (CDCls, 600 MHz): § 8.05 (s,
1H), 7.90 (s, 1H), 7.77 (d, J = 8.4 Hz, 2H), 6.90 (d, J = 8.4 Hz, 2H), 6.25 (t, J = 6.6 Hz, 2H),
4.36 (s,1H), 4.28 (s, 2H), 3.95 (s, 1H), 3.84 (d, J = 11.4 Hz, 1H), 3.72 (d, J = 11.4, 1H), 3.05
(s, 3H), 2.30-2.27 (m, 1H), 2.00-1.96 (m, 1H), 0.86 (s, 18H), 0.07 (s, 6H), 0.05 (s, 6H); °C
NMR (CDCls, 150 MHz): & 149.3, 149.1, 142.5, 136.3, 133.0, 122.2, 121.9, 119.7, 116.1,
114.1,99.9,90.1, 88.6, 86.1, 75.4, 72.6, 63.1, 43.3,42.1, 38.7, 26.1, 25.9, -4.4,-4.6, -5.1, -5.4;
+ESI-HRMS calculated for C3gHs4BrNeOsSiz [M+H]* 821.2872, found 821.2873.

Synthesis of 3',5"-di-O-tert-butyldimethylsilyl-5-(3-((4-(1-(4-nitrophenyl)-
triazolyl)phenyl)(methyl)amino)propynyl)-2*-deoxyuridine(2.44B):Using general procedure

\ for click reaction, starting from 100 mg (0.16

N:N
@AM@‘NOZ mmol) of compound 2.43 and 40 mg of 1-
O N

S Z azido-4-nitrobenzene (0.24 mmol), the title
TBDMSO oy compound was isolated by Si-gel column
chromatography (Hex: EtOAc = 1:1) as rust

OTBDMS

brown solid. Yield: 52% (68 mg). IR (KBr): ¥
3427, 2925, 1688, 1618, 1501 cm™; 'H NMR (CDCls, 600 MHz): § 9.39 (s, 1H), 8.36 (d, J =
8.4 Hz, 2H), 8.18 (s, 1H), 7.97 (d, J = 8.4 Hz, 2H), 7.95 (s, 1H), 7.75 (d, J = 8.4 Hz, 2H), 6.88
(d, J=8.4 Hz, 2H), 6.26 (t, J = 6 Hz, 1H), 4.37 (s,1H), 4.25 (s, 2H), 3.95 (s, 1H), 3.87 (d, J =
10.8 Hz, 1H), 3.74 (d, J = 11.4, 1H), 3.03 (s, 3H), 2.30-2.28 (m, 1H), 2.01-1.97 (m, 1H), 0.89
(s, 9H), 0.87 (s, 9H), 0.1 (s, 6H), 0.06 (s, 6H); *C NMR (CDCls, 150 MHz): § 162.1, 149.6,
149.5, 149.4, 147.0, 142.6, 141.4, 127.1, 125.6, 120.2, 119.1, 116.0, 114.1, 99.9, 90.0, 88.6,
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86.1,75.7,72.6,63.1,43.3,42.2, 38.9, 26.2, 25.9, -4.5, -4.6, -5.2, -5.4; +ESI-HRMS calculated
for CagHs4N70O7Si2 [M+H]* 788.3618, found 788.3617.

Synthesis of 3',5'-di-O-tert-butyldimethylsilyl-5-(3-((4-(1-(4-cyanophenyl)-
triazolyl)phenyl)(methyl)amino)propynyl)-2'-deoxyuridine(2.44C):Using general procedure

for click reaction, starting from 100 mg (0.16

N:N
< N
,©/‘\’ @CN mmol) of compound 2.43 and 35 mg of 4-
O N

HNTY 2N azidobenzonitrile (0.24 mmol), the title

TEDMSO o compound was isolated by Si-gel column
0 chromatography (Hex: EtOAc = 2:1)as yellow
OTBDMS

solid. Yield: 94% (116 mg); m.p. 135-137 °C.
IR (KBr): ¥ 3415, 2929, 2857, 1699, 1619, 1607 cm™; *H NMR (CDCls, 600 MHz): § 9.39 (s,
1H), 8.36 (d, J = 8.4 Hz, 2H), 8.18 (s, 1H), 7.97 (d, J = 8.4 Hz, 2H), 7.95 (s, 1H), 7.75 (d, J =
8.4 Hz, 2H), 6.88 (d, J = 8.4 Hz, 2H), 6.26 (t, J = 6 Hz, 1H), 4.37 (s,1H), 4.25 (s, 2H), 3.95 (s,
1H), 3.87 (d, J = 10.8 Hz, 1H), 3.74 (d, J = 11.4, 1H), 3.03 (s, 3H), 2.30-2.28 (m, 1H), 2.01-
1.97 (m, 1H), 0.89 (s, 9H), 0.87 (s, 9H), 0.1 (s, 6H), 0.06 (s, 6H); 3C NMR (CDCls, 150 MHz):
5162.1, 149.6, 149.5, 149.4, 147.0, 142.6, 141.4, 127.1, 125.6, 120.2, 119.1, 116.0, 114.1,
99.9, 90.0, 88.6, 86.1, 75.7, 72.6, 63.1, 43.3, 42.2, 38.9, 26.2, 25.9, -4.5, -4.6, -5.2, -5.4; +ESI-
HRMS calculated for C40Hs4sN7OsSi> [M+H]* 768.3719, found 768.3717.

Synthesis  0f3",5'-di-O-tert-butyldimethylsilyl-5-(3-(methyl(4-(1-(4-(trifluoromethyl)-7-
coumarinyl)-triazolyl)phenyl)amino)propynyl)-2*-deoxyuridine(2.44D):  Using  general

procedure for click reaction, starting

N:N
@A/NC& from 100 mg (0.16 mmol) of
HEP 0

TN Z > compound 2.43 and 61 mg of 7-
TBDMSO o azido-4-trifluoromethylcoumarin
(0.24 mmol), the title compound was

OTBDMS

isolated by  Si-gel  column
chromatography (Hex: EtOAc =1:1)as yellow solid. Yield: 94% (132 mg); m.p. 227-230 °C.
IR (KBr): ¥ 3425, 2955, 2929, 1720, 1686, 1617, 1607 cm™; 'H NMR (CDCls, 600 MHz):
§8.97 (s, 1H), 8.17 (s, 1H), 7.92 (s, 1H), 7.85 (d, J = 12.6 Hz, 3H), 7.77 (d, J = 7.2 Hz, 2H),
6.89 (d, J = 6.6 Hz, 2H), 6.83 (s, 1H), 6.25 (t, J = 6.6 Hz, 2H), 4.37 (s,1H), 4.26 (s, 2H), 3.95
(s, 1H), 3.85 (d, J = 11.4 Hz, 1H), 3.73 (d, J = 10.8, 1H), 3.04 (s, 3H), 2.30-2.28 (m, 1H), 2.01-
1.98 (m, 1H), 0.88 (s, 9H), 0.87 (s, 9H), 0.08 (s, 6H), 0.06 (s, 6H); 13C NMR (CDCI3, 150
MHz): 6 161.8, 158.34, 155.3, 149.6, 149.5, 149.3, 142.5, 140.2, 127.1, 119.1, 116.4, 115.7,
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114.1,113.1, 108.5, 99.9, 89.9, 88.1, 75.6, 72.6, 63.16, 43.3, 42.2, 38.7, 29.8, 26.2, 25.9, 18.5,
18.2, -4.4, -4.6, -5.1, -5.4; +ESI-HRMS calculated for CasHssF3NsO7Siz[M+H]* 879.3539,
found 879.3531.

Synthesis of 3',5'-di-O-tert-butyldimethylsilyl-5-(3-((4-(1-(1-naphthyl)-
triazolyl)phenyl)(methyl)amino)propynyl)-2*-deoxyuridine(2.44E): Using general procedure

NN for click reaction, starting from 104 mg (0.166
<N :
’@/'\’ mmol) of compound 2.43 and 1-azidonaphthalene
(0]
HNHD/T (42.25 mg, 0.25 mmol), the title compound was
A . .
O0“°N - .
FBDMSO isolated by Si-gel column chromatography (Hex:
0 EtOAc = 2:1)as brown semi-solid. Yield: 53% (70
OTBDMS

mg); m.p. 91-94 °C. IR (KBr): ¥ 3408, 2954, 2928,
2856, 1698, 1619 cm™’; 'H NMR (CDCls, 400 MHz): & 8.95 (s, 1H), 8.03 (s, 2H), 7.96 (bs,
1H), 7.90 (s, 1H), 7.83 (bs, 2H), 7.69 (bs, 1H), 7.59 (m, 5H), 6.93 (bs, 2H), 6.25 (s, 1H), 4.37
(s, 1H), 4.29 (s, 2H), 3.95 (s, 1H), 3.84 (bs, 1H), 3.74-3.73 (m, 1H), 3.06 (s, 3H), 2.28-2.28 (m,
1H), 1.99 (bs, 1H), 0.87 (s, 18H), 0.06 (s, 12H); 3C NMR (CDCls, 100 MHz): & 161.9, 149.3,
148.2,142.5, 134.3, 130.4, 128.4, 127.2, 127.0, 125.2, 123.7, 122.7, 121.2, 120.0, 114.2, 99.9,
90.1, 88.6, 86.1, 77.5, 77.2, 76.9, 63.1, 43.3, 42.1, 38.7, 26.1, 25.9, -4.4, -4.6, -5.1, -5.4; +ESI-
HRMS calculated for C43Hs7NeOsSi> [M+H]* 793.3923, found 793.3925.

Synthesis of 3',5'-di-O-tert-butyldimethylsilyl-5-(3-((4-(1-(2-anthrayl)-
triazolyl)phenyl)(methyl)amino)propynyl)-2*-deoxyuridine(2.44F):Using general procedure

for click reaction, starting from 100 mg

: NliNN (0.16 mmol) of compound 2.43 and 53 mg
O N

of 2-azidoanthracene (0.24 mmol), the title

HN </

OAN' compound was isolated by Si-gel column
TBDMSOL - chromatography (Hex: EtOAc = 3:l)as

OTBDMS yellow solid. Yield: 57% (77 mg); m.p. 204-

208 °C. IR (KBr): ¥ 3406, 2953, 2928, 2856, 1699, 1619 cm}; 'H NMR (CDCls, 600 MHz):
5 8.51 (s, 1H), 8.49 (s, 1H), 8.42 (s, 1H), 8.33 (s, 1H), 8.25 (s, 1H), 8.17 (d, J = 9.0 Hz, 1H),
8.03 (dd, J = 5.4, 3.6 Hz, 2H), 7.98 (dd, J = 9.0, 2.0 Hz, 1H), 7.91 (s, 1H), 7.84 (d, J = 8.4 Hz,
2H), 7.55 — 7.50 (m, 2H), 6.93 (d, J = 8.4 Hz, 2H), 6.25 (dd, J = 7.8, 6.0 Hz, 1H), 4.39 — 4.36
(m, 1H), 4.30 (s, 2H), 3.96 (d, J = 2.4 Hz, 1H), 3.85 (dd, J = 11.4, 2.4 Hz, 1H), 3.73 (dd, J =
11.4, 2.4 Hz, 1H), 3.07 (s, 3H), 2.31— 2.27 (m, 1H), 2.02 — 1.97 (m, 1H), 0.88 (s, 9H), 0.88 (s,
9H), 0.08 (d, J = 2.4 Hz, 6H), 0.06 (d, J = 4.8 Hz, 6H); 13C NMR (CDCls, 150 MHz): 5 161.5,
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149.3,149.1,142.4,134.1, 132.6, 130.9, 130.7, 128.4, 128.2, 127.1, 127.0, 126.8, 126.4, 126.2,
119.9,119.2,117.8,116.3,114.1,99.9, 88.5,86.1, 77.1, 75.3, 72.6, 63.1, 43.3, 42.1, 38.7, 26.1,
25.8, 18.5, 18.1, -4.5, -4.7, -5.2, -5.46; +ESI-HRMS calculated for C47H59NeOsSi> [M+H] *
843.4080, found 843.4085.

Synthesis of 3',5'-di-O-tert-butyldimethylsilyl-5-(3-((4-(1-(4-pyrenyl)-
triazolyl)phenyl)(methyl)amino)propynyl)-2*-deoxyuridine (2.44G):Using general procedure

NN 1 for click reaction, starting from 100 mg (0.16
@JQ'N 80 mmol) of compound 2.43 and 58 mg of 1-
(0]

N Z Q azidopyrene (0.24 mmol), the title compound

A . ;

O“°N <
TBDMSO was isolated by Si-gel column chromatography
0 (Hex: EtOAc = 3:1) as pale yellow solid. Yield:

OTBDMS

° 77% (107 mg); m.p. 135-138 °C. IR (KBr): ¥
3423, 3046, 2954, 2928, 2856, 1699, 1619 cm™; *H NMR (CDCls, 600 MHz): § 8.29 (dd, J =
6.0, 3 Hz, 2H), 8.26 (d, J = 6.6 Hz, 1H), 8.20 (d, J = 9.0 Hz, 1H), 8.16 (s, 1H), 8.16 (s, 1H),
8.14 (s, 1H), 8.13 — 8.08 (m, 2H), 7.96 (d, J = 9.0 Hz, 1H), 7.90 (d, J = 6.0 Hz, 2H), 7.88 (s,
1H), 6.96 (d, J = 9.0 Hz, 2H), 6.25 (dd, J = 7.8, 5.4 Hz, 1H), 4.38 (dt, J = 5.4, 2.4 Hz, 1H), 4.31
(s, 2H), 3.96 (q, J = 2.4 Hz, 1H), 3.86 (dd, J = 11.4, 2.4 Hz, 1H), 3.74 (dd, J = 11.4, 1.8 Hz,
1H), 3.08 (s, 3H), 2.32 — 2.27 (m, 1H), 2.03—1.97 (m, 1H), 0.90 (s, 9H), 0.88 (s, 9H), 0.09 (d,
J =3.0 Hz, 6H), 0.07 (d, J = 4.8 Hz, 6H); *C NMR (CDCls, 150 MHz): 5 161.4, 149.3, 149.1,
148.3, 142.4, 132.3, 131.3, 130.8, 130.8, 129.7, 129.0, 127.2, 127.1, 126.9, 126.5, 126.38,
126.2, 125.2, 124.9, 124.36, 123.5, 121.6, 121.5, 120.1, 114.2, 99.9, 90.1, 88.6, 86.1, 77.4,
77.1,76.9,75.3,72.6,63.1,43.3,42.1, 38.7, 26.1, 25.8, 18.5, 18.1, -4.5, -4.7, -5.2, -5.4; +ESI-
HRMS calculated for C49Hs9NeOsSi> [M+H] * 867.4080, found 867.4082.

Synthesis of 5-(3-((4-(1-(4-cyanophenyl)-triazolyl)phenyl)(methyl)amino)propynyl)-2'-

N:NN© deoxyuridine (2.45C):Using general procedure for
N CN
o _ N,©/k/ TBDMS deprotection, starting from 230 mg (0.3

}i ) - mmol) of nucleoside 2.44C, the title compound was

HO N isolated by Si-gel column chromatography (CHCls:
(0]

o MeOH = 10:1) as orange-yellow solid. Yield: 81%

(130 mg); m.p. 178-181 °C. IR (KBr): ¥ 3426, 3056, 2925, 2837, 2229, 1714, 1607, 1619 cm
L: 14 NMR (DMSO-d6, 600 MHz): 5 11.54 (s, 1H), 9.23 (s, 1H), 8.15 —8.12 (m, 3H), 8.09 (d,
J=9.0 Hz, 2H), 7.74 (d, J = 9.0 Hz, 2H), 6.95 (d, J = 9.0 Hz, 2H), 6.04 (t, J = 6.6 Hz, 1H),
5.21 (d, J = 4.2 Hz, 1H), 5.06 (t, J = 5.0 Hz, 1H), 4.34 (s, 2H), 4.20 — 4.15 (m, 1H), 3.74 (q, J

87
TH-2109_126122016



Chapter 2 Design...... and Photophysical Properties of C5-Substituted 2'-Deoxyuridines

= 3.6 Hz, 1H), 3.59 — 3.53 (m, 1H), 3.54 — 3.49 (m, 1H), 2.95 (s, 3H); *C NMR (DMSO-d6,
150 MHz): 6 161.5, 149.4, 149.1, 148.3, 143.7, 139.6, 134.3, 126.4, 120.2, 118.8, 118.2, 117.9,
113.9, 110.8, 98.1, 88.6, 87.6, 84.8, 76.1, 70.1, 60.9, 42.1, 40.2, 40.1, 38.0; +ESI-HRMS
calculated for C2sH26N70s[M+H]* 540.1990, found 540.1990.

Synthesis  of  5-(3-((4-(1-(naphthayl)-triazolyl)phenyl)(methyl)amino)propynyl)-2*-
deoxyuridine(2.45E): Using general procedure for TBDMS deprotection, starting from 94 mg

(0.12 mmol) of 2.44E, the title compound was isolated

N=N
’©/§’N by Si-gel column chromatography (CHCls: MeOH =
200
|

0]
HNlj/\ 20:1)as pale yellow solid. Yield: 80% (53 mg); m.p.
04‘1“ 152-155 °C. IR (KBr): ¥ 3417, 3059, 2922, 2851, 1691,

o 1618cm™; *H NMR (600 MHz, DMSO-d6): § 11.61 (s,
1H), 8.96 (s, 1H), 8.21 (d, J = 8.4 Hz, 1H), 8.18 (s, 1H),
8.14 (d, J = 7.8 Hz, 1H), 7.83 (d, J = 8.7 Hz, 2H), 7.80 (d, J = 7.0 Hz, 1H), 7.75 — 7.70 (m,
1H), 7.70 — 7.59 (m, 3H), 6.99 (d, J = 9.0 Hz, 2H), 6.08 (t, J = 6.6 Hz, 1H), 5.25 (d, J = 4.2 Hz,
1H), 5.12 (t, J = 5.0 Hz, 1H), 4.39 (s, 2H), 4.22 (p, J = 4.2 Hz, 1H), 3.78 (q, J = 3.2 Hz, 1H),
3.63 —3.58 (m, 1H), 3.58 — 3.53 (m, 1H), 2.99 (s, 3H); 3C NMR (DMSO0-d6, 150 MHz): &
172.2,161.6, 149.5, 148.9, 147.1, 143.7, 133.7, 133.5, 130.2, 128.4, 128.1, 127.9, 127.2, 126 4,
125.5, 123.8, 122.6, 122.2, 119.5, 114.1, 98.2, 88.7, 87.6, 84.8, 79.2, 76.2, 70.1, 60.9, 45.7,
42.3, 40.2, 40.1, 38.1; +ESI-HRMS calculated for C31H29NeOs [M+H]* 565.2194 , found
565.2203.
Synthesis of 5-(3-((4-(2-(pyrenyltriazolyl)phenyl)(methyl)amino)propynyl)-2'-

OH

N:,_NN @ deoxyuridine (2.45G):Using general procedure for

o \‘@)\‘ ’0 TBDMS deprotection, starting from 158 mg (0.18

{;ﬁ_\_. - @ mmol) of 2.44G, the title compound was isolated by

HO | Si-gel column chromatography (CHCls: MeOH =
:: 20:1) as light brown solid. Yield: 85% (99 mg); m.p.

217-220 °C. IR (KBr): ¥ 3420, 3054, 2924, 2851,
1691, 1618cm’t; *H NMR (DMSO-d6, 600 MHz): & 11.60 (s, 1H), 9.10 (s, 1H), 8.52 (d, J =
8.4 Hz, 1H), 8.46 (d, J = 7.2 Hz, 1H), 8.42 (d, J = 7.8 Hz, 1H), 8.40 — 8.33 (m, 3H), 8.30 (d, J
= 9.0 Hz, 1H), 8.22 — 8.17 (m, 2H), 7.93 — 7.87 (m, 3H), 7.01 (d, J = 8.4 Hz, 2H), 6.09 (t, J =
6.6 Hz, 1H), 5.25 (d, J = 4.2 Hz, 1H), 5.12 (t, = 4.8 Hz, 1H), 4.40 (s, 2H), 4.22 (p, J = 4.2 Hz,
1H), 3.79 (g, J = 3.6 Hz, 1H), 3.64 — 3.59 (M, 1H), 3.59 — 3.54 (m, 1H), 3.01 (s, 3H); 3C NMR
(DMSO-d6, 150 MHz): 5 161.6, 149.5, 148.9, 147.3, 143.7, 131.7, 130.7, 130.5, 130.2, 129.7,
128.86, 127.2, 127.2, 126.6, 126.4, 126.2, 125.4, 125.2, 124.1, 123.8, 123.4, 123.0, 121.2,
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119.5, 114.1, 98.2, 88.7, 87.6, 84.8, 79.2, 76.2, 70.1, 60.9, 42.3, 40.1, 40.1, 39.5, 38.1; +ESI-
HRMS calculated for C37H31NsOs [M+H]* 639.2350, found 639.2313.

2.9.3. Photophysical Studies of the Synthesized Nucleosides

UV-visible Measurements: All the UV —visible spectra of the nucleosides (10 uM) were
measured in different solvents using Shimadzu UV-2550 UV-Visible spectrophotometer with
a quartz cell of 1 cm path length. The measurements were carried out in absorbance mode. The
absorbance values of the sample solutions were measured in the wavelength regime of 200
550 nm. All the sample solutions were prepared just before doing the experiment.

Fluorescence Experiments: All fluorescence experiments were performed using
Fluoromax 4 spectrophotometer with a cell of 1 cm path length at 298 K. All the sample
solutions were prepared as described in UV measurement experiments. The excitation
wavelengths for all the cases were set at the excitation maxima of each sample in each solvent
and emission spectra were measured in the wavelength regime of 300—700 nm with an
integration time of 0.2 sec. All the sample solutions were prepared just before doing the
experiment. Fluorescence emissions were collected exciting the samples at the wavelength
corresponding to their absorption maxima. The fluorescence quantum vyields (@r) were
determined using quinine sulfate as a reference with the known @ (0.55) in 0.1 molar solution
in sulfuric acid. The following equation was used to calculate the quantum yield,

FI£™* Abs, n:
R FI2™ Absg n?

D, =D

where, ®p is the quantum yield of standard reference, F157® (sample) and FI17® (reference)
are the integrated emission peak areas, Absg (sample) and Absy (reference) are the absorbances
at the excitation wavelength, and ng (sample) and ny (reference) are the refractive indices of
the solutions.

The fluorescence lifetime experiment was carried out using a time-resolved fluorescence
spectrophotometer at 25 °C using a 1 cm path length cell. 290 and 337 nm LED were used as
excitation light source. The lifetime data were calculated by software with a fixed fitting range.
The time-correlated single photon counting (TCSPC) method was used to calculate the lifetime
data.
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2.9.4. Theoretical Calculation

The ground state structures of the fluorophores were optimized using density functional
theory (DFT)*” with B3LYP functional and 6-31G (d) basis set. The excited state related
calculations were carried out with the time-dependent density functional theory (TD-DFT) with
the optimized structure of the ground state (B3LYP/6-31G(d)). There are no imaginary
frequencies in frequency analysis of all the calculated structures, therefore each calculated

structure is a local energy minimum.

2.9.5. B3LYP/6-31G* Optimized Structure and Cartesian Coordinates of the

Synthesized Compounds

and Photophysical Properties of C5-Substituted 2'-Deoxyuridines

2.9.5.1. Cartesian Coordinates for Coumarin-Based Nucleoside

2.44D

E(RB3LYP) = -2311.60304067 a.u.;
Imaginary Freq. = 0; Dipole Moment = 8.2017

Standard orientation:

Center Atomic  Atomic Coordinates (Angstroms)
Number Number  Type X Y z
1 6 0 -11.809880 -0.818242 1.927374
2 6 0 -10.669458 0.183734 1.757772
3 8 0 -10.578638 -1.363393 -0.039804
4 6 0 -11.895325 -1.467549 0.531842
5 6 0 -12.911671 -0.814530 -0.400043
6 8 0 -14.197766 -1.126933 0.130022
7 6 0  -9.750297 -0.557508 0.776436
8 6 0 -7.550169 -0.010441 -0.163787
9 7 0 -8.890400 0.285541 -0.077628
10 6 0 -9.458422 1.280719 -0.891610
11 6 0 -6.662697 0.643213 -0.966111
12 7 0  -8.542997 1.937675 -1.692479
13 6 0 -7.157689 1.731562 -1.825750
14 8 0 -10.644478 1.565364 -0.894811
15 6 0 -4.112075 -0.000223 -1.031246
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16 6 0 -2.691425 -0.331816 -1.092992
17 8 0 -6.499766 2.412389 -2.589565
18 7 0 -1.952128 0.301980 -0.005485
19 6 0 -5.286631 0.294518 -0.996929
20 6 0 4.655550 -0.716484 -0.231698
21 7 0 5.853979 -0.347089 0.305202
22 7 0 4.391305 0.820405 1.351122

23 6 0 -0.567098 0.231087 0.059572
24 6 0 0.132345 1.092710 0.930288

25 6 0 1.509982 1.023352 1.050358

26 6 0 2.258345 0.090492 0.308788

27 6 0 1.561691 -0.765436 -0.553809
28 6 0 0.177572 -0.701617 -0.686114
29 6 0 3.715247 0.037071 0.445103

30 8 0 -11.391377 -1.751317 2.921693
31 7 0 5.665585 0.594111 1.271315

32 6 0 7.159725 -0.797702 -0.012078
33 6 0 8.247373 0.027632 0.253248

34 6 0 9.549366 -0.404436 -0.052703
35 6 0 9.719536 -1.672633 -0.644069
36 6 0 8.625790 -2.497848 -0.907588
37 6 0 7.348539 -2.066253 -0.583427
38 6 0  10.757054 0.370233 0.181382
39 6 0  11.965998 -0.124958 -0.161340
40 6 0 12122745 -1.441935 -0.775883
41 8 0  10.948880 -2.158318 -0.983458
42 6 0 10.661925 1.742725 0.813873
43 8 0 13.168118 -1.942559 -1.108486
44 1 0 -12.760754 -0.344736 2.198977
45 1 0 -11.030663 1.111952 1.318078
46 1 0 -10.176717 0.390566 2.709618
47 1 0 -12.145227 -2.532097 0.625987
48 1 0 -12.770457 -1.226104 -1.409834
49 1 0 -12.731116 0.265959 -0.453560
50 1 0 -14.858789 -0.654844 -0.390495
51 1 0 -9.051541 -1.195488 1.330028
52 1 0  -7.218445 -0.822668 0.471869
53 1 0 -8.938195 2.666512 -2.274963
54 1 0 -2.571350 -1.421759 -1.020395
55 L 0 -2.297994 -0.042155 -2.083150
56 1 0 -2.351382 1.177915 0.301774
57 1 0 4.575672 -1.421888 -1.041425
58 1 0 -0.423971 1.819565 1.517061

59 1 0 2.031010 1.695391 1.723505

60 1 0 2.102242 -1.502912 -1.141244
61 1 0 -0.317289 -1.383225 -1.368566
62 1 0 -12.080441 -2.423726 3.007785
63 1 0 8.070871 0.994674 0.702591

64 1 0 8.798909 -3.471843 -1.350296
65 1 0 6.501154 -2.719989 -0.756078
66 1 0 12.880438 0.429465 0.001570
67 9 0 11.869630 2.313074 0.968787
68 9 0 10.081357 1.674180 2.029457
69 9 0 9.912477 2571032 0.054974
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2.9.5.2. Optimized Structure and Cartesian Coordinates for Benzonitrile-Based

Nucleoside

2.45C

E(RB3LYP) =-1802.04346057 a.u.;

Imaginary Freq. = 0; Dipole Moment = 8.8454 Debye

Standard orientation:

Center Atomic  Atomic Coordinates (Angstroms)
Number Number  Type X Y z
1 6 0 -9.875323 -0.638301 1.238866
2 6 0 -8.475262 -0.440231 1.827580
3 8 0 -8.283842 -1.601954 -0.257705
4 6 0 -9.640356 -1.736191 0.184475
5 6 0 -10.567515 -1.624810 -1.014374
6 8 0 -11.890742 -1.719900 -0.479898
7 6 0  -7.512724 -0.954732 0.734754
8 6 0 -5.306089 -0.158485 -0.018084
9 7 0 -6.657425 0.065138 0.087984
10 6 0 -7.252941 1.179766 -0.523290
11 6 0 -4.434194 0.673386 -0.656309
12 7 0 -6.354761 2.017757 -1.156978
13 6 0 -4.960276 1.891360 -1.296269
14 8 0 -8.450373 1.405645 -0.492471
15 6 0 -1.858479 0.151531 -0.787203
16 6 0  -0.424347 -0.107101 -0.879098
17 8 0 -4.317713 2.733080 -1.894975
18 7 0 0.305690 0.584320 0.179103
19 6 0  -3.044577 0.389793 -0.723646
20 6 0 6.942826 -0.214031 -0.042086
21 7 0 8.134866 0.263599 0.422840
22 7 0 6.643232 1.527390 1.305468
23 6 0 1.692792 0.582974 0.217157
24 6 0 2.365643 1.499436 1.052316
25 6 0 3.746819 1.499052 1.147022
26 6 0 4525584 0.584769 0.413403
27 6 0 3.855764 -0.322299 -0.417950
28 6 0 2.468143 -0.329447 -0.522934
29 6 0 5.984709 0.600643 0.527673
30 8 0 -10.790112 -1.039313 2.242179
31 7 0 7.920889 1.330375 1.246679
32 6 0 9.450971 -0.182327 0.161593
33 6 0  10.486953 0.195368 1.026731
34 6 0 11.781334 -0.238484 0.778447

6 0

12.056792 -1.061174 -0.327924
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36 6 0 11.012536 -1.432566 -1.189560
37 6 0 9.717231 -0.990442 -0.950435
38 6 0  13.392352 -1.516103 -0.577085
39 7 0 14476241 -1.887117 -0.780145
40 1 0 -10.204562 0.280543 0.743545
41 1 0 -8.270212 0.591566 2.113455
42 1 0  -8.383485 -1.071230 2.716731
43 1 0 -9.782289 -2.711966 0.673073
44 1 0 -10.391561 -0.657788 -1.504513
45 1 0 -10.366315 -2.426421 -1.738778
46 1 0 -12.520122 -1.499648 -1.176856
47 1 0 -6.794816 -1.664506 1.162093
48 1 0  -4.950677 -1.065987 0.455656
49 1 0 -6.769043 2.833956 -1.591616
50 1 0 -0.247072 -1.187959 -0.790645
51 1 0 -0.067951 0.184046 -1.882797
52 1 0  -0.131995 1.443350 0.481858
53 1 0 6.872165 -1.076510 -0.682345
54 1 0 1.785596 2.212776 1.632541
55 1 0 4.246967 2.211989 1.793317
56 1 0 4.421217 -1.038755 -1.007885
57 1 0 1.994417 -1.047109 -1.182941
58 1 0 -11.624302 -1.206499 1.777792
59 1 0  10.261529 0.824479 1.878160
60 1 0  12.586289 0.050507 1.445105
61 1 0 11.222243 -2.058221 -2.050006
62 1 0 8.924909 -1.259435 -1.639248

2.9.5.3. Optimized Structure and Cartesian Coordinates for Naphthalene-Based

Nucleoside

2.45E

E(RB3LYP) = -1863.44380538 a.u.;
Imaginary Freg. = 0; Dipole Moment= 6.2310 Debye

Standard orientation:

Center Atomic  Atomic Coordinates (Angstroms)
Number Number ~ Type X Y 4
1 6 0 -9.882133 2.309619 -0.571192
2 6 0  -9.134052 1.143082 -1.213140
3 8 0 -8.164577 1574273 0.909670
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4 6 0  -9.457144 2.206879 0.907001
5 6 0 -10.420433 1.408311 1.780041
6 8 0 -11.602862 2.196765 1.894299
7 6 0 -7.838680 1.115931 -0.388961
8 6 0 -5.806247 -0.250113 -0.561132
9 7 0 -7.153770 -0.187715 -0.291750
10 6 0 -7.840194 -1.312607 0.196451
11 6 0  -5.043708 -1.374066 -0.444114
12 7 0 -7.052626 -2.442923 0.306795
13 6 0  -5.683413 -2.613667 0.029142
14 8 0  -9.024939 -1.316130 0.487330
15 6 0  -2.480012 -1.385849 -1.038224
16 6 0  -1.059070 -1.387982 -1.375335
17 8 0  -5.149099 -3.694263 0.189166
18 7 0 -0.228254 -1.395380 -0.176421
19 6 0 -3.659692 -1.372561 -0.762287
20 6 0 6.319796 -0.369116 0.649612
21 7 0 7.527907 -0.291174 0.023975
22 7 0 6.115740 -0.716705 -1.533621
23 6 0 1.142250 -1.189587 -0.247173
24 6 0 1.862561 -0.892417 0.928050
25 6 0 3.236670 -0.715281 0.893896
26 6 0 3.958931 -0.825195 -0.307260
27 6 0 3.240186 -1.120726 -1.473973
28 6 0 1.860549 -1.299159 -1.452607
29 6 0 5411469 -0.640191 -0.356799
30 8 0  -9.389264 3.499965 -1.183445
31 7 0 7.379934 -0.515553 -1.312186
32 1 0 -10.970979 2.229912 -0.672793
33 1 0 -9.685217 0.212434 -1.088655
34 1 0  -8.946387 1.325377 -2.272930
35 1 0  -9.349408 3.210175 1.338825
36 1 0 -10.612638 0.427914 1.327428
37 1 0  -9.943043 1.236945 2.755589
38 1 0 -12.264171 1.677443 2.367297
39 1 0 -7.097345 1.787382 -0.837706
40 1 0 -5.362936 0.680402 -0.894962
41 1 0  -7.538240 -3.264540 0.647047
42 1 0 -0.838915 -0.516523 -2.016985
43 1 0 -0.835517 -2.278413 -1.979954
44 1 0 -0.683709 -1.029271 0.646898
45 1 0 6.217770 -0.205216 1.709666
46 1 0 1.329236 -0.805862 1.871596
47 1 0 3.754728 -0.484764 1.820920
48 1 0 3.780776 -1.208728 -2.410183
49 1 0 1.346918 -1.530785 -2.379021
50 1 0 -9.813525 4.253831 -0.752132
51 6 0 8.808211 -0.102016 0.624038
52 6 0 9.706576 0.891773 0.123162
53 6 0 9.135780 -0.882336 1.713883
54 6 0 0.411388 1.743096 -0.976025
55 6 0 10967169 1.041052 0.793903
56 6 0 10.375135 -0.713915 2.368423
57 1 0 8.438677 -1.641901 2.051906
58 6 0 10.322500 2.686099 -1.395330
59 1 0 8.468425 1.627348 -1.494718
60 6 0 11.883006 2.021223 0.325326
61 6 0  11.272347 0.223483 1.914261
62 1 0  10.615305 -1.339249 3.222375
63 6 0 11570952 2.826296 -0.744710
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64 1 0 10.080911 3.327701 -2.237318
65 1 0 12.837515 2.124038 0.834395
66 1 0  12.231167 0.353363 2.408399
67 1 0 12279841 3.571900 -1.092226

2.9.5.4. Optimized Structure and Cartesian Coordinates for Pyrene-Based Nucleoside

E(RB3LYP) =-2093.32737330 a.u.;
Imaginary Freq = 0; Dipole Moment = 4.2695 Debye

Standard orientation:

Center Atomic  Atomic Coordinates (Angstroms)
Number Number  Type X Y z
1 6 0 -11.381849 -1.862549 1.464406
2 6 0 -10.339772 -0.771881 1.704254
3 8 0 -10.277749 -1.369589 -0.591253
4 6 0 -11.529316 -1.852813 -0.070343
5 6 0 -12.670488 -0.978403 -0.581329
6 8 0 -13.877129 -1.633005 -0.195896
7 6 0  -9.449528 -0.915001 0.461510
8 6 0 -7.379216 0.221462 -0.209421
9 7 0 -8.731015 0.300233 0.031064
10 6 0  -9.442670 1.478300 -0.252702
11 6 0 -6.613334 1.249377 -0.673471
12 7 0 -8.651110 2.509232 -0.722706
13 6 0 -7.266049 2.535587 -0.972161
14 8 0 -10.645328 1.604089 -0.091650
15 6 0  -4.023415 0.985782 -1.058916
16 6 0 -2.587706 0.827180 -1.272902
17 8 0 -6.731422 3.543677 -1.392585
18 7 0 -1.834976 1.095802 -0.051696
19 6 0 -5.216073 1.101890 -0.879807
20 6 0 4.691244 -0.335243 -0.442350
21 7 0 5.820482 -0.570098 0.283289
22 7 0 4.275915 -0.245363 1.736655
23 6 0 -0.488345 0.774283 0.050283
24 6 0 0.120466 0.719903 1.321185
25 6 0 1.468304 0.431801 1.455888
26 6 0 2.275637 0.183990 0.330490
27 6 0 1.668869 0.240364 -0.930805
28 6 0 0.314439 0.527630 -1.078627
29 6 0 3.698378 -0.123981 0.496462
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30 6 0 13.151612 0.296452 -0.014051
31 8 0 -10.814949 -3.083604 1.935714
32 7 0 5.540244 -0.518474 1.616789
33 6 0 7.113418 -0.915356 -0.208142
34 6 0 8.268574 -0.234851 0.237282
35 6 0 9.529325 -0.630505 -0.314514
36 6 0 9.602544 -1.673548 -1.288647
37 6 0 8.419093 -2.306280 -1.697759
38 6 0 7.194281 -1.935006 -1.160025
39 6 0 8.240536 0.840000 1.192131

40 6 0 9.386266 1.463911 1.580367

41 6 0 10.668359 1.083092 1.060780
42 6 0 10.726672 0.027653 0.102124
43 6 0  11.988782 -0.364270 -0.441276
44 6 0 12.024654 -1.422521 -1.411864
45 6 0 10.885111 -2.045519 -1.817652
46 6 0 11.857891 1.715079 1.457470
47 6 0  13.084348 1.323363 0.925403
48 1 0 -12.341758 -1.654037 1.951608
49 1 0 -10.806437 0.211643 1.728544
50 1 0 -9.788324 -0.944496 2.630404
51 1 0 -11.683776 -2.874370 -0.440844
52 1 0 -12.588397 0.030695 -0.159378
53 1 0 -12.578983 -0.891522 -1.673559
54 1 0 -14.616516 -1.058428 -0.428115
55 1 0 -8.660766 -1.652747 0.650262
56 1 0 -6.931598 -0.741441 0.005753
57 1 0  -9.150425 3.367923 -0.922631
58 1 0 -2.266524 1.520564 -2.063079
59 1 0 -2.388577 -0.189827 -1.654773
60 1 0 -2.371249 0.984380 0.796577

61 1 0 4.703696 -0.308351 -1.519459
62 1 0  -0.481401 0.910951 2.206492

63 1 0 1.919899 0.390335 2.441086

64 1 0 2.257066 0.050753 -1.824740
65 1 0 -0.111020 0.563885 -2.075308
66 1 0 14110972 -0.002647 -0.427410
67 ! 0 -11.440141 -3.795222 1.743187
68 1 0 8.467025 -3.105145 -2.431955
69 1 0 6.286317 -2.448882 -1.458141
70 1 0 7.289214 1.132955 1.616645

71 1 0 0.342861 2.273496 2.303820

72 1 0 12987782 -1.716294 -1.820407
73 1 0  10.925234 -2.843212 -2.554358
74 1 0  11.810952 2.518075 2.187909
75 1 0  13.994474 1.822875 1.243847
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2.10. H and *C NMR Spectra of Few Selected Nucleosides
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Figure 2.21: *H NMR spectra of synthesized compound 2.45C
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3.1. Introduction

3.1.1. Protein-Ligand Interaction

Protein-ligand interactions are of paramount importance for all processes taking place in
living organisms. Molecular signal transmission derived from protein-ligand interactions is
essential for almost all forms of life to exist. These interactions regulate the states and functions
of proteins which are important for regulation of biological functions. * On the other hand,
understanding the nature of drug-protein interaction or small molecule-protein interaction is of
paramount importance for the development of new chemotherapeutics for several diseases and
has led to the foundation of chemical biology.

The mechanism of molecular recognition and binding of a ligand to a protein is a complex
process and not fully understood. Molecular recognition is a process in which biological
macromolecules undergo specific interaction with each other or with various ligands to form a
complex.®> Two most important characteristics of the molecular recognition process are (i)
specificity, which enables high specific recognition between two binding partners from rest of
the less specific partners and (ii) affinity, which determines the non-replaceable effect of a
specific binding partner interacting with high affinity even present in low concentration than
the other less specific partners which are present in high concentrations.® In order to get more
insight into the protein-ligand interaction, understanding of kinetic and thermodynamical
factors such as Gibbs free energy, enthalpy and entropy of a protein-ligand-solvent system is
very important. For example, in analogy with any spontaneous process, the change in Gibbs
free energy of a protein-ligand-solvent system should be negative for binding to occur.?

There are three proposed protein-ligand binding models found in the literature which have
been used to explain protein-ligand interactions. These are “lock-and-key”,’” “induced fit”® and

“conformational selection” 2 and are depicted in Scheme 3.1.
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| (b) Induce Fit Model

(c) Conformational
Selection
Model

Scheme 3.1. Schematic representation of protein-ligand binding models.

The lock-and-key model (Scheme 3.1a) demands both protein and ligands should have a
rigid structure and perfectly matched binding sites for a binding to occur between them.” Thus,
according to this model, a ligand resembles a key which can be inserted in the binding site
(keyhole) of a protein having correct shape and size (the lock). However, this model fails to
explain the binding interaction exists between a protein and a ligand where their shapes at the

binding sites do not match at all.

The induce fit model considers the protein binding sites as flexible regions which get
induced for a conformational change while interacting with specific ligands (Scheme 3.1b).2
Since the induce fit model only considers the conformational flexibility of the protein binding
site, the cases where a protein undergo only a slight change in its conformation after binding

with a ligand can be well-explained by using this mod.Oel.

Both the lock-and-key model and induce fit model assume the protein molecule as a single
and stable conformer but it is experimentally proven that most of the proteins are inherently
dynamic and can adopt several conformations.'>'® This leads to the conformational selection
model (Scheme 3.1c) which presumes that the proteins exist as an ensemble of infinite
conformational states or substates. According to this model, the various conformational states

are always in equilibrium with different population distributions and the ligand selectively
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binds to the most fitting conformational state due to which the equilibrium shifted towards that
particular conformation of the protein. The most practical binding model through which most
of the protein-ligand binding interactions are taking place is a subject of debate for a long time
and extensive research has been done to examine the validity of all the three models.® 16-18
However, the conformational selection model seems to be more realistic by taking account of
inherent protein flexibility as well as the population shift and redistribution of the

conformational states.

3.1.2. Bovine Serum Albumin (BSA): Highly Recognized Protein Model

The study of specific interaction with small molecule/drug is central to understand the
functions of many proteins. Serum albumins are the major soluble transport proteins found in
blood plasma.l®2! They are mainly associated with transportation of a wide variety of
compounds including fatty acids, bilirubin, bile salts, metal ions, hormones etc.?2?" Extensive
research has been carried out to investigate the structure, functions as well as their interactions
with other biomolecules, drugs and biologically active molecules. Among various serum
albumins, bovine serum albumin is one of the frequently used protein models because of its
high availability and structural homology with human serum albumin (HSA). 121 2 The
protein sequence of BSA exhibits 75% identity and 87% similarity with HSA. BSA has a heart-
shaped structure with three domains I, Il, 111. Each domain consists of two sub-domains IA, IB;
1A, 1IB and IlIA, II1B. There are two primary binding sites present in BSA known as site-I
and site-11 from which the specific physiological activity of a ligand initiated upon binding.?*
30 Their locations are detected in the hydrophobic pockets of subdomain IIA and 1B
respectively.3 32 Extensive experimental and theoretical studies revealed that the site-1 is
governed predominantly by hydrophobic interactions during a drug binding event whereas the
interaction at site-l1l1 is combinatory interaction of hydrophobic, hydrogen bonding and
electrostatic interactions.®® * The structures of BSA and HSA and their various homologous

domains and subdomains are shown in Figure 3.1.
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HSA (PDB Id: 1HA2)

. J

Figure 3.1: Structure of BSA and HSA and their various homologous domains.

3.2. Some Recent Small Molecule Probes of BSA

To gain insight into structure, functions and binding interactions of BSA with drugs and
small fluorescent molecules, fluorescence-based techniques have been frequently utilized. The
protein binding ability of a variety of small molecules, drugs, chromophores has been studied
by utilizing their fluorescence photophysical properties.®>-° In 2015, Li et al. reported a 1,2, 5-
triphenylpyrole (TPP) derivative, 3.01 (Figure 3.2) and utilized it for the quantification of BSA
and HSA without isolation from serum.** The compound showed aggregation induced emission
property (AIE) and found to correlate linearly with both BSA and HSA over a wide range of
concentration (2.18-70 pg/mL for BSA) with an enhancement of fluorescence signal. It was
reported that the interactions occurred between the compound and BSA are mainly
hydrophobic and hydrogen bonding. Malathi et al. designed and synthesized a
benzimidazoquinoline derivative, 3.02 for sensing of BSA and metal ions.*? It was reported
that this compound also showed AIE properties and strong binding interaction with BSA due
to a FRET process from the BSA to the probe. An enhancement of AIE (AIEE) of the probe
was observed in the presence of BSA. Cell viability assay for both of the compounds (3.01,
3.02) indicated low cytotoxicity and in-vivo experiments suggested their future application in
cell imaging. Yang et al. reported two red-NIR (red to near-infrared) probes (3.03 and 3.04)
for the quantitative and qualitative detection of both BSA and HSA.*® These two probes showed

differential recognition towards BSA and HSA in terms of fluorescence intensity even though
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these two proteins have structural homology. The compound 3.03 showed strong fluorescence
in the presence of HSA, while 3.04 being highly selective towards BSA showed a strong
fluorescence upon interaction with BSA. Docking study revealed that the active binding site of
3.04 was located in between subdomains Il and 1A of BSA and binding interaction mainly
depend upon hydrogen bonding interaction. On the other hand, the binding site of 3.03 was
located within the site I of HSA and binding interactions were mainly hydrophobic and n-nt

stacking.

B,
1\?30; O IN‘ O o+
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+
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3.01 3.02 3.03 3.04

Figure 3.2. Examples of various molecular probes for BSA.

Polyaromatic hydrocarbons (PAH) constitute a class of highly fluorescent molecules with
strong photophysical properties. Thus, these molecules and their derivatives often utilized as
fluorescent probes in various investigations related to proteins. For example, Wang et al.
studied diketopyrrolopyrrole (DPP)-anthracenone conjugates for sensing of BSA.** *° One
representative example of their work is the compound 3.05 (Figure 3.3) which exhibited
enhanced fluorescence emission upon binding with BSA.** It was reported that this compound
exhibits amphiphilic character due to its structure and undergoes complexation with BSA via
electrostatic and hydrophobic interactions. Densil et al. reported three anthracene-derived
Schiff base compounds, 3.06-3.08 as BSA sensing probes.*® It was reported that these
compounds are low toxic and AIE active and exhibit strong emission upon binding with BSA
with an enhancement in their fluorescence signal. The binding interactions of all the three
compounds with BSA were found to be mainly hydrogen bonding and hydrophobic interaction.
Ali et al. reported a phenanthrene-pyrene fluorescent conjugate (3.09) for probing BSA.
Association of this compound with BSA caused both static and dynamic quenching of BSA
fluorescence.*’ Experimental and molecular docking study revealed the location of the binding
site within the subdomain IIA of BSA. Singh et al. reported a perylenediimide-

benzimidazolium derived fluorescent probe (3.10), which showed selective detection of BSA
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and HSA among other proteins and inorganic ions.*® This compound exhibited AIE
characteristics and underwent complex formation with BSA with an enhancement in its
fluorescence signal. This compound is reported as low cytotoxic and finds applications in
detection of HSA in blood serum, urine samples and cell imaging in HeLa cells.

Figure 3.3. PAH derived fluorescent probes for BSA.

Synthetic dyes find widespread applications in the field proteins analysis such as
characterization of protein folding, protein surface-hydrophobicity sensing, and detection of
protein aggregation etc.*>> Superior fluorescence emission properties of synthetic and natural
dyes established themselves as powerful components of fluorescent tools. As for an example,
Jurek et al. investigated binding interactions of a few amino-substituted squaraine dyes with
BSA.% Two representative examples of their work are 3.11 and 3.12 (Figure 3.4). Both of the
compounds showed efficient binding interaction with binding constants 45.5 x 10* and 37.3 x
10%, respectively. Reis et al. also reported several squaraine dye derivatives for the detection
of BSA and HSA.®” A few examples (3.13-3.15) of their work are shown in Figure 3.4. Authors
reported low solubility of these compounds in aqueous media which led to poor fluorescence
emission. However, significant enhancement in fluorescence intensity was observed in the
presence of BSA and HSA, which indicated a strong interaction between these compounds and
BSA/HSA. Onganer et al. studied the photophysical and biophysical impact of coumarin 35
dye (3.16) on BSA.% % A strong interaction between the coumarin 35 dye with BSA was
reported leading to a significant enhancement in the fluorescence signal the probe. The authors
also studied the influence of certain metal cations on the binding interactions between the
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Coumarin 35 dye and BSA. The binding constant of the BSA-coumarin35 complex was found
to be increased in the presence of metal ions and was highest in the presence of Sn** ions. Qian
et al. investigated boron-dipyrromethene (BODIPY)-triphenylamine derivatives (3.17 and
3.18) for sensing of BSA.®° These fluorescent compounds with AIE properties showed efficient
association with BSA with an enhancement in their fluorescence signal. Vodyanova et al. also
reported several BODIPY derivatives which can be utilized as fluorescence light-up probes for

the detection of BSA.5! Some representative examples of their work are shown in Figure 3.4

(3.19-3.21).
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Figure 3.4. Fluorescent probes derived from various dyes for BSA detection.

Our research group also contributed towards the detection and sensing of BSA.%2 8 As
representative examples, two recent fluorescent molecules (3.23 and 3.24) reported by our
research group are shown in Figure 3.5. Both the compounds exhibited strong fluorescence
signals upon binding with BSA and therefore can be utilized as light-up fluorescent probes for

the detection of BSA. Experimental results and molecular docking study indicated that the
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binding interactions in both cases are mainly due to hydrophobic and electrostatic interactions
in the hydrophobic pocket of BSA.

()
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Figure 3.5. Fluorescent molecules reported by our research group for sensing of BSA.

3.3. Protein-Nucleic Acid Interactions

The existence of proteins with DNA as a complex structure was first recognized in the late
19" century.®* Since then, researchers applied numerous synthetic, organic, and biochemical
approaches in vitro and in vivo in order to get an insight into fundamental outcomes of protein-
nucleic acid interactions. After tremendous research efforts, it has been established that the
existence of protein-nucleic acid interactions is crucial for a variety of biological processes to
occur. For example, the initiation and regulation of biological processes such as translation,
transcription, DNA replication and RNA translocation depend directly or indirectly on the
protein-nucleic acid interactions.®® Understanding of these fundamental biological processes
continuously aiding researchers to get insights into cell biology, origin and mechanism of

various diseases, which ultimately aiding in the development of new chemotherapeutics.

The forces involved in protein-nucleic acid interactions are electrostatic (salt bridges),
hydrophobic and hydrogen bonding.®® The degree of contribution of these forces are different
for the formation of a non-covalent protein-nucleic acid complex and therefore, the overall
affinity and stability towards the complex formation depends on the sum of many favorable
and unfavorable interactions. Although modes of interactions are similar, many proteins
showed specific binding with a particular nucleic acid sequence or structure. For example,
specific protein-DNA interactions are generally mediated via insertion of a protein a-helix
motif into the major groove of the DNA, where the motif interacts with a specific base sequence
through H-bonds and salt bridges.®”%° On the other hand, protein-RNA interactions are more

like protein-protein interactions due to the flexibility of RNA molecules for the formation of a
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variety of surfaces and folding.%® Therefore, protein-DNA recognition is more specific than the

protein-RNA recognition.

3.4. Nucleoside as Drug: Nucleoside-Protein Interaction

Nucleosides and nucleobase analogs constitute the largest class of compounds possessing
potential antiviral properties.”® * Due to high antiviral properties and favorable
pharmacokinetics, many of these compounds have been used for the inhibition and treatment
of various chronic diseases including HIV, hepatitis, and herpes. In chapter 1 (Section 1.6.),
we have listed several examples of modified nucleoside analogs and discussed their medicinal
properties and clinical use.

Most of the nucleosides and nucleoside-based drugs are hydrophilic in nature and very few
of them are able to diffuse through the cell membrane, however very slowly.”? Therefore, to
exert their potential effects, these drug molecules have to rely on certain transporter agents for
transportation across the cell membrane which are collectively known as nucleoside
transporters (NTs).”® These transporters are basically a class of membrane proteins and are of
types in humans: concentrative nucleoside transporters (CNTs) and equilibrative nucleoside
transporters (ENTSs).”>"* These nucleoside transporters transport a wide range of nucleoside-
derived drugs across the cell membrane.”>8° Both NT families are divided into several subtypes
and each subtypes transport different types of nucleosides.’>8° Therefore, it can be concluded
that the recognition of nucleosides by the nucleoside transfer proteins is highly specific.

The mechanism of protein-nucleoside interaction is difficult to understand and believed to
be accompanied by a series of induce fit processes, which require a change in conformations
of proteins, in the ligands or in both.8%:82 A direct interaction of nucleotide’s/nucleoside’s bases
were reported while NT proteins bind with DNA or RNA.8! Selvaraj et al. also demonstrated
that proteins are able to discriminate nucleobases in terms of their noncovalent interactions.®%
8 Several structural analysis revealed that weak noncovalent interactions including van der
Waal interactions, aromatic stacking interactions are very important for the stabilization of
protein-nucleoside interaction.®># Using these ideas, John et al. demonstrated that nucleosides
can be designed to get specifically recognized by NTs for their efficient transportation across
the cell membrane.®” Such evidence provides proof that the understanding of protein-

nucleoside interaction is very crucial for the design and development of new drugs. Moreover,
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the study of protein-nucleoside interaction can be very helpful in the investigation of the

structure and function of proteins structurally similar to the nucleoside transporter proteins.

3.5. Background

From the literature study, it is clear that the protein-ligand interactions are of paramount
importance for all processes taking place in living organisms. These interactions regulate the
states and functions of proteins which are important for the regulation of many biological
functions. The study of the interaction of proteins with drugs and small molecules with rich
photophysical properties contributed significantly in the field of pharmacology.®®°! These
protein-drug binding events are mostly dependent on the microenvironment and dynamics of
protein structure. A small molecule with unique photophysical properties can interact to the
microenvironment exceptionally and bear information related to biological protein-ligand
binding sites and events. Such information is highly significant for drug discovery and many
other research topics.”>*> However, a large number of experimental trials are required to gain
insight into the properties and functions of a particular protein and develop such smart
molecules accordingly. Moreover, these experimental trials are a lot of time consuming and
unsafe when done in vitro. Therefore, highly abundant proteins like serum albumins often used
as models in order to investigate protein-small molecule interactions in vivo, which ultimately
assist in designing biologically active compounds. Therefore, aqueous complexation studies of
synthetic molecules with serum albumins such as bovine serum albumin (BSA) gain significant

research interest during the last decade.

3.6. Objective

With the above background and the observed photophysical properties of our previously
reported (Chapter 1 and Chapter 2) pyrene-labeled fluorescent probes, 2.45G and 1.262
(Figure 3.6), we envisaged that these nucleosides might offer some interesting binding
interactions with a biomolecule such as a model protein BSA. Thus we framed our objective
to study the following:

(a) Studies on the interaction of our previously reported pyrene-labeled nucleoside 2.45G

with BSA via the study of UV-visible and fluorescence photophysical property.
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(b) Studies on the interaction of our previously reported tetrazolylpyrene unnatural
nucleoside 1.262 with BSA.

o N,@j\;' : 80 0
vy 9 R
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2.45G 1.262
Figure 3.6. Structures of pyrene-labeled nucleosides.

3.7. Result and Discussion

In order to investigate the binding interaction of our probes towards BSA, we have studied
the UV-visible and fluorescence spectroscopy in aqueous phosphate buffer (pH = 7.0) at 298
K. At first, we want to highlight the spectral properties of the probes in various organic

solvents.

3.7.1. UV-visible and Fluorescence Photophysical Properties of Pyrene-

Labeled Nucleosides

We have extensively discussed the photophysical properties of the triazolylpyrene
nucleoside 2.45G in Chapter 2. Therefore, here we only provide a brief summary of the
photophysical properties of the nucleoside in various organic solvents. Thus, the
triazolylpyrene nucleoside 2.45G showed characteristic pyrene absorption at around 343 nm
in dioxane which experienced a slight blue-shifting (by 2-4 nm) when the polarity was
increased from dioxane to methanol (Figure 3.7a). This nucleoside exhibited dual-emission
behavior in low polar solvents like toluene, dioxane, chloroform, ethyl acetate, and THF. A red
shift in the ICT band of about 84 nm (453-537 nm) with a decrease in intensity was observed
when the solvent polarity was increased from toluene to THF (Figure 3.7b). The LE band in
these solvents consisted of structured pyrene-like emission at 385 and 403 nm. However, in
high polar solvents like ACN, EtOH and MeOH, only structured pyrene-like emission (LE

emission) was observed.
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Figure 3.7. (a) UV-visible, (b) fluorescence emission spectra in various organic solvents for
nucleoside 2.45G

The absorption spectra of tetrazolylpyrene nucleoside 1.262 revealed a structureless
absorption at 354 nm in dioxane which experienced a strong blue shift (by 8-9 nm) when the
solvent polarity was increased from dioxane to methanol (Figure 3.8a). Upon excitation at 350
nm, the emission spectra revealed two structured emissions at around 385 and 406 nm which
experienced a slight red shift (by 2-3 nm) with almost no change in intensities when the solvent

polarity was increased from dioxane to CHCIs (Figure 3.8b).
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Figure 3.8. (a) UV-visible, (b) fluorescence emission spectra in various organic solvents for

nucleoside 1.262.

3.7.2. Theoretical Calculations

In Chapter 2, we have shown the TDDFT calculation for the triazolylpyrene nucleoside
2.45G. In this chapter, we studied the TDDFT calculation for the tetrazolylpyrene nucleoside,
1.262 in order to examine the effect of solvent polarity on its absorption and emission property
using Gaussian 09 program package.® Thus, from the HOMO-LUMO overlap and transition
oscillator strength (f) of the tetrazolylpyrene nucleoside, it was clear that the electronic
transition from So to S; or other possible electronic transitions are feasible. So the reverse

transition i.e., So«—S; was also fully allowed that revealed the fluorophoric nature of the
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nucleoside. Solvatochromicity and intramolecular charge transfer emissions were also
explained by redistribution of electronic charge density between HOMO-LUMO (Figure
3.9).62.97-100 From the TDDFT calculations, it was clear that the dominant orbital transition in
the low-lying singlet excited states of the studied nucleoside is the So—S; transition having the
highest configuration interaction (Cl) value. Thus, the calculated excitation energy for the
transition from So—S; of the tetrazolylpyrene found to be 367nm (3.89 ev, f = 0.48, Cl1 = 0.68)
(in vacuum). The experimental observations in low polar solvents from UV-visible spectra
correlated well with the theoretical calculation in the gas phase. Thus, the absorption of the

tetrazolylpyrene nucleoside was found to be 354 nm in dioxane.

LUMO
2 2
4#3 ©
0
J
HOMO

Figure 3.9. The HOMO-LUMO transition from TD-DFT calculation for the tetrazolylpyrene
nucleoside 1.262.

3.7.3. Study of UV-visible and Fluorescence Photophysical Properties of

Triazolylpyrene-Labeled Nucleoside 2.45G in presence of BSA

The UV-visible spectra in phosphate buffer revealed that the probe nucleoside 2.45G
exhibited very weak, broad and structureless short and long wavelength absorptions at around
283 and 351 nm. The characteristic pyrenyl absorption was not present in contrary to that in
the organic solvent. Upon gradual addition of BSA to a solution of the probe, the absorption
bands experienced strong hyperchromicity and hypsochromic shift of 5-7 nm along with the
appearance of characteristic pyrenyl bands at around 345 and 329 nm (Figure 3.10a). This

indicated a strong binding interaction of the probe in the hydrophobic region of BSA.
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Figure 3.10. (a) UV-visible spectra of 2.45G in the absence or in the presence of BSA. (b)
fluorescence emission titration spectra of 2.45G in the absence or in the presence of BSA (hex

= 342 nm).The probe concentration [2.45G] =10uM.

To gain further insight, we performed a fluorescence titration in the buffer. We observed
that the probe showed dual emission, LE (at 381, 398 and 427 nm) band characteristic of pyrene
and ICT band at 501 nm. Interestingly, the nucleoside 2.45G retained its dual emitting property
in all the concentration of BSA. It showed a regularly increased intensity in both the LE and
ICT bands when excited at 343 nm upon the gradual addition of an increasing amount of BSA
(Figure 3.10b). The quantum yield variations also followed the same trend. (Table 3.1). While
position and shape of the LE band remained unaltered, peak broadenings and blue shifts were
the major results of ICT bands with increasing concentration of BSA similar to what was
observed in organic solvents or in dioxane-water titration experiments of the probe. All these
observations clearly suggested the accommaodation of the fluorophoric pyrenyl moiety of the
probe inside the hydrophobic pocket of BSA. Therefore, even in the BSA microenvironment,

the probe 2.45G behaved as a system of dual emitting switch-on fluorescent probe.

Table 3.1. Summary of the photophysical property of 2.45G in the absence and in the presence
of various concentrations of BSA in phosphate buffer (2% DMF)

TH-2109_126122016

Properties l Only Comp. leqv. BSA | 10eqv. BSA | 22 eqv. BSA | 30eqv.
BSA

2% 282, 344 279, 344 279, 345 345 345
(nm)
Al 382,397,498 | 382, 397, 383, 397, 385, 398, 398, 472
(nm) 499 487 477

LE @ 0.0025 0.006 0.008 0.009 0.007

ICT 0.003 0.006 0.012 0.014 0.015
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Next, we plotted the LE, ICT fluorescence intensity and the I g/licT ratio (I3es/ls00) against
the equivalent concentration of BSA added to clearly demonstrate the fluorescence behavior of
the ratiometric fluorescent pyrenyl nucleoside probe. Thus, from the plot in Figure 3.11a, it is
clear that the intensity of both the LE and ICT bands increased up to 14 equivalent of BSA
with respect to 10 uM probe concentration. Further addition of BSA does not induce a notable
change in both LE and ICT bands. The same plot for ratio LE/ICT vs. equivalent concentration
of BSA added shows that the LE/ICT values decreased or ICT/LE increases exponentially
indicating that the probe nucleoside 2.45G functions as a good ratiometric BSA sensor (Figure
3.11b).% Ratiometric fluorescence sensing offers increased signal-to-noise ratio leading to
more reliable quantification compared to that by using a probe of emission at a wavelength.®’-
101 Furthermore, ratiometric fluorescence is more reliable compared to absolute fluorescence
intensity in demonstrating sensing events because the ratios do not suffer from simultaneous
drifts or fluctuations of individual signals.'%>% Therefore, the probe nucleoside 10G could

find wide applications in ratiometric sensing in chemistry, biology and in materials sciences.®-
104

g [ (b) 4 erie

~—Exponential of ICT/ILE

ILE or licT X 105
-y

o
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Figure 3.11. (a) The plot of the intensity of LE or ICT and of (b) LE/ICT vs. equivalent
concentration of BSA added. The probe concentration [2.45G] =10uM.

To quantify the stoichiometry between the fluorophore (2.45G) and the BSA protein, the
absorption measurement was carried out for Job’s plot. For this purpose, an equal concentration
of probe (2.45G) and BSA protein solutions was prepared separately in phosphate buffer. Then,
the fluorophore and the BSA protein were mixed in different fractions of volume maintaining
the total volume of the mixture at 3 mL. All the solutions were mixed well and kept for some
time in room temperature. Then the absorbance spectra of the solutions of different
composition of fluorophore and BSA protein were recorded. To calculate the Probe-BSA
protein complexation ratio, [Probe-BSA protein] vs. Xprobe were plotted, where [Probe -BSA

protein] = AA x Xprobe, {AA = (A-A0)}; and Xprobe is the mole fraction of probe, {Xprobe
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= [probe]/([probe] + [BSA])}. The Job’s plot (Figure 3.12) showed the point of maximum at
the mole fraction of ~0.50 of the probe, which clearly indicated a 1:1 stoichiometry of the probe

to BSA in the complex.

@ (A-A)x

a)
0.054 | —Job's Fit

0.036 |

(A-Ao)x

1
0.018 | \
1

0.000 L i .
-01 0.2 05 0.8 11

x (mol fraction)

Figure 3.12. (a) Absorption Job’s plot of the probe, 2.45G in presence of BSA protein indicates
a 1:1 stoichiometry of the probe to BSA in the complex.

3.7.4. Study of UV-visible and Fluorescence Photophysical Properties of
Tetrazolylpyrene-Labeled Nucleoside 1.262 in presence of BSA

The UV-visible spectra of the fluorescent nucleoside 1.262 in phosphate buffer also
exhibited very weak, broad and structureless short and long wavelength absorptions at around
278 and 348 nm. Upon gradual addition of BSA to a solution of the probe, the absorption bands
exhibited a strong hyperchromicity with a negligible shifting in wavelength (1-2 nm) (Figure
3.13a). Upon addition of just 0.2 equivalent of BSA, we observed an increase of absorbance
from 0.15 to 0.19 at around 345 nm. Beyond this point, a slow and steady increase in
absorbance was observed leading to almost saturation upon addition of 3 equivalent of BSA.
The observed hyperchromicity indicated a strong binding interaction of the nucleoside 1.262
in the hydrophobic region of BSA (Figure 3.13a). Upon excitation at 350 nm, this nucleoside
showed two sharp emissions at around 383, 403 and a broad emission band centering around
426 nm. Upon gradual addition of an increasing amount of BSA, the emission intensity of the
nucleoside gradually increased with a red shift of 2-3 nm at all the three emission bands. The
intensity of emission almost reached saturation upon addition of 3 equivalent of BSA (Figure
3.13b,c). Thus, both the UV and fluorescence observations indicated a strong interaction

between the probe and the hydrophobic pocket of BSA.
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Figure 3.13. (a) UV-visible, (b) fluorescence emission spectra (hex =280 nm), (c) fluorescence
emission spectra (Aex = 350 nm) of 1.262 in absence or in presence of BSA (Aex =350 nm).The
probe concentration [1.262] =10uM.

3.7.4.1. Steady State Anisotropy Study

To get into more insight into the binding events of the fluorophoric nucleoside 1.262 with
BSA, we examined the steady-state fluorescence anisotropy. The steady-state fluorescence
anisotropy study can explain the nature of the surrounding environment of the probe and its
interaction with protein in a much clear way than the steady-state fluorescence.l®
Experimentally, the anisotropy/polarization is determined from measurements of fluorescence
intensities parallel and perpendicular with respect to the plane of linearly polarized excitation
light and is expressed in terms of fluorescence anisotropy (r) or polarization (P). In an aqueous
medium, the small molecules are weakly polarized due to the rapid tumbling motion. However,
when they bind with protein, the rotational motion of the probe molecules would restrict by the
binding protein and thereby the fluorescence polarization would increase. Thus, upon binding
with BSA the probe moves from the free aqueous environment to a rigid protein environment.
The anisotropy experiment also reflects our expected result. With increasing concentration of
BSA, the free motion of the probe is restricted by the rigid environment of the BSA protein
and thus anisotropy values increases. Thus, the protein bound probe experiences a more rigid
environment compared to its free aqueous environment and we observed a change in anisotropy
value (ro) from 0.003 in the free buffer to 0. 15 in 1 equivalent of BSA (Figure 3.14). At the
same time, the polarization value changes from 0.005 in the free buffer to 0.21 in 1 equivalent
of BSA. Thus, from the above observations, it is evident that the probe is involved in tight
binding inside the hydrophobic pocket of BSA and experiences a highly restricted rotational

motion 106-109
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Figure 3.14. Steady-state fluorescence anisotropy and polarisation change of nucleoside 1.262
in presence of various concentrations of BSA at 298K. [1.262] = 10 uM and [BSA] =0, 2, 4,

6, 8, 10, 14, 18, 22, and 26 uM. Aex = 350 nm.

3.7.5. Determination of Protein—Probe Binding Constant
The binding constants (K) of the protein-probe complexes of both of the nucleosides were
determined spectroscopically by well-known Benesi-Hildebrand plot (Figure 3.15) using the
following equation 1,
1 1

1
(1=10) (L.=15) " (1, ~1)K[BSA] (1)

where lo, I and I, are the emission intensities of nucleosides in the absence of BSA, and in the
presence of intermediate and at an infinite concentration of BSA, respectively. From the slope
(linear region’s data points) of the plot of 1/(I - lo) vs. 1/[BSA] the binding constant K was
determined, which was found to be 1.0 x 10* M and 1.16 x 10° M for the nucleosides 2.45G
and 1.262 respectively. Next, the free energy of binding (4G) was calculated using equation 2,
which was found to be -5.5 kcal/mol and -6.9 kcal/mol for the nucleosides 2.45G and 1.262,
respectively.

AG=-RT InK )
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Figure 3.15. Benesi—Hildebrand plots of nucleosides 2.45G (a) and 1.262 (b) in the presence

of an increasing concentration of BSA at 298K.

3.7.6. Circular Dichroism (CD) Study

CD experiment was also carried out to get insight into possible structural perturbation of
BSA in the presence of our probes. BSA exhibits two negative bands in the far UV region at
208 and 222 nm characteristics of a-helices. The a-helix content of free BSA is within the
range (56.8 %) observed in other studies.?® %115 Thus, an investigation of CD spectra of BSA
in the presence and absence of the probes also revealed the same band position. However, a
slight increase in % of a-helicity in presence of both of the probes was observed that can be

attributed to conformational adjustments on the complex formation (Figure 3.16a,b).1*
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Figure 3.16. CD spectra of BSA in presence and absence of probes (a) 2.45G, (b) 1.262.

3.7.7. Molecular Docking Study

Docking calculations were carried out using Autodock 4.2.11% 17 The amino acid sequence
of BSA protein was observed from the NCBI website,
http://www.ncbi.nlm.nih.gov/protein/CAA76847.1. The 3D model of the BSA protein was
built using the 3D structure 1A06 chain 'A' as a template using the ESyPred3D!® web server.
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This template shares 72.4% identities with the BSA sequence. Following is the BSA sequence
which was used to generate the 3D model.

>0i|3336842|emb|CAA76847.1| bovine serum albumin [Bos taurus]
MKWVTFISLLLLFSSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLVLIAFSQYLQQC
PFDEHVKLVNELTEFAKTCVADESHAGCEKSLHTLFGDELCKVASLRETYGDMADC
CEKQEPERNECFLSHKDDSPDLPKLKPDPNTLCDEFKADEKKFWGKYLYEIARRHPY
FYAPELLYYANKYNGVFQECCQAEDKGACLLPKIETMREKVLTSSARQRLRCASIQK
FGERALKAWSVARLSQKFPKAEFVEVTKLVTDLTKVHKECCHGDLLECADDRADL
AKYICDNQDTISSKLKECCDKPLLEKSHCIAEVEKDAIPENLPPLTADFAEDKDVCKN
YQEAKDAFLGSFLYEYSRRHPEYAVSVLLRLAKEYEATLEECCAKDDPHACYSTVF
DKLKHLVDEPQNLIKQNCDQFEKLGEYGFQNALIVRYTRKVPQVSTPTLVEVSRSLG
KVGTRCCTKPESERMPCTEDYLSLILNRLCVLHEKTPVSEKVTKCCTESLVNRRPCFS
ALTPDETYVPKAFDEKLFTFHADICTLPDTEKQIKKQTALVELLKHKPKATEEQLKTV
MENFVAFVDKCCAADDKEACFAVEGPKLVVSTQTALA

3.7.7.1. Molecular Docking Study of Triazolylpyrene-Labeled Nucleoside

From the docking study, it is revealed that the dual emitting pyrenyl nucleoside 2.45G binds
to both the chains of BSA. As revealed from the docking pose in Figure 3.17, the Leull5,
Proll7, Aspll8, Leul22, Lys136, Glul40, lle141 and Tyrl37 residues of chain B was

involved in hydrophobic interactions mostly with the chromophoric phenyl triazolyl pyrenyl
unit.52 119

Figure 3.17. Docking pose of the nucleoside 2.45G inside the hydrophobic pocket of BSA.
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Table 3.2. The energy of 2.45G - BSA complex obtained from Autodock4.

Interaction Energy kcal/mol
Estimated Free Energy of Binding -10.18
Final Intermolecular Energy -13. 16
vdW + Hbond + desolv Energy -12.89
Electrostatic Energy -0.27
Final Total Internal Energy -2.20
Torsional Free Energy +2.98
Unbound System's Energy -2.20

The number of distinct conformational clusters from the docking analysis was found to be
10 out of 10 runs with rmsd-tolerance of 2.0 A. The clustering histogram is depicted in Table
3.3. Figure 3.18 represents the number of multi-member conformational cluster and found that
all are single cluster out of 10 runs. The docking pose of the triazolylpyrene nucleoside 2.45G
showed the conformation of the compound having binding energy with BSA as -9.2 kcal/mol.
The binding energy of this conformer is close to the lowest energy conformer as was revealed
from the histogram (Figure 3.18).
Table 3.3. Clustering histogram

Cluster Lowest Run Mean Number

Rank Binding Binding In
Energy Energy Cluster

1 -10.68 2 -10.68 1

2 -10.42 10 -10.42 1

3 -10.18 3 -10.18 1

4 -9.58 9 -9.58 1

5 -9.20 5 -9.20 1

6 -8.99 4 -8.99 1

7 -8.81 6 -8.81 1

8 -8.74 1 -8.74 1

9 -7. 47 1 -71.47 1

10 -7.30 8 -7.30 1
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Figure 3.18. Histogram showing the number of multi-member conformational clusters.

The triazolylpyrene nucleoside 2.45G involved in various types of interactions with BSA
protein as is shown in Figure 3.19 below and Table 3.4. The residues Pro, Leu, Asp, Tyr, Glu,
and Isoleucine of BSA protein hydrophobically interacted with 2.45.G. Hydrogen bonding
interactions were also evident between Asp, Lys, Glu residues of BSA and triazole nitrogen/
carbonyl and hydroxyl units of the nucleoside 2.45G. (Figure 3.19, Table 3.4).

Hydrophobic Interaction
Hydrogen Bond

Figure 3.19. Graphically shown the interaction of 2.45G in BSA protein.
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Table 3.4. Different interactions of 2.45G in the hydrophobic pocket of BSA

Hydrophobic Interactions Hydrogen Bonds

Index | Residue | AA | Distance | Residue | AA | Distance | Distance | Donor
H-A D-A Angle

1 113A | PRO 3.43 111A | ASP 3.21 4.05 141.55

2 115B LEU 3.65 114A | LYS 1.69 2.69 167.88

3 115B LEU 3.52 118B | ASP 2.23 3.11 143.46

4 117B | PRO 3.25 519A | GLU 2.33 2.93 119.46

5 118B | ASP 3.59

6 137B | TYR 3.31

7 137B | TYR 3.13

8 140B | GLU 3.80

9 140B | GLU 3.30

10 141B ILE 3.14

3.7.7.2. Molecular Docking Study of Tetrazolylpyrene-Labeled Nucleoside

From the docking study, it is revealed that the tetrazolylpyrene-labeled nucleoside 1.262
binds to the A chain of BSA. As revealed from the docking pose in Figure 3.20, the Leul15,
Lys116, Pro117, Leul22, Lys136 and Tyr137 and Tyr160 residues of chain A were involved

in hydrophobic interactions with the chromophoric pyrenyl unit.
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Figure 3.20. Docking pose of the nucleoside 1.262 inside the hydrophobic pocket of BSA.
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Table 3.5. The energy of 1.262 - BSA complex obtained from Autodock4.

Interaction Energy kcal/mol
Estimated Free Energy of Binding -9.11
Final Intermolecular Energy -10.60
vdW + Hbond + desolv Energy -10.64
Electrostatic Energy +0.04
Final Total Internal Energy -2.23
Torsional Free Energy +1.49
Unbound System's Energy -2.33

The number of distinct conformational clusters from the docking analysis was found to be
8 out of 10 runs with rmsd-tolerance of 2.0 A. The clustering histogram is depicted in Table
3.6. Figure 3.21 represents the number of multi-member conformational cluster and found 1
out of 10 runs. The docking pose of the tetrazolylpyrene nucleoside 1.262 showed the
conformation of the compound having binding energy with BSA as -9.09 kcal/mol supporting
the experimental result of free energy of binding (-6.9 Kcal/mol). The binding energy of this
conformer is close to the lowest energy conformer as was revealed from the histogram (Table
3.6, Figure 3.21).

Table 3.6. Clustering histogram

Cluster Lowest Run Mean Number

Rank Binding Binding In
Energy Energy Cluster

1 -9.11 5 -9.09 3

2 -9.10 3 -9.10 1

3 -8.83 2 -8.83 1

4 -8.72 9 -8.72 1

5 -8.69 1 -8.69 1

6 -8.45 4 -8.45 1

7 -8.26 10 -8.26 1

8 -8.02 8 -8.02 1
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Figure 3.21. Histogram showing the number of multi-member conformational clusters.

The tetrazolylpyrene nucleoside 1.262 involved in various types of interactions with BSA
protein as is shown in Figure 3.22 below. The residue Leu, Lys, Pro and Tyrosine of BSA
protein hydrophobically interacted with 1.262. Hydrogen bonding interactions were also
evident between Lys and Asp residues of BSA and triazole nitrogen/ hydroxyl units of the
nucleoside 1.262. The pyrene moiety of 1.262 involved in z-stacking interaction with
phenylalanine residue of BSA. (Figure 3.22, Table 3.7).

Hydrophobic Interaction
~ = — - m- Stacking
Hydrogen Bond

Figure 3.22. Graphically shown the interaction of 1.262 in BSA protein.
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Table 3.7. Different interaction of 1.262 in the hydrophobic pocket of BSA

Hydrophobic Interactions Hydrogen Bonds
Index | Residue | AA | Distance | Residue | AA | Distance | Distance | Donor
H-A D-A Angle
1 115A | LEU 3.38 114A LYS 2.02 2.84 141.40
2 115A | LEU 3.47 116A LYS 2.48 3.42 153.54
3 116A | LYS 3.36 118A ASP 2.29 3.22 151.26
4 117A | PRO 3.52
5 117A | PRO 3.16
6 122A | LEU 3.25
7 136A | LYS 3.22
8 137A | TYR 3.44
9 137A | TYR 3.61
10 160A | TYR 3.71
ni-Stacking
Index | Residue | AA | Distance | Angle | Offset Type
1 133A | PHE 4.46 25.93 1.70 P (Pyrene ring)

3.8. Conclusion

In conclusion, we have successfully shown that our click chemistry derived triazolyl and
tetrazolyl fluorophoric nucleosides 2.45G and 1.262, respectively serves as a versatile
fluorescent light-up probe for BSA protein detection in the aqueous media. The enhancement
in fluorescence intensity of both of the fluorophores upon addition of BSA indicates
spontaneous complexation with BSA with a high binding constant, K = 1.0 x 10* M* and 1.16
x 10° M for the nucleosides 2.45G and 1.262 respectively. The dual emitting nucleoside
2.45G was efficient to interact with BSA via a switch on fluorescence and was able to retain
its photophysical property in the biomolecular microenvironment. As the ratiometric
fluorescence sensing is highly advantageous compared to a single wavelength emission, the
ratiometric fluorescent nucleoside probe 2.45G would find wide future application in

chemistry, biology and in material sciences.

3.9. Experimental Section

3.9.1. Materials

BSA, Na2HPO4, and NaH2PO4.H-O (for preparation of phosphate buffer) were purchased
from Merck, India and used without further purification. Water was obtained from a Milli-Q
purification system. All experiments were performed with freshly prepared solutions. The

probe molecule 2.45G was synthesized and purified according to the procedure described in
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Chapter 2 and the probe molecule 1.262 was synthesized and purified following a literature
procedure.'?® We recrystallized the column purified material in the methanol-ethylacetate

solvent mixture, dried under vacuum, again characterized and used for the study.

3.9.2. Preparation of BSA Solution

The BSA solution was prepared in Milli-Q water and the concentration was measured from
121

UV-visible spectra using molar absorption coefficient (g) of 43,800 M cm™ at 280 nm.
3.9.3. Preparation of Nucleoside Solution

The nucleosides in pure form were dissolved in DMF for the preparation of the stock
solution. Then dilutions were made by adding phosphate buffer and Milli-Q water in order to
obtain experimental samples with desired concentrations. The percentage of DMF in the
experimental samples was maintained at 2-3% with respect to the total volume of the

experimental samples.

3.9.4. Photophysical Study
3.9.4.1. UV-Visible Study

The UV-Visible absorbance measurements were performed using Shimadzu UV-2550
UV-Visible spectrophotometer with a cell of 1 cm path length at 298 K. All the UV-Visible
studies were carried out in 20 mM phosphate buffer of pH 7.0 at 298 K. 2-3 % DMF was used
to solubilize the probe. The measurements were taken in absorbance mode and the absorbance
values of the sample solutions were measured in the wavelength regime of 200-600 nm. All

the experiments were carried out with freshly prepared sample solutions.

3.9.4.2. Fluorescence Study

The steady-state fluorescence emission and steady-state anisotropy experiments were
performed using Fluoromax 4 spectrophotometer at 298 K with quartz cell of 1 cm path length.
The slit width was 3 nm and the integration time was 0.2 sec. All the fluorescence studies were
carried out in 20 mM phosphate buffer of pH 7.0 at 298 K. 2-3 % DMF was used to solubilize
the probe. The excitation wavelength for the probe 2.45G was set at 342 nm, and emission
spectra were measured in the wavelength regime of 350-675 nm. The excitation wavelength
for the probe 1.262 was set at 280/350 nm and emission spectra were measured in the

wavelength regime of 290-690 nm. The steady-state fluorescence emission spectra were
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recorded using an excitation slit of 3.0 nm, emission slit 3.0. The fluorescence anisotropy (r)

was calculated using the following equation-

(IW+2|VHG)’ L

where Ivyv and lvH are the emission intensities when the excitation polarizer is vertically oriented

_ (IVV_I_VHG) - G= IHV

and the emission polarizer is oriented vertically and horizontally respectively. G is the
correction factor. The terms Inv and Inn are the emission intensities when the excitation
polarization is horizontally oriented and the emission polarization is oriented vertically and
horizontally, respectively.

3.9.4.3. Circular Dichroism (CD) Study

CD spectra were recorded with JASCO CD J-810 spectropolarimeter. The data were
collected as an average of 5 scans with a scan speed of 100 nm/min using a quartz cell with
1mm path length within the wavelength regime of 190-260 nm at 298 k. The spectral data were
analyzed with the spectra manager software.

3.9.5. Molecular Docking

The docking study was performed using AutoDock 4.2 program.!'’s 122 At first, we
optimized the ligands (2.45G and 1.262) at B3Lyp/6-31G* level of theory using the G09
program package.'?® To test the accuracy of the docking results, the docking process was
repeated three times. The AutoDock tools (ADT) were utilized for charges and addition of
polar hydrogens as well as for setting the other parameters. AutoGrid 4.0 and AutoDock 4.0
were used to produce grid maps. A grid box to a size of 126 x 126 x 126 with 0.378 A spacing
was generated. The centre grid box for x-, y- and z centres were 37.396, 34.903; 30.567, 24.015;
and 98.389, 98.782 with offsets 13.582, 19.528; 6.753, 10.515; and 74.575, 82.282 for the
probes 2.45G and 1.262 respectively. In the prescriptive grid box, we calculated the complex
conformation with a flexible molecular docking method. The Lamarckian genetic algorithm
(LGA) 22 was chosen to carry out a flexible molecular docking of the probes to the BSA and
to calculate the complex conformation. The other items used were in the default settings.
Further, intermolecular-hydrophobic, polar and hydrogen bond interactions were analyzed
using PyMOL. 12412
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3.9.6. TDDFT Calculations

The ground state structure of the tetrazolylpyrene nucleoside, 1.262 was optimized using
density functional theory (DFT) % with B3LYP functional and 6-31G (d) basis set. The excited
state related calculations were carried out with the time-dependent density functional theory
(TD-DFT) with the optimized structure of the ground state (B3LYP/6-31G(d)). There are no
imaginary frequencies in frequency analysis of the calculated structure, therefore the calculated

structure is a local energy minimum.

3.9.7. B3LYP/6-31G* Optimized Structure and Cartesian Coordinates of the

Tetrazolylpyrene Nucleoside 1.262

TH-2109_126122016

E(RB3LYP) = -1293.83516597 a.u.

Standard orientation:

Center Atomic  Atomic Coordinates (Angstroms)
Number Number Type X Y Z

1 7 0 0.935739 0.275636 -0.199543
2 6 0 0.234438 1.431591 -0.081612
3 6 0 -1.095945 1.533885 0.003262
4 7 0 2.246400 0.543185 -0.258720
5 7 0 2.331583 1.864384 -0.175944
6 7 0 1.083733 2.431892 -0.064899
7 6 0 5.640430 -0.077645 -0.938150
8 6 0 4.243995 -0.032169 -1.544310
9 6 0 3.326817 -0.397338 -0.384637
10 8 0 4.135709 -0.408276 0.777920
11 6 0 5.437466 -0.769838 0.403115
12 1 0 4.011821 0.987296 -1.925915
13 8 0 6.512538 -0.814635 -1.751810
14 1 0 4.131206 -0.719234 -2.412641
15 1 0 6.095550 0.932779 -0.834452
16 1 0 2.878951 -1.402608 -0.550638
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17 6 0 6.451777 -0.275135 1.425850
18 1 0 5.574853 -1.872562 0.341317
19 8 0 7.186836 -1.362192 1.919481
20 6 0 -1.885118 0.374768 -0.027441
21 6 0 -3.291614 0.492000 0.062793
22 6 0 -3.888807 1.768355 0.182578
23 6 0 -3.072443 2.908667 0.210537
24 6 0 -1.685737 2.792048 0.121466
25 6 0 -4102721 -0.669456 0.033198
26 6 0 -5509141 -0.552139 0.123515
27 6 0 -6.083838 0.720471 0.241699
28 6 0 -5.284063 1.866026 0.270828
29 6 0  -1.310497 -0.897927 -0.145708
30 6 0 -2.110290 -2.043387 -0.175039
31 6 0 -3.505528 -1.945811 -0.086588
32 6 0 -4.321852 -3.086084 -0.114382
33 6 0  -5.708559 -2.969464 -0.025312
34 6 0 -6.298426 -1.711387 0.092810
35 1 0 7.412825 -0.925371 -1.497986
36 1 0 7.143090 0.449986 0.941150
37 1 0 5.918400 0.223869 2.265669
38 1 0 7.858679 -1.222260 2.564868
39 1 0 -3.530451 3.904408 0.303697
40 1 0 -1.056136 3.693779 0.144446
41 1 0 -7.177157 0.818886 0.312302
42 1 0  -5.755106 2.855728 0.364169
43 1 0 -0.217141 -0.996296 -0.216392
44 1 0 -1.639339 -3.033086 -0.268420
45 1 0 -3.863826 -4.081920 -0.207341
46 1 0 -6.338196 -3.871242 -0.048210
47 1 0 -7.392928 -1.627199 0.162558
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Chapter 4 Synthesis... Photophysical/Biophysical.... Fluorene-Labeled 2'-Deoxyuridines

4.1. Introduction

Fluorene is a rigid, planar molecule containing two benzene rings fused by a five-member
ring. Its structural features are its planar structure and delocalized m-electrons throughout the
structure. Fluorene can be utilized as a spacer via aromatic coupling at the C2 and C7 positions,
which could be helpful for the design and synthesis of fluorescent compounds. Also, the C-H
functionalization at the C9 position of the fluorene is highly facile. For such structural features,
fluorene can be utilized as building blocks for the synthesis of various organic molecules
including dyes, polymers etc. Many of these molecules have been explored for their
applications in cell imaging and detection of explosives. Organic dyes comprised of fluorene
derivatives are widely used for the manufacturing of organic light-emitting diodes (OLEDs),
polymeric materials with superconductivity and various optoelectronic devices.! Many of the
potent antimalarial and antiviral drugs contains fluorene derivatives. Fluorenes exhibit distinct
absorption and emission properties at longer wavelengths. Features such as high quantum
efficiency, high photostability and low cytotoxicity have marked fluorenes as an important

class of compounds in biophysical and biomedical research.?®

C-H functionalization

Y
7 ' 2/

4.01

Aromatic coupling\ Aromatic coupling

Figure 4.1. Chemical structure of fluorene.

4.2. Fluorene Derivatives and Their Applications

Due to its rigid structure, a fluorene molecule can be efficiently modified to a highly
fluorescent molecule with stable structure both in the ground and in the excited state.
Development of such fluorenes usually features large emission shifts, high response and
stronger fluorescence intensity and hence many of them find numerous applications in various
fields of chemistry as fluorescent probes. Few applications of fluorene derivatives are depicted

below.
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4.2.1. Fluorene Analogues as Metal lon Sensor

In 2010, Belfield et al. reported a fluorenyl macrocycle (4.02, Figure 4.2) and studied its
photophysical, photochemical, two-photon absorption and metal ion sensing properties in
various organic and aqueous media.® The compound 4.02 showed highly selective and sensitive
detection of Zn*? in THF and H.O/ACN mixture as revealed from both absorption and
fluorescence spectra. A gradual increase in the intensity in both absorption and emission signals
of the fluorenyl probe was reported on the gradual increase in the concentration of Zn*? ions.
Also, this fluorophore provided good photostability and ratiometric fluorescence detection of

Zn*2 ions, which can be very useful for various bioassays in vivo.

Very recently, Feng et al. also reported a fluorescent conjugated polymer probe consists of
fluorene, quinolone and benzothiazole units (4.03, Figure 4.2) for the selective detection of
Zn?* among other cations in ethanol.’® The authors described a ratiometric analysis of the
fluorescence signal of the probe in the presence of Zn?* ions in ethanol. The detection limit of

the probe for Zn*? jons was reported up to 10 mol/L.

N
&
4.02 4.03

Figure 4.2. Examples of fluorene analogs utilized as Zn?* ion sensor.

In 2013, lbrahimova et al.!! reported a series of fluorene-based conjugated copolymers
4.04-4.07, Figure 4.3) and studied their optical, electronic and metal sensing properties. It was
demonstrated that all of these polymers were able to sense Fe**ions in THF. The sensing of
Fe3* ions is based on the quenching in their fluorescence signal in the presence of Fe** ions and
as per suggested, the backbone of these polymers binds with Fe** ions forming a ferrocene-like
complex. Among the series, the polymer 4.05 showed the highest sensitivity towards Fe** ions
with a high quantum efficiency (Ks = 3.28 x 106 M), According to the authors, the polymer
4.05 can be utilized for selective detection of Fe** ions in organic solvents as well as in aqueous
solutions when converted to its salt.
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4.06 4.07

Figure 4.3. Examples of fluorene analogs utilized as Fe** ion sensor.

In 2016, Koner et al. reported a chiral fluorescent molecule synthesized via condensation
of a fluorene unit with L-leucine (4.08, Figure 4.4).12 This fluorescent probe has been utilized
for the selective detection of Cu?* ions following a fluorescence turn-off mechanism. The metal
complex of the compound 4.08 with Cu?* has been isolated, characterized and further utilized
for the selective detection of Cr3* ion following a fluorescence turn-on mechanism even at the

picomolar level of concentration.

In 2017, Carlos et al. reported a fluorene derived Schiff-base (4.09, Figure 4.4) and utilized
for selective detection of Cu?* ions in DMSO.®® According to the authors, the complexation of
this compound with Cu?* led to quenching of its fluorescence signal due to the photoinduced

electron transfer from copper (1) orbitals center to the fluorophore.

£ & Nf\Nﬁ

NH
Hooc—\,(

4.08 4.09

Figure 4.4. Examples of fluorene analogs utilized as Cu?* ion sensor.

In 2014, Bera et al. reported a salicylaldehyde appended fluorene-based chemodosimeter
(4.10, Figure 4.5) which had been utilized for selective detection of cyanide ions.** It was
reported that the compound 4.10 is a weak emitter in ACN due to the excited state
intramolecular proton transfer (ESIPT), which follows a nonradiative pathway. In the presence
of cyanide ions, the formyl group of the compound 4.10 generates a cyanoalkoxide anion that

exchanges a phenolic proton, which inhibits the ESIPT leading to strong fluorescence emission.

Very recently, Dong et al., have reported a fluorescent probe where a fluorene group is

conjugated to a hemicyanine group (4.11, Figure 4.5).2° This probe has been utilized for
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selective detection of cyanide ions among the other anions. According to the authors, this probe
is highly selective towards cyanide ions with a significant change in colorimetric as well as
fluorometric signals in aqueous solution. These changes were explained on the basis of
restriction of intramolecular charge transfer (ICT) within the molecule in the presence of

cyanide ions.

HI-=

o oDt

4.10 4.11

Figure 4.5. Fluorene analogs utilized as CN" ion sensor by Dong et al.

Liu et al. developed a quencher-free functional nucleic acid (FNA)-based biosensor (4.12,
Figure 4.6) for selective detection of Pb?* metal ions.*® This fluorescence sensor composed of
a G-rich DNA sequence as a recognition probe and conjugated fluorene. The concept of Pb?*
ion detection based on the inhibition of the conjugated fluorene aggregates which caused the
quenching of fluorescence following the aggregation-caused quenching (ACQ) phenomenon.
In the presence of Pb?* ions, inhibition of aggregation of conjugated fluorenes taking place

which resulted in fluorescence enhancement of the probe.

CeH,y” "CeHyz

4.12

Figure 4.6. Conjugated fluorene labeled DNA utilized as Pb?* ion sensor by Liu et al.

4.2.2. Fluorene Analogues Utilized for Cell Imaging

In 2010, Yao et al. synthesized several donor-acceptor-donor type fluorene derivatives for
lysosomal imaging.l’” Four representative examples (4.13-4.16) of their work are shown in
Figure 4.7. These probes were encapsulated in Pluronic F 128 NF micelles for cellular uptake
and their interaction with cells was investigated by confocal and two-photon fluorescence
imaging. High lysosomal selectivity by these probes has been reported on the basis of
colocalization experiments with Lysotracker Red.
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Figure 4.7. Donor-acceptor-donor type fluorene derivatives for lysosomal imaging by Yao et

al.

In 2012, Liu et al. reported two fluorene derived amphiphilic conjugated polyelectrolytes
(4.17, 4.18, Figure 4.8) and utilized for imaging of HT-29 cancer cells.®® These
polyelectrolytes contain long polyethylene glycol (PEG) chains incorporated into polymeric
fluorene chains via click reaction. According to the authors, these polyelectrolytes are low
cytotoxic, highly soluble in water due to long PEG side chains and formed nanoparticles in
water. From the Cell imaging study, it was reported that the nanoparticles of 4.17 showed
brighter images than nanoparticles of 4.18. Moreover, the polyelectrolyte 4.18 was further
modified to yield polyelectrolyte 4.19, the nanoparticles of which had been reported as highly

efficient and highly specific nanoprobes for cellular imaging of HT-29 cancer cells.
N=N o
4.17 R= \&J)\/\)Lﬁ(\’o‘){s/\g’o"
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418 R= \NMLE{\’O’);?\TTOH
o

Figure 4.8. Fluorene derived polyelectrolytes for HT-29 cancer cell imaging by Liu et al.

In 2012, Aparicio-Ixta et al. reported the utilization of a fluorene-based monomer and its
cross-conjugated polymer (4.20, 4.21, Figure 4.9) for cell imaging in HeLa cells.® These
materials had been encapsulated into silica nanoparticles to provide biocompatibility and
incubated with HeLa cells to carry out two-photon imaging. It was demonstrated that the silver
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nanoparticles loaded with 4.20 and 4.21 penetrated into the cells and reversibly stained the

cytoplasm.

.
H;C__CH; H;C_CH,

O'@Q@O

4.20

Figure 4.9. Fluorene derived monomer and its polymer for cell imaging by Aparicio-Ixa et al.

In 2014, Guo et al. reported utilization of a quencher-free fluorene-based DNA probe (4.22,
Figure 4.10) for imaging normal human liver cells HL-7702.2° The cell imaging ability of the
probe was demonstrated through the “ON-OFF” fluorescence switching induced due to pH
change. It was reported that the probe emits fluorescence when its terminal carboxylic group
is in the deprotonated state (basic and neutral pH), while protonated carboxylic group (acidic
pH) causes quenching of fluorescence. It was demonstrated that the fluorene-based DNA probe
4.22 efficiently penetrated cells and stained cytoplasm at an extracellular buffer solution of pH
8.

O~
. HN-AATCCGTCGAGCAGAGTT-3'

CeH;3” "CeHys
4.22

Figure 4.10. Fluorene derived DNA probe for cell imaging by Guo et al.

In 2016, Liu et al. developed highly fluorescent conjugated polymer nanoparticles (CPNs)
via encapsulation of Rhodamine B dye molecules within a fluorene-based polymer, poly[(9,9-
dioctylfluorenyl-2,7-diyl)-co-fluorenone] (4.23, Figure 4.11).2! There was a significant
improvement of fluorescence properties reported for Rhodamine B dye molecules owing to an
efficient FRET from the fluorene polymer to the dye molecules. These CPNs were successfully

utilized for cellular imaging in HelLa cells.
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o) o'@

4.23

Figure 4.11. Fluorene-based polymer for cell imaging by Liu et al.

In 2016, Xiao et al. reported the utilization of a fluorescent dye (4.24, Figure 4.12) consists
of spirobifluorene and triphenylamine for selective detection of Ag+ ions and cell imaging of
living 293T cells.?? It was demonstrated utilizing two-photon microscopy that the cells treated

with the dye 4.24 showed bright fluorescence.

Figure 4.12. Spirobifluorene derivative for cell imaging by Xiao et al.

In 2017, Burger et al. reported three fluorescent fluorene probes (4.25-4.27, Figure 4.13)
based on push-pull strategy and studied their photostability and applications for cell imaging
utilizing HeLa cells.? It was demonstrated that the probe 4.27 is highly useful for the imaging
of the plasma membrane at the outer leaflet, whereas the probe 4.25 can be utilized equally for

the imaging of both plasma membranes and cytoplasm.

PSS o2 S

4.25

Figure 4.13. Fluorene derivatives for cell imaging by Burger et al.
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In 2017, Belfield and co-workers reported fluorenyl-loaded quatsome fluorescent
nanoprobes and utilized for cell imaging in an epithelial colorectal carcinoma cell line, HCT
116.2* The fluorenyl unit (4.28, Figure 4.14) is a hydrophobic fluorene derivative which is
stably dispersed in aqueous media with the help of quatsomes. These fluorescent nanoprobes

reported as lysosome selective and can be very useful for lysosomal —addressed drug delivery.

CigH3;
N T
N
@S‘ ~CigHy,
4.28

Figure 4.14. Fluorene analog utilized for cell imaging by Belfield and coworkers.

4.2.3. Fluorene Analogues Utilized for Detection of Explosives

Polyfluorenes consist of a class of highly recognized conjugated polymers and dendrimers
with highly emissive fluorescence properties which are often utilized as probes for fluorescent-
based explosives detection.?®?8 In 2010, Yang et al. reported utilization of a silafluorene-
fluorene conjugated polymer (4.29, Figure 4.15) coated on hollow silica nanoparticles for
aqueous TNT and RDX detection.?® It was demonstrated that the fluorescence emission
intensity of the nanoparticles coated with 4.29 experienced quenching in presence of TNT and
RDX explosives in aqueous environments. It was suggested that the LUMO of the explosive
analytes matches with the energy of the fluorene polymer, which might be due to the
coadsorption of the explosive analytes on the silica in close proximity to the polymer and

therefore resulting in the quenching of fluorescence.

Figure 4.15. Fluorene-based polymer utilized for detection of TNT and RDX explosives by
Yang et al.

In 2012, Leng et al. reported a fluorene-based conjugated polymer (4.30, Figure 4.16)

containing phenylene and bulky adamantine moieties as side groups and utilized for the
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detection of 2,4-dinitrotoluene (DNT) vapor.®® It was demonstrated that the fluorescence
emission intensity of the polymer film of the 4.30 gradually decreases over time upon exposure
to DNT vapor. It was suggested that the incorporation of rigid three-dimensional structures of
adamantine moieties and phenylene groups could effectively suppress the interchain
interactions within the polymer and provide cavities for rapid diffusion of explosive DNT

molecule into films resulting in the increased fluorescence quenching efficiency.

In 2015, Wang et al. reported several fluorene analogs containing adamantine moieties.*
Two examples (4.31, 4.32) of their work are shown in Figure 4.16. These conjugated polymers
had been utilized for the detection of TNT vapor.3! According to the authors, the fluorescence
emission intensities of these fluorescent polymers experienced quenching in the presence of
TNT vapor due to the photoinduced electron transfer. It was demonstrated that being decorated
with dibenzothiophene-S,S-dioxide units, the polymer 4.32 exhibited more efficient quenching
efficiency than the polymer 4.31. It was explained that the dibenzothiophene-S,S-dioxide units
could increase the polarity and reduce the m-w stacking of the polymers chains, which ultimately
provide more contact sites for explosive analytes and therefore resulting in the high quenching

efficiency for the polymer 4.32.

Figure 4.16. Fluorene-based polymers containing adamantine moieties utilized for detection

of explosives.

In 2014, Mallet et al. reported the utilization of two fluorene derivatives (4.33, 4.34 Figure
4.17) for detection of 2,6-dinitrotoluene.®? It was demonstrated that the fluorescence emission
intensities of these fluorophores were experienced quenching in the presence of nitrotoluene
analytes, which is most possibly due to the photoinduced electron transfer from the
fluorophores to the nitroaromatics.

CeHyz CeHys CeHys CeHyz

zNCHo . tNon

Figure 4.17. Fluorene analogs utilized for detection of nitrotoluenes by Mallet et al.
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In 2014, Chen et al. reported the utilization of an 8-pyrenyl-substituted fluorene dimer
(4.35, Figure 4.18) for the detection of nitrate ester explosives.®® It was demonstrated that
being highly sensitive to the vapor of nitroglycerin, the fluorescence emission of the compound
4.35 was almost quenched by 90% upon exposure to a saturate vapor of nitroglycerin for about
50 seconds. The detection limit for nitroglycerin is reported as low as femtogram level (0.5 x
10'® g/cm?). According to the authors, such high and rapid sensitivity of the compound 4.35
attributed to its high molar extinction coefficient, larger steric hindrance, higher area-to-volume
ratio and marching energy levels with nitrate esters.

Figure 4.18. Fluorene analog utilized for detection of nitroglycerin by Chen et al.

In 2015, Cheng et al. reported three borate endcapped pyrenyl-fluorene copolymers (4.36-
4.38 Figure 4.19) for the detection of vapor of peroxide explosives.* The detection strategy
was based on a deboronation reaction in presence of peroxide which ultimately resulting in
fluorescence quenching in the polymer. In their analysis, the hyperbranched polymer (4.38)
showed the highest sensitivity towards H202 vapor which has greater steric environment, more
external borate ester groups, higher HOMO level and higher fluorescence quantum yield than

the other two linear copolymers (4.36, 4.37).

CoHlyy 9’& o, O oty 12128
e S P g

4.36 4.37

Figure 4.19. Borate endcapped pyrenyl-fluorene copolymers utilized for detection of peroxide

explosives by Cheng et al.
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In 2016, Ni et al. reported a fluorene derivative, 4,4’-(9,9-dimethylfluorene-2,7-
diyl)dibenzoic acid (4.39, Figure 4.20) for the detection of 2,4,6-trinitrophenol (TNP) in
ACN.*® It was demonstrated that the fluorene analog 4.39 in ACN exhibited high quenching
efficiency of about 98% in the presence of TNP analytes. It was suggested that such high

quenching efficiency attributed to the n-n interaction and hydrogen bonding between 4.39 and

TNP analytes.
HOOC @ O' O @ COOH

4.39

Figure 4.20. Fluorene analog utilized for detection of TNP by Ni et al.

4.3. Nucleosides containing Fluorene Derivatives

In 2013, Kool et al. reported several oligodeoxyfluorosides (ODFs) including ODFs (4.41,
4.42, Figure 4.21) containing fluorene dye monomers (4.40) for labeling of proteins via
HaloTag methodology.® In a HaloTag method, a simple haloalkane is conjugated to the desired
label and fuse to a protein of interest.®” The authors reported nine different ODFs containing
the HaloTag domain 4.43 and investigated to the enzymatic self-conjugation of these ODF-
HaloTag ligands to surface and interior proteins of HelLa cells. It was demonstrated that these
ODF-HaloTag ligands capable of genetically encoded protein labeling on the surface as well
as in the interior of cells. Most of the ODF-HaloTag ligands were found to increase in
brightness or change in color upon conjugation to proteins. Utilizing these features, the authors

demonstrated the imaging of protein localization in HeLa cells.
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Figure 4.21. Fluorene-based ODF-HaloTag ligands utilized for protein labeling by Kool et al.

Hwang and coworkers presented several works related to fluorescent nucleosides
containing fluorene moieties.®®#2 For example, they have reported two 2'-deoxyuridines, UF-
and UFC (4.44, 4.47, Figure 4.22) containing 2-ethynylfluorene and 2-ethynyl-9-fluorenone
units respectively and incorporated into ODNs (4.45, 4.46, 4.48-4.51, Figure 4.22) in order to
develop molecular beacon probes (MBs) for quencher-free SNP typing.®® 4 It was
demonstrated that the MBs 4.45 and hairpin 4.46 containing fluorophore U- were able to
distinguish between their target and one base-mismatched (A/C) DNA sequences. It was
reported that these quencher-free MBs exhibited strong fluorescence upon hybridization with
their fully matched target DNA while quenching of fluorescence of the MBs taking place upon
hybridization with mismatched target DNAs. Similarly, in case of ODN probes (4.48-4.51,
Figure 4.22) containing the fluorophore 4.47, the emission of strong fluorescence was reported
upon hybridization with fully matched target DNAs, where the fluorophore was opposite to
adenine (A).
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Figure 4.22. Fluorene-labeled 2'-deoxyuridines and ODNSs reported by Hwang et al.

In 2014, Hwang et al. also reported the incorporation of same fluorene moieties i.e. 2-
ethynylfluorene and 2-ethynyl-9-fluorenone units in 2’-deoxyguanosine and developed two
fluorescent guanosine nucleosides (4.52, 4.53 Figure 4.23).** They have investigated the
photophysical properties of these nucleosides and reported that both of the nucleosides
exhibited solvent-dependent fluorescence emission. It was demonstrated that the nucleoside
4.52 exhibited an excimer emission in nonpolar solvents which can be useful for investigations

of various biological binding events and dynamics.

Q ( Q
=X NH B ¢ NH
N _ N _
HO N HO N
- NH, - NH,
OH OH
4.52 453

Figure 4.23. Fluorene-labeled 2'-deoxyguanidines reported by Hwang et al.

In 2016, Hwang et al. reported two more 2’-deoxyuridines (4.54, 4.55, Figure 4.24)
containing 2-aminofluorene and 2-dimethylaminofluorene units and studied their
photophysical properties.** It was reported that these nucleosides exhibited pH-sensitive
fluorescence emissions. It was demonstrated that both of the nucleosides exhibited enhanced
fluorescence intensities upon acidification which is possibly due to the influence of their
protonated forms in the acidic environment. Utilizing this feature, the authors also

demonstrated cell imaging in HeLa cells using these two nucleosides.
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Figure 4.24. Fluorene-labeled 2'-deoxyuridines reported by Hwang et al.

In 2016, Hocek et al. reported a 2'-deoxycytidine analog, dCF- (4.56 Figure 4.25)
containing a push-pull fluorene fluorophore.*® It was reported that the dCF- showed high
solvofluorochromicity and retained high quantum yields in high polar solvents including water.
It was demonstrated that the triphosphate of dCFL is well-recognized by DNA polymerases for
the synthesis of fluorene-labeled DNA probe, DNAFL (4.57). According to the authors, the
probe DNAFL exhibited significant color change even visible to the naked eye upon

hybridization with DNA binding protein p53 and lipids. Such DNA probes can be useful for

the investigation of DNA-protein interactions or DNA-lipid interactions.

(0}
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N N 2
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HO.
(0)
OH
4.56
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FL

FL

3'-ATGGAATAGGTATTATéTGTA&AGATCCGTACAGAGAACTATAGCTTAAG-S'
5'-TACCTTATCCATAATAGACATGTCTAGGCATGTCTCTTGATATCGAATTC-3'

457
DNAFL

Figure 4.25. Examples of nucleosides containing fluorene derivatives.
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4.4. Background

In the second chapter, we have briefly discussed the importance of fluorescently labeled
nucleosides in various research fields. During the past decade, modified nucleosides have
gained a wide range of applications in medicinal chemistry and chemical biology. Considerable
attention has been devoted on new fluorescent nucleosides as probes of DNA structure and as
potential chemotherapeutic agents. From the literature report, it is clear that fluorescent
fluorene derivatives find numerous applications in biochemistry research. However, nucleoside
chemistry based on fluorene derivatives are still less explored and there are very few examples
of fluorene containing nucleosides available in the literature. Therefore, the design and
synthesis of fluorene labeled nucleosides might extend our vision in the field of molecular
genetics. Furthermore, incorporation of an electron deficient passive linker such as triazole to
the fluorene scaffold might install modulated photophysical properties which in turn might lead
to the generation of highly sensitive fluorescent probes for the investigation of various
biological events. Triazoles are metabolically inert and can easily associate with biological
targets through hydrogen bonding and dipole interactions.>** Therefore, the synthesis of
triazolyl fluorene decorated nucleosides with novel photophysical property is an interesting

topic of research.

4.5. Objective

Our current research interests focus on the synthesis of fluorescent small molecules and
biomolecular building blocks via azide-alkyne cycloaddition reaction. In the second chapter,
we have shown that the triazole ring introduces modulated photophysical properties to the
generated fluorophores and building blocks. With the above literature report, the background
and our previous research efforts, herein, we planned to synthesize fluorescent nucleosides
electronically conjugated with a fluorene and a triazolyl moiety by utilizing Sonogashira cross-
coupling and copper-catalyzed click chemistry. We envisaged that these nucleosides might
offer some interesting photophysical properties and binding interaction with DNAs/proteins.
Thus, we framed our total work plan as follows:

(@) Synthesis of fluorene labeled C5-substituted 2’-deoxyuridines via Sonogashira cross-

coupling reaction and copper-catalyzed click chemistry (Scheme 4.1).
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1 i / (i) Click reaction ~ N
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’b Coupling N1
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Scheme 4.1. Graphical representation of the synthesis of triazolylfluorene labeled 2'-
deoxyuridines.
(b) Study of photophysical properties of synthesized fluorene modified 2’-deoxyuridines.

(c) Investigation of the interaction of a triazolylfluorene nucleoside with ctDNA

4.6. Result and Discussion
4.6.1. Synthesis of Fluorene-Labeled Nucleosides

The synthesis of fluorene labeled 2'-deoxyuridines was achieved via Sonogashira coupling
and 1,3-dipolar cycloaddition reaction. To generate a series of target fluorescent uridines, we
first synthesized 2-aminofluorene derivative. The synthesis was started from 2-aminofluorene
(4.58) which was converted to 7-bromo-2-aminofluorene (4.59) (Scheme 4.2). Then this bromo
fluorene derivative was further converted to 7-cyano-2-aminofluorenes (4.60). Afterward,
corresponding azides (A-C) were prepared from these three 2-aminofluorenes (4.58-4.60). In
the next step, we have synthesized TBDMS protected 5-ethynyl-2'-deoxyuridine (4.62). For
this purpose, the synthesis was started from 5-iodo-2'-deoxyuridine (2.32) which was converted
first to its TBDMS protected derivative (2.33). Afterward, the TBDMS protected 5-iodo-2'-
deoxyuridine was allowed to undergo a Sonogashira coupling with trimethylsilylacetylene to
afford compound 4.61, which underwent selective desilylation to yield compound 4.62.
Finally, the 1,3-Huisgen azide-alkyne cycloaddition reaction was carried out between the
uridine containing the ethynyl linker and various fluorene azides (A-C, Figure 4.26a) under
click reaction condition to afford the target uridines 4.63A-C in bis-TBDMS-protected form
and 4.64A and 4.64B in desilylated form, in very good yields. The final products were purified
by column chromatography and characterized by NMR and HRMS analysis.
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Scheme 4.2. Synthesis of fluorene labeled 2'-deoxyuridines
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Figure 4.26. (a) Aromatic azides used in the synthesis, (b) Structures of synthesized

protected/deprotected triazolylfluorene labeled 2'-deoxyuridines
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4.6.2. Study of Photophysical Properties

After getting all the nucleosides in hands, we studied the photophysical properties of a few
selected nucleosides in organic solvents of varying polarities to check their solvatochromic
nature. The UV-visible spectra of all the compounds (10 um) were measured using a UV-
visible spectrophotometer with a cell of 1 cm path length at 25 °C and 1 mm slit width. All the

sample solutions were prepared before an hour of the measurement. The excitation wavelengths
for recording the emission spectra was at the maximum wavelength of absorbance (A2 ) in

each case. The fluorescence quantum yield (®f) was determined using quinine sulfate as a
reference with known ®f = 0.54 in 0.1 molar solution in sulphuric acid.

From the UV-visible spectra of 4.63B, we observed that the solvent polarity had only minor
influence on the absorption properties of the nucleoside. Therefore, the absorption spectra of
the nucleoside 4.63B exhibited structureless and broad absorptions at around 286 and 300 nm
in various organic solvents with very little solvatochromism at 286 nm ( by 4-6 nm blue shift)
(Figure 4.27a, Table 4.1). Upon excitation at 300 nm, it exhibited a single emission at around
371 nm with almost similar intensity in toluene, THF, EtOAc and ACN solvents except for
MeOH, DMF, EtOH, DMSO, dioxane and CHCI3z wherein enhanced intensity was observed.
A red shift of about 5-6 nm was observed in the case of EtOH, MeOH and CHCIs (Figure
4.27b, Table 4.1).

0.50 6
(a) Toluene L) (b) —— Toluene
Dioxane S' Dioxane
<] ——THF > —THF
o — EtOAc = E‘O’TC
[ ——CcHl, ) —— CHcCl,
80'25' DMF 83 —— DMF
S DMSO > DMSO
- = ——ACN
3 ACN o . EtCOH
< ——EtOH c
MeOH 8 MeOH
0.00 =
250 325 400 310 450 590

Wavelength (nm) Wavelength (nm)

Figure 4.27. (a) UV-visible, (b) fluorescence emission spectra in various organic solvents for
nucleoside 4.63B. The concentration of the nucleoside was 10 pM.
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Table 4.1. Summary table of photophysical properties of the nucleoside 4.63B

Entry Solvents

4.63B

e e = 2 2 O T I
T E g O S T L S O O 2
o = o T = - 2 a =] D <]
o 2 3 @) L &) L =
o

Af 0.013 | 0.021 | 0.148 | 0.201 | 0.21 | 0.265 | 0.275 | 0.29 | 0.305 | 0.309
A2 305 300 | 286, | 286, | 286, | 286, | 300 | 283, | 282, | 280,
(nm) 300 300 300 300 300 298 298

it 371 371 377 371 371 367 371 376 363 376

(nm)
& 0.004 | 0.006 | 0.007 | 0.004 | 0.004 | 0.006 | 0.006 | 0.006 | 0.005 | 0.005

Next, the photophysical property of the compound 4.64A in organic solvents was measured
in order to get a comparative picture of it with our synthesized nucleoside 4.64C. From the
UV-visible spectra, it is clear that the nucleoside 4.64A containing triazolylfluorene exhibited
structureless broad absorption maxima centering at around 300 nm in various organic solvents
(Figure 4.28a). The solvent polarity had an only minor influence on the absorption properties
of this nucleoside. Upon excitation at 300 nm, this nucleoside showed a dual emission. In
highly polar and protic solvents, only characteristic emissions from a locally excited state were
observed. On the other hand, in nonpolar solvents such as in toluene, dioxane and in moderately
polar solvents such as CHCls, EtOAc and THF, a dual emission was observed (Figure 4.28Db).
The additional band observed at higher wavelength region is characterized as emission from
intramolecular charge transfer (ICT) state. The LE emission bands were observed at around
360-376 nm and solvatochromic ICT bands were observed at 504, 506, 507, 520 and 524 nm
in THF, EtOAc, toluene, dioxane and CHCIs respectively (Table 4.2).

0.4 1.0
(a) —— Toluene oc (b) — Tgluene
— Dioxane — —— Dioxane
= —— THF x —THF
8 / —— EtOAC —~ —— EtOAC
< 74 \ ——CHcl =] —— CHCl,
802 —oMF 80.5 — DMF
) DMSO > DMSO
7 ——ACN = ——ACN
-<CEJ ——EtOH @ ——EtOH
MeOH ) MeOH
£ N
0.0 0.0& =
270 370 310 590

320 450
Wavelength (nm) Wavelength (nm)

Figure 4.28. (a) UV-visible, (b) fluorescence emission spectra in various organic solvents for

the nucleoside 4.64A. The concentration of the nucleoside was 10 pM.
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Table 4.2. Summary table of photophysical properties of the nucleoside 4.64A

Entry Solvents

4.63A

g - = o 2 O T I
T E g O S T |2 S O |0 Q
o S o I = — 2 a =] D [<}]
o 2 ) @) [ &) L =
(ol

Af 0.013 | 0.021 | 0.148 | 0.201 | 0.21 | 0.265 | 0.275 | 0.29 | 0.305 | 0.309
A.808 300 300 300 300 | 300 | 300 300 | 300 300 300

max

(nm)
4" | 365, | 366, | 375, | 365, | 360 | 370 | 366 | 365 | 366, | 376
(nm) | 507 | 520 | 524 | 506 | 504 509

In order to gain more insight into the dual emissive behavior of the nucleoside 4.64A, we
investigated its photophysical properties in a THF-water titration experiment. Therefore, from
the absorption spectra, it is revealed that addition of H20 in THF has a negligible effect on
absorbance and almost no change in absorption maxima was observed till 80% of H.O (Figure
4.29a). Upon addition of 90% and 97% of H-0, a significant decrease in the absorbance
accompanied by a blue shift of about 9 nm and 16 nm respectively was observed. Upon
excitation at 300 nm, the intensity of the ICT band greatly decreased on addition of just 2%
H20 in THF with a red shift of about 9 nm (Figure 4.29b). Addition of 10% H2O led to almost
full quenching of ICT emission and we observed only LE emission on addition of H20 up to
90%. On addition of 97% H20, we observed a single emission at around 517 nm which is the
characteristic emission peak of the compound in water. On the other hand, the emission from
the LE state increased gradually up to 20% of H>O with a red shift of about 5 nm. Beyond,
30% H20, the intensity of the LE emission gradually decreased and almost quenched at 97%
H-0.
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Figure 4.29. (a) UV-visible, (b) fluorescence emission spectra in THF-water mixtures for

nucleoside 4.64A. The concentration of the nucleoside was 10 puM.

The UV-visible spectra of cyanofluorenyl nucleoside 4.64C showed a short wavelength
absorption at around 260 nm and a broad absorption band centered around 290 nm in almost
all solvents (Figure 4.30a). Almost no shifting in absorption maxima was observed in the
spectra except in DMF. However, higher absorbance was observed at 260 nm for dioxane, THF
and ACN compared to the rest of the organic solvents. Upon excitation at 300 nm, this
nucleoside exhibited dual-emission behavior in low polar solvents like toluene, dioxane and in
moderately polar solvent chloroform (Figure 4.30b). In other moderately polar solvents like
THF, EtOAc and DMF, we observed a hybrid emission structure possibly resulting from the
overlapping of LE and ICT emissions. In DMSO and other high polar solvents like ACN,
MeOH and EtOH, we observed only LE emission at around 438, 450, 439 and 446 nm
respectively. The LE emission bands were observed at around 404-430 nm and solvatochromic
ICT bands observed at around 500, 508, 513 nm in dioxane, toluene and CHCIs respectively

(Table 4.3).
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Figure 4.30. (a) UV-visible, (b) fluorescence emission spectra in various organic solvents for

nucleoside 4.64C. The concentration of the nucleoside was 10 pM.
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Table 4.3. Summary table of photophysical properties of the nucleoside 4.64C

Solvents
Prop.
¢ Diox | CHCIz | EtOAc | THF | DMSO | DMF | EtOH | ACN | MeOH
AF 10021 | 0.148 | 0.201 | 0.21 | 0.265 | 0.275 | 0.29 | 0.305 | 0.309
2% 263, 263, 263, 263, 264, 272 263, 261, 263,
(nm) 290, 290 290, 290, 290 302 302 302
304 301 304
At | 403, 409, 473 403, 453 350, 446 447 438
(nm) 429, 508 430, 438
500 456
@ | 0.008 | 0.01 0.004 | 0.007 | 0.007 | 0.004 | 0.004 | 0.006 | 0.002

In order to gain more insight into the dual emissive behavior of the nucleoside 4.64C, we
investigated its photophysical properties in a dioxane-water titration experiment. Therefore,
from the absorption spectra, it is revealed that the addition of H2O in dioxane has a negligible
effect on absorbance and almost no change in absorption maxima was observed throughout all
of the dioxane-water mixtures. Only a slight low absorbance was observed upon addition of
97% H,0 in dioxane (Figure 4.31a). Upon excitation at 300nm, we observed a similar
emission pattern as shown by the nucleoside 4.64A. The intensity of the ICT band greatly
decreased upon addition of just 2% H>O in dioxane with a blue shift of about 11 nm (Figure
4.31b). Addition of 10% H2O led to almost full quenching of ICT emission and beyond that
we observed only LE emission. On the other hand, the emission from the LE state increased

gradually on addition of H.O up to 5%. Beyond this point, the intensity of the LE emission

gradually decreased.

Figure 4.31. (a) UV-visible, (b) fluorescence emission spectra in dioxane-water mixtures for
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nucleoside 4.64C. The concentration of the nucleoside was 10 uM.
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4.6.3. Theoretical Calculations

Next, we studied the TDDFT calculation in order to examine the effect of solvent polarity
on the absorption and emission property of synthesized nucleosides using Gaussian 09 program
package .*® Thus, from the HOMO-LUMO overlap and transition oscillator strength (f) of the
fluorene labeled nucleosides it was clear that the electronic transition from S, to S1 or other
possible electronic transitions are feasible (Figure 4.32-4.33). So the reverse transition i.e.,
So<—S: was also fully allowed that revealed the fluorophoric nature of the synthesized
nucleosides. Solvatochromicity and intramolecular charge transfer emissions were also
explained by redistribution of electronic charge density between HOMO-LUMO in nucleosides
4.64A and 4.64C (Figure 4.33).475!

Figure 4.32. Diagram of HOMO-LUMO of 4.63B calculated at B3LYP//6-31G* level of
theory using Gaussian 09 program package.

From the TDDFT calculations, it was clear that the dominant orbital transition in the low-
lying singlet excited states of the studied nucleosides is the So— S transition having the highest
configuration interaction (ClI) value. Thus, the calculated excitation energy for the transition
from So—S1 of bromofluorenyl nucleoside (4.63B, Figure 4.32), fluorenyl nucleoside (4.64A,
Figure 4.33a) and cyanofluorenyl nucleoside (4.64C, Figure 4.33b) were found to be 318
(3.89ev,f=1.17, Cl =0.69); 310 nm (3.99 ev, f =0.92; Cl1 =0.70) and 336 nm (3.69 ev, f =
0.70, C1=0.70) (in vacuum), respectively. The experimental observations in low polar solvents
from UV-visible spectra correlated well with the theoretical calculation in the gas phase. Thus,
the absorptions of bromofluorenyl nucleoside (4.63B), cyanofluorenyl nucleoside (4.64C) and
fluorenyl nucleoside (4.64A) were found to be 305 nm in cyclohexane, 304 nm in dioxane and

300 nm in toluene respectively.
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Figure 4.33. Diagram of HOMO-LUMO of (a) 4.64A and (b) 4.64C calculated at B3LYP//6-
31G™ level of theory using Gaussian 09 program package.

The emission spectra for fluorenyl nucleoside (4.64A) and cyanofluorenyl nucleoside
(4.64C) showed solvatochromic effect and bathochromic shift due to electronic charge
redistribution between uridine nucleus and fluorenyltriazole/cyanofluorenyltriazole moieties
which was also reflected from their individual HOMO-LUMO diagrams. However, the
emissive states of both the fluorenyl (4.64A) and cyanofluorenyl nucleosides (4.64C) were
characterized with more significant electron redistribution, i.e., ICT feature as was supported
from the calculated results of HOMO-LUMO distribution. These results correlated well with

the experimental observation.

4.6.4. Study of Interaction of Nucleoside 4.64C with ctDNA

Finally, we explored the novel cyanofluorenyl nucleoside 4.64C as a possible probe for
studying the interaction with ctDNA. We envisaged that the cyanofluorenyl nucleoside 4.64C
would sense the ctDNA via the generation of an enhanced fluorescence signal.

4.6.4.1. Study of UV-visible and Fluorescence Photophysical Properties of
Cyanofluorenyl Triazolyl Nucleoside (4.64C) in Presence of ctDNA

The UV-visible absorption of the nucleoside 4.64C in phosphate buffer showed an
absorption band at around 264 nm and a weak broad band at around 315 nm (Figure 4.34a).
Addition of an increasing concentration of ctDNA to the probe solution, no significant change
was observed around 300 nm, while higher absorbance was observed around 262 nm which is

obvious due to the increase in the concentration of ctDNA (Amax = 260 nm).
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Upon excitation at 320 nm in phosphate buffer, nucleoside 4.64C showed extremely weak
emission at 551 nm (Figure 4.34b,c). Upon gradual addition of an increasing amount of
CtDNA, the emission intensity of the probe 4.64C gradually increased and reached maximum
upon addition of 0.5 equivalent of ctDNA with a blue shift of about 3nm. Further increase in
the concentration of the ctDNA resulted in a gradual decrease in emission intensity at 551 nm.
The increase in the emission intensity of the nucleoside upon addition of ctDNA indicated a

strong interaction between the probe and ctDNA.
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Figure 4.34. (a) UV-visible, (b) fluorescence emission spectra (Xex = 320 nm) and (c) an
enlarged section of the fluorescence emission spectra (Xex = 320 nm) of the nucleoside 4.64C

in absence or in presence of ctDNA. The probe concentration was 10 pM.

4.6.4.2. Determination of Binding Constant
The binding constant (K) of the complex was determined spectroscopically for the
nucleoside 4.64C by well-known Benesi-Hildebrand plot (Figure 4.35) using the following
equation 1,
1 1 1

(I=15) (L —1,) " (1, —1,)K[ctDNA]

where lo, | and 1, are the emission intensities of the nucleoside in the absence of ctDNA, and
in the presence of intermediate and at an infinite concentration of ctDNA, respectively. From
the slope (linear region’s data points) of the plot of 1/(I - lg) vs. 1/[ctDNA], the binding constant
K was determined, which was found to be 1.5 x 10* M for the nucleoside 4.64C. Next, the
free energy of binding (4G) was calculated using equation 2, which was found to be -5.7
kcal/mol.

AG=-RTInK 2)
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Figure 4.35. Benesi—Hildebrand plots of nucleosides 4.64C in the presence of an increasing
concentration of ctDNA at 298 K.

4.6.4.3. Molecular Docking

To support, the binding event of the probe 4.64C with ctDNA, we carried out a docking
study using AutoDock 4.2 software °> % and Gaussian“® optimized geometry of the probe. The
structure of B-DNA dodecamer d(CGCGAATTCGCG), used for docking was downloaded
from the protein data bank (http://www.rcsb.org./pdb, PDB ID: 1BNA). Next, the probe,
4.64C, was optimized with B3LYP functional and 6-31G (d,p) basis set with Gaussian 09
program package.*® Finally, the docking study was carried to get insight into the binding event

with flexible molecular docking method and the full DNA was under the grid map. From the
docking study, we find that the probe encompasses the minor groove involving n-n-stacking
and H-bonding interaction (Figure 4.36). Thus, the docking study supported our experimental

observation.
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Figure 4.36. Docked structure of the complex of ctDNA and the probe, 4.64C. (a) Side view
and (b) bottom view

4.7. Conclusion

In conclusion, we have successfully synthesized three novel triazolylfluorenyl labeled
fluorescent nucleosides via Sonogashira coupling and click reaction. The synthetic scheme was
simple and most of the reagent, starting materials are easily available commercially at very low
cost. The main importance of our work is the modulation of the photophysical properties of 2'-
deoxyuridine by labeling with fluorescent fluorene moiety via a triazole spacer. The
nucleosides 4.64A and 4.64C showed dual emissive properties in various organic solvents. The
nucleoside 4.64C is able to sense ctDNA as a fluorescent light up probe in agueous media.
Thus, these nucleosides would be useful in generating fluorescent oligonucleotide probes for
DNA analysis. The dual emitting fluorene nucleosides would impact greatly in nucleoside

research as rare examples of such nucleosides exist in the literature.

4.8. Experimental Section

4.8.1. General Experimental

All reactions were carried out under a nitrogen atmosphere in flame-dried glassware, using
schlenk line. Organic extracts were dried over anhydrous sodium sulfate. Solvents were
removed in a rotary evaporator under reduced pressure. Silica gel (60- 120 mesh size) was used
for the column chromatography. Reactions were monitored by TLC on silica gel 60 F254 (0.25
mm). *H NMR spectra were recorded at 600MHz and *C NMR spectra were recorded at

150MHz. Coupling constants (J value) were reported in Hertz. The chemical shifts were shown
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in ppm downfield from tetramethylsilane, using residual chloroform (6 = 7.26 in *H NMR, 6 =
77.23in *C NMR) or DMSO (6 =2.5in *HNMR, 6 = 39.5 in **C NMR) as an internal standard.
All the NMR-FID files were processed in MestReNova v9.0 software. Mass spectra were
recorded with a High-Resolution mass spectrometer (HRMS) and data analyzed by using the
built-in software. IR spectra were recorded on KBr plate in an FT-IR spectrophotometer and
reported in the frequency of absorption (cm™). For dioxane-water titration experiments, water
was taken from a Milli-Q purification system. For photophysical studies, all solutions were
prepared before 1 hour of experiments done.

4.8.2. Synthesis and Characterizations

Synthesis of 2-amino-7-bromofluorene (4.59): This compound was synthesized following

H,N Br

3.31 mmol) in 15 ml of dry acetone under nitrogen atmosphere. The resulting reaction mixture

a standard literature procedure.> N-bromosuccinimide (707 mg, 3.97

mmol) was added to a solution of 2-aminofluorene (4.58) (600mg,

was stirred at 60 °C for 3 hours. The completion of the reaction was monitored by TLC. After
completion of the reaction, the reaction mixture was cooled to room temperature and ice water
was added. Then the reaction mixture was partitioned between ethyl acetate and water. The
collected organic layer was washed with water, and brine solution. After evaporation, the crude
product was purified by column chromatography (Si-gel, Hex: EtOAc = 5:1) to obtain the 2-
amino-7-bromofluorene 4.59 as a brown solid. Yield 81 % (700 mg). *H NMR (600 MHz,
CDCl3) 6 7.81 (s, 1H), 7.60 (d, J = 7.6 Hz, 1H), 7.46 (d, J = 7.4 Hz, 1H), 7.32 (t, J = 7.4 Hz,
1H), 7.22 (t, J = 7.4 Hz, 1H), 6.96 (s, 1H), 4.14 (s, 2H), 3.78 (s, 2H); +ESI-HRMS calculated
for C13H10BrN [M+H]* 260.0069, found 260.0065.

Synthesis of 2-amino-7-cyanofluorene (4.60): This compound was synthesized following

H,N CN

1.92mmol) in 10 ml DMF. The resulting mixture was refluxed for 5 hours. After completion

a standard literature procedure.> 258 mg of CuCN (2.88 mmol) was

added to a solution of 2-amino-7-bromofluorene, 4.59 (500mg,

of the reaction, the reaction mixture was partitioned between ethyl acetate and water. The
collected organic layer was washed with water, brine solution and dried over anhydrous
Na.SOg4. After evaporation, the crude product was purified by column chromatography (Si-gel,
Hex: EtOAc = 5:1) to obtain the desired product 4.60 as a reddish-brown solid. Yield: 86%
(340 mg). *H NMR (600 MHz, CDCls) 6 7.75 (s, 1H), 7.63 (d, J = 7.6 Hz, 1H), 7.47 (d, J = 7.5
Hz, 1H), 7.35 (t, J = 7.5 Hz, 1H), 7.29 — 7.23 (m, 1H), 6.92 (s, 1H), 4.45 (s, 2H), 3.87 (s, 2H);
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13C NMR (151 MHz, CDCls) § 150.57, 148.97, 141.84, 140.36, 133.10, 127.26, 126.59,
125.08, 123.19, 119.31, 112.02, 94.93, 77.16, 37.28; +ESI-HRMS calculated for C14H10N2
[M+H]* 207.0917, found 207.0915.

Synthesis of 3',5'-di-O-tert-butyldimethylsilyl-5-iodo-2'-deoxyuridine  (2.33):This

o compound was synthesised following a modified literature
! ! iH procedure.®® 4 g (11.23 mmol) of 5-iodo-2'-deoxyuridine (2.32) was
N (0] . . . R .
TBDMSO taken in a dry R.B. and dissolved in dry DMF. The reaction mixture
0 was vacuumed and filled with N». Imidazole (3.85 g, 56.49 mmol)
OTBDMS

was added to the reaction mixture and the clear reaction mixture was

vacuumed one more time and filled with N>. The above mixture was cooled to 0°C in an ice
bath and t-butyldimethylsilylchloride (5.08 g, 33.69 mmol) was added to the reaction mixture.
The ice bath was removed after 1 hour and the resulting mixture was stirred at room
temperature under N2 for 18 hours. After completion of reaction, the reaction mixture was
partitioned between ethyl acetate and water. Collected organic layer was washed with water,
brine solution and dried over anhydrous Na>SOs. After evaporation, the product was purified
by column chromatography (Si-gel, Hex: EtOAc = 5:1) and obtained as white foam. Yield:
96% (6.35 g). IR (KBr): ¥ 3457, 3184, 3062, 2954, 2931, 2857,1694, 1607cm™; 'H NMR
(CDCl3, 600 MHz): 6 8.96 (s, 1H), 8.07 (s, 1H), 6.26 (t, J = 6.6 Hz, 1H), 4.38 (s, 1H), 3.97 (s,
1H), 3.88 (d, J = 11.4 Hz, 1H), 3.75 (d, J = 10.8 Hz, 1H), 2.31-2.28 (m, 1H), 2.00-1.96 (m,
1H), 0.93 (s, 9H), 0.88 (s, 9H), 0.14 (d, J = 6.6 Hz, 6H), (0.07) (d, J = 4.8 Hz, 6H); *C NMR
(CDCls, 150 MHz): & 160.2, 150.0, 144.6, 88.6, 86.0, 72.7, 68.5, 63.2, 42.2, 38.7, 26.3, 25.9,
18.7, 18.2, -4.4, -4.6, -4.9, -5.0; +ESI-HRMS calculated for Cz1HaolN2OsSi> [M+H] *
583.1515, found 583.1511.

Synthesis of 3',5'-di-O-tert-butyldimethylsilyl-5-trimethylsilylethynyl-2'-deoxyuridine

(4.61):This compound was synthesised following a modified literature procedure.>” 1.5 g (2.57

o __T™s mmol) of 3',5'-bis-O-tert-butyldimethylsilyl-5-iodo-2'-
HNTY - deoxyuridine (2.33) was taken in a dry R.B. and dissolved in
Od\N 30 ml dry 1:1 THF/Et3N. The resulting mixture was degassed
TBDMSO
o by bubbling N2 through it. After 10 minutes, PdCIlz(PPhs):
OTBDMS (54.22 mg, 0.08 mmol) followed by Cul (4.9 mg, 0.026 mmol)

were added to the above mixture while continuing the degassing. Then degassing was stopped
and added trimethylsilylacetylene (379.4 mg, 3.86 mmol). The resulting mixture was stirred
at 55 °C for 7 hours. After completion, the reaction mixture was partitioned between ethyl
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acetate and water. Collected organic layer was washed with aqueous ammonium chloride,
water, brine solution and dried over anhydrous Na,SO4. After evaporation, the product was
purified by column chromatography (Si-gel, Hex: EtOAc = 5:1) and obtained as white foam.
Yield: 80 % (1.14 g). IR (KBr): ¥ 3173, 3051, 2955, 2858, 2167, 1722, 1684, 1419, 1253,
1131, 841 cm™®; *H NMR (600 MHz, CDCls) 6 8.32 (s, 1H), 7.97 (s, 1H), 6.28 (dd, J = 7.8, 5.8
Hz, 1H), 4.42 — 4.38 (m, 1H), 3.98 (d, J = 2.0 Hz, 1H), 3.90 (dd, J = 11.4, 2.1 Hz, 1H), 3.76
(dd, J=11.4, 1.9 Hz, 1H), 2.30 (ddd, J = 13.1, 5.7, 2.2 Hz, 1H), 2.01 (ddd, J = 13.3, 7.8, 5.9
Hz, 1H), 1.61 (d, J = 8.2 Hz, 2H), 0.93 (s, 9H), 0.89 (s, 9H), 0.21 (s, 9H), 0.14 (d, J = 7.9 Hz,
6H), 0.08 (d, J = 5.2 Hz, 6H); +ESI-HRMS calculated for C26HgN20sSiz [M+H] * 553.2944,
found 553.2943.

Synthesis of 3',5'-di-O-tert-butyldimethylsilyl-5-ethynyl-2*-deoxyuridine (4.62): This

0 _ compound was synthesized following a modified literature
Hi | “ | procedure.?746 mg (1.35 mmol) of (4.61) was taken in a dry R.B.
Q- N and dissolved in 25 ml dry methanol. Anhydrous K>CO3 (932 mg,
TBDMSO
Q 6.75 mmol) was added to the above solution and the resulting
OTBDMS mixture was stirred for 2 hours at room temperature. After

completion of reaction, the reaction mixture was partitioned between ethyl acetate and water.
Collected organic layer was washed with water, brine solution and dried over anhydrous
Na.SO4. After evaporation, the product was purified by column chromatography (Si-gel, Hex:
EtOAc = 4:1) and obtained as dark orange foam. Yield: 70% (455 mg). IR (KBr): ¥ 3480, 3315,
3248, 2930, 2857, 2117, 1714, 1624, 1462, 1279, 1255, 1116, 837, 779 cm™; *H NMR (600
MHz, CDCl3) & 8.45 (s, 1H), 8.11 (s, 1H), 6.29 (dd, J = 7.5, 5.8 Hz, 1H), 4.40 (dt, J = 5.6, 2.7
Hz, 1H), 3.98 (q, J = 2.3 Hz, 1H), 3.91 (dd, J = 11.5, 2.3 Hz, 1H), 3.76 (dd, J = 11.5, 2.1 Hz,
1H), 3.17 (s, 1H), 2.32 (ddd, J = 13.2, 5.9, 2.8 Hz, 1H), 2.17 (s, 1H), 2.02 (ddd, J = 13.2, 7.5,
5.8 Hz, 1H), 0.93 (s, 9H), 0.89 (s, 9H), 0.13 (d, J = 5.9 Hz, 6H), 0.08 (d, J = 4.8 Hz, 6H);
+APCI-HRMS calculated for C23HsoN20sSi> [M+H]* 481.2549, found 481.2543.

General Procedure for the Synthesis of Aryl Azides: An ice cold solution of sodium nitrite
(3 eqv.) in water was added dropwise to a cold solution of arylamine (1 eqgv.) in water and
hydrochloric acid at 0°C over 7 to10 min. The reaction mixture was slowly stirred for 1-2
minutes before an ice cold solution of sodium azide (6 eqv.) in water was added dropwise at
0°C over 10 min. The mixture was stirred for 30 min and allowed to stand overnight. The
resulting mixture was extracted with hexane. The organic layer was washed with water,

followed by a brine solution, dried over anhydrous Na>SQO4. After evaporation, the product was
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passed through a section of silica gel (60-120 mesh). Formation of the azides was confirmed
from IR study and yields were within 60%-80% in all cases. The produced azides were then
immediately used for the next step without further purification.

General Procedure for Click Reaction: Alkyne (1 eqv.) and azide (1.5 eqv.) were
suspended in a 1:1 water/tert-butanol mixture. Sodium ascorbate (0.05 eqv., freshly prepared
in 1ml water) was added, followed by CuSO4.5H.0 (0.2eqv., freshly prepared in 1ml water).
The reaction mixture was refluxed (75 °C) for 12 hours. The progress of the reaction was
monitored by TLC. After completion of the reaction, tert-butanol was evaporated in a rotary
evaporator and the reaction mixture was partitioned between ethyl acetate and water. The
collected organic layer was washed with water, aqueous ammonium chloride, brine solution
and dried over anhydrous Na SOs. After evaporation, the product was purified by column
chromatography.

General Procedure for Deprotection of Tertiarybutyldimethylsilyl Ether: To a solution of
respective  TBDMS protected nucleoside (leqv.) in THF, a solution of tetra-n-
butylammoniumfluoride (TBAF) (2.5 eqv.) in THF was added. The reaction mixture was
stirred at room temperature for 1 hour. After completion of the reaction, the solvent was
evaporated in a rotary evaporator and was partitioned between ethyl acetate and water. The
collected organic layer was washed with brine solution and dried over anhydrous Na;SOa. After

evaporation, the crude material obtained was purified by column chromatography.

Synthesis of 3',5'-di-O-tert-butyldimethylsilyl-5-(2-triazolylfluorenyl)-2'-deoxyuridine
(4.63A):Using general procedure for click reaction, starting from 120 mg (0.25 mmol) of

5 N:NN '@ compound 4.62 and 78 mg of 2-azidofluorene
HNJJD/'\\’ O (0.375 mmol), the title compound was isolated by
Od'“N Si-gel column chromatography (Hex: EtOAc = 3:1)
TBDMSO ! :
0 as yellow solid. Yield: 76% (130 mg); m.p. 230-
OTBDMS 232 °C. IR (KBr): ¥ 3417, 2928, 2856, 1718, 1468,

1255, 1032, 837 cm'L; *H NMR (600 MHz, CDCls) & 8.68 (s, 1H), 8.64 (s, 1H), 7.98 (dd, J =
1.9, 0.8 Hz, 1H), 7.89 (d, J = 8.2 Hz, 1H), 7.82 (d, J = 7.6 Hz, 1H), 7.78 (dd, J = 8.1, 2.0 Hz,
1H), 7.58 (dt, J = 7.5, 1.1 Hz, 1H), 7.42 (td, J = 7.4, 1.1 Hz, 1H), 7.36 (td, J = 7.4, 1.2 Hz, 1H),
6.37 (dd, J = 8.0, 5.8 Hz, 1H), 5.30 (s, 1H), 4.48 (dt, J = 5.8, 2.3 Hz, 1H), 4.05 (td, J = 3.7, 2.2
Hz, 1H), 4.00 (s, 2H), 3.89 (dd, J = 11.1, 4.0 Hz, 1H), 3.84 (dd, J = 11.2, 3.5 Hz, 1H), 2.40
(ddd, J = 13.2, 5.8, 2.3 Hz, 1H), 2.20 (ddd, J = 13.6, 8.1, 5.9 Hz, 1H), 0.92 (s, 9H), 0.88 (s,
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9H), 0.13 (s, 3H), 0.12 — 0.10 (m, 9H); 3C NMR (151 MHz, CDCl3) § 161.15, 149.50, 144.89,
143.64, 142.39, 140.58, 139.79, 136.72, 135.82, 127.55, 127.23, 125.32, 120.80, 120.41,
120.32, 119.58, 117.64, 106.00, 88.62, 86.34, 77.16, 72.95, 66.00, 63.41, 53.57, 41.46, 37.21,
26.14, 25.92, 1541, -4.51, -4.64, -5.18, -5.37; +ESI-HRMS calculated for C3sHa9Ns505Si2
[M+H]* 688.3345, found 688.3340.

Synthesis of  3',5'-di-O-tert-butyldimethylsilyl-5-(2-triazolyl-7-bromo-fluorenyl)-2'-
deoxyuridine (4.63B):Using general procedure for click reaction, starting from 120 mg (0.25

o N';N'NBF mmol) of compound 4.62 and 107 mg of 2-
HN”D/'\’ azido-7-bromofluorene (0.375 mmol), the title

O“'N

compound was isolated by Si-gel column
TBDMSO

0 chromatography (Hex: EtOAc = 3:1) as yellow

OTBDMS solid. Yield: 68% (130 mg); m.p. 189-190 °C.
IR (KBr): ¥ 3455, 2953, 2929, 2856, 1685, 1639, 1468, 1256, 1105, 1030, 836, 778 cm™™; H
NMR (600 MHz, CDClz) 6 8.86 —8.73 (m, 1H), 8.67 (s, 1H), 8.57 (s, 1H), 8.11 (s, 1H), 7.85
—7.80 (m, 1H), 7.67 (d, J = 1.1 Hz, 1H), 7.62 — 7.57 (m, 1H), 7.43 (dtd, J = 22.2, 7.4, 1.2 Hz,
2H), 6.39 (dd, J = 8.0, 5.7 Hz, 1H), 4.49 (dt, J = 5.9, 2.3 Hz, 1H), 4.07 — 4.03 (m, 1H), 3.94 (s,
2H), 3.90 (dd, J = 11.2, 3.8 Hz, 1H), 3.84 (dd, J = 11.2, 3.3 Hz, 1H), 2.39 (ddd, J = 13.3, 5.8,
2.2 Hz, 1H), 2.22 — 2.18 (m, 1H), 0.91 (s, 9H), 0.88 (s, 9H), 0.15 — 0.08 (m, 12H); *C NMR
(151 MHz, CDCl3) 6 161.13, 149.54, 145.14, 144.10, 143.39, 139.34, 138.94, 136.75, 134.45,
128.49, 127.47, 125.49, 124.88, 124.82, 124.61, 120.90, 117.86, 106.06, 88.64, 86.27, 72.94,
63.36, 41.55, 36.83, 26.17, 25.92, 18.59, 18.18, -4.52, -4.65, -5.19, -5.40; +ESI-HRMS
calculated for C3sH4sBrNsOsSi> [M+H]* 766.2450, found 766.2447.

Synthesis  of  3',5'-di-O-tert-butyldimethylsilyl-5-(2-triazolyl-7-cyano-fluorenyl)-2'-

deoxyuridine (4.63C):Using general procedure for click reaction, starting from 120 mg (0.25

N mmol) of compound 4.62 and 87 mg of 2-azido-
o NN CN .
Hi‘ua/’\’ 7-cyanofluorene (0.375 mmol), the title

N compound was isolated by Si-gel column

TBDMSO
o chromatography (Hex: EtOAc = 2:1) as yellow
OTBDMS solid. Yield: 91% (162 mg). m.p. 219-220 °C.

IR (KBr): ¥ 3470, 3417, 2930, 2857, 2229, 1693, 1463, 1256, 1106, 1030, 837, 779 cm™; H

NMR (600 MHz, CDCls) § 8.77 (s, 1H), 8.68 (s, 1H), 8.18 (s, 1H), 7.90 (s, 1H), 7.86 (d, J =

7.4 Hz, 1H), 7.63 (d, J = 7.2 Hz, 1H), 7.51 — 7.44 (m, 2H), 6.38 (dd, J = 7.9, 5.8 Hz, 1H), 4.50

—4.46 (M, 1H), 4.08 (s, 2H), 4.06 (d, J = 2.4 Hz, 1H), 3.90 (dd, J = 11.2, 3.7 Hz, 1H), 3.84 (dd,

J=11.2,3.2 Hz, 1H), 2.43 — 2.37 (m, 1H), 2.18 (ddd, J = 13.5, 7.9, 5.9 Hz, 1H), 0.91 (s, 9H),
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0.88 (s, 9H), 0.13 (s, 3H), 0.12 (s, 3H), 0.11 (s, 3H), 0.10 (s, 3H); *C NMR (151 MHz, CDCls)
0 161.01, 149.61, 149.48, 143.55, 143.51, 140.04, 138.65, 137.12, 136.90, 129.08, 127.82,
125.57, 125.08, 122.92, 122.56, 121.09, 116.17, 106.63, 105.65, 88.70, 86.35, 77.16, 72.97,
66.00, 63.39, 41.63, 37.67, 26.14, 25.92, 18.60, 18.17, 15.41, -4.51, -4.65, -5.19, -5.3; +ESI-
HRMS calculated for C37HsNeOsSiz [M+H]* 713.3297, found 713.3295.

Synthesis of 5-(2-triazolylfluorenyl)-2*-deoxyuridine (4.64A):Using general procedure for

o N-'NN TBDMS deprotection, starting from 100 mg (0.145
Hi'uD/'Q/ O mmol) of compound 4.63A, the title compound was

HO 0“"N isolated by Si-gel column chromatography (CHCls:
o MeOH = 10:1) as yellow solid. Yield: 85% (57 mg); m.p.
OH over 300 °C. IR (KBr): ¥ 3427, 2925, 1704, 1673, 1467,

1276, 1098, 1052, 871, 768 cm™; 1H NMR (600 MHz, DMSO-d6) § 11.74 (d, ] = 2.6 Hz, 1H),
8.90 (dg, J = 6.3, 1.7 Hz, 1H), 8.67 (d, J = 1.7 Hz, 1H), 8.22 — 8.14 (m, 1H), 8.14 — 8.06 (m,
1H), 8.04 — 7.93 (m, 2H), 7.70 — 7.61 (m, 1H), 7.42 (q, J = 6.9 Hz, 1H), 7.37 (tdd, J = 8.7, 4.6,
2.2 Hz, 1H), 6.26 (td, J = 6.8, 3.7 Hz, 1H), 5.31 (dt, J = 4.2, 1.2 Hz, 1H), 5.07 (t, J = 4.9 Hz,
1H), 4.31 (tq, J =5.7, 2.8, 2.1 Hz, 1H), 4.07 — 4.02 (m, 2H), 3.88 (dt, J = 5.2, 1.9 Hz, 1H), 3.63
(q,J = 4.8 Hz, 2H), 2.23 (t, J = 5.4 Hz, 2H); 13C NMR (151 MHz, DMSO) & 161.13, 149.70,
144,72, 143.49, 141.42, 140.03, 139.98, 136.76, 135.25, 127.34, 127.00, 125.27, 121.04,
120.51, 120.11, 119.08, 117.16, 104.79, 87.71, 84.89, 79.18, 70.65, 61.41, 36.67.; +ESI-
HRMS calculated for C24H2:NsOs [M+H]* 460.1615, found 460.1609.

Synthesis of 5-(2-triazolyl-7-cyano-fluorenyl)-2'-deoxyuridine (4.64C):Using general

o NN CN procedure for TBDMS deprotection, starting from
< N )
Hiua/k’ 100 mg (0.14 mmol) of compound 4.63C, the title

Ho O~'N compound was isolated by Si-gel column
o chromatography (CHCls: MeOH = 7:1) as yellow
OH solid. Yield: 82% (56 mg). m.p. over 300°C. IR

(KBr): ¥ 3416, 2925, 2826, 2228, 1703, 1680, 1340, 1277, 1103, 1085, 867 cm™*; 'H NMR
(600 MHz, DMSO-d6) & 11.80 (s, 1H), 9.00 (s, 1H), 8.76 (s, 1H), 8.63 (s, 1H), 8.07 (s, 1H),
8.02 —7.99 (m, 1H), 7.77 — 7.71 (m, 2H), 7.51 (td, J = 7.4, 0.9 Hz, 1H), 6.26 (t, J = 6.8 Hz,
1H),5.34 (d, J=4.1 Hz, 1H), 5.13 (t, J = 4.8 Hz, 1H), 4.33 - 4.29 (m, 1H), 3.88 (q, J = 3.6 Hz,
1H), 3.68 —3.59 (m, 2H), 2.27 — 2.19 (m, 2H); **C NMR (151 MHz, DMSO) & 190.64, 161.09,
149.72, 144.11, 141.95, 140.06, 138.94, 137.55, 137.10, 136.34, 133.43, 130.98, 126.86,
124.85, 122.90, 122.74, 120.81, 115.78, 111.97, 104.38, 87.78, 84.99, 70.73, 61.42, 40.21.;
+ESI-HRMS calculated for C2sH20NsOs [M+H]* 485.1568, found 485.1561.
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4.8.3. Photophysical Studies of the Nucleosides

UV-visible Measurements: The UV-Visible absorbance measurements were performed
using Shimadzu UV-2550 UV-Visible spectrophotometer with a cell of 1 cm path length at
298 K. The measurements were carried out in absorbance mode. The absorbance values of the
sample solutions were measured in the wavelength regime of 200-550 nm. All the sample
solutions were prepared just before doing the experiment.

Fluorescence Experiments: All the sample solutions were prepared as described in UV
measurement experiments. Fluorescence spectra were obtained using Fluoromax 4
spectrophotometer at 25 °C using a 1 cm path length cell. The excitation wavelengths for all
the cases were set at the excitation maxima of each sample in each solvent and emission spectra
were measured in the wavelength regime of 300-700 nm with an integration time of 0.2 sec.
All the sample solutions were prepared just before doing the experiment. Fluorescence
emissions were collected exciting the samples at the wavelength corresponding to their
absorption maxima. The fluorescence quantum yields (&s) were determined using quinine
sulfate as a reference with the known @ (0.55) in 0.1 molar solution in sulfuric acid. The

following equation was used to calculate the quantum yield,

_ FI5™ Abs, n}
s =Pr o1 Aps. e
R S R

where, @y is the quantum yield of standard reference, FI47¢® (sample) and Flg™®® (reference)
are the integrated emission peak areas, Absg (sample) and Absy (reference) are the absorbances
at the excitation wavelength, and ng (sample) and ny (reference) are the refractive indices of

the solutions.

4.8.4. Studies on the Interaction of Nucleoside 4.64C with ctDNA
Materials: Calf thymus DNA was purchased from Sigma (USA) and used without further
purification. Na2HPO4 and NaH2PO4.H2O (for preparation of phosphate buffer) were
purchased from Merck, India. Water was obtained from a Milli-Q purification system. All
experiments were performed with freshly prepared solutions. The probe molecule was
recrystallized in the methanol-ethylacetate solvent mixture, dried under vacuum, again

characterized and used for the study.
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Preparation of ct-DNA Solution: The purity of ct-DNA was checked by UV-visible
spectroscopy by measuring the ratio of absorbances at 260 nm to 280 nm which was found to
be 1.9 indicating that the ct-DNA is sufficiently free of protein.>® The concentration of ct-DNA
was measured from UV-visible spectra using the molar absorption coefficient (¢) of 6600 M
cm™ at 260 nm.

UV-Visible Study: The UV-Visible absorbance measurements were performed using
Shimadzu UV-2550 UV-Visible spectrophotometer with a cell of 1 cm path length at 298 K.
All the UV-Visible studies were carried out in 50 mM phosphate buffer of pH 7.0 containing
100 mM NaCl solution at 298 K. 2-3 % DMF was used to solubilize the probe. The
measurements were taken in absorbance mode and the absorbance values of the sample
solutions were measured in the wavelength regime of 200-600 nm. All the experiments were
carried out by freshly prepared sample solutions.

Fluorescence Study: All fluorescence and steady-state anisotropy experiments were
performed using Fluoromax 4 spectrophotometer with a cell of 1 cm path length at 298 K. All
the fluorescence studies were carried out in 50 mM phosphate buffer of pH 7.0 containing 100
mM NacCl solution at 298 K. 2-3 % DMF was used to solubilize the probe. The excitation
wavelength for the probe (4.64C) was set at 320 nm, and emission spectra were measured in

the wavelength regime of 330-620 nm.

4.8.5. Molecular Docking

Docking calculations were carried out using Autodock 4.2.5% 52 To test the accuracy of the
docking results, the docking process was repeated three times. The AutoDock tools (ADT)
were utilized for charges and polar hydrogens addition as well as for setting the other
parameters. Auto Grid 4.0 and AutoDock 4.0 were used to produce grid maps. A grid box to a
size of 66 x 68 x 116 with 0.375 A spacing was generated. The centre grid box for x-, y- and z
centres were 14.780, 20.976 and 8.807 with offsets 2.405, 8.226 and -12.943, respectively. In
the prescriptive grid box, we calculated the complex conformation with flexible molecular
docking method. The Lamarckian genetic algorithm (LGA)%? was chosen to carry out a flexible
molecular docking to examine the docking of the nucleoside 4.64C to the ctDNA and to
calculate the complex conformation. The other items used were the default settings. A total of
10 conformations from each docking were obtained and the least binding energy was

considered as the best-docked conformation.
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4.8.6. Theoretical Calculations

The ground state structures of the synthesized nucleosides were optimized using density
functional theory (DFT)* with B3LYP functional and 6-31G (d) basis set. The excited state
related calculations were carried out with the time-dependent density functional theory (TD-
DFT) with the optimized structure of the ground state (B3LYP/6-31G(d)). There are no

imaginary frequencies in frequency analysis of all the calculated structures, therefore each

calculated structure is a local energy minimum.

4.8.7. B3LYP/6-31G* Optimized Structure and Cartesian Coordinates of the

Synthesized Compounds

4.8.7.1. Optimized Structure and Cartesian Coordinates for Bromofluorenyl-Based

Nucleoside

4.63B

E(RB3LYP) = -4148.21329725 a.u.

Standard orientation:

Center Atomic  Atomic  Coordinates (Angstroms)
Number Number  Type X Y Z

1 6 0 8.886496 -0.817366 -0.766827
2 6 0 7.556194 -1.288743 -1.383924
3 8 0 7.225040 -0.910836 0.948722
4 6 0 8.644384 -0.994494 0.746452
5 8 0  10.042238 -1.486637 -1.235032
6 6 0 9.352543 0.040447 1.595891
7 8 0 9.266452 -0.351268 2.958157
8 6 0 6.522163 -1.145851 -0.250127
9 6 0 3.163417 0.515193 -0.337231
10 6 0 4.173931 -0.392432 -0.269604
11 7 0 5.504473 -0.084877 -0.435881
12 6 0 5916696 1.235171 -0.644184
13 7 0 4874261 2.143335 -0.709655
14 6 0 3.496833 1.917351 -0.575302
15 8 0 2.707378 2.849894 -0.657586
16 8 0 7.082999 1.571204 -0.773585
17 6 0 1.771984 0.112579 -0.170996
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18 7 0 1.419493 -1.196916 0.039904
19 7 0 0.129661 -1.286658 0.150876
20 7 0 -0.382381 -0.031537 0.011019
21 6 0 0.618991 0.870053 -0.192366
22 6 0  -1.784453 0.184416 0.086663
23 6 0 -2.651391 -0.888204 -0.164873
24 6 0 -4.016699 -0.661617 -0.085999
25 6 0 -4.524448 0.617647 0.226189
26 6 0 -3.650597 1.678038 0.474167
27 6 0 -2.277076 1.456168 0.411234
28 6 0  -5.156351 -1.633989 -0.307209
29 6 0 -6.379195 -0.767492 -0.088375
30 6 0  -5.988254 0.553445 0.225063
31 6 0 -7.719697 -1.109109 -0.158635
32 6 0 -8.687044 -0.114930 0.088580
33 6 0 -8.296757 1.201466 0.401429
34 6 0  -6.948789 1.538915 0.470286
35 1 0 9.043804 0.236019 -0.998142
36 1 0 7.639161 -2.347110 -1.657330
37 1 0 7.282024 -0.733104 -2.280978
38 1 0 8.989352 -1.995128 1.057711
39 1 0 9.963854 -2.423596 -1.005715
40 1 0 8.878992 1.014865 1.410436
41 1 0  10.398557 0.090165 1.252079
42 1 0 9.622982 0.365385 3.497232
43 1 0 5.925044 -2.059763 -0.153665
44 1 0 3.950851 -1.435988 -0.079793
45 1 0 5.154655 3.103979 -0.867688
46 1 0 0.471583 1.922170 -0.357571
47 1 0 -2.238882 -1.859879 -0.408888
48 1 0 -4.024099 2.665955 0.725512
49 1 0 -1.589368 2.264906 0.630924
50 1 0 -5.117718 -2.475374 0.396566
51 1 0  -5.135758 -2.069078 -1.314644
52 1 0 -8.036292 -2.119203 -0.398466
53 1 0 -9.060105 1.949080 0.587753
54 1 0  -6.656949 2.556368 0.711647
55 35 0 -10.543153 -0.556369 -0.001373

4.8.7.2. Optimized Structure and Cartesian Coordinates for Fluorenyl-Based Nucleoside
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E(RB3LYP) = -1577.11055584 a.u.

Standard orientation:

Center Atomic  Atomic Coordinates (Angstroms)
Number Number  Type X Y z
1 6 0 7.413123 -0.702233 -0.754479
2 6 0 6.096178 -1.228787 -1.355102
3 8 0 5.758345 -0.802155 0.968184
4 6 0 7.178905 -0.843107 0.763936
5 8 0 8.587108 -1.351616 -1.206044
6 6 0 7.853046 0.239819 1.580788
7 8 0 7.783742 -0.114680 2.954349
8 6 0 5.059982 -1.086662 -0.223175
9 6 0 1.653641 0.472042 -0.345404
10 6 0 2.690559 -0.402974 -0.255936
11 ¥ 0 4.012272 -0.061242 -0.433888
12 6 0 4385252 1.263375 -0.678537
13 7 0 3.316757 2.138252 -0.766378
14 6 0 1.946029 1.876279 -0.622561
15 8 0 1.131028 2.783884 -0.728728
16 8 0 5.541514 1.630076 -0.819472
17 6 0 0.275086 0.032057 -0.164334
18 7 0  -0.035445 -1.280648 0.083191
19 7 0 -1.323065 -1.406450 0.201556
20 7 0 -1.873089 -0.173171 0.028536
21 6 0 -0.901681 0.752529 -0.203257
22 6 0 -3.282655 0.005124 0.102269
23 6 0 -4121119 -1.085394 -0.167729
24 6 0 -5.492144 -0.895480 -0.091082
25 6 0 -6.035266 0.365476 0.236610
26 6 0 -5.188754 1.443095 0.502310
27 6 0 -3.808566 1.257916 0.442467
28 6 0 -6.606836 -1.892930 -0.330101
29 6 0 -7.853516 -1.061894 -0.103668
30 6 0  -7.499273 0.262732 0.228963
31 6 0  -9.190539 -1.434115 -0.182125
32 6 0 -10.177441 -0.476058 0.073948
33 6 0 -9.826640 0.837727 0.404045
34 6 0 -8.486107 1.217839 0.484011
35 1 0 7.540043 0.348093 -1.016337
36 1 0 6.209930 -2.291033 -1.601036
37 1 0 5.804066 -0.705090 -2.265604
38 1 0 7.558640 -1.821870 1.103225
39 1 0 8.535701 -2.283165 -0.948744
40 1 0 7.345442 1.191249 1.368563
41 1 0 8.896144 0.315755 1.232773
42 1 0 8.106297 0.633536 3.471439
43 1 0 4.490091 -2.014770 -0.101860
44 1 0 2.498060 -1.447020 -0.037645
45 1 0 3.568393 3.102013 -0.951120
46 1 0 -1.085411 1.793907 -0.397803
47 1 0  -3.683084 -2.042924 -0.423962
48 1 0 -5.588708 2.417473 0.766019
49 1 0  -3.141947 2.080324 0.677393
50 1 0  -6.546305 -2.743673 0.361281
51 1 0  -6.569096 -2.313488 -1.343567
52 1 0  -9.470182 -2.452720 -0.437949
53 1 0 -10.605641 1.568705 0.599797
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54 1 0 -8.220331 2.239539 0.740372
55 1 0 -11.225583 -0.754365 0.016187

4.8.7.3. Optimized Structure and Cartesian Coordinates for Cyanofluorenyl-Based

Nucleoside

E(RB3LYP) = -1669.35253833 a.u.;

Standard orientation:

Center Atomic  Atomic Coordinates (Angstroms)
Number Number  Type X Y z
1 6 0  -5.413557 -2.901219 0.726647
2 6 0  -4.355913 -1.805922 0.608018
3 8 0 -6.343275 -1.025621 -0.306236
4 6 0 -6.540075 -2.424951 -0.175052
5 8 0 -4.903762 -4.160769 0.285374
6 6 0 -7.927441 -2.710591 0.368288
7 8 0  -8.905471 -2.333855 -0.602156
8 6 0 -4.941391 -0.821659 -0.411577
9 6 0 -2.523596 1.983373 -0.047016
10 6 0 -3.115167 0.777912 -0.216105
11 7 0 -4.448882 0.556956 -0.226002
12 6 0 -5.313066 1.620736 -0.094677
13 7 0  -4.755213 2.865076 0.085710
14 6 0 -3.415125 3.161426 0.129889
15 8 0  -3.024130 4.306711 0.301957
16 8 0 -6.515888 1.513959 -0.128745
17 6 0 -1.058562 2.130021 -0.024539
18 7 0  -0.353207 3.266302 0.087136
19 7 0 0.913851 2.920673 0.077172
20 7 0 1.095796 1.595136 -0.030915
21 6 0 -0.157063 1.072203 -0.100759
22 6 0 2.342127 0.892598 -0.055122
23 6 0 3.558889 1.597081 0.032522
24 6 0 4763426 0.896308 0.016253
25 6 0 4.756807 -0.499843 -0.084363
26 6 0 3.571517 -1.225725 -0.177002
27 6 0 2.373452 -0.513584 -0.161803
28 6 0 6.160078 1.469602 0.102672
29 6 0 6.948837 0.180526 0.038580
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30 6 0 6.138549 -0.957028 -0.068570
31 6 0 8.333265 0.035589 0.074767
32 6 0 8.881267 -1.255598 0.004075
33 6 0 8.053232 -2.385089 -0.099862
34 6 0 6.664644 -2.247211 -0.137597
35 6 0 10.306685 -1.429965 0.038728
36 7 0 11.474109 -1.578243 0.066020
37 1 0  -5.742245 -3.022762 1.784287
38 1 0  -3.363839 -2.204601 0.296624
39 1 0  -4.233499 -1.297304 1.594014
40 1 0  -6.435958 -2.881645 -1.189558
41 1 0 -4.687088 -4.091813 -0.628692
42 1 0  -8.129467 -2.135438 1.299274
43 1 0 -8.060668 -3.796291 0.576935
44 1 0 -9.747868 -2.359398 -0.182263
45 1 0  -4.648919 -1.144454 -1.442542
46 1 0  -2.493445 -0.116232 -0.361386
47 1 0 -5.399710 3.636908 0.194622
48 1 0 -0.352384 0.001925 -0.190178
49 1 0 3.578952 2.694444 0.117201
50 1 0 3.580563 -2.323445 -0.256126
51 1 0 1.449460 -1.105927 -0.232783
52 1 0 6.323319 1.997829 1.068425
53 1 0 6.384044 2.125712 -0.767771
54 1 0 8.979174 0.923180 0.157453
55 1 0 8.496178 -3.393124 -0.152725
56 1 0 6.007522 -3.126218 -0.218565
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4.9. 'H and ¥C NMR Spectra of Few Selected Nucleosides
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Figure 4.37. 'H NMR spectra of synthesized compound 4.63B
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Figure 4.39: 'H NMR spectra of synthesized compound 4.64A
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Figure 4.40: 13C NMR spectra of synthesized compound 4.64A
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Figure 4.41: *H NMR spectra of synthesized compound 4.64A
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Figure 4.42: 13C NMR spectra of synthesized compound 4.64C
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5.1. Introduction: Aggregation-Induced Emission

Biological processes are essential for life to exist in organisms. These processes are
recognized as a series of biochemical reactions, events which are vital for normal physiological
functions of a living organism. The investigation of various biological processes demands fast,
sensitive and reliable techniques. One of the most suitable and popular methods fulfilling these
features is the fluorescence-based techniques. The development of fluorescent molecules and
techniques has a great impact on unraveling the structure and functions of biomolecules.
Successful implementation of these techniques often relies on the fluorophores with high
photostability, large Stokes shift, high quantum efficiency, and high signal-to-noise ratio.
However, many organic fluorophores experience aggregation-caused quenching (ACQ) effect
due to m-m stacking when present in high concentration or in the condensed phase.l* The
quenching of fluorescence on aggregation is most probably due to the decay of aggregates in
the excited states via non-radiative pathways. Due to the possible detrimental effect of ACQ
phenomenon, it is often recommended to utilize fluorophores at low concentration in
fluorometric assays. The use of dilute solutions have certain drawbacks such as weak emissions
which ultimately lead to poor fluorescence signal, low signal-to-noise ratio and poor sensitivity
of the fluorescence tools.>” In the worst case, ACQ might happen in very dilute solutions also.
For example, in a bioassay, the concentration of small fluorophores can increase locally due to
their accumulation in the hydrophobic cavities of biomolecules leading to ACQ.%° Thus, ACQ

phenomenon is a serious threat for the applications of fluorophores in various research fields.

In 2001, Tang and co-workers described an unusual property of asilole, 1-methyl-1,2,3,4,5-
pentaphenylsilole (MPPS) (5.01 Figure 5.1) which is non-fluorescent in solutions but exhibits
strong fluorescence emission on aggregation.!! They coined this phenomenon as aggregation-
induced emission (AIE) and molecules exhibiting this unique property is generally called as
AlEgens. They have reported several silole fluorophores which exhibited AIE effect similar to
MPPS (Figure 5.1).12

QP Qo :H" Q O Q O
NS oo O @MQ @Q:j‘&:@@
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Figure 5.1. Examples of silole fluorophores reported by Tang and co-workers.
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The effect of AIE is totally opposite to that of the ACQ. This phenomenon has the potential
to break the limitations set by the ACQ effect in various research areas. In bioassays and
experiments, implementation of AIE fluorophores not only would allow us to take advantages
of aggregation but also to use these fluorophores in any concentration for the development of
light up fluorescent probes for the investigation of biological processes. The family of AIE
fluorophores is not limited to siloles. There are numerous examples of AIE fluorophores
present in literature and many of them have been designed and synthesized based on scaffolds
tetraphenylethylene (TPE), hexaphenylsilole (HPS) and distyrylanthracene.!3 14

The mechanism of AIE is not fully understood and depends on many factors including
restriction of intramolecular rotation (RIR),**’ restriction of intramolecular vibrations
(RIV),'® 19 restriction of intramolecular motion (RIM),*® intramolecular charge transfer
(ICT),? twisted intramolecular charge transfer (TICT),'> 2223 and J-aggregate formation.?*
Upon aggregation, these factors most probably restrict the non-radiative decay of these
fluorophores from their excited states which in turn favor strong radiative decay resulting in
high photostability, large Stokes shift and hence high signal to noise ratio. AIE molecules find
widespread applications in various research areas such as sensors, organic light-emitting diodes
(OLEDs), bioimaging etc.?! 2% 2528 Use of AIE molecules as fluorescent probes in biomedical
science is definitely going to have a great impact on the better understanding of biological
processes and development of new drugs candidates, therapies, etc. Recent years, AIE probes
have drawn much attention from researchers and a lot of works have been reviewed. Some
recent examples of AIE probes used for investigation of various biological processes and

diagnosis of diseases have been shown in Figure 5.2.2940

5.14 5.15 5.16

Figure 5.2. Examples of AIE probes used in biomedical chemistry.
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5.1.1. Study to Prove Aggregation-Induced Emission

UV-Visible and Fluorescence Titration Study: AIE molecules are generally non-
fluorescent in a solvent wherein the dissolution is high. However, they exhibit strong
fluorescence emission on aggregation in a poor solubilizing solvent or in the solid state.
Therefore, titration of AIE molecules dissolved in a particular solvent where the dissolution of
organic molecules is poor such as water is often utilized to induce aggregation.t? 1 4143 The
formation of aggregates i.e. the AIE characteristic of a particular molecule would be observable
from the UV-visible and fluorescence spectroscopic study. According to the literature, the
formation of aggregations in water often is indicated by the appearance of extended absorption
bands and the level-off tails in the visible region. This is due to the Mie scattering caused by
the nanosized particles.*™  Water is a poor solvent for luminogens and ordinary organic
fluorescent molecules exhibit quenched fluorescence in the presence of water due to ACQ
effect. In a particular organic solvent-water titration of a luminogen, a strong emission observed

in the presence of high water percentage indicate AIE characteristics.*?

Variable Temperature Fluorescence Study: It is reported that the restriction of
intramolecular rotation (RIR) plays a major role in AIE.*>’According to the literature, the RIR
in AIE molecules makes them highly emissive most possibly by blocking nonradiative
pathways in their excited state.™ Therefore, RIR dependent AIE molecules should exhibit high
emission in conditions such as high viscosity, low temperature where intramolecular rotation
is restricted. Therefore, an increase in temperature of an AIE system should accompany a
decrease in fluorescence emission intensity due to the disaggregation process within the
system.* Thus, the variable temperature fluorescence emission study of an AIE molecule in a
high viscous solvent such as glycerol is a common practice for a demonstration of its AIE
property.lZ' 14,42

CD Spectroscopic Measurement: Circular dichroism (CD) spectroscopy is widely used for
the study of chirality of small as well as large biological molecules. It is known that chirality
can be achieved even from achiral molecules by a crystallization process where a restriction to
their conformational flexibility and rotation is imposed.?! Thus AIE molecules can obtain chiral
structures in the solid state. Therefore, an achiral AIE molecule which is CD inactive in the
solution can become CD active in solid state due to the acquired chirality via RIR/RIV process.
For example, the bisethynylated TPE derivative (5.17, Figure 5.3) is CD active in the solid

state whereas completely CD inactive in solution.? The crystal structure of TPE derivative
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(5.17) revealed the formation of atropisomeric crystals of its cis-isomer due to which strong
cotton effects were observed in its solid-state CD spectrum. Therefore, AIE property of a
molecule can be checked by using CD spectroscopy implying that it can form atropisomeric
crystals under suitable conditions.

SasW

Figure 5.3. The structure of a bisethynylated TPE derivative.

5.1.2. Various Types of Probes Showing Aggregation-Induced Emission

The research interest in AIE systems is growing exponentially in recent years due to their
widespread applications in various research areas. A large number of AIE molecules or
AlEgens have been developed and published since the discovery of AIE phenomena. AIE
family constitutes diverse structured molecules ranging from pure hydrocarbons to
heteroatomic compounds, from small molecules to macromolecules and from organic to
inorganic or organometallics. A brief description of various types of AIE probes has been

discussed below.

Pure Hydrocarbon-Based AlEgens: The AlEgens containing only hydrocarbons in their
chemical structures are belong to this category. This category is a very important class of
AlEgens which provides simpler structural systems when compared to other AlEgens with
heteroatoms. Due to the simple structures of this type of AlEgens, the study of their chemical,
photophysical properties are relatively easier and therefore, their mechanism of action in an
experimental sample is easily predictable. Moreover, these AIEgens can be utilized as building
blocks for the synthesis of macromolecular AlEgens. For example, tetraphenylethylene (TPE)
(5.18, Figure 5.4) is extensively used for the mechanistic studies and macromolecules

construction.*®5* Some of the examples of this type of AlEgens are shown in Figure 5.4.
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Figure 5.4. Examples of pure hydrocarbon-based AlEgens.>2°
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Heteroatom-Containing AlEgens: The application of pure hydrocarbon AlEgens is
limited in various research areas due to their limited number and variations. Incorporation of
heteroatoms in an AIE system provides the possibility to construct a variety of AlEgens and
thus expand the scope of AlEgens. Since, a large number of heteroatoms available for
incorporation in an organic system, this class of AlEgens consists of molecules with great
structural diversity. For example, such type of AlEgens includes molecules derived from
pentacyclics,>®%! boron compounds,®?® Schiff bases,'” ®” %8 nitrile compounds®®"® and
miscellaneous compounds containing oxygen, nitrogen, sulfur and phosphorous.’#
Incorporation of heteroatoms is definitely beneficial for the development of AIEgens with new
properties. For example, incorporation of oxygen and nitrogen atoms enables processes like
intramolecular hydrogen bonding and ESIPT, which might be associated with RIR to provide
excellent AIE properties.88 Some examples of such types of AlEgens are shown in Figure
5.5.
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Figure 5.5. Examples of heteroatom-containing AlIEgens.>® 67: 71 8,86

Macromolecular AlEgens: After the successful development of small structured AIEgens,
construction of macromolecules with AIE properties become one of the interesting topics in
AIE research. Small AlEgens have several shortcomings. As for example, the possibilities like
adjustment of molecular structure, topology, morphology, and functionalities are sometimes
harder to realize or achieve in small AIEgens when compared to macromolecular AIEgens.'*
23 In addition, macromolecular AIEgens can be processed by simpler processes like spin-
coating or static coating in comparison to tedious processes like vacuum vapor deposition
utilized for processing of small AlEgens.'* Therefore, AIE macromolecules could be a better
platform for AIE research than other small AIEgens. Macromolecular AlIEgens include various
types of polymer systems such as main-chain polymers, &% side-chain polymers, °*-% and
hyperbranched polymers, %1% as well as dendrimer systems % 101194 and metal-organic
frameworks (MOFs).1%5297 Some examples of macromolecular AIEgens are shown in Figure
5.6.
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Figure 5.6. Examples of macromolecular AlEgens.®* 9 100,108

Metal Complex AlEgens: Metal complexes find widespread applications in the field of
stoichiometry, catalysis, and optoelectronics.’%** There are many examples of metal
complexes showing AIE properties are reported in the literature. 2 2! The presence of metals
in an AIE complex system provides the possibility to take the advantages of metallic properties.
As for example, by incorporating transition metals, phosphorescence can be easily accessed
via minimization of intersystem crossing to triplet excited states.*'! Thus, the incorporation of
metals into AlIEgens could be highly beneficial for the development of new AlEgens with rich
luminescent properties. There are several examples of metal complex AlEgens having metal
ions with coordination number 2 (Au, Ag, Cu), #1!° coordination number 4 (Cu, Zn, Pd, Pt),
116-120 Coprdination number 6 (Ru, Re, Ir) 121128 and coordination number 8 (Os) *?° are reported

in the literature. Some examples of metal-complex AlEgens are shown in Figure 5.7.
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Figure 5.7. Examples of metal complex AlEgens, 17, 119 121,129, 130
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5.1.3. Applications of Probes Showing Aggregation-Induced Emission

5.1.3.1. Introduction

Luminescence and luminescent materials find widespread applications in the field of
optoelectronics, chemical, and biological science.'? 311* However, the practical applications
of many traditional luminogens are limited due to the detrimental effect of ACQ phenomena.
AlEgens defy the limit bound by the ACQ effect and expand the applications of luminescence
to a great extent in various research fields. From the literature, we have seen that AIEgens
constitute a diverse class of molecules. In this sense, the applications of AlIEgens are unlimited.
The rich features such as high brightness, exceptional photostability, high biocompatibility,
efficient cellular uptake, and retention make AlEgens superior candidates for various optical,

chemical and biological applications than other traditional luminogens.

5.1.3.2. Types of Applications

From the discovery of AIE to till date, tremendous research efforts have been carried out
to demonstrate the possible applications of AIE in a wide range of research fields. In this

context, we briefly outline the different types of applications of AlEgens below.

In Optoelectronic Devices: The AlEgens are promising candidates for the development of
OLEDs due to their highly emissive property in the solid state. Despite the fact that there are
several examples of OLEDs derived from traditional luminogens are found in the literature,
many of them are poor blue light emitters.® 13 To address this limitation, several highly
efficient blue emitters have been reported utilizing TPE as a building block.2*"-140 AlEgens-
derived red and near-infrared emitters are also known.#! 142 AlEgens also have been utilized
for the synthesis of light-emitting liquid crystals (LELCs).143-146 Besides OLEDs and LELCs,
AlEgens are successfully employed for the construction of materials with optical properties
such as circularly polarized luminescence (CPL) #7150 and optical waveguide effect.!>115 CPL
provides information related to the chirality of materials in the excited state. The chiral
materials with efficient CPL have been utilized for biosensing and optoelectronic applications
including stereoscopic optical information processing, display, and storage.’®*'% The
utilization of CPL materials derived from AlEgens can be highly beneficial for such types of
applications. A few examples of AlEgens utilized in optoelectronic devices are shown in
Figure 5.8 below.
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Figure 5.8. Examples of AlIEgens utilized in optoelectronics, 3 144150

As Biological Probes: In biological areas, AIE probes are mainly utilized for sensing of
biological molecules and imaging of cells. AIE effect and low background are two main merits
of AlEgens due which they are promising candidates for the monitoring and sensing of various
biological processes and molecules.'®1%° Taking advantages of these features, a variety of
AlEgens has been successfully utilized for the sensing of small biological molecules such as
monosaccharides,'®**%* amino acids,'®>%" amines,'® % adenosine triphosphate'’%1"> and
biothiols. ¢ |n case of biological macromolecules also, diverse AIEgen systems have been
established for detection and investigation of various chemical and physical properties of
polysaccharides,!81-184 DNAs, 1818 proteins, 819 enzymes!®+1% and lipids.%® 200
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Figure 5.9. Examples of AlEgen sensors for biomolecules, 62 176,199,201

In the field of bio-imaging, AIE-based systems show superior features when compared to
conventional organic dyes and luminogens in terms of molar absorptivity, brightness,
photobleaching resistance, biocompatibility and blinking.> 2* 2°2 By considering these
advantages, AIEgens have a high potential for imaging at the subcellular, cellular and tissue
levels. Various forms of AIEgen systems including small AIEgens, 29329 polymeric AIEgens,

95,209,210 and AIE dots 211215 have been utilized successfully for imaging in biological systems.
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Figure 5.10. Examples of AlEgens utilized in biological imaging.204 208212

As Chemical Sensors: AlEgen systems find widespread applications as chemical sensor
including detection, recognition, and visualization of various chemical species. For example,
AIEgen systems have been successfully utilized for the detection of various ions,?16-22° gas,?2!-
223 explosives®: 224227 and various hazardous species such as melamine and gamma-ray
radiation.??® 22° In addition, AlIEgen systems also have been utilized for pH sensing, 8% 230-232
chiral recognition,?33-23 conformation probing,?3"-4° viscosity evaluation,?*!:24? self-assembly
monitoring,?*24" fingerprint visualization®® 2% and morphology visualization.?*?%? As
chemical sensors, a great advantage of AIEgen systems over conventional organic luminogens
is their high quantum efficiency in aqueous media. Detection of toxic metals and explosives
in aqueous media are highly demanded research topics®® 2>* in terms of human health as well
as environmental protection and AlEgen systems definitely have the potential to excel in these

research areas.
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Figure 5.11. Examples of AlEgens utilized as chemical sensors.?2% 222,225,255
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5.2. Applications of Probes Showing Aggregation-Induced

Emission in DNA Research

The nucleic acids (DNA and RNA) and proteins being the most important biological
macromolecules are crucial for all forms of life to exist. Therefore, the investigation of their
structures and functions is a topic of great importance. In this context, a vast number of
fluorophores and fluorescence techniques have been reported in the literature. Despite the
successful implementation of various conventional fluorophores, a large number of AlEgen

systems have been established as fluorescent probes for DNA recognition,8%-188 256 |abeling, 2’

258 259

quantification,?® visualization 2>° and monitoring of conformational changes.?®® 26! These
AlEgen systems have shown superior features than conventional fluorophores in many
respects. Applying the AIE effect, it is quite possible to prepare highly fluorescent DNA with
a high degree of labeling. For example, in 2012, Yu et al.?®" have successfully demonstrated
the labeling of DNA with the degree of labeling (DOL) up to the theoretical limit by
enzymatically incorporating a silole isothiocyanate ( 5.52, Figure 5.12) labeled nucleotide

5.53 via nick translation, PCR or random priming.
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Figure 5.12. Silole isothiocyanate AIEgen and its nucleotide reported by Yu et al.

In 2013, Li et al. reported a tetraphenylethene labeled single-stranded oligonucleotide
(5.54, Figure 5.13) as fluorescence light-up probe for the homogeneous detection of specific
complementary DNA in solution.?? It was reported that the probe 5.54, is tolerant of high ionic
strength which enables its applicability to hybridization conditions. A strong fluorescence turn-
on effect was reported when the probe hybridized with its complementary ssDNA than other
ssDNAs containing mismatch bases. Such types of probes can be highly useful for SNP

detection.
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Figure 5.13. TPE labeled oligonucleotide probe reported by Li et al.

In 2014, Wang et al. reported a perylene-functionalized polycation (5.55, Figure 5.14)
which exhibited AIE property.?%® The synthesized polycation undergoes complexation with
polyanion ssDNA to form a complex. Thus, this molecule can be utilized as a light-up probe
for the detection of DNA hybridization. A significant enhancement in the fluorescence
emission of the probe due to the AIE effect was reported when it interacts with a
noncomplementary ssDNA. On the other hand, a little change in the fluorescence emission
intensity of the probe was observed upon addition of the complementary sSDNA most possibly
due to the combined effects of AIE and duplex-quenching resulting from the intercalation of
perylene into the duplex.
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Figure 5.14. Perylene-functionalized polycation reported by Wang et al.

In 2016, Wang et al. utilized three cationic distyrylanthracene (DSA) derivatives (5.56-
5.58, Figure 5.15) in combination with graphene oxide (GO) as fluorescent probes for label-
free DNA sensing.?®* The strategy behind this work is based on the different affinity of GO
with sSDNA and dsDNA and high quenching ability of GO to the fluorescent molecules. The
authors have demonstrated that the DSA derivatives exhibit enhanced fluorescence on
complexation with an ssDNA aptamer 5.59 (Figure 5.15). In any DSA-5.59 complex system,
the addition of GO results in quenching of fluorescence due to the fluorescence resonance
transfer from the DSA to GO. After that, the addition of the sSODN complementary to the 5.59
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resulted fully matched duplex due to which displacement of the DSA-5.59 complex occurs
from the surface of GO. As a result, the fluorescence of the DSA-5.59 complex is recovered.
On the other hand, mismatched ssODNs failed to hybridize with 5.59 due to the mismatched
base pairs and therefore, as a result, no recovery in fluorescence intensity has been observed in

these cases as the DSA-5.59 complex remained absorbed at the surface of the GO.

I
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Figure 5.15. Distyrylanthracene derivatives and sSDNA aptamer utilized by Wang et al for
DNA sensing.

In 2018, Wang et al. reported a novel cationic AlEgen, (E)-TPEDEPy-DBz (5.60, Figure
5.16), which exhibited solvatochromism and mechanoluminochromism characteristics.!8®
Thus, it was reported that the emissions of the probe are yellow-greenish and red-orange in the
crystalline state and amorphous state, respectively, which were switchable from one to other
by applying simple processes such as grinding and fuming treatments. This AIEgen has been
utilized as a light-up fluorescent probe for the detection of DNA in Tris—HCI buffer solution.
Upon binding with DNAs, a significant enhancement in the fluorescence signal of the probe
was reported which is found to be applicable to a variety of DNA samples from different
species. The enhanced fluorescence signal was explained on the basis of binding of the probe
molecules to the DNA chains which led to the in situ formation of aggregates of probe

molecules.

Figure 5.16. The structure of (E)-TPEDEPy-DBz reported by Wang et al. for DNA detection.
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Very recently, Hiremath et al. reported a water-soluble aggregation-induced emission
(AIE)-active probe TPE-diBuS (5.61, Figure 5.17) containing long chains with sulfonate
groups which showed selective light-up fluorescence response towards AI** ions under organic
solvent-free conditions.?® The high selectivity of the probe towards AI** was explained on the
basis of a strong affinity of sulfonate groups with Al**and increased fluorescence intensity of
the probe was due to the formation of aggregates of the probe in presence of AI** ions. The
authors utilized the highly emissive feature of the probe-AI** ensemble and exploited its
possible application in DNA tracking by investigating its interaction with ctDNA. Thus, upon
gradual addition of increasing concentrations of ctDNA, an exponential decrease in the
fluorescence signal of the probe-Al** ensemble was reported. The quenching of the
fluorescence signal was explained on the basis of displacement of AI** from the probe-AI**
ensemble to DNA due to the higher affinity of the AI** towards phosphate groups present in
DNA backbone than the sulfonate groups. Thus, such types of systems can be highly useful for

DNA tracking in terms of fluorescence response.

Figure 5.17. The structure of TPE-diBusS reported by Hiremath et al. for DNA tracking.

In the literature, several efforts have also been reported regarding the utilization of AIEgens
for probing the formation of the G-quadruplex DNA.?60 261266 A G_quadruplex is a single-
stranded DNA (ssDNA) with guanine (G)-rich repeated sequences forming a secondary four-
stranded structure with the help of Hoogsteen hydrogen bonds. In a series of experiments,
researchers utilized TPE based AlEgens with varying alkyl units (5.62-5.64, Figure 5.18) in
the side chains for the investigation of structural effects of these molecules on G-quadruplex
formation in terms of fluorescence response.?®% 61266 The cationic charge on the side chains
of these AIE probes is a useful feature for binding with negatively charged DNA via
electrostatic forces.
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Figure 5.18. Examples of AlEgens systems utilized in DNA research.

The TPE derived AIE probe 5.65 (Figure 5.18) has been utilized for the detection of nucleic
acids in gel matrix on basis of hydrogen bonding interactions between the probe and the
phosphate backbone of DNA strands.?®” In addition to the electrostatic and hydrogen bonding
interactions, DNA detection by utilizing AIE probe capable of coordination interaction (5.66,
Figure 5.18) with DNA had also been reported.®

5.3. Applications of Fluorescent Probes in Abasic DNA Detection

5.3.1. Abasic DNA: Its Structure, Generation and Reactivity

An abasic site or an AP site (@) is a form of DNA lesion which is most common and
frequently occurred in genomic DNA.?%8 269 |t js produced due to the cleavage of the glycosidic
bond between the deoxyribose sugar and the nucleobase which results in the loss of a purine
or a pyrimidine base leaving behind the deoxyribose sugar in the DNA strand (Figure 5.19).
An abasic site can occur spontaneously either due to the action of exogenous agents or as a
result of repair of modified or abnormal bases by cell’s base excision repair (BER).2/%2"4 A
spontaneous depurination process can alone generate abasic sites in large scale as much as
10,000 abasic sites per cycle.?” 27 The formation of AP sites can cause DNA mutation and
thus if left unrepaired by BER, it may lead to deleterious phenomena such as cancer, apoptosis,
and cellular senescence.?’” 28 An abasic site being chemically unstable can lead to strand
breakage which may ultimately lead to cell death. Structurally, DNAs containing abasic sites
show deviation from their regular structure due to the discontinuity occurred as a result of

abasic site formation.?® 28
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Figure 5.19. Schematic representation of an abasic site in DNA.

The biological implications of abasic sites are diverse, therefore numerous efforts have

been made in order to understand the chemistry and enzymology of abasic DNA. In this regard,

the experimental techniques often rely upon the study of synthetic abasic DNAs. It is well

known that the abasic sites occurred in DNA as a result of hydrolytic cleavage of the N-

glycosidic bond. Therefore, the basic strategy for preparation of synthetic abasic DNAs or

oligonucleotides is the labilization of N-glycosidic bond by developing a positive charge on

the nucleobase with the help of chemical modification or other factors.?'-22 Towards this end,

various efficient synthetic methods have been developed for the synthesis of oligonucleotides

containing abasic sites at the desired positions. Among these, the most common method is the

incorporation of unnatural or modified deoxynucleoside precursors into oligonucleotides by

utilizing automated DNA/RNA synthesizer.?®428 Moreover, several abasic site analogs were

reported in the literature which are chemically stable and mimic both the cyclic and the open-

chain forms of the deoxyribose moiety.?8%-292 The structures of natural and synthetic models of

abasic sites are shown in Figure 5.20.
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Figure 5.20. Examples of abasic site structures and their analogs.

The characterization of the structure of the abasic sites has been done by NMR spectroscopy
analysis of oligodeoxynucleotides containing abasic sites labeled with 7O and *3C isotopes.?®*
2% The abasic sites in a typical cell exist as a mixture of a- and f-hemiacetal anomers (40:60
ratio) in equilibrium with a minor ring-opened aldehydic form which is less than 1% of total
sites.?®® The existence of the aldehydic form makes the abasic site highly sensitive to alkaline
conditions and thus undergoes a f-elimination reaction leading to the formation of an a,f3-
unsaturated aldehyde.?®® 2°” The §-elimination cleavage of the AP sites has also been proposed
and believed to follow B-elimination cleavage of the abasic sites during the enzymatic repair

of damaged DNA.?%®

The impact of abasic sites on the conformation and duplex stability of DNA has been
investigated by several research groups. In this regard, various physicochemical and
spectroscopic means such as high-field NMR spectroscopy, calorimetry, and thermal
denaturation experiment have been approached to examine the properties of the abasic site
containing oligonucleotides.?®%2 All of these research efforts have revealed that the DNA
containing abasic sites show reduced stability even B-form of the DNA is retained. Therefore,
DNAs containing abasic sites suffer a thermodynamic destabilization of about 3-11 Kcal/mol
when compared to a native DNA duplex.?® 3% The magnitude of destabilization is dependent
on the sequence context and type of unpaired base complementary to the abasic site. In general,
abasic sites containing purines as flanking bases and as well as complementary bases show
more stability than those with pyrimidines.*® The unpaired base complementary to an abasic
site can obtain extrahelical or intrahelical conformation depending upon its type and that of the

surrounding bases.?%® 30537 The conformations of unpaired purines are often intrahelical. On
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the other hand, in case of unpaired pyrimidines, an equilibrium of extrahelical and intrahelical

forms exist unless flanking bases are pyrimidines which favor extrahelical conformation.

When an abasic site is formed, it destabilizes the DNA locally.3%® 397 Under normal
condition, the cell quickly and efficiently repairs the abasic site defect through BER machinery
in order to prevent any serious damage to the cell. However, as a result of suppression or
disabling of these repair mechanism, the formation of abasic sites can occur which may lead to
deleterious consequences such as single nucleotide polymorphism (SNPs), block transcription,
inhibition of DNA replication and generation of topoisomerase poisons.?8 30839 Because of
the tremendous biological implication, estimation of abasic site is a topic great of research
interest which might provide a quantitative measure of DNA damage done by various mutagens
or genotoxic compounds. Moreover, the recognition of the abasic sites is critical for evaluation
of DNA damage and screening of various drugs as potential anticancer agents.®!° Therefore,
detection and stabilization of abasic sites is very important for the development of new drugs
and diagnostics. After tremendous research efforts, several molecules which recognizes abasic
sites specifically by exhibiting a cleavage activity and the mimicking action of AP nucleases
have been reported in the literature. The design and synthesis of molecules which target and
bind specifically to the abasic sites are also reported. In this contexts, we will briefly discuss
some examples of small molecules utilized for the detection and stabilization of abasic sites

below.

5.3.2. Stabilization of Abasic Site by Non-Nucleosidic Base Surrogates

As revealed from the previous section, several small molecule intercalators have been
found to recognize and stabilize an abasic site. The stabilization of an abasic site relies mainly
on the adjustment of the probe molecule within the gap created by the abasic site. The
molecules with good intercalating property and volume comparable to a natural A:T pair, in
general, are expected to cover the full space along the abasic site which in turn involve in an
inter-/intrastrand n-x stacking interaction with the bases of the abasic DNA duplex leading to
stabilization of the abasic DNA. Research efforts toward the expanding of the genetic alphabet
and searching for DNA based materials have evolved several new nucleosidic as well as non-
nucleosidic base surrogates out of which many of them have been found having intercalation
property with similar size as that of a natural A:T pair. Therefore, with this concept of abasic
duplex stabilization, many of the designed fluorescent nucleosidic and non-nucleosidic base

surrogates have been exploited for fluorimetric sensing as well as stabilization of abasic DNA.
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In this section, the abasic duplex stabilization by a few of the designer non-nucleosidic base
surrogates has been discussed. Next section will be devoted to the stabilization by few reported
nucleosidic base surrogates. The aromatic stacking in an abasic DNA can be maintained by
placing extended aromatic residues as a nucleobase surrogate opposite to the abasic site which
ultimately may lead to the stabilization of the abasic DNA. Such aromatic building blocks are
very interesting and might display greater advantage for stabilizing abasic site with high
specificity over free intercalators.

Towards this end, Haner et al. have designed and synthesized few non-nucleosidic base-
surrogates and studied their abasic site stabilization properties. They have incorporated various
derivatives of phenanthrene-3,6-dicarboxamide with flexible aliphatic linkers (5.78, Figure
5.21) opposite to an abasic site by standard phosphoramidite chemistry and examined the
duplex stability of the corresponding abasic DNAs.3' 312 The flexible aliphatic linkers
constitute the methylene groups and varied in length. It has been observed from the thermal
denaturation experiment that the incorporation of the phenanthrene with a tetramethylene linker
at opposite to the abasic site led to a significant stabilization of the abasic DNA duplex. Later
on, Haner and co-workers have analyzed the effect of 2,9-disubstituted 1,10-phenanthroline
(5.79) and 1,8-disubstituted pyrene (5.80) building blocks on the stability of DNA duplexes
containing an abasic site.>'® Thermal denaturation experiment revealed that both of the building
blocks provided a significant stabilization to the abasic DNA duplexes. The authors also
investigated the influence of the chain length of the aliphatic linkers in both cases. Thus, in the
pyrene series, the Tm varies within a narrow range of approximately 1 °C on increasing
methylene groups from two to five in both linker arms. Thus, the stabilization of abasic DNA
by pyrene derivatives remains relatively insensitive to changes of the linker length. However,
in the phenanthroline series, a strong influence of the linker length on the thermal melting
stability has been observed which is reflected by an increased Tm value of about 4.2 °C as the
linker length is increased from 2 to 5. Thus, 1,10-phenanthroline-2,9-dicarboxamide bearing
two pentamethylene linkers showed the highest stabilization of the abasic site in the duplexes.
The observed stabilization is explained on basis of the stacking interactions between

polyaromatic systems and the adjacent base pairs.
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where n is the linker length
Figure 5.21. Abasic site structures containing non-nucleosidic base surrogates reported by

Haner et al.

Stabilization of abasic site with oligonucleotide (ODN) modified with 9-amino-6-chloro-
2-methoxyacridine (ACMA\) (5.81, Figure 5.22) has been demonstrated by Shimidzu et al 31
The thermodynamic studies indicated that the duplexes containing the acridine derivative
opposite to an abasic site are more stable by about 11.2 °C as compared to that of duplexes
containing abasic site opposite natural bases. The UV- visible and fluorescence spectroscopic
investigation revealed that acridine is selectively intercalated along the abasic site in the
duplex.

Tanaka et al. have studied the interactions of the intercalating agent, 9-amino-6-chloro-2-
methoxyacridine (ACMA) with tri- and pentamethylene linker at three types of abasic sites of
the DNA helix i.e. abasic frameshift, apurinic (purine base missing) and apyrimidinic
(pyrimidine base missing) (Figure 5.22).3%° It has been elucidated through the thermal
denaturation experiment that the ACMA with the pentamethylene linker and apyrimidinic site
is the most stable system. The UV-visible and the fluorescence experiments have revealed that
ACMA selectively intercalated to the apyrimidinic site rather than the frameshift abasic site
(Figure 5.23).

5.81

Figure 5.22: Structure of oligonucleotide (ODN) modified with 9-amino-6-chloro-2-
methoxyacridine (ACMA) and its intercalation in a DNA duplex.
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Abasic Site DNA Abasic Frameshift
Figure 5.23: Structure of the abasic site and abasic frameshift site in DNA.

5.3.3. Targeting Abasic Site with Nucleosidic Base Surrogates

The abasic sites are known to destabilize DNA when paired opposite to natural bases.>® It
has already been discussed in the previous section that many non-nucleosidic aromatic base
surrogates are able to stabilize abasic DNA via intercalation and aromatic stacking along the
abasic site. Stabilization of abasic sites has also been reported using complementary
oligonucleotides carrying modified nucleosides. The idea behind using the deoxyribose-derived
nucleosidic base surrogates is to cause as little change as possible to the sugar-phosphate backbone.
In this context, deoxyribose-derived extended aromatic residues have been placed opposite to the
abasic site which can maintain the aromatic stacking throughout the duplex as a substitute of the
missing nucleobase. For example, deoxyribofuranosides carrying 1-pyrene and 2-pyrene (Figure
5.24 and Figure 5.25) have been used for the stabilization Absic DNAs as these pyrene nucleoside
analogs are sterically large enough to fit well against an abasic site.

The first example of stabilization of an abasic site by nucleosidic base surrogate has been
reported by Kool et al. via the synthesis of 1-pyrenyl C-nucleoside (5.84, Figure 5.24).317-320
It has been observed that 1-pyrenyl C-nucleoside stabilizes an abasic duplex well. However,
the pyrene/abasic duplexes are found to slightly less stable than the natural A:T pair. The
thermal denaturation experiments also revealed that the pyrene selectively paired against an
abasic site as compared to the natural bases since the replacement of the central pyrene-abasic
pair with P-X pair (P = pyrene and X = A. T, C, G) destabilized the DNA duplex relative to P-
® pair.

o, 20
HO.
(0] o) H
H
OH OH

0]
5.84 5.71

Figure 5.24: Structure of 1-pyrenyl C-nucleoside and an abasic site.
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A similar experiment relating the stabilization of the abasic site has been carried out by
Leumann et al. with 2-pyrenyl-C-nucleoside (5.85, Figure 5.25).%2! The synthesis of 2-pyrenyl
C-nucleoside has been carried out in order to maximize m-m stacking interactions and to
minimize conformational isomerism around the C-glycosidic bond. From the thermal
denaturation study, it is observed that a duplex containing 2-pyrene residue opposite to an
abasic site has led to a minor decrease in its thermal stability as compared to the duplex
containing a natural A:T base pair. Duplexes containing two or three intrastacked pyrene
residues paired against two or three abasic sites (5.86) showed a gradual decrease in thermal

stability.

o, 4

(0]

G C n=12,3

OH
5.85 ' 5.86
Figure 5.25: Structure of 2-pyrenyl C-nucleoside and illustration of intrastacked pyrene

residues.

The results obtained by pairing 1-pyrene deoxynucleoside and 2-pyrene deoxynucleoside
opposite to an abasic site are thus comparable demonstrating that both the pyrene nucleosides
stabilize an abasic site well. Pyrene was chosen to be paired against the abasic site as it occupies
an area (220 A2) which is very close to the area covered by a natural A:T pair (269 A?). The
pairing selectivity of pyrene with the abasic nucleoside over the natural bases can be justified
on the basis of its large surface area and strong stacking ability which is nearly twice that of
natural adenine. The model study also suggests that an aromatic building block replaces the
missing base by intercalation into the cavity resulting from loss of a nucleobase.

Hence, from the above literature reports it is clear that the DNA duplexes containing abasic
sites can be stabilized by incorporating extended aromatic residues opposite to the abasic site.
In this regard, we have also demonstrated the stabilization of an abasic site containing DNA
duplex utilizing a novel triazolylphenanthrene nucleoside, TPe"Bpo (5.87, Figure 5.26).32
Thus, from the thermal denaturation study, it is revealed that the DNA duplexes containing
triazolylphenanthrene nucleoside opposite to the abasic site are more stable than the all other
duplexes containing natural bases (A, T,G,C) opposite to the abasic site. Interestingly, the
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stabilization of the duplex TPP*"Bpo- @ is found to be almost equal to that of the control A-T
pair. Such a significant stabilization is most probably attributed to its high stacking propensity
and large surface area (248 A?), which is comparable to that of the natural A-T pair (273 A?).
A strong intercalative interaction between the TPh®"Bpo and the abasic site is revealed from

UV-visible spectroscopy, fluorescence anisotropy, and CD spectroscopy.

TphenBDO [0

5.87 5.71

Figure 5.26: Structure of triazolylphenanthrene nucleoside and abasic site.

5.3.4. Label-Free Detection of Abasic Site

A most common and suited method for the detection of abasic sites and other DNA
disorders such as SNP, base mismatches, etc. is the utilization of fluorescent probes as a
fluorescent signal transducer. Such fluorescent probes include oligonucleotide probes
covalently labeled with one or several fluorophores 32*%26 and non-oligonucleotide small
fluorophores capable of selective recognition of AP sites with a target-base-dependent ‘turn-
on’ or ‘turn-off’> emission response.®?’?° The utilization of later class of fluorophores is
simpler, less time consuming, cost-effective and less laborious than the fluorescently labeled
oligonucleotide probes. Such features favored these fluorescent probes as ideal candidates for
detection of abasic sites, SNPs and DNA base mismatches and introduced the term ‘label-free’
DNA detection.

In label-free approach, fluorescent ligands are not covalently attached to the nucleic acid
backbone but it interacts noncovalently with DNA through a number of binding modes such as
intercalation, groove-binding, end-stacking or electrostatic interactions. The fluorescent
molecules used in label-free DNA detection are in general non-emissive or weakly emissive in
aqueous solution, due to quenching by solvent-solute interactions. However, they show
fluorescence enhancement upon binding to defined DNA structures due to the protection of
their excited states within the hydrophobic interior of the oligonucleotide.3® The specific
binding of these fluorophores with DNA allows them to enter into the intrahelical hydrophobic

environment of the DNA and hence less exposed to the polar solvent surroundings.
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Our research interest in this chapter deals with the label-free interaction of our molecule
with abasic DNA. Therefore, we want to discuss a few examples as below of abasic DNA

detection achieved via a label-free approach.

Sato and co-workers reported several cyanine dye conjugates as DNA abasic site-binding
ligands and studied their applications as fluorescent probes. Three recent examples of their
work, ATMND-TO (5.88), DMP-BO (5.89) and DML-Lys-TO (5.90) are shown in Figure
5.27.331:332 According to the authors, these conjugates are capable of intercalation and exhibited
enhanced fluorescence emission upon binding to an abasic DNA. The fluorescence intensities
of these conjugates were found to be much higher upon binding with AP site-containing DNA
duplexes than the fully-matched DNA duplexes. Moreover, the intensity of fluorescence
emission of these conjugates is nucleobase selective and depends on the target nucleobases
present opposite to the AP site. For example, ATMND-TO exhibited high light-up emission
response in the presence of C and T opposite to the AP site. On the other hand, the emission

responses of DMP-BO and DML-Lys-TO are G-selective and A-selective respectively.

m ~ W’\&\)\—@ ' NMNJJ‘H'N* “@ X l)l NSJN«\/HZ\NIOJK/E?\;C@

N N NH
5.89 5.90

Figure 5.27: Structure of cyanine dye conjugates reported by Sato and co-workers.

In 2015, Wu et al., reported a fluorophore, 9-dicyanovinyljulolidine (5.91, Figure 5.28)
capable of binding to AP sites selectively.* This fluorophore is reported as environment-
selective and exhibits enhanced fluorescence signal only when the flanking base is guanine.
According to the authors, the enhancement in the fluorescence signal is most probably due to
the comparable electron energy levels of the fluorophore in the excited state and the flanking

guanine base.

CN
CN
5.91

Figure 5.28: Structure of 9-dicyanovinyljulolidine reported by Wu et al.
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In 2016, Shao et al.®** investigated several isoquinoline alkaloids for recognition and
detection of AP sites. Among these alkaloids, palmatine (5.92, Figure 5.29) is reported as the
most efficient fluorophore for recognition of AP sites with an enhancement in its fluorescence
signal in presence of all AP site flanking base sequences. However, stronger binding affinity
and stronger enhancement in fluorescence signal are reported when the flanking bases are

pyrimidines rather than purines.

Figure 5.29: Structure of palmatine.

In 2018, Ni et al.>*° reported a 1H-benzo[e]indolium based fluorescent probe (5.93, Figure
5.30) for selective detection of AP sites. According to the authors, the fluorophore 5.93 is non-
fluorescent in agueous solution but exhibits strong fluorescence signal only when a triplex-
forming oligonucleotide (TFO) binds to the DNA containing the AP sites. Inhibition of the
non-radiative twist relaxation process in the excited state of the fluorophore due to the TFO
binding is most probably the reason behind the enhanced fluorescence signal. Such types of

fluorophores can be very useful for the selective detection of triplexes containing AP sites.

OO +§ ’ FF ND

5.93

Figure 5.30: 1H-benzo[e]indolium based fluorescent probe reported by Ni et al.

Recently, our research group has also contributed to this area. We have reported an unnatural
tetrazolylpyrene nucleoside (1.262, Figure 5.31) capable of label-free detection of DNA abasic
site, T-T/C-C base mismatches and bulge DNA as a fluorescent light-up probe.3* We have
studied the UV-visible, fluorescence and thermal denaturation of several 13 mer DNA
sequences (5.94-5.97, Figure 5.31) in the presence of the tetrazolylpyrene nucleoside. From
the fluorescence study, we observed a significant enhancement in the fluorescence signal of

the probe upon binding with the abasic DNAs where the AP site is paired against C or T and
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flanking bases surrounding the AP site are pyrimidines. Very less or almost no enhancement
in fluorescence signal was observed for abasic DNASs containing purines as flanking base pairs
surrounding the AP site. Thermal denaturation study also revealed that the tetrazolylpyrene
nucleoside stabilizes the DNA duplexes significantly where the abasic site is opposite to C and
T and flanking bases are pyrimidines. The failure of the tetrazolylpyrene probe to detect AP
sites surrounded by purines as flanking bases is most probably attributed to the large size of

the purines which makes the probe unfit at the AP site.

<

N ’Q 594 5'-CGCAATXTAACGC-3'[X=A,G,C,T]
NI W 595 5'-GCGTTAYATTGCG-3' [Y=A,G,C, T, ®]
o N 596 5'-CGCAACXCAACGC-3'[X=A,G,C,T]
j o l 597 5'-GCGTTGYGTTGCG-3' [Y=A,G,C, T, ®]
OH 1.262

Figure 5.31. Structure of tetrazolylpyrene nucleoside and ODN sequences utilized in the study.

Though there is no report of particular AIE probe for the detection of abasic DNA, few
probes are there to target DNA and DNA lesion such as single nucleotide polymorphism typing.
We already have furnished (Section 5.2, above) few examples of DNA detection via the use of
AIE probe. Herein we want to highlight one literature report to target SNPs by using an AIE
probe. Thus in 2017, Tian et al. utilized an AIE active DSA derivative (5.98, Figure 5.32)
along with water-soluble carbon nanotubes (CNTs) for SNP detection on the basis of a
fluorescence quenching effect.>* It was reported that the AIE probe 5.98 forms aggregates on
interaction with DNA leading to the emission of a strong fluorescence signal in solution. Strong
interaction between the DNA and the probe to form a complex was reported as a result of a
combined effect of intercalation, electrostatic interactions and hydrophobic interactions. The
authors demonstrated that the complex between a fully matched natural DNA and the probe
exhibits strong fluorescence emission even in the presence of a strong quencher such as CNTSs.
On the other hand, the complex between a mutated DNA and the probe showed significantly
quenched fluorescence in the presence of CNTSs. It was explained that the interaction of the
probe is weaker with mutated DNA due to which some aggregates hauled out from the mutated
DNA and get absorbed on the CNTs and consequently get quenched. Therefore, from this
example, it can be realized that DNA abnormalities such as SNP can be detected using AIE

probes.
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Figure 5.32. Structure of DSA derivative reported by Tian et al. for SNP detection.

5.4. Background

The development of fluorescent molecules with the ability to recognize DNA sequence
alteration via the generation of highly specific fluorescence signal are of recent attraction in
biology, bioorganic and medicinal chemistry. In particular, sensing of DNA lesions is crucial
for reliable disease diagnosis and the design of new chemotherapeutics. DNA lesions are the
sites of sequence alteration or damage in the base-pairing or in the structure of DNA. The most
commonly encountered DNA lesions are abasic DNA, mismatched DNA, base modified DNA,
single-strand breaks, double-strand breaks, and intrastrand cross-linked DNA. Out of all DNA
lesions, however, an abasic site [AP or ®] DNA is a most frequent and can lead to deleterious
mutations. The local destabilization in DNA by an AP site provides a clue to the base excision
repair (BER) machinery to repair it.

However, as mentioned above, the suppression or prohibition of these repair mechanism is
often met with dreadful outcomes. As for example abasic sites can cause single nucleotide
polymorphisms (SNPs), block transcription, inhibit DNA replication and can act as potent
topoisomerase poisons. Thus, if left unrepaired it becomes dangerous to cellular survival.
Therefore, the AP sites in the genomic DNA has profound implications for genome integrity.
Because of the tremendous biological implication estimating the abasic site is of great research
interest which might help in the quantitative determination of the exposure of DNA to various
mutagenic or genotoxic substances. Moreover, recognition of the AP site is crucial in assessing
DNA damage and screening antitumor/antioxidant drugs that can target a cancer cell.
Therefore, sensing of abasic DNA is crucial for reliable disease diagnosis and the design of
new chemotherapeutics.

From the literature report, we observed that AIE probes find numerous applications in the
various research fields ranging from material science to biomedical chemistry. Features like
high photostability, large Stokes shift, high quantum yield and usability in any concentration
make AIE probes powerful candidates as fluorescent probes for investigations of structure and
functions of biomolecules. The development of AIE probes for detection of DNA lesions will
greatly impact in research for new diagnostics and chemotherapeutics.
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5.5. Objective

Over the years, many platforms have been developed for the detection and stabilization of
DNA abasic site. However, no single protocol can meet all research needs. Thus, fluorescent
oligonucleotide probes containing non-nucleosidic base surrogates have been utilized for AP
site recognition and stabilization. Similarly, fluorometric sensing, as well as stabilization of an
abasic DNA, has also been achieved with the use of nucleosidic base surrogates. However,
these methods require preparation of modified fluorescent DNA probes which in turn need
complicated probe design and high cost analysis. Therefore, the best alternative strategy is to
employ a ligand/ molecule which can fit within the gap created by the AP site. Therefore, the
label-free detection of AP site is very much desirable to offer simple and low-cost strategy.
The molecules having a comparable volume of an A: T pair and good intercalating property
are, in general, the suitable candidates to cover the gap space created by an AP site and thus,
are capable of sensing and stabilizing AP DNA via inter-/intrastrand 7-m stacking interaction.

In the context, the fluorescence photophysical property of our recently developed EtOH
sensor, pyrenylamido aromatic triazolo amino acid scaffold, PyAm-A"TAA, (5.99, Figure
5.33a) in the water attracted us as it generated a broad emission at 465 nm which might possibly
be an aggregated pyrene emission.?® We envisaged that the origin of this emission is a result of
aggregation in water or in buffer. Thus, we also thought that the pyrene moiety of PyAm-
A'TAA might aggregate near the Ap site pointing rest part of the molecule toward minor
groove. The aggregated state of the probe would face more hydrophobic microenvironment
leading to enhanced emission.

We envisaged that the probe would preferentially bind the groove near the deformed abasic
site (Ap) via H-bonding/stacking interaction through the A"TAA scaffold unit and the
pyrenylamido unit (PyAm) would possibly engage in intercalative stacking interaction with
the base opposite to the abasic site (Ap) and other bases alongside the Ap site. We also
hypothesized that adenine base (A) unit opposite to the abasic site would offer better stacking
with the PyAm unit of the bare probe which would ultimately result in an enhanced
fluorescence signal. Practically, we applied our simple, cost-effective just “Mix & Read”
strategy and found that the probe, PyAm-A"TAA, alongside the Ap site responded well with an
enhanced fluorescence signal in presence of A base opposite to Ap site in a duplex with A/T-
flanking base next to the Ap site (Figure 5.33a). On the other hand, the Ap site opposite to
base G or C led to a diminished fluorescence emission from the aggregated probe molecule
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which might be because of quenching of fluorescence emission via electron transfer from

opposite base G or C.
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Figure 5.33. (a) The chemical structure of the AIE probe and (b) the schematics of the concept
of binding of the probe PyAm-A"TAA to abasic site opposite to A base (X = A).

With this concept and idea, we framed our objective as follows:
(a) Photophysical studies on the AIE properties of pyrenylamido triazolyl aromatic amino
acid scaffold (PyAm-A"TAA, Figure 5.33) previously reported by our research group.
(b) Utilization of PyAm-A"TAA probe for sensing of DNA abasic site.

5.6. Result and Discussion
5.6.1. Study on Photophysical Properties of PyAm-A"TAA

Following the above ideas and our objective, we initially studied the photophysical property
of the probe, pyrenylamido aromatic triazolo amino acid scaffold, PyAm-A"TAA, in various
organic and agueous solvents. Thus, with an increase in solvent polarity the long wavelength
absorption band at 344 nm (in the least polar solvent dioxane) experienced a hypsochromic
shift in wavelength and hypochromic effect in absorbance (Figure 5.34a). In particular, a5 nm
shift was observed when the solvent polarity was changed from dioxane to TFE. On the other
hand, in water, the structureless broad absorption band at 328 nm is the result with very low
comparable absorption. In glycerol, the absorption becomes low with no hypsochromic shift.
However, in sodium phosphate buffer, the effect is again more prominent than water. Thus,
both in water and in aqueous buffer the short wavelength absorption band experienced a large

bathochromic shift of 12 nm when compared with dioxane.

229
TH-2109_126122016



Chapter 5 Studies.... Aggregation Induced Fluorescence..... Its Interaction With Short Abasic DNAs

1.2 1.2 1.6
. © —0D © v
(@) :.I?Lo;ane 2 ®) —T‘::ane 8 (© :_I?Lo:ane
) —— EtOAC % T oA o — EtoAc
2 ——DMF A —— DMF
% DMSO ; DMSO ; /| - gmgo
20.6 ——EtOH <0.6 ——E&eon <0.8 —EtOH
S MeOH ~ MeOH ~
%) > —TFE > / MeOH
o) —TFE = g —— Glycerol = [/ ’ —TFE
< —— Glycerol (2] — B %] 4 —— Glycerol
—— Buffer s N\ uffer < —— Na-|
) HO k) Na-phos
> H,0 - z = H,0
0.0 A= ~00 00
220 360 500 300 430 560 255 335 415
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 5.34. (a) UV-visible, (b) fluorescence emission and (c) fluorescence excitation spectra

in organic solvents for PyAm-A"TAA. The concentration of the fluorophore was 10 uM.

Next, we studied the fluorescence photophysical property. Thus, upon excitation at 290 nm
the probe molecule emitted at 335 nm corresponding to the emission from the scaffold amino
acid A"TAA and pyrenyl structured band at 387, 405, 430 nm in dioxane (Figure 5.34b). As
the polarity increases, the intensity of scaffold emission increases at the expense of pyrenyl
emission. In DMSO and Ethanol, along with the low intense pyrenyl band, the probe showed
a new emission, at around 443-448 nm. However, in MeOH and TFE a structureless broad
emission appeared at 431-440 nm. In glycerol, both the pyrenyl emission and the scaffold
emission increases. However, a completely new situation arose in water and in aqueous buffer
leading to a prominent emission at 462 nm with negligible or no emission from monomeric
pyrene unit or scaffold. The probe showed only pyrenyl structural emission when excited at
342 nm in low polar solvents like dioxane, THF, EtOAc, and DMF. However, similar to the
earlier observation, in polar solvents, the monomeric pyrenyl emission decreased and
aggregation induced enhanced (AIE) emission (AIEE) at around 455-475 nm appeared. In
water and phosphate buffer the AIE emission became most prominent similar to the earlier
observation when the probe was excited at scaffold's absorption (290 nm) (Figure 5.34b). The
excitation spectra also showed a prominent hypsochromic shift with strong hypochromic effect
(Figure 5.34c). All these observations from both UV-visible and fluorescence indicated the
aggregation effect of the probe

In dilute solution, in general, the classical pyrene derivatives exhibit good fluorescence
emission, however, aggregation-caused quenching (ACQ) is observed when the concentration
was very high. To ascertain the fact of aggregation we recorded the photophysical spectra in
dioxane solutions and dioxane/H,O mixtures as well as measured the absorbance and
fluorescence at various concentrations of the probe. Thus, a tremendously decreased

absorbance with blue shift was the result when a dioxane solution of the probe was titrated with
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an increasing amount of water (Figure 5.35a). A significant effect was observed in the case of

40:60 dioxane: water mixture.
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Figure 5.35. (a) UV-visible, (b) fluorescence emission spectra (Aex =290 nm), (c) fluorescence

emission spectra (Aex = 340 nm) of PYyAm-A"TAA in various dioxane-H2O mixtures.

Upon excitation at 290 nm, the pyrenyl emission at 410 nm of the probe solution in dioxane
was found to be increased along with the incremental emission at 462 nm as the volume % of
water increased up to 60% (Figure 5.35b). The emission from the scaffold moiety was
remained negligible but gradually enhanced and shifted to a long wavelength region. Upon
excitation at 340 nm also, we observed similar emission pattern (Figure 5.35c). All such
observations reflected the aggregation of the probe.

After that, we investigated the absorption and emission properties of PYyAm-A"TAA in
different concentrations in phosphate buffer (Figure 5.36). Thus, a plot of absorbance vs.
concentration of the probe reflected a nonlinearity for a range of concentration from 10 uM to
120 uM (Figure 5.36 d). A nonlinear fitting for the emission at 380 nm (Figure 5.36 e) and
sigmoidal growth curve fitting for the emission at 480 nm (Figure 5.36 f) were observed when
emission spectra were recorded at both the excitation wavelengths of 290 and 340 nm with an
increase in probe concentration from 10-120 uM. Therefore, it is clear that the probe under

investigation showed AIE effect in both water and buffer.
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Figure 5.36. (a) UV-visible, (b) fluorescence emission spectra (hex =290 nm), (c) fluorescence
emission spectra (Aex = 340 nm) of PyAm-A"TAA in increasing concentrations in phosphate
buffer, (d) absorbance vs concentration plot, (e) a fluorescence intensity vs concentration plot

at 380 nm, (f) fluorescence intensity vs concentration plot at 480 nm.

5.6.1.2. Variable Temperature Experiment of PyAm-A"TAA

To gain further insight into the AIE properties of PyAm-A"TAA, we studied the
fluorescence emission properties of the fluorophore at different temperatures within the range
20 °C to 70 ° (Figure 5.37). Thus, upon excitation at both 290 nm and 340, we observed that
the fluorescence intensity of the fluorophore gradually decreases with a gradual increase in the
system temperature (Figure 5.37). The variable temperature fluorescence also indicated the
aggregation enhanced emission from the probe. High temperatures generally destroy the
aggregates resulting in quenching of fluorescence of an AIE molecule. Therefore, from these
observations, it is clear that the probe under investigation showed AIE effect in both water and
buffer.
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Figure 5.37. Variable temperature fluorescence emission spectra of PyAm-A"TAA (a) at 290
nm, (b) at 340 nm. [PyAm-A"TAA] = 60 uM in phosphate buffer.

5.6.2. Interaction of PyAm"TAA with Short Abasic DNAs
5.6.2.1. Spectral Studies of PyAmA"TAA with Short Abasic DNAs

In order to investigate the abasic site recognition and detection ability of PyAm-A"TAA, we
studied the interaction of the probe with short 13-mer DNA duplexes containing an abasic site
opposite to all four natural bases and having both A/T and C/G flanking base pairs utilizing
UV-visible and fluorescence spectroscopy. For this purpose, we mixed the probe (10 uM) with
the DNA duplex (2.5 uM) in phosphate buffer (50mM sodium phosphate and 100mM NaCl in
water, pH = 7.0) at room temperature and followed a “Mix & Read” strategy which does not
need annelation and relies on read out of the fluorescence signal from the probe. The DNA

sequences used in this study are tabulated (Table 5.1).

Table 5.1. DNA sequences used in this study

ODN:s [T-A flanking base sequences ODNs [C-G flanking base sequences
1. B-CGCAAT ATAACGC-3' 8. [B'-CGCAAC A CAACGC-3'
2. [-CGCAAT G TAACGC-3' 9. [B'-CGCAAC G CAACGC-3'
3. [-CGCAAT C TAACGC-3' 10. 5-CGCAAC C CAACGC-3'
4., 5-CGCAAT T TAACGC-3' 11. [5-CGCAAC T CAACGC-3'
5. [B'-GCGTTA ® ATTGCG-3' 12. 5'-GCGTTG ® GTTGCG-3'
6. B-GCGTTAT ATTGCG-3' 13. 5-GCGTTG T GTTGCG-3'
7. [B-GCGTTA C ATTGCG-3' 14. 5-GCGTTG C GTTGCG-3'

Thus, the analysis of UV-visible spectra of the DNA duplexes containing T-A flanking base
pairs at the abasic site (ODNs 1-7) revealed that the probe experienced a blue shift in
amidopyrenyl unit (PyAm) from 337 nm to 330 nm along with strong hyperchromism in
presence of abasic site opposite to base A [ODN 1e5 (Ae® duplex)]. However, the scaffold
unit (A"TAA) of the probe exhibited a strong bathochromic shift from 294 to 304 nm along
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with hyperchromism. On the other hand, for all other duplexes, the absorption remained the
same (Figure 5.38 and Table 5.1). These observations indicated that the scaffold unit (A"TAA)
of the probe, PyAM-A"TAA, possibly involved in intercalative stacking interaction alongside
the gap created by the abasic site opposite of base A compared to any other opposite bases
[ODN 2-5e5 (G/C/T/®e® duplex DNAs] or matched duplexes (ODN 1e6 and ODN 2e7) in
T-A flanking base sequences. On the other hand, the amidopyrenyl unit (PyAm) possibly

involved in stacking interaction alongside the minor groove.
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Figure 5.38. (a) UV-visible absorption spectra and (b) Fluorescence emission spectra (ex =
340 nm) of PyAm-A"TAA in absence or in presence of ODN 1-5e5 (A/G/C/T/®e® duplex).
[PyAM-ATTAA] =10uM.

Upon excitation at the amidopyreny! unit (PyAm) (340 nm) an enhancement of aggregation
induced emission (AIEE) fluorescence compared to probe’s monomer emission was observed
at 470 nm in presence of duplex ODN 1e5 (Ae® duplex). A two-fold increase in fluorescence
intensity compared to the bare probe was calculated in the presence of A-® abasic DNA [ODN
1e5 (Aed duplex)]. The same emission from the duplex DNA containing abasic site opposite
to another purine base G [ODN 2e5 (Ge® duplex)] was found to be similar to that of the bare
probe. However, for the case of pyrimidine bases opposite of abasic site [ODN 3-4e5 (C/Te®
duplexes)], the duplexes showed quenched emission (Figure 5.38b). Therefore, the probe was
efficient in sensing the abasic site opposite of A base (Figure 5.38b).

In case of DNA duplexes containing G-C as flanking base pairs, (ODNs 8-14), the UV-
visible spectra revealed that the probe experienced a slight hyperchromism in amidopyrenyl
unit (PyAm) at 337 nm with almost no shifting in wavelength in presence of DNA duplexes
containing abasic site opposite to base A and T [ODN 8e12 and 11e12 (Ae® duplex and
Ted respectively)] (Figure 5.39a). On the other hand, the probe experienced a strong
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hypochromism with a bathochromic shift from 337 to 342 nm in presence of DNA duplexes
containing abasic site opposite to base G and C [ODN 9e12 and 10e12 (Aed® duplex and
Te® respectively)].
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Figure 5.39. (a) UV-visible absorption spectra and (b) Fluorescence emission spectra (ex =
340 nm) of PyAm-A"TAA in absence or in presence of ODN 8-11e12 (A/G/C/Te®duplex).
[PYAM-A"TAA] =10uM.

Upon excitation at the amidopyrenyl unit (PyAm) (340 nm), we observed an enhanced
aggregation induced emission (AIEE) fluorescence at 470 nm in case of ODN S8e12 (Ae®
duplex) but very less significant when compared to that of the duplex ODN 1e5. In case of the
ODN 1112 (Te® duplex) where the abasic site is opposite to T, the emission observed was
found to be similar to that of the bare probe. However, in rest of the cases [ODN 9-10e12
(G/Ce® duplexes)], the duplexes showed significant quenched emission in comparison to the

bare probe. (Figure 5.39b).

5.6.2.2. Titration Study of PyAm-A"TAA with ODN 1e5

A titration experiment was next carried out to investigate the association between the probe
and the duplex abasic DNA, ODN 1e5 (Ae® duplex) wherein we observed a distinctive
enhancement of emission. Thus, the absorbance of the amidopyrenyl unit (PyAm) of the probe
at 340 nm, PyAmM-A"TAA, gradually increased as the concentration of ODN 1e5 increased
(Figure 5.40a) which was also supported from the excitation spectra. When excited at the
scaffold, A"TAA (280 nm) or at PyAm (340 nm) the emission at around 455-460 nm was found
to increase gradually with a slight blue shift (Figure 5.40b). At some concentration of DNAs
the observed irregularities is probably because of the different mode of binding of the two units,

A'TAA and PyAm, of the probe. We also observed that the thermal melting temperature of the
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abasic duplex [ODN 1e5 (Ae® duplex)] gradually increased from 33.7 °C to 35.5 °C upon
addition of the probe. All these observations suggested an intercalative stacking interaction of
the amidopyrenyl unit (PyAm) of the probe along the abasic site opposite of base A leaving
the hairpin-shaped scaffold unit (A"TAA) possibly in the groove.

N
N
N

— PyAm-"TAA b
Eqv. of Ae® added ( )
—0.12
0.25
—0.37
|— 05
—0.75
1
—15
—2

(@)

Eqv. of A « @ added
—o012 0.5

025 —0.75
=037

Absorbance
H
N

390

Intensity (a.u) x 10°

810 370 500 20 a2 550
Wavelength (nm) Wavelength (nm)

Figure 5.40. (a) UV-visible and (b) fluorescence ((Aex = 280 nm) titration spectra when the
probe solution (10 uM) was titrated with increasing concentration of abasic duplex DNA, ODN
le5 (Ae® duplex).

5.6.2.3. Determination of Ae®—Probe Binding Constant
The binding constant (K) of the Ae®—probe complex was determined spectroscopically by

Benesi-Hildebrand plot (Figure 5.41) using the following equation 1,

11
(1=1,) (1—1,) " (1. —1,)K[DNA]

where lo, I and I, are the emission intensities of PyAm-A"TAA in the absence of DNA, and in
the presence of intermediate and at an infinite concentration of DNA, respectively. From the
slope (linear region’s data points) of the plot of 1/(I - lo) vs. 1/[DNA], the binding constant K
was determined, which was found to be 2.5 x 10° M. Next, the free energy of binding (AG)

was calculated using equation 2, which was found to be -7.4 kcal/mol.

AG=-RTInK (2)
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Figure 5.41. Benesi-Hildebrand plots of the probe PyAm-A"TAA in the presence of an

increasing concentration of Aed duplex at 298K.

5.6.2.4. Circular Dichroism (CD) Study

CD experiment was also carried out to get insight into possible structural perturbation of
Ae® duplex in the presence of PYAm-A"TAA. Thus, from the CD spectra, we observed that
the helicity of the duplex remained unchanged throughout the experimental conditions.
Moreover, the helicity of the scaffold is reflected as positive cotton effect with absorption at
250nm (-ve) and at 280 nm (+ ve) (Figure 5.42). However, as the concentration of PyAm-
A'TAA increased, the induced CD (ICD) was also found to be increased reflecting a strong

binding event without perturbing the B-form of the abasic DNA.
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Figure 5.42. CD spectra of Ae® duplex in presence and absence of PyAmM-A"TAA.,

5.6.2.5. Molecular Docking Study of ODN 1e5 with PyAm-A"TAA
To support, the binding event of the probe with abasic duplex ODN 1e5 (Ae® duplex), we

carried out docking study using AutoDock 4.2 software®*” 338 and AMBER* energy minimized
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geometry>3 340 of Ae® duplex and Gaussian®*! optimized geometry of the probe. The
conformations of abasic duplex ODN 1e5 (Ae® duplex) was minimized with the AMBER*
force field using Schrodinger Macro Model software (Maestro, version 9.0). A conjugate
gradient minimization scheme [PRCG (Polak-Ribiere Conjugate Gradient)] that uses the
Polak-Ribiere first derivative method with restarts every 3N iterations were employed for the
minimization of the B-form Ae® duplex. The AMBER* minimized structure of the abasic
duplex paired against A showed a gap alongside the abasic site. Next, the probe, PyAm-
ATAA, was optimized with B3LYP functional and 6-31G (d,p) basis set with Gaussian 09
program package.®* Finally, the docking study was carried to get insight into the abasic site
binding event alongside the groove with flexible molecular docking method and the full DNA
was under the grid map. From the docking study, we find that the probe encompasses the minor
groove extending the amidopyrenyl unit to the gap created at the abasic site and the scaffold
unit remained on the groove site involving n-n-stacking and H-bonding interaction (Figure

5.43). Thus, the docking study supported our experimental observation.

Figure 5.43. Docked structure of the complex of abasic DNA [ODN 1e5 (Ae® duplex)] and
the probe, PyAmM-A"TAA. (a) Side view and (b) top view

5.7. Conclusion

In conclusion, we have successfully demonstrated that the bare fluorescent pyrenylamido
aromatic triazolo amino acid scaffold, PyAm-~"TAA showed AIE characteristics. On

interaction with short abasic DNAs, it exhibited significant hyperchromism in the UV-visible
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spectra and enhanced fluorescence signal in the emission spectra when the abasic site was
opposite to base adenine (A). These observations indicated that the scaffold unit (*"TAA) of
the probe, PyAm-A"TAA, possibly involved in intercalative stacking interaction alongside the
gap created by the abasic site opposite of base A (Ae® duplex). A strong interaction of the
probe, PYAM-A"TAA with Ae® duplex was also indicated by a binding constant of 2.5x 10°
M calculated from Benesi-Hilderbrand plot. A CD spectrometry study revealed a negligible
effect on the conformation of the Ae® duplex in presence of the probe, PyAm-A"TAA.
Therefore, The label-free fluorescent light-up sensing of abasic DNAs based on our fluorescent
probe would be very useful and might find future applications for the detection and targeting
of other DNA lesions with "Just Mix & Read Strategy”” which is a less laborious, simple and

cost-effective method.

5.8. Experimental Section

5.8.1. Materials

Na;HPO4 and NaH2PO4.H20 (for preparation of phosphate buffer) were purchased from
Merck, India and used without further purification. Oligonucleotides sequences were
purchased from Integrated DNA Technologies (IDT). Water was obtained from a Milli-Q
purification system. All experiments were performed with freshly prepared solutions. The
probe molecule PyAm-A"TAA was synthesized and purified according to our previously
reported literature procedure.®*? We recrystallized the column purified material in the
methanol-ethylacetate solvent mixture, dried under vacuum, again characterized and used for

the study.

5.8.2. Preparation of Abasic DNA Solutions
The concentrations of the ODNs stock solutions were determined by applying Beer-
Lambert equation 3 as shown below:
Azso =l0g /o =e260%X c X1 .coviniiniiiiiiiinn, 3)

Where, Azeo IS the absorbance of the ODN at 260 nm which is determined from the intensity
of the transmitted light (I) compared to the intensity of the emerging light (lo), €260 is the
algebraic sum of extinction-coefficients of the individual nucleosides at 260 nm (for natural
nucleosides, €260 IS calculated with oligo analyzer), c is the concentration of ODN and | is the

path length of the light through the sample.
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After the concentrations of individual ODNs determined, the ODNs are mixed with their
complementary ODNs in equimolar concentrations to obtain the corresponding DNA duplexes
(2.5 uM) in phosphate buffer (50mM sodium phosphate and 100mM NacCl in water, pH =7.0).

5.8.3. Photophysical Study
5.8.3.1. UV-Visible Study

The UV-Visible absorbance measurements were performed using Shimadzu UV-2550
UV-Visible spectrophotometer with quartz cell of 1 cm path length at 298 K. All the UV-
Visible studies were carried out in 50 mM phosphate buffer of pH 7.0 at 298 K. 2-3 % DMF
was used to solubilize the probe. The measurements were taken in absorbance mode and the
absorbance values of the sample solutions were measured in the wavelength regime of 200
600 nm. The concentrations of ODNs were 2.5 uM in 50mM sodium phosphate buffer (pH =
7.0) containing 100 mM NacCl. All the experiments were carried out with freshly prepared

sample solutions.

5.8.3.2. Fluorescence Study

All fluorescence and steady-state fluorescence experiments were performed using
Fluoromax 4 spectrophotometer with quartz cell of 1 cm path length at 298 K. The slit width
was set at 3 nm and the integration time was 0.2 sec. All the fluorescence studies were carried
out in 50 mM phosphate buffer of pH 7.0 at 298 K. 2-3 % DMF was used to solubilize the
probe. The excitation wavelength for probe PyAm-A"TAA was set at 290nm, the absorption
maxima of the amino acid scaffold A"TAA nm and at 342 nm, the absorption maxima of the
amidopyrenyl unit (PyAm). The emission spectra were measured in the wavelength regime of
300-680 nm.

5.8.4. Molecular Docking

Docking calculations were carried out using Autodock 4.2.3%: 3% To test the accuracy of
the docking results, the docking process was repeated three times. The AutoDock tools (ADT)
were utilized for charges and polar hydrogens addition as well as for setting the other
parameters. Auto Grid 4.0 and AutoDock 4.0 were used to produce grid maps. A grid box to a
size of 70 x 64 x 106 with 0.375 A spacing was generated. The centre grid box for x-, y- and z
centres were -0.953, 3.033 and 20.114 with offsets -14.078, -8.967 and 0.239, respectively. In
the prescriptive grid box, we calculated the complex conformation with flexible molecular
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docking method. The Lamarckian genetic algorithm (LGA) %7 was chosen to carry out a
flexible molecular docking of the PyAm-A"TAA to the Ae® duplex and to calculate the
complex conformation. The other items used were the default settings. A total of 10
conformations from each docking were obtained and the least binding energy was considered
as the best-docked conformation

5.8.5. B3LYP/6-31G* Optimized Structure and Cartesian Coordinates of

PYAM-A"TAA
a X Ia . T
ok PN S
Q"- S 9 J)-‘ -
> {
2 Do &
34} < > s
>
Jf‘ !)J
o X
F T B0
>
J o
E(RB+HF-LYP)= -1715.3694 a.u.
Standard orientation
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 6 0 6.184107 2.216060 0.254274
2 6 0 5.840746  -0.171483 0.147853
3 6 0 5.344200 1.123324 0.012241
4 1 0 4.321652 1.315223  -0.292514
5 6 0 7.521339 2.010760 0.613908
6 1 0 8.166312 2.862355 0.795715
7 6 0 7.177561  -0.385638 0.507334
8 1 0 7.544029  -1.400791 0.601669
9 6 0 8.008795 0.709180 0.731487
10 1 0 9.045316 0.542220 1.009114
11 6 0 2.064217  -3.383776  -0.444835
12 6 0 0.870940  -2.691548  -0.191523
13 1 0 0.875678  -1.645629 0.078687
14 6 0 -0.358347  -3.353145 -0.292814
15 6 0 2.027418  -4.740416  -0.798903
16 1 0 2.956608  -5.264307 -0.992573
17 6 0 0.800279  -5.391854  -0.898747
18 1 0 0.766467  -6.442417 -1.173896
19 6 0 -0.387730  -4.711438  -0.649121
20 1 0 -1.341173  -5.229973  -0.728761
21 6 0 5.592991 3.577362 0.095455
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22 6 0 5.980006 5.896971 0.211552
23 1 0 5.150008 6.065053 0.902719
24 1 0 5.632768 6.072404 -0.810008
25 1 0 6.818759 6.551202 0.450572
26 6 0 -1.859003 -1.411095 0.291347
27 8 0 6.485780 4.559117 0.348112
28 8 0 4.440066 3.789766 -0.224570
29 8 0 -0.983909 -0.556984 0.404311
30 6 0 3.353845 -2.689893 -0.343077
31 6 0 3.639035 -1.374985 -0.029199
32 1 0 3.013803 -0.538899 0.238811
33 7 0 4.996134 -1.2904¢61 -0.081477
34 7 0 -1.597800 -2.723392 -0.049840
35 1 0 -2.409261 -3.303969 -0.211536
36 7 0 5.530766 -2.500637 -0.413517
37 7 0 4.547398 -3.331096 -0.567958
38 6 0 -3.319925 -1.128586 0.518194
39 6 0 -4.095663 -2.063475 1.219911
40 6 0 -3.914557 0.078247 0.064937
41 6 0 -5.442930 -1.846696 1.477615
42 1 0 -3.623832 -2.962534 1.607531
43 6 0 -5.309094 0.293003 0.313980
44 6 0 -3.191768 1.089492 -0.662201
45 6 0 -6.076119 -0.679191 1.028213
46 1 0 -6.014376 -2.581808 2.038485
47 6 0 -5.947848 1.484748 -0.148443
48 6 0 -3.808113 2.221028 -1.102725
49 1 0 -2.134354 0.941686 -0.836764
50 6 0 -7.470580 -0.432836 1.269089
51 6 0 -7.337771 1.702443 0.102581
52 6 0 -5.200750 2.466095 -0.865115
53 1 0 -3.238643 2.969938 -1.648003
54 6 0 -8.073645 0.703939 0.826633
55 1 0 -8.037852 -1.181585 1.816451
56 6 0 -7.941439 2.881528 -0.362459
57 6 0 -5.846889 3.630629 -1.311353
58 1 0 -9.130497 0.876191 1.015598
59 6 0 -7.202225 3.834054 -1.061831
60 1 0 -8.998808 3.045440 -0.169443
61 1 0 -5.273827 4.376431 -1.856680
62 1 0 -7.686251 4.740832 -1.414006
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Summary and Outlook

Major findings and the future outlook of the present investigations described in this
dissertation have been summarized below:

This dissertation has a total of five chapters out which Chapter 1 is a review chapter on
the applications of C5-substituted 2’-deoxyuridines. Two chapters (Chapter 2 and Chapter 4)
are devoted to the synthesis of C5-substituted 2'-deoxyuridines containing donor-acceptor
triazolyl aromatics via Sonogashira cross-coupling and azide-alkyne cycloaddition reaction
under “Click” conditions. Other chapters (Chapter 3 and Chapter 5) describe the biophysical
properties of one triazolyl C5-substituted nucleoside, one tetrazolyl unnatural nucleoside and
one triazolyl aromatic amino acid scaffold, all of them are labeled with pyrene moiety.

Thus, in Chapter 2, we have described the synthesis of few new C5-substituted 2'-
deoxyuridines via Sonogashira cross-coupling followed by azide-alkyne cycloaddition reaction
(“Click”) and studied their photophysical properties in various organic solvents. Therefore in
this chapter, we have demonstrated the rational design and synthesis of triazolyl push-pull
fluorophore-labeled uridines via the intermediacy of C5-{4-(2-
propynyl(methyl)amino)}phenylacetylene as a universal linker. Our design involves the
synthesis of a universal linker, 4-(Propynyl(methyl)amino)phenyl acetylene and its
incorporation into C5-position of 2’-deoxyuridine. The universal linker containing 2’-deoxy
uridine can then undergo Huisgen 1, 3-dipolar cycloaddition reaction with donor-acceptor
chromophore containing fluorogenic azides to afford the target fluorescent uridines. The donor
aromatic substituted triazole moiety is thought to allow an intramolecular charge transfer (ICT)
process from triazole-linked moiety to the fluorophoric units leading to solvatochromic
fluorescence at a longer wavelength. Moreover, the fluorophores, such as pyrene, coupled
electronically with donor aryltriazoles, could show dual fluorescence property or interesting
modulated solvatochromic emission response. Thus, our design would ultimately lead to
predetermined photophysical properties of the fluorophores and hence of the nucleoside.

Thus, the synthesized nucleosides show interesting solvatochromic characteristic and/or
intramolecular charge transfer (ICT) feature. Few of them also exhibit dual emitting
characteristics evidencing our designing concept. The HOMO-LUMO distribution shows that
the emissive states of these nucleosides are characterized with more significant electron

redistribution between the C5-{4-(2-propynyl(methyl)amino)}phenyl triazolyl donor moiety
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and the aromatic chromophores linked to it leading to modulated emission property. The
solvent polarity sensitivity of these nucleosides has also been tested. The synthesized triazolyl
benzonitrile-, naphthyl- and pyrenyl- nucleosides have been found to exhibit interesting
intramolecular charge transfer (ICT) and dual (LE/ICT) emission property. The dual
fluorescent nucleosides having ratiometric fluorescence property could be utilized for DNA
analysis if incorporated in a DNA for the generation of fluorescent oligonucleotide probes.

In Chapter 3 we have studied the interaction of biomolecular microenvironment with our
previously reported triazolylpyrene nucleoside (Chapter 2) and tetrazolylpyrene nucleoside.
In particular, we have exploited the interesting emissive property of these nucleosides to study
their interactions with bovine serum albumin (BSA) spectroscopically. The photophysical
study has revealed that both nucleosides exhibit enhanced fluorescence signal upon binding to
the hydrophobic pocket of BSA which is also supported by a molecular docking study. These
observations indicate a strong interaction between these nucleosides and BSA. The study of
protein-ligand interaction is very important for the development of newer drug candidates.
Therefore, our nucleoside probes might find application in studying such events in
pharmaceutical sciences. The most attractive result of this chapter is that the triazolylpyrene
nucleoside exhibits its dual emitting properties even after complexation with BSA and enabled
a ratiometric fluorescence analysis of the binding event. As the ratiometric fluorescence
sensing is highly advantageous compared to a single wavelength emission, the ratiometric
fluorescent triazolylpyrene nucleoside probe would find wide future application in chemistry,
biology and in material sciences.

In Chapter 4, we have described the synthesis of few new fluorene labeled C5-substituted
2'-deoxyuridines via the same methodologies as described in Chapter 2 i.e. Sonogashira cross
coupling and azide-alkyne cycloaddition reaction (“Click”). We have explored the
photophysical properties of the synthesized nucleosides. The UV-visible and fluorescence
study of these nucleosides revealed interesting dual emissive properties in various organic
solvents in particular, the fluorenyl and cyanofluorenyl nucleosides. Therefore, these two
nucleosides might find application in DNA microenvironment sensing. Furthermore, we have
demonstrated the interaction of cyanofluorenyl nucleoside with ctDNA. Thus, it exhibits an
enhanced fluorescence signal on binding to the ctDNA in the minor groove which is also
supported by a molecular docking study. Therefore, these nucleosides would find applications
in the investigation of DNA-drug interactions. In addition, these nucleosides might find

applications in DNA analysis if incorporated into a DNA sequence in the future.
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Finally, Chapter 5, demonstrates a label-free strategy for studying the interaction of an

AIE probe, PyAm-A"TAA, with abasic DNA. Thus, we have successfully shown that the probe

is able to sense an abasic DNA duplex via an enhancement of fluorescence when the abasic

site lies opposite to base adenosine (A) of a T-rich 13-mer abasic DNA duplex. On the other

hand, it also serves as a sensor for the abasic site opposite to base G and/or C of C-rich 13-mer

DNAs via a drastic fluorescence quenching. A docking study reveals that the probe

encompasses the minor groove extending the amidopyrenyl unit to the gap created at the abasic

site and the scaffold unit remained on the groove site involving n-n-stacking and H-bonding

interaction. Therefore, the aromatic amino acid scaffold probe, PyAm-A"TAA might find

applications in the detection and targeting of other DNA lesions and G-quadruplex DNAs.
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Therefore, these novel and important findings presented in this dissertation are expected to
further define research to establish and to create more of such conceptually designed
fluorescent nucleosides and scaffolds amino acids as probes for future applications in
chemistry, biology and material sciences. Our result is sufficient enough to advance the on-
going examination of such related fluorescent molecules and thus, attract the interest of the
broad scientific community. The concept of designing fluorescent triazolyl- and tetrazolyl- and
fluorenyl-nucleosides might find special attention in future in the field of chemical genomics.
The rapidly growing research toward the expansion of genetic alphabet as well as growing
demand of nucleic acid-based diagnostics and sensing materials necessitates the design and
synthesis of modified/unnatural nucleosides with tuned photophysical properties such as ICT
and dual emission. The incorporation of such fluorescent nucleosides/fluorophores into DNAS
would extend our vision in the realm of molecular genetics/recognition. With the advancement
of knowledge and strategies of chemistry and biology, fluorescently labeled nucleosides/small
fluorescent probes/fluorescent scaffolds expectedly would continue to be at the forefront in
aiding researchers to gain insights into fundamental questions concerning life's essential
biological functions involving DNA/protein interactions, recognition, and synthesis. Many
more advancements in the field of fluorescent nucleosides/fluorescent oligonucleotide

probes/fluorescent biosensor are expected in the near future.
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ABSTRACT: Microenvironment-sensitive fluorescent nucleosides
present attractive advantages over single-emitting dyes for sensing inter-
biomolecular interactions involving DNA. Herein, we report the rational
design and synthesis of triazolyl push—pull fluorophore-labeled uridines
via the intermediacy of CS5-[4-(2-propynyl(methyl)amino)]phenyl acety-
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propynyl(methyl)amino) Jphenyl triazolyl donor moiety and the aromatic
chromophores linked to it, leading to modulated emission property. The
solvent polarity sensitivity of these nucleosides was also tested. The
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synthesized triazolyl benzonitrile (10C), naphthyl (10E), and pyrenyl (10G) nucleosides were found to exhibit interesting ICT
and dual (LE/ICT) emission properties. The dual-emitting pyrenyl nucleoside maintained a good ratiometric response in the
BSA protein microenvironment, enabling the switch-on ratiometric sensing of BSA as the only protein biomolecule. Thus, it is
expected that the new fluorescent nucleoside analogues would be useful in designing DNA probes for nucleic acid analysis or
studying DNA—protein interactions via a drastic change in fluorescence response due to a change in micropolarity.

B INTRODUCTION

Polarity-sensitive fluorescent molecules are ubiquitous for
sensing of biomolecules and studying inter-biomolecular
interactions inside a cell.' In particular, sensing of the local
microenvironment of DNA is highly important in connection
with the detection of DNA mutations causing deleterious
effects on cellular survival, high-throughput screening, and
many other biotechnological applications.” All these events in
DNA rely on novel fluorescent probes—either as bare or
unnatural fluorescent nucleosides or fluorescently labeled
natural nucleosides.” Though many such probe systems in
relation to DNA have been reported, the probes suffer from
fluorescence quenching by neighboring nucleobases, short
wavelength emission, or poor microenvironment sensitivity.”>*
Therefore, design of novel emissive probes, particularly,
fluorescent nucleosides with unique fluorescence properties,
extreme sensitivity to change in DNA microenvironment, and
interactions are highly desirable. Among the three approaches,
linking a fluorophore in nucleoside bases is the major approach
to generate a fluorescent nucleoside useable for DNA
sensing.” > As a result of tremendous research efforts, a large
number of fluorescently labeled nucleosides and corresponding
oligonucleotide probes have been designed and utilized for a
variety of applications that include probing DNA hybrid-
ization,® typing single nucleotide polymorphism (SNP),” and

v ACS Pub“cations © 2018 American Chemical Society

TH-2109_126122016

7606

monitoring the inter-biomolecular interaction,” to name a few.
However, the majority of the reported environment-sensitive
fluorescent nucleosides exhibited single band emission that
sense the differences in micropolarity either by change in
emission intensitz' or wavelength.”™'> Among these, Saito’s
ESF nucleosides'” and fluorene-linked nucleoside by Hocek et
al."* are highly attractive for monitoring the micropolarity
changes within DNA. However, often the majority of such
probes suffer from several shortcomings such as poor
microenvironment sensitivity and low quantum yields.”™>'>"*

Therefore, to overcome these limitations, the concept of
two-band emission would be more advantageous over
commonly utilized single-band fluorescent probes/nucleo-
sides.'”® Thus, recording a ratio of the intensities at two
wavelengths would allow ratiometric sensing, which is more
advantageous than sensing based on single-wavelength
emission.'® Basically, ratiometric sensing results in an intrinsi-
cally calibrated emission response.”> Ratiometric probing of
DNA, though reported, is based on labeling of DNA by two
interacting dyes such as a FRET pair or excimer/exciplex
pair.**”>"” However, labeling with two dyes is difficult, time-
consuming, and highly uneconomical.'*~"” On the contrary, a
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This report presents the design and synthesis of a novel fused triazolyl 2-quinolinone (FTQuon)
nucleoside as a new generation of angularly widened unnatural nucleobase surrogate with two possible
H-bonding faces-one H-bond acceptor and another donor. The synthesis via a tandem CuAAC-Ullmann
coupling, the study of photophysical properties and theoretical calculation in the context of DNA are
the main contents of this report. The newly designed nucleoside shows interesting photphysical property

with slight blue shifted solvatochromicity. It also shows pH sensitive emission. All the theoretical DNA
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duplexes containing the FTQuon show right—handed B-form helicity as revealed from a molecular dy-
namics simulation using Schrodinger Macromodel. A theoretical (DFT) study indicates a good stabilizing
property of FTQuon via pairing with natural pyrimidine bases. It also shows good interaction property
with BSA protein signalled via a switch on fluorescence response.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The Nature's power of delegation for encoding the complex
information necessary for life is given to DNA orchestrated only by
H-bonded two base pairs.'® However, the motivation toward
enhancement of functional ability has spurred the research to
expand the genetic alphabets via the design of unnatural nucleo-
bases by mimicking the natural H-bonded base pairing.' The pio-
neering work by Professor Alex Rich and later on by Prof. Steven A.
Benner have led to expand the genetic alphabet from four to six
letters featuring orthogonal H-bonding complementarity.! Since
then an increasing amount of research works has resulted in the
acceleration of progress towards expanding the genetic alphabets
via the design and synthesis of unnatural H-bonded base pairs.>

The creation of non-H-bonded unnatural nucleobase surrogates
by Kool et al., has opened a new dimension in the design of hy-
drophobic DNA base analogues.** © Since then, much efforts have

* Corresponding author. Tel.: +91 361 258 2324; fax: +91 361 258 2349.
E-mail address: ssbag75@iitg.ernet.in (S.S. Bag).
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been put forth to develop non-natural, stable, hydrophobic nucle-
osides.*J Many of such hydrophobic base pairs are found to be
recognized by polymerase enzymes creating an increased numbers
of genetic alphabets. In recent time, the development of size
expanded DNA bases as well as widened base pairs has impacted
greatly in the field of design of hydrophobic as well as H-bonded
nucleosides.” Furthermore, the lack of practical fluorescence
property of the natural nucleobases and harnessing for the nucleic
acid based diagnostics and sensing materials, have greatly drawn
interest, in recent time, toward the design of unnatural DNA base
pairs with tuned photophysical properties.” © Toward this end,
several unnatural nucleosides have appeared in the literature for
the development of functional nucleic acids.®¢ "

Therefore, the attractive forces like H-bonding, aromatic stack-
ing, hydrophobic or CH-7 interactions have well been explored in
the context of design of isomorphic or other unnatural DNA
bases.!  In general, in the design of isomorphic DNA bases, the
structural modification of purine in the five-membered ring is
considered mostly. Several studies have reflected that such modi-
fications, especially for 2’-deoxyisoguanosine, are tolerated as long



