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Abstract

Understanding the nature and function of DNA requires tools with high sensitivity and
specificity. Over the past decades, fluorescent nucleobase analogs (FBAs) have emerged as a
particularly powerful class of molecular probes. However, from the previously reported FBAs, some
suffer from low brightness, some do not mimic the hydrogen bonding of natural nucleobases, and
most have limited sensitivity towards single-stranded DNAs (ss-DNAs) and mismatched, well-
matched or damaged duplex DNAs (ds-DNAs). To overcome these limitations, we need FBAs with high
molar extinction coefficients and fluorescence quantum vyields that depend on their
microenvironment. Such FBAs would be of great interest in detecting and characterizing dynamic

DNA secondary structures.

Our first foray into the world of nucleic acid structure probes involves the integration of a
well-known and bright molecular rotor fluorophore, trans-stilbene, into thymidine. The resulting
fluorescent nucleobase analog (*T) in ds-DNA is one of the brightest reported FBAs to date (Chapter
2). The *T phosphoramidite was synthesized in 12 steps with an overall yield of 26% and incorporated
into DNA oligonucleotides. This new thymidine mimic has a molar extinction coefficient (€) = 30’600
M-*cm™ and an average fluorescence quantum yield (¢) = 0.143 when incorporated in ds-DNA. This
value is 4.9-fold higher than the quantum yield of *T in ss-DNA, 8.2-fold higher than in a ds-DNA with
5T:G mismatch and 28-fold higher than in a ds-DNA with *T:T and *T:C mismatches. Dynamic
anisotropy measurements confirmed the relation between the fluorescence intensity of *T molecular
rotor with global dynamics of ss-DNA, and local dynamics of mismatched ds-DNA (Chapter 3). The
exceptionally high fluorescence of *T in ds-DNA stems from the rigid microenvironment of ds-DNA
and the lack of photo-induced electron transfer (PET) quenching with natural nucleobases as
suggested by our Density Functional Theory (DFT) calculations. In fact, *T undergoes PET quenching
selectively with 8-oxoguanine (OG) and can detect it at distances as far as 20 A. In addition, Forster
resonance energy transfer (FRET) between *T and tC showed that this FRET pair has a small Ro = 2.0
nm and thus can be applied as a spectroscopic ruler, and temperature-dependent measurements

demonstrated that *T can act as a molecular thermometer.

Inspired by ®T, we sought to probe i-motif structures, thus its cytosine analog, *C, was

synthesized to probe the pH-dependent folding of C-rich DNA into i-motif structures (Chapter 4). The
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absorbance of *C, like *T, is red-shifted enough to not overlap with DNA natural bases absorbance,
but it is blue-shifted enough to allow for energy transfer from unmodified DNA bases to the probe
when it is positioned in an i-motif structure. *C is the first light-up FBA for i-motif DNA that exhibits a
bathochromic shift upon i-motif formation. These properties enable unprecedented sensitivity in

detecting i-motif strand displacement reactions and temperature-dependent dynamics.

With a deeper understanding of the structure and dynamics of duplex, quadruplex, and
single-stranded DNA, we proceeded to switch different duplex secondary structures and probe them
using biophysical tools (Chapter 5). We designed a DNA sequence, containing a defined number and
arrangement of C:T mismatches, capable of undergoing a global B-to-A-form helical transition upon
adding one equivalent of Hg" per mismatch, and possibly right-to-left-handed switching upon the
addition of the second equivalent of Hg". In addition, we have found that by replacing C:T mismatches
with T:T mismatches, the B-form DNA can switch to a Z-form-like duplex upon the addition of one
equivalent of Hg'". These processes are fast (<30 sec) and can be reversible when N-acetyl cysteine is
added. This demonstrates that mismatch metallo bases have unique switching potential in DNA-

based materials and devices.
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Résumé

Comprendre la nature et la fonction de I'ADN nécessite des outils d'une sensibilité et d'une
spécificité élevées. Au cours des derniéres décennies, les analogues de bases azotés fluorescentes
(BAF) ont émergé comme une classe particulierement puissante de sondes moléculaires. Cependant,
parmi les BAF précédemment reportés, certains souffrent d'une faible luminosité, ne parviennent pas
a imiter la liaison hydrogénes des bases azotées naturelles, et la plupart ont une sensibilité limitée
envers les simples brins d’ADN (ADNsb), les duplex mal appariés, bien appariés ou endommagés
d’ADN (ADNdb) et les quadruplexes. Pour surmonter ces limitations, nous avons besoin de BAF avec
des coefficients d'extinction molaire élevés dont le rendement quantique de fluorescence est
dépendant de leur microenvironnement. De tels BAF seraient d'un grand intérét pour détecter et

caractériser les structures secondaires dynamiques de I'ADN.

Notre premiére incursion dans le monde des sondes de structure d'acide nucléique implique
I'intégration d'un fluorophore a rotor moléculaire bien connu et brillant, le trans-stilbene, a la
thymidine. L'analogue de base azotée fluorescente (*T) résultant dans ’ADN a double brin est |'un
des BAF les plus brillants signalés a ce jour (chapitre 2). Le phosphoramidite *T a été synthétisé en 12
étapes avec un rendement global de 26 % et incorporé comme nucléotides dans ’ADN. Ce nouveau
mimétique de la thymidine a un coefficient d'extinction molaire (€) = 30'600 M*cm-tet un rendement
guantique de fluorescence () = 0,143 lorsqu'il est incorporé dans I'ADNdb. Ce dernier est 4,9 fois
plus élevé que le rendement quantique de tsT dans I'ADNsb, 8,2 fois plus élevé que dans un ADNdb
avec mésappariement “T:G et méme 28 fois plus élevé que dans un ADNdb avec des
mésappariements “T:T et ®T:C. Les mesures d'anisotropie dynamique ont confirmé la relation entre
I'intensité de fluorescence du rotor moléculaire *T avec la dynamique globale de I'ADNsb et de
I'ADNdb bien apparié, et la dynamique locale de I'ADNdb non apparié (chapitre 3). La fluorescence
exceptionnellement élevée de “T dans I'ADNdb provient du microenvironnement rigide de I'ADNdb
et de I'absence d'extinction par transfert d'électrons photo-induit (PET) avec des bases azotées
naturelles, comme le suggérent nos calculs de théorie fonctionnelle de la densité (DFT). Confirmé par
des calculs théoriques, *T subit une désactivation sélective du PET avec de la 8-oxoguanine (OG) et
pourrait le détecter a des distances allant jusqu'a 20 A. De plus, le transfert d'énergie de résonance

Forster (FRET) entre T et tC a montré que cette paire de FRET a un petit Rop = 2,0 nm et peut donc
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étre appliguée comme régle moléculaire et nos mesures dépendantes de la température ont

démontré que “T peut agir comme un thermometre moléculaire.

Inspirés par *T, nous avons cherché a sonder les structures i-motif, ainsi, son analogue de la
cytosine, ®C, a été synthétisé pour sonder le repliement dépendant du pH de I'ADN riche en C dans
les structures i-motif (Chapitre 4). L'absorbance de *C, comme *T, est suffisamment décalée vers le
rouge pour ne pas chevaucher I'absorbance des bases naturelles de I'ADN, mais elle est également
suffisamment décalée vers le bleu pour permettre le transfert d'énergie des bases de I'ADN a la sonde
lorsqu'elle est positionnée dans une structure compacte i-motif. **C est le premier BAF lumineux pour
I'ADN i-motif et montre un décalage bathochrome. Ces propriétés permettent une sensibilité sans
précédent dans la détection des réactions de déplacement de brin i-motif et de la dynamique

dépendante de la température.

Avec une compréhension plus approfondie de la structure et de la dynamique de I'ADN
duplex, quadruplex et a simple brin, nous avons procédé a la commutation de différentes structures
duplex secondaires et a leur analyse a l'aide d'outils biophysiques (chapitre 5). Nous avons cong¢u une
séquence d'ADN, contenant une certaine quantité de mésappariements C:T, capable de subir une
transition hélicoidale globale de forme B a A lors de l'ajout d'un équivalent de Hg" par
mésappariement, et commutation de droite a gauche lors de I'ajout du deuxiéme équivalent de Hg".
De plus, nous avons découvert qu'en remplagant les mésappariements C:T par des mésappariements
T:T, I'ADN de forme B passe directement a I'ADN de type Z lors de I'ajout d'un équivalent de Hg'". Ces
processus sont rapides (<30 sec) et sont réversibles lorsque de la cystéine N-acétyle est ajoutée. Cela
démontre que les métallobases mésappariées possédent un potentiel de conversion unique dans les

matériaux et dispositifs a base d'ADN.
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“Conclusion: Big helix in several chains, phosphates on outside.” Rosalind Franklin

“A structure this pretty just had to exist.” James Watson
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1.1 Nucleic acids: Molecular basis of life

"Why is a raven like a writing desk?" This was Mad Hatter’s riddle in Alice’s Adventures in
Wonderland. Alice could not answer this question because there was not an actual answer. However,
science today has an answer for that: A raven and a tree’s genomes consist of the same building
blocks. These building blocks are nucleic acids, exquisite biopolymers that store all biological
information essential for life which synergize structure and function like no other. Their unique
chemical, biological and physical properties have captivated researchers for decades, which has
resulted in the development of numerous applications, ranging from therapeutics and diagnosis to

nanotechnology and computer science.

Despite the general belief, the discovery of 2’-deoxyribose nucleic acid (DNA) traces back to
80 years before the famous paper of Watson and Crick, when the Swiss scientist Miescher isolated
and analyzed DNA. In 1869 Miescher developed his insightful theories explaining how biological
molecules could encode genetic information.! By a fortunate historical coincidence, in the same
decade Darwin had expounded the mechanism driving biological evolution and Mendel had described
the basic laws of inheritance.? Finally, the importance of studying the structure and functions of DNA
was revived when Avery proposed DNA rather than proteins as the carrier of genetic information.?
This proposal was unambiguously proven in 1952 by Hershey and Chase.* In parallel with these
discoveries, Levene showed nucleic acids are polynucleotide chains composed of four nucleotide
units, including adenosine (dA), guanosine (dG), cytidine (dC) and thymidine (dT).> However, what
truly acted as a cornerstone for unravelling the structure of the molecular basis of life was the
discovery of the 1:1 ratio between A and T, and G and C nucleobases by Chargaff.® Shortly after this
finding Watson and Crick, inspired by the unpublished X-ray diffraction data of Franklin and Wilkins
suggesting the helical form of DNA,”® proposed DNA’s double helix structure.® The specific base-
pairing of DNA nucleobases suggested a possible copying mechanism for the genetic material, where
duplex DNA (ds-DNA), can be considered a “resting state” of genetic code, with information actively
flowing into and out of single-stranded DNA (ss-DNA). Thus, after the discovery of DNA’s double helix
structure, Watson suggested that DNA acts as a template for self-replication, and genetic information
transfers from DNA to RNA (transcription) and from RNA to protein (translation) in a unidirectional

flow.10
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Since Crick's first formulation of the “central dogma of biology”,* groundbreaking revelations

of DNA’s diverse and dynamic structures and their associated biological functions have been
obtained. Synthetic nucleic acids now have applications in medicine,? gene editing (CRISPR-Cas9),3

1421 3nd forensics.?? In addition, today we know DNA is not merely a storage medium for

base editing,
genetic information; but it can also be used to construct various two- and three-dimensional
nanostructures with novel properties,?>?* molecular machines,?>?® and media for digital data
storage.?’” However, despite the wealth of information and progress, DNA nanostructures cannot
replace natural systems, and patients with genetic diseases still suffer. This is because our

understanding of DNA and RNA is far from complete. Thus, probing various structures and functions

of DNA is of great importance and continues to fascinate those devoted to its study.

1.2 DNA structure and properties

DNA is a linear polymer consisting of 2’-deoxyribonucleotides composed of a cyclic five-
carbon sugar (B-D-2'-deoxyribose) with a phosphodiester linkage between 5’ and 3’ positions and a
nitrogenous nucleobase at the C1’ position (Figure 1.1A). The four main nucleobases are classed
either as pyrimidines (T and C) or purines (A and G) due to the nature of the heterocyclic rings. The
preferred conformation of the nucleotides is anti, where the hydrogen bonding face of each
nucleobase is oriented away from the carbohydrate. The phosphate groups are deprotonated at
neutral pH, rendering the DNA an anionic polymer. The negatively charged phosphate groups are
located on the outside of the helical structure, and the nucleobases occupy the hydrophobic core of
the helix, where each nucleobase interacts with adjacent nucleobases through 1 stacking and forms
hydrogen bonds with the opposing nucleobase.?® Thus, formation of G:C and A:T base-pairs between
the two complementary polynucleotide strands stabilize the DNA double helix by hydrogen bonding

and base stacking interactions (Fig 1.1B).
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Figure 1.1. (A) Nucleic acid primary structure including nitrogenous heterocyclic nucleobases that are split
into different classes: pyrimidines and purines. (B) Watson-Crick-Franklin base-pairs; G pairs with C via
three hydrogen bonds and A pairs with T via two hydrogen bonds (R, R’ = 2’-deoxyribose-phosphate
backbone). (C) Nucleosides consist of a nucleobase attached, via a B-Glycosidic bond, to the 1’ position
of a 2’-deoxyribose (DNA) or ribose (RNA) sugar. A nucleotide is a nucleoside that contains a phosphate

group.

1.3 Probing DNA by fluorescent probes

Biophysical techniques have been applied to nucleic acids, such as circular dichroism (CD),?°
thermal difference spectra (TDS),3° X-ray crystallography,3! cryo-electron microscopy,3? and NMR33
to provide structural information, probe their dynamics, and study their biological functions as well
as binding interactions. While there is no doubt these methods have had significant success in the
aforementioned applications, it is important to be aware of their limitations. For example, some of
these techniques probe only global structures, some have low sensitivity and require samples with
high purity, and some are incompatible with conformational analyses in living cells. Finally, the main
drawback of these methods is they cannot be used for single-molecule studies in real-time.
Fluorescence spectroscopy is a powerful tool for real-time probing of DNA molecules in vitro and in

vivo.3*37 It has high sensitivity and can be used for a variety of experiments such as dynamic
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anisotropy and Forster resonance energy transfer (FRET) to probe local and global dynamics of nucleic
acids.3®3% In addition, since the natural DNA nucleobases are practically non-fluorescent, it is possible
to conduct single-molecule fluorescent experiments without interfering background signals.*
However, the success of fluorescence-based experiments largely depends on the selection of

appropriate fluorescent probes.

In general, two different types of fluorescent probes have been developed for nucleic acids:
covalent and non-covalent fluorescent probes (Figure 2). Non-covalent probes include groove binders
and intercalating agents. Intercalating agents are molecules, normally contain aromatic ring(s) in their
structure, that can bind to DNA through m-stacking and/or electrostatic interactions. Many polycyclic
dyes with high fluorescence intensities and extinction coefficients can be used as DNA intercalators
and stains, such as acridine orange and ethidium bromide dyes.** Usually, intercalators undergo
fluorescence enhancement*? and/or red-shifting in emission upon binding to DNA.** These changes
in photophysical properties are due to the increased rigidity and shielding from water when
intercalators are located between nucleotides in a DNA structure. In addition, the minor groove is the
target of a large number of non-covalent binding agents, such as fluorescein-neomycin** and BODIPY-
neomycin® conjugates. DNA binding with specific sequences, takes place by means of a combination
of directed hydrogen bonding to base-pair edges, van der Waals interactions with the groove walls
and electrostatic interactions.*® Examples include pyrrole-imidazole polyamides.*’**° Non-covalently
attached fluorophores are mainly used for the visualization of nucleic acids in experimental biology
procedures.”®>! They can also be used to monitor folding and interactions of nucleic acids with their
targets but are not able to provide site-specific data and present many other limitations, such as

perturbation of DNA conformations in some cases.>?>3

Covalent fluorescent probes, which provide labeling with high specificity, include two sub-
categories: (1) external fluorescent probes, which can be attached to certain positions of DNA
(nucleobase or backbone) via a non-nucleosidic linkage,?”**>> and (2) fluorescent base analogs
(FBAs), in which a fluorophore substitutes one nucleobase within the DNA. External fluorescent
probes are usually highly fluorescent dyes, such as rhodamine,>® cyanine,®” and fluorescein,>® and
normally cause minimal perturbation with DNA conformation. Thus, they are powerful markers for
nucleic acids detection. However, apart from DNA visualization, they cannot sense DNA damage, helix

structure, local dynamics and, in some cases, they perturb protein-enzyme interactions.>>*®° To be
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able to detect different DNA conformations and DNA hybridization, external probes require at least
one quencher® or one more fluorescent probe as a FRET pair;®? which raises the risk of affecting the
folding and thermal stability of the DNA.53 An alternative for external probes are FBAs, which will be
discussed in the Section 1.4, and can be categorized into four subsets: (1) chromophoric, in which a
chromophore or a hydrocarbon is incorporated into DNA as C-nucleoside or as base surrogate;>> 646>
(2) extended, in which a fluorophore is attached to the nucleobase via a non-emissive linker; (3)
isomorphic, which are nearly identical in structure to a natural nucleobase; and (4) expanded, which

contain additional aromatic ring(s) fused to the purine or pyrimidine core (Figure 1.2).

DNA fluorescent probes

A

\

Covalent probes Non- covalent probes
External probes Base analogs (FBAs) Intercalating agents Groove binders
vg A
4 N
Extended Isomorphic  Expanded Chromophoric
[ -

OS” - \*

Figure 1.2. Fluorescence labeling strategies illustrated for the detection of DNA.

1.4 Fluorescent base analogs (FBASs)

FBAs are chemically modified DNA and RNA analogs that not only retain their chemical and
biological functionalities, such as stacking, base-pairing and enzymatic incorporation, but also
empower improved fluorescence properties for the analysis of nucleic acids. These molecules have
emerged as extraordinarily useful tools for the molecular-level understanding of nucleic acid
structures, activities, locations and interactions.®® As the natural nucleobases are essentially non-
fluorescent, significant modifications to nucleobase structure are required before they can be broadly
useful as emissive tools. These modifications can either be made with an eye to preserving Watson-

Crick-Franklin (WCF)-like pairing ability (that is, retaining ‘canonical’ pairing), or more dramatic
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changes to the nucleobase architecture can be made, resulting in non-canonical designs. This relative
lack of constraints allows the non-canonical nucleobases to have more widely varied emissive
properties, but also can limit their ability to be recognized by enzymes. Some labeling and synthesis
methods will be discussed in Chapter 2, Section 2.1. Below some of the most important reported

FBAs are discussed and their structures are shown in Figure 1.3.

It is difficult to find among the many reviews dedicated to FBAs,?®7> one that does not start
with 2-aminopurine (2AP), formycin, and 2,6-diaminopurine (DAP) reported by Stryer in 1969.7°
Among these, 2AP emerged as a highly useful tool in nucleic acids research.”” A few years later,
Leonard discovered another bright fluorescent purine analog, ethenoadenine, which cannot form
base-pairs due to addition of two carbons, forming a ring on the previous pairing edge.”® In the 1990s,
pyrimidine fluorescent analogs began to emerge, with notable examples including m°K of
McLaughlin™ and the pteridines of Hawkins® such as 3MI®! and 6MI.82 C-glycosidic fluorescent
nucleobases were synthesized around this time as well, as Kool reported the direct attachment of
pyrene and other hydrocarbons to 2’-deoxyribose.*® In 1998, Moreau expanded the pyrimidine
structure by fusion with phenyl rings, reminiscent of Leonard'’s earlier work, and reported BgQ as a

larger-than-natural nucleobase.®3

In the 2000s, work in this field began to expand rapidly. Notable advances include the
development of base-discriminating FBAs such as BPP,2* NPP,% MP| 86 and PYU?’ by Saito and Okamoto.
Wilhelmsson synthesized a ring expanded cytidine analog (tC) at the same time,®® and Hocek
introduced extended fluorescent nucleobases as a facile way to modify the electronics of canonical
nucleobases via conjugated linkers.?® In addition, Hirao reported FBAs such as 2-amino-6-(2-
thienyl)purine (s),°° 7-(2-thienyl)imidazo[4,5-b]pyridine (Ds),>* which could be enzymatically
incorporated into pyrrole-2-carbaldehyde (Pa), 2-oxo(1H)pyridine (y), or imidazolin-2-one (z), and
expanded the genetic alphabet.’”®’ In the late 2000s, Sekine designed pyrimidopyrimidine base
analogs®® while Tor significantly expanded the isomorphic fluorescent nucleobase pool by designing
a series of thieno-appended analogs,®®1%2 and Wilhelmsson reported the first fluorescent base analog

FRET-pair.103-104
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In the 2010s, the number of FBAs were dramatically increased, and start-ups and companies
began to commercialize the FBA phosphoramidites (e.g tC,3 1 tC°16-108 tCyit,o1%* as important
members of tC family'®19) or oligonucleotides modified with an FBA (e.g 2AP). Thus, FBAS’
applications began to expanded in many areas including single nucleotide polymorphism (SNP)

111-113

detection, microenvironment  monitoring,!**1%®  structural and  morphological

measurements,'”11% polymerase activity testing,'?%22 and nanostructures stability investigations.'?3
In the early 2010s, FBAs probing DNA secondary structures were introduced.*?* Luedtke reported
2PyG as a probe for G-quadruplex structures'?® and °MAC to probe i-motif formation!?® (these
secondary structures will be discussed in Chapter 4, Section 4.1). Tor reported thieno[3,4-d]-6-
aminopyrimidine (MA)! to monitor adenosine deaminase-catalyzed interconversion of this
adenosine analog into inosine,'?” and Beal used RNA containing A to evaluate the reactivity of
ADAR2 enzyme.'?® Later, a furan-fused uracil analog was developed to conduct functional detection
of human concentrative nucleoside transporters in vivo,*?° and adenosine derivative of 2-oxo-1,3-
diazaphenoxazine (Adap) was reported, which could selectively detect 8-oxoguanine (0G)** and pair
with itin primer extension.’3! In the late 2010s, research into FBAs as DNA repair probes increased3>
133 and Kool developed a series of FBAs for quantification of DNA damage and repair: FMART for real-
time monitoring of MUTYH activity in OG repair,'** a chromophoric pyrene as the electron donor to
1-methyladenine for measuring intracellular ALKBH3*> and ALKBH2 activity,** or as an excimer clamp

for measuring NTH1 activity in oxidized pyrimidines excision.3®

Since 2008, the brightest reported FBA has been tC° with a very modest brightness of only ¢
=2,000 M1cm™.2% With the development of single-molecule fluorescence spectroscopy,**’ there was
a growing need for bright FBAs. In 2020 to 2022 period, four extremely bright FBAs were reported:
2CNgA (€p = 2,600 M1cm™) by Wilhelmsson,*3® which enabled “stealth” labeling of antisense
oligonucleotide therapeutics; 3T (€p = 4,250 Mlcm™) by Luedtke, which enabled probing both local
and global dynamics of DNA (discussed in Chapters 2 and 3);1° RMAq, (€ = 6,068 M1cm™) by Seo, a
molecular rotor which was synthesized by direct arylation of DNA,*** and finally ABN (€¢ = 10,400 M-
lem™?) by Purse, the first FBA to offer single-molecule fluorescence detection capabilities.’*? During
this time, tC° triphosphates incorporated into an mRNA and live-cell visualization demonstrated the
resulting transcript is translated into the correct protein,** Sugiyama reported a bifunctional

trifluoromethylphenylpyrrolocytidine derivative (°dC) for both fluorescence and °F NMR
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spectroscopic DNA analysis,'*

and Jdschke developed red-shifted and fluorogenic FBA
photoswitches.* The choice of which fluorescent nucleobase is most appropriate for the given
application depends on the context of the experiment. For example, in the design of reporters of
enzymatic activity, fluorescent nucleobases might either interact with an enzyme substrate or serve
as the substrate themselves; thus, on enzymatic reactions, their fluorescence signal changes can be

detected in real-time.

1.5 Microenvironment-sensitive FBAs

Many fluorescent DNA probes predominantly offer qualitative information (e.g. detecting and
visualizing DNA). However, in order to study nucleic acids’ structural and conformational
polymorphisms, interactions, and dynamics, quantitative information is needed. Such information,
which usually targets the microenvironment around a probe, can be provided using two strategies:
(1) diffusion-based experiments, such as fluorescence recovery after photobleaching (FRAP)#¢-147 and
fluorescence anisotropy;'*® and (2) microenvironment-sensitive probes. FRAP is governed by lateral
diffusion of a fluorophore into a region where the dye has been destroyed by intense light.
Fluorescence anisotropy is governed by the rotational diffusion of a dye that has been excited by
polarized light, where rotational diffusion leads to depolarization of the emission light.
Microenvironment sensitive probes include a variety of probes with high sensitivity to changes in
polarity,141>3  viscosity,>* surrounding pH,'>>'*® DNA mismatches,?”:1>7-18 hybridization,09159-160
structures,’® and dynamics.'*® The main advantage of microenvironment-sensitive probes,
compared with FRAP and fluorescence anisotropy methods, is their rapid and straightforward
measurements which can provide higher sensitivity.'! In addition, using microenvironment-sensitive
probes in anisotropy measurements can provide more insights into DNA than a non-
microenvironment-sensitive probe.'? Table 1.1 outlines the discrimination power of some of the
reported FBAs towards single-stranded, well-matched and mismatched DNA. In Section 3.1, Chapter
3, applications of microenvironment-sensitive probes as SNP reporters will be discussed in detail.
Although it is not easy to classify all microenvironment-sensitive FBAs based on their structure-

activity relationship, some classifications are presented below.
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Table 1.1. Photophysical properties of some reported FBAs and their sensitivity towards DNA
hybridization and mismatched pairs.?

Name
2PyG'®?
PA163
tsT140
tc164
tco 107
3-M|8L166
6-MI*2
2-AP7®
BPP#

NPP®®

MDA86
MDISG
Chep 98
dFI
7AQ"°
Phpc171

boPhpC'72

Mepc171
thG101
ABOXU174

BFUU174

&
(Mtcm?)

20000
14000
30600
4000
9000
5500*¢®
6800
5600
30000
10200
2700
7800
6200
N.R
N.R
N.R
6650
N.R
4100
21000

37000

@ % (in
ds-DNA)

3
10
13.9
19
21
29

25

0.2
0.7
<0.1
1.1
N.R
1.3
N.R
N.R
25
N.R
8173
2.5

6.8

€ (in
ds-DNA)

600
1400
4250

760
2000
1600
1700

50
60
71
2.4
86
N.R
N.R
N.R
N.R
1660
N.R

310

2250

220

Mismatch
sensitivity®

N.R
N.R
27
1.2
N.R
N.R

5.7
N.R
20
14

100
5.5
14
4
2.4
6.7
N.R
2.0
2.9
7.7

5.6

Hybridization
sensitivity®

1.9

2

27
11
6.0
23
7.4
10
1
15
19
N.R
2.9
2.3
2.7
14
2.5

3.4

n (ns)?

N.R

3.4

11

6.9

5.5

N.R

5.5

N.R

3.3

N.R

N.R

N.R

N.R

N.R

N.R

N.R

N.R

N.R

N.R

N.R

N.R

0 (ns)¢
N.R
N.R
20
N.R
N.R
N.R

3.27%¢8
N.R
N.R
N.R
N.R
N.R
N.R
N.R
N.R
N.R
N.R
N.R
N.R
N.R

N.R

fluorescence lifetime (t) and anisotropy decay (8) are reported.

4 Fluorescence lifetime and anisotropy decay are reported for duplex DNA.

®Mismatch sensitivity was calculated as the ratio between the brightness of FBA in well-matched vs.
mismatched ds-DNA.
¢Hybridization sensitivity was calculated as the ratio between the brightness of FBA in ds-DNA vs. ss-DNA.

2 Extinction coefficient at the maximum absorbance wavelength (€), fluorescent quantum yield (¢) in ds-DNA,
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Table 1.1 continue. Photophysical properties of some reported FBAs and their sensitivity towards DNA
hybridization and mismatched pairs.?

p7s N.R N.R N.R 20 N.R N.R N.R
RMAQ, 14! 35700 17 6068 28.3 32.9 N.R N.R
2CNgA3 9200 28 2600 N.R 1.1 9.0 N.R
8-DEA_tC176 2700 5.6 150 2.6 5.25 N.R N.R
8clyco 176 5600 20 1120 2 2 N.R N.R
ct77 N.R 8.6 N.R 3.5 3 N.R N.R
ABN!#? 20000 52 10400 1.4 1.1 N.R N.R
dcTede 178 41900 N.R N.R 2.1° 2.1° 1.5 N.R
dCbdp 178,116 N.R N.R N.R 2.2¢ 1.6 1.0 N.R
diox179 3600 20 622 3.8 2.2 1.9 N.R
by180 4500 0.4 18 N.R 2.8 N.R N.R
gAN118! 8800 5.8 510 N.R 1.1 N.R N.R
qAN4182 6300 4.4 275 N.R 1.7 0.7 N.R
DMAT183 2900 20 580 2.2 2.2 N.R N.R
Furan-dC®* N.R N.R N.R 2 N.R N.R N.R
Z-Anty185 N.R 22 N.R 5.1 2.4 N.R N.R
9-Anty 185 N.R 3 N.R 3.1 2.8 N.R N.R
3n7z\186 N.R 14 N.R 2 7 N.R N.R
yrt 187 N.R N.R N.R 8.3 2.2 N.R N.R
cees 15200 2 301 N.R 4.3 N.R N.R

2 Extinction coefficient at the maximum absorbance wavelength (€), fluorescent quantum yield (¢) in ds-DNA,
fluorescence lifetime (t) and anisotropy decay (8) are reported.

®Mismatch sensitivity was calculated as the ratio between the brightness of FBA in well-matched vs.
mismatched ds-DNA.

¢Hybridization sensitivity was calculated as the ratio between the brightness of FBA in ds-DNA vs. ss-DNA.

4 Fluorescence lifetime and anisotropy decay are reported for duplex DNA.
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Photo induced electron transfer (PET) probes: Upon PET quenching, FBAs can be either
reduced or oxidized to form a charge-transfer complex with one of the surrounding nucleobases and
further undergoing radiationless relaxation to the ground state. Electron-poor FBAs such as 2AP are
reductively quenched by purines,*® and electron-rich systems such as MPA (Figure 1.3) are oxidatively
quenched by pyrimidines.?® The degree of quenching can be estimated by comparing the redox
potentials of the natural nucleobases with that of the FBA.1°%1°1 This determines whether an FBA is
qguenched by all four natural nucleobases or selectively by a few of them. For example, 2AP is

192 and upon incorporation

guenched by all natural bases, with G being the most efficient quencher,
into DNA its fluorescence is severely quenched by up to a 200-fold.'®3 Thus, 2AP is not a sensitive
probe in the context of well-folded nucleic acids. In contrast, FBAs that are selectively quenched by
their complementary WCF pair, can discriminate between single-stranded and duplex DNAs and can
be used to develop fluorogenic probes.® Beyond PET, other mechanisms have also been proposed to
explain FBA quenching, such as the formation of dark non-emissive states via mixing and delocalizing

of molecular orbitals of the fluorophore among neighboring nucleobases, as it has been proposed for

8-vinyladenosine (8vdA, Figure 1.3).1%%

pH-Sensitive probes: The energy level and electron density of HOMO and LUMO of FBAs can
change at different pH values. Such probes demonstrate a pH-sensitive fluorescence and can be used
to probe the folding and unfolding of DNA structures upon protonation and deprotonation. One
example is °MAC which exhibits remarkable red-shifted absorption and emission maxima upon pH
decrease and base (N3) protonation.'?® These properties were exploited to study the dynamics of
folding and unfolding of i-motif and DNA duplexes of telomeric repeat sequences under real-time

conditions.

Molecular rotors: The group of fluorophores known as fluorescent molecular rotors, have
segmental mobility and their fluorescence intensity and/or wavelength is a function of mobility
freedom. They are composed of rotary bond(s), and when bound to their target (e.g. duplex DNA,
complementary DNA strand, aptamer, metal, or small molecules), their fluorescence changes. The

remainder of this chapter focuses on molecular rotors and their applications in probing DNA.
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1.6 Fluorescent molecular rotors (FMRs)

Over the past years the term “molecular rotors” have been extensively used in the contexts

198 199-202

of biophysics,'°>1% photophysics,*®” synthetic biology, nanoscience, supramolecular
chemistry?93-294 and even therapeutics?® to describe molecules that consist of two parts that can
easily rotate relative to each other. The rotation can be one-dimensional (which involves changes in
a single angle) or two-dimensional (which involves changes in a dihedral angle). It is common to view
the part with the larger moment of inertia as stationary (the stator) and the part with the smaller
moment of inertia as the rotator. The rotator and the stator both turn around a common axis in the
absence of molecular mounting. In the context of fluorescence spectroscopy (which is the focus of
this chapter), the term molecular rotor is commonly used to describe a fluorescent molecule that can
undergo an intramolecular twisting motion in the ground and/or excited state, in which the amount

of rotation determines the fluorescence signal.

Typically, a fluorescent molecular rotor with a twisted excited state, consists of three
subunits, an electron donor, an electron acceptor, and a “bridge” that is composed of a network of
alternative single and double bonds. This network brings the donor and acceptor units in conjugation,
thus facilitating electron movement between the pair, but it ensures minimum overlap of the electron

donor and electron acceptor orbitals.?%

In this configuration, the molecule responds to
photoexcitation with an intramolecular charge transfer from the donor to the acceptor unit and
assumes the excited-state configuration D*-m-A". The charge separation is associated with an
increased dipole moment.2%’ Polar solvent molecules orient themselves along the fluorophore dipole
by aligning their electric fields. Upon relaxation, the solvent molecules return to the ground-state
orientation. Consequently, the fluorophore exhibits a bathochromic shift that reflects the energy
expended for the reorientation of the solvent molecules. The magnitude of this effect depends on
the solvent polarity, that is, its dielectric constant.?°® Molecular rotors typically exhibit stronger
solvatochromism in the twisted intramolecular charge transfer (TICT) state emission band than in the
planar locally excited (LE) emission band. Furthermore, both the ground state and the excited state
energy levels depend on the degree of intramolecular rotation.?%>-2'1 The Jabfonski diagram of the
energy states can be extended to include the TICT state energy levels (Figure 1.4). In the ground state,

a planar conformation is energetically preferred, whereas the twisted conformation is the preferred

conformation in the excited state due to the repulsive electrostatic forces.?'? Relaxation from the
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TICT state occurs in one of the two ways: If the energy gap between the ground state (S0) and the
energetically higher first excited state (S1) is large enough to allow photon emission (Figure 1.4A),
such a molecule exhibits a distinct second emission band that is redshifted from the LE
fluorescence.?!® Conversely, when the TICT energy gap is much smaller than the LE energy gap (Figure
1.4B), nonradiative relaxation occurs from the TICT conformation.?'* Fluorophores of this class exhibit

only a single emission band.
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Ground Planar excited TICT Ground Planar excited TICT
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Figure 1.4. Extended Jabfonski diagram for molecular rotors. Different vibrational states (indicated by
parallel lines) cause some energy loss, and emission from the LE state occurs at a longer wavelength than
the excitation (Stokes shift). For molecular rotors, the excited state energy is lower in the TICT state,
whereas the ground state energy is higher in the TICT state than in the LE state. Therefore, the S1 - SO
energy gap is lower in the TICT state with a correspondingly lower relaxation energy. In the case of
molecular rotors with dual-band emission, the TICT energy gap is slightly smaller than the LE energy gap
(A). If the TICT energy gap is much smaller than the LE energy gap, emission from the TICT state occurs
without photon emission (B). This figure is adopted from REF?°, Springer Nature.

The most notable feature of molecular rotors is the dependency of the twisted state
formation rate on the local microenvironment, predominantly the microviscosity of the solvent. In
the case of molecular rotors that emit from the twisted state with a red-shifted emission band, steric
hindrance of the twisted state formation in higher-viscosity solvents changes the emission in favor of
the shorter-wavelength emission from the planar state.?'® In the case of molecular rotors that exhibit
nonradiative relaxation from the twisted state, the fluorescent quantum vyield increases in higher-

viscosity solvents.?'® Due to their microenvironment and viscosity sensitivity, fluorescent molecular
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217218 35 biosensors for both bulk and local

rotors have found applications in cell biology,
microviscosity,?1°223 fluorogenic probes for a Halo tag,??42%> detecting the formation of hydrophobic
microdomains,??® lipid—lipid packing,??” peptide—protein interactions,??® mapping microbubble

230 3nd real-time monitoring of protein binding,

viscosity,??° selective protein detection in living cells,
aggregation and conformational changes.?%% 231-234 | the next section, applications of the fluorescent

molecular rotor as DNA probes will be discussed.

1.7 FMRs as DNA probes

The inherent sensitivity of molecular rotors to the polarity and viscosity of their
microenvironment allows simultaneous fluorescence readouts, making them highly attractive
fluorescent probes. Rotational diffusion governs the propensity of a molecular rotor to form twisted
states and therefore connects diffusivity to fluorescence quantum vyield. In this respect, molecular
rotors report diffusivity similar to anisotropy probes. However, the dominating factor in molecular
rotor emission is the rotation of one segment relative to the other. The segment is generally very
small and enjoys greater freedom of rotation than a typical anisotropy probe. The relationship
between viscosity, rotational diffusivity, and intramolecular rotation makes molecular rotors

attractive reporters of local dynamics in DNA.?%

1.7.1 Non-covalent rotary DNA probes

Many DNA intercalators and groove binders have rotary properties and, while in the free form
have a very low fluorescent quantum yield, are highly fluorescent when intercalated between DNA
bases as their rotation is restricted.?36-238 One example is acridizinium molecular rotors (Figure 1.5),
which upon intercalating with DNA, the intramolecular rotation of the molecule around the N-phenyl
bond is restricted, leading to an increase in fluorescence signal.23%24° Ghadessy and Teo reported a
molecular rotor incorporating an acridine orange group (AO-R, Figure 1.5) that intercalates between

DNA base-pairs, but upon displacement by p53, a DNA binding protein, its fluorescence turns off.?4!

Thioflavin-T (™, Figure 1.5), a benzothiazole based FMR with ultrafast non-radiative torsional

242

motion around the central C—C bond in its excited state,*** was used to study pre-melting of DNA and

showed 220-fold higher fluorescence in the presence of calf thymus (CT) DNA.?* The results obtained
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with ™T have been compared with commonly used DNA stains, ethidium bromide (EB) and 4',6-
diamidino-2-phenylindole (DAPI), which show only 15 and 27 times emission enhancement,
respectively. In addition, ™T shows even a greater fluorescence enhancement when it binds to ds-
DNAs containing cavity structures such as an abasic site, a gap site or a mismatch site.?** The DNA
cavities provide appropriate spaces to accommodate ™T and allow the occurrence of some specific
interactions. ™T was also used to monitor the structural changes in natural CT DNA during pre-
melting?** and probe G-quadruplex formation.?4>24¢ |t can tightly bind non-G-quadruplex DNAs with
several GA motifs and dimerize them in a parallel double-stranded mode, accompanied by over 100-

fold enhancement in the fluorescence emission of ThT.247-248

\ O
N—
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s ( _N O N\ AN
AO-R

ThT

StyPy AnMBTZ

Figure 1.5. Some examples of non-covalent rotary probes for DNA. The relevant rotatable bonds are
shown in blue color.

The Walther Group introduced pentafluorostyryl-aminopyrene (StyPy, Figure 1.5), a viscosity-
sensitive probe, which has a push—pull structure with a TICT excited state that shows an enormous
Stokes shift.?*® In another example, Nath and coworkers reported 10-anthracene-10-yl-3-
methylbenzothiazol-3-ium chloride (AnMBTZ, Figure 1.5) as a turn-on intercalating probe and studied

its interaction with DNA.?>°

1.7.2 External and linear rotary DNA probes

Inspired by the naturally occurring green fluorescent protein (GFP)%>!, which contains a
molecular rotor-type fluorophore having a (4-hydroxybenzylidene)imidazolin-3-one skeleton,?*?
Stafforst and Diederichsen reported peptide nucleic acids (PNAs) incorporating a (4-

hydroxybenzylidene)-2-methylimidazolin-3-one (HBI, Figure 1.6) residue and their fluorescence
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enhancement by 2.2 times upon the formation of PNA-DNA duplexes.?>® Seitz and coworkers
developed forced intercalation probes by controlling the conformation of the excited state of thiazole
orange (TO, Figure 1.6) dyes upon intercalation between the base-pairs of the probe—target
duplexes.?>*2°% The concomitant viscosity increase restricts torsions around the methine bridge and
prolongs the lifetime of the TO excited state.?>” For example, they used PNAs functionalized with TO
as SNP sensors, where TO fluorescence increased up to 26-fold upon DNA-PNA hybridization and
attenuated when forced to intercalate next to a mismatched base-pair.?°® The forced intercalation
(FIT) probes were found to be useful for the detection of DNA in quantitative polymerase chain
reaction (qPCR) and for wash-free detection of RNA in cells and tissues.?>°-261 Later, to enhance both
brightness and responsiveness, the highly responsive TO nucleoside was combined with the highly

emissive oxazolopyridine analog JO in serinol (Figure 1.6).26!

OH

o 0
“ HBI ™ PNA(TOH2) Ser(TO)
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Dns [COOTh]An 4ql

Figure 1.6. Some examples of linear rotary probes for DNA and PNA. The relevant rotatable bonds are
shown in blue color.

Very recently, a solvatochromic Dansyl-nucleoside surrogate (Dns, Figure 1.6) based on (%)-
trans-4-(hydroxymethyl) piperidin-3-ol was incorporated into DNA. The color-changing DNA probe

could detect complementary oligonucleotides and distinguish mismatches in a Dansyl/nucleobase-
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pair by the naked eye.?®? In another example, Manderville Group replaced a nucleoside with N-
methyl-4-bromoaniline containing an acyclic N-glycol group and employed it in an on-strand Suzuki—
Miyaura reaction. The synthesized donor—acceptor biaryl nucleobase surrogates demonstrated a 40-
fold increase in emission intensity in single-stranded oligonucleotides.?®3 Screening the best acceptor
for turn-on fluorescence upon duplex formation afforded the carboxythiophene derivative
[COOTh]AnN (Figure 1.6) exhibiting a 7.4-fold emission intensity increase upon formation of a single-
bulged duplex with the surrogate occupying a pyrimidine-flanked bulge. Insertion of the [COOTh]An
surrogate into the lateral TT loops produced by the antiparallel G-quadruplex of the thrombin binding
aptamer (TBA) afforded a 4.1-fold increase in probe fluorescence that was accompanied by a 20 nm
wavelength shift to the blue upon thrombin binding. In addition, Manderville and Wetmore presented
cyanine-indole-quinolinium (4Ql, Figure 1.6) hemicyanine dye tethered to an acyclic 1,2-propanediol
linker and positioned it within the G-quadruplex loop in a TBA.2* Thrombin binding to 4QI-TBA
diminished m-stacking interactions between 4Ql and the G-quadruplex, resulting in fluorescence
guenching. Similarly, an indole-pyridinium (4PI, Figure 1.6) probe was synthesized and inserted into

the loop residues of TBA to monitor G-quadruplex folding in the presence of Pb?* versus K*.265

Inspired by the FMRs targeted to hydrophobic protein pockets??422> and the similarities in
hydrophobicity between these sites and abasic sites generated in DNA by base-excision repair, Kool
introduced universal base excision reporter (UBER, Figure 1.7) probe which has TICT excited state.?%®
Once the DNA glycosylases initiate base excision repair, the resulting hemiacetal abasic site, which is
in equilibrium with its aldehyde form, provides a convenient handle targeted with reactive alpha
nucleophiles. The molecular rotor design achieved a robust >250-500-fold increase in UBER

fluorescence upon reaction with abasic sites in DNA.

N
CN
H
Glycosylase s o —_UBER Probe °"—~-o’v& (%\75( N~ NH:
H;N’O 0
UBER

Figure 1.7. Light-up mechanism of the UBER probe design in measuring DNA glycosylase activity. The
figure is adopted from REF2°,
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1.8 Fluorescent nucleobase rotors (FBRs)

Numerous modified nucleobases have been extensively explored and utilized in recent years,
containing a conjugated aromatic residue with a rotatable bond, which separates two aromatic
entities and adds a new level of interplay between structure and photophysical properties.’>3 The
fluorescence of FBRs is a function of their rotary motions which depends on DNA stacking,
conformation, dynamics, and hybridization. Thus, they have found great applications in probing SNPs,
viscosity, molecular crowding and interactions. Despite the large number of reported FBRs, only a
few of them were rationally designed to enhance microenvironment sensitivity by their rotary
motions, and most of them were used in experiments that do not exploit the probes’ rotary motions.
On the other hand, the photophysical properties of FBRs cannot currently be predicted solely from
their structures, despite significant research efforts dedicated to the further theoretical
understanding of molecular rotors’ properties. Therefore, a systematic review of the previously
reported FBRs and more fundamental research on FBRs’ structure-activity relationships are needed
to expand their applications. In this section, FBRs are categorized based on their relevant rotatable

bond(s) are categorized, and their applications are discussed.

1.8.1 FBRs based on dimethyl amino group

A classic and textbook example of compounds with a TICT excited state, is 4-N,N-
dimethylamino-benzonitrile (DMABN). DMABN was one of the first molecules whose dual
fluorescence in polar solvents was studied. DMABN is almost planar in the ground state, which
corresponds to the maximum conjugation between the dimethyl amino and phenyl ring. According
to the Franck-Condon principle, the LE state is still planar, but solvent relaxation occurs with a
concomitant rotation of the dimethylamino group until it is twisted at nearly a right angle and the
conjugation is lost. 6-Propionyl-2-dimethylaminonaphthalene (PRODAN) is another example of a
well-known microenvironment-sensitive and strongly solvatochromic fluorophore.?®” However, it
must be mentioned that the nature of the emitting state of PRODAN is still under debate. Some
semiempirical calculations suggest emitting state of PRODAN is a TICT state involving rotation of the
dimethylamino group and/or the propanoyl group,?68-2’% while other studies conducted that the TICT

state of PRODAN has an energy higher than its planar state.?’1-272
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Figure 1.8. Some examples of reported FBRs containing a dimethyl (or diethyl) amino group. The relevant
rotatable bonds are shown in blue color.

Saito and Okamoto synthesized DNAs containing P°NX (X = U, C, A, and G, Figure 1.8), to which
a PRODAN fluorophore was attached at pyrimidine C5 or purine C8 positions.?”> The "X changed the
Stokes shift values depending on the DNA structure. In particular, the excitation spectrum of the PPNX-
containing ds-DNA shifted to a longer wavelength, and the fluorescence intensity was enhanced when
PDNX could form a WCF base-pair with the opposing base. Majima described DNA oligonucleotides
containing fluorophore dan (6-(dimethylamino)-2-acylnaphthalene) —modified cytidine and
guanosine ("C and %"G, Figure 1.8) as novel microenvironment—sensitive fluorescent probes.?’*
danC and 92"G could monitor the microenvironmental change in the major and minor grooves of DNA
and could report RNA hybridization as well as B- to A-form and B- to Z-form DNA conformational
transitions.?’427> Fujiwara designed a Nile Red C-nucleoside (Figure 1.8) for examining the changes in
the polarity of the microenvironment surrounding DNA.'*® Upon addition of B-cyclodextrin, the
fluorescence intensity of the Nile Red nucleoside increased to 6.2 times the initial intensity due to
prevention of the rotational freedom of the diethylamino group and the decrease in the polarity
inside the cavity. Luedtke reported dimethylaniline fused to pyridines (°MAC and °MAT, Figure 1.8) as
probes for i-motif structures and DNA hybridization. ®MAC is sensitive towards DNA folding, strand-
displacement and i-motif formation.”” ®MAT showed a mismatch sensitivity, with up to 2.2-fold
183

fluorescence enhancement when its dynamics was restricted in a well-matched duplex (°MAT:A),

and could probe Hg" binding to the T:T and C:T mismatches.?’277
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1.8.2 FBRs with an aryl-aryl rotary bond

Aryl-aryl conjugated systems, are one of the most widely used molecular rotors.?’#27° The
molecular structure of biphenyls has been the subject of many investigations; it is planar in the solid
crystal?®® but is non-planar in the gas phase.?®! This non-planarity arises through rotation of the rings
around the biphenyl bond, as a balance between hydrogen repulsion and favorable inter-ring 1
overlap. The relative rotation of the biphenyl rings with respect to each other can be tuned by
substitution on one or both of the phenyl rings.?2-283 |In unsubstituted biphenyl, the average angle is
44°.284 Ypon photoexcitation, the dihedral angle changes and biphenyl takes a planar geometry in S1.
However, the biphenyl systems containing electron-donating and withdrawing group(s) act as push-
pull TICT fluorophores and upon photoexcitation remain non-planar but still exhibit changes in their
dihedral angle. Thus, in both cases, biphenyl systems demonstrate rotary motions and have inspired

the design of many FBRs.
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Figure 1.9. Fluorescent base derivatives bearing an aromatic group attached via aryl-aryl or aryl-vinyl bond
to the base. The relevant rotatable bonds are shown in blue color.

Hocek attached fluorinated biaryl fluorescent labels to nucleoside triphosphates, such as
ABOXY (Figure 1.9), and incorporated them into DNA using KOD XL polymerase.’* These probes
demonstrated large solvatochromic shifts (due to the differences in dipole moments of the ground
and excited states). In addition, they were pH-sensitive, could recognize hairpin loops over ds-DNA,

and detected mismatches by showing a higher fluorescence in the more rigid microenvironment.
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Luedtke reported a series of biphenyl fused thymidine as solvatochromic probes,*° and 8-(2-pyridyl)-
2’-deoxyguanosine (2PyG, Figure 1.9) as a probe for G-quadruplex structures.'?> Due to its rotary
behavior, 2-PyG was the first example of a fluorescent guanine mimic that exhibits higher quantum
yield upon incorporation into folded oligonucleotides than that of the free nucleoside in water.
Consistent with rotary motions and the more rigid microenvironment of G-quadruplex structures
than ds-DNA, the quantum yield of 2PyG is two- to four-fold higher in the former. In contrast with the
effect of local viscosity on fluorescence intensity, 2PyG showed a higher quantum yield in ss-DNA
than ds-DNA due to the PET quenching in the duplex structure.®? 2PyG was also used as a selective
bidentate ligand for transition-metal ions and directed them to specific N7 sites in duplex and G-
quadruplex structures.?® Saito synthesized various 7-naphthylated 8-aza-7-deaza-2'-deoxyadenosine
derivatives ("8A7PA, Figure 1.9), containing a cyano group at the 6-position of naphthalene ring to
strengthen the push-pull system and attached an amino group to the sterically hindered 1-position
of naphthalene to favor the twisted molecular geometry in the ground state.?8® "aP8A7DA derivatives
showed solvatochromic properties that could discriminate thymine bases in DNA duplexes by
wavelength and intensity changes in fluorescence emissions. Another example of an FBR is 2-amino-
6-(2-thienyl)purine (s, Figure 1.9), whose fluorescence intensity in RNA molecules changes according
to the structural microenvironment.?®’” Another approach to developing rotary fluorescent adenine
analogs is to modify position 8 with aromatic groups.?®® 8-phenyl, 8-thienyl, and 8-furyladenine
derivatives have been synthesized and some have dual emission bands due to the TICT excited
state.?®® One such example is an 8-(4-nitrophenyl)adenine derivative bearing a chelating N, N-bis(2-
pyridylmethyl)amine group at the C6 position (*NitophenVIAL Figyre 1.9).2°° The electron density of the
push-pull system was redistributed upon coordination to Pb?*, thus, 4NitophenvIAL\ a5 used as an “on—
off’-type fluorescent sensor for Pd?*. The Hudson group has recently synthesized biaryl
quinazolinone-uracil nucleobase analogs (such as U, Figure 1.9), which responded to DNA-PNA

hybridization by turning on fluorescence intensity.

1.8.3 FBRs with ethenyl rotor

Molecules with a double bond conjugating two aryl groups together undergo twisting around
the double bond upon photoexcitation. Although sometimes this twisting can result in trans to cis
photoisomerization (or vice versa), it can also lead to non-radiative decay to the same isomer. The

main difference between FBRs containing aryl groups conjugated via an ethenyl linker with those
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conjugated via an aryl-aryl single bond is that the former is planar in the ground state and thus, its

excitation is more red-shifted than the biaryl systems.
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Figure 1.10. Some examples of reported FBRs with two aromatic rings conjugated via an ethylene linker.
The relevant rotatable bonds are shown in blue color.

Luedtke reported 8-(2-phenylethenyl)-2’-deoxyguanosine (StG, Figure 1.10) and 8-[2-(pyrid-
4-yl)-ethenyl]-2’-deoxyguanosine (4PVG, Figure 1.10) with enhanced fluorescence when DNA folded
into G-quadruplexes compared with duplex structures.?®® *T and *C (Figure 1.10) are new FBRs
reported in this thesis. *T discriminates well-matched and mismatched nucleobases by up to 27.8-
fold fluorescence enhancement in the more rigid, well-matched structure (this will be discussed in
Chapters 2 and 3).140 C is a light-up bathochromic probe that reports i-motif folding (Chapter 4).
Another example is 8-(p-CFs-cinnamyl)-modified adenosine (“"A‘F, Figure 1.10),2%° which could

recognize cyclin D1 mRNA marker by a 2-fold fluorescence increase.?®?

Recently, Seo applied direct
N6 arylation of adenosines located in natural oligonucleotides as a tool to incorporate quinolinium
salts-attached vinyl aniline as a molecular rotor.'*! The resulting rotor (*MAqn, Figure 1.10) revealed a

28.3 times higher fluorescence in a well-matched duplex than ss-DNA or mismatched ds-DNA.

1.8.4 FBRs with an ethynyl linker

Sonogashira coupling has been used to connect fluorophores to nucleobases via an ethynyl

linker.2%32%4 Most of the works have targeted the C5 position of pyrimidines,?°>2%¢ such as U™ (Figure
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1.11), which discriminates between well- and mismatched base-pairings,?®” and C™ (Figure 1.11),

which was used as a fluorescent probe for DNA—protein (p53) or DNA-lipid interactions.?%®

The Hocek group functionalized adenosine with solvatochromic fluorophores 4-
aminophthalimide (API) and 4-(dimethylamino)phthalimide (DAPI) via a propargyl linker.?*® API-
labeled DNA was used for the detection of DNA-protein interactions with either the sequence-specific
p53 protein or a non-specific single-strand binding (SSB) protein. Both proteins changed the polarity
around the fluorophore and increased (2—3 fold) the intensity of APIfluorescence. Hocek also
attached a tryptophan-based fluorophore from cyan fluorescent protein and GFP-like fluorophores
to C5 of cytosine via a propargyl tether.3%° The probe ™C (Figure 1.11)3%! showed a 2.0-fold
fluorescence increase in the presence of SSB protein, and ds-DNA containing CV8 or C™' (Figure
1.11)3%° demonstrated 2.0-3.2 times higher fluorescence upon binding p53. In the absence of p53
protein, non-emissive energy dissipation was caused by bond rotation. Relaxation to the ground state
by an emissive pathway requires planarity and was induced by constraining bond rotation, which was
achieved by interactions of rotary CM8' and C™' with the protein. C*® was also used in a time-resolved
experiment monitoring incorporation of a single nucleotide by Vent(exo-) polymerase.3® Other
examples include C'P? and CP?P (Figure 1.11).30%393 CVPP js 3 viscosity-sensitive probe based on
aminobenzylidenecyanoacetamide which showed a four-fold increase influorescence intensity
upon DNA binding to the SSB protein.3%? C°% was used in time-correlated single-photon counting
(TCSPC), fluorescence correlation spectroscopy (FCS), and fluorescence lifetime imaging (FLIM). C°d°
could respond to interactions with DNA-binding proteins and lipids by changes in the fluorescence
lifetimes (from 0.8 to 2.1 ns) and revealed changes in the microenvironment of exogenous DNA in
cells.’*® The applications of FBRs in detecting DNA structures was expanded by GFP-based uracil

analogs, UM and U™ which exhibited enhanced fluorescence upon triplex formation.3%

Highly microenvironment-sensitive nucleosides (such as 3"°U, Figure 1.11)3% based on the 3-
hydroxychromone fluorophore exhibiting a two-band ratiometric fluorescence response have been
reported by Burger to probe DNA hybridization and DNA—protein interactions.3%630° Near-IR emitting
squaraine-modified nucleosides (such as U?, Figure 1.11) have been reported, which exhibit >300-
fold fluorescence enhancement in viscous conditions and thus, visualize highly viscous regions during
various stages of cellular mitosis by fluorescence microscopy.3'° Recently Seo has reported two 2'-

deoxyuridine triphosphates (dUcn:TP, dUp TP, Figure 1.11) in which a p-vinylaniline-based
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fluorophore is linked through a propargyl unit at the C5 position.3! The triphosphates were
incorporated into DNA, and their fluorescence was strongly enhanced when the c-myc G-quadruplex
was bound to nucleolin. This fluorescence increase originated from the restricted rotation of p-
vinylaniline, which is a well-established rotor that displays high sensitivity toward environmental

viscosity.312-313

Saito reported a wide variety of solvatochromic FBAs based on substituted purines and
diverse aza- and/or deaza-analogs of purine bases with an ethynyl linker which formed a stable WCF
base-pair and changed their emission wavelengths upon hybridization with target sequences.3'* As
shown in Figure 1.11, some of these probes are naphthalene derivatives of 8-aza-7-deaza-2'-
deoxyguanosine ("G),3'> 8-aza-7-deaza-2’-deoxyadenosine (°"A),3'® 7-deaza-2’-deoxyadenosine
(“N2A), or 7-deaza-2'-deoxyguanosine (“N“G). The latter contains a 1,6-disubstituted pyrene
chromophore.3!” Other probes of interest are 3-deaza-2’-deoxyguanosine (3"?G)3!8 and 3-deaza-2'-
deoxyadenosine (3"?A),3%° which exhibited dual fluorescence emission from a TICT state and an LE
state. To tune the electron-donating/accepting ability of the 3"?A nucleobase according to the design
concept of charge-transfer, Saito reported 3"7?A (Figure 1.11), comprising an 8-aza-3,7-dideazapurine
(pyrazolo[4,3-c]pyridine) skeleton. This probe demonstrated much higher discrimination between
well-matched T in the complementary strand by fluorescence enhancement and a distinct change in
the emission wavelength.'® Furthermore, modifications of adenine and guanine at position 8 with
an aromatic group via an ethyne linker were explored by Fischer (e.g °V¢""G, Figure 1.11)?%° and

Hwang (e.g G, Figure 1.11)3?° which showed solvatochromic properties.

1.8.5 Rotors clamped between two nucleobases

Oligonucleotides incorporating stacking-sensitive nucleosides have been studied as dual
rotors, which, based on the microenvironment, can rotate around both the glycosidic bond and the
bond that links the nucleobase to the rotor. Pyrrolo-cytosines (pCs) are representative of this
approach. Typically, the fluorophore is positioned opposite to an SNP site. Hybridization to a well-
matched target causes the FBA to stack between the surrounding nucleobases, and locates the rotor
partially out of the duplex. A fluorescence quenching is observed in this case (Figure 1.12). However,

in the case of a mismatched target, the mismatch can flip out and provide enough space for the well-
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stacked conformation of the rotor and a light-up response is observed (Figure 1.12). In comparison
with MepC, P'pC (Figure 1.12) demonstrates two-fold higher sensitivity towards mismatches. This
difference is due to the lack of TICT excited state in MpC, where the conjugated phenyl is replaced
with a methyl group.'”* In the case of P'pC, its fluorescence intensity in ss-DNA is less than mismatched
ds-DNA but higher than well-matched ds-DNA. This can be explained by the globular/hairpin structure
of ss-DNA which results in the partial stacking of the rotor between the neighboring bases and causes

a fluorescence enhancement as compared to the well-matched ds-DNA.4°

light-down
perfect match W
ssDNA probe l
N light-up

mismatch D@@M Phpc

Figure 1.12. P'pC is a dual FBR that, when the mismatched opposing base is flipped out, rotates around
the glycosidic bond and places the rotary fluorophore between the DNA bases. The figure is adopted from
REF%> with minor changes.

Numerous molecular rotors showing mismatch detection responses due to rotation around
the glycosidic bond have been described. The Tor group designed furany, thiorheney = gngd furanc s
viscosity-sensitive fluorescent molecular probes (Figure 1.13).1°% 32! Viscous media impeded the free
rotation of these heterocycles. This resulted in an increase in fluorescence intensity by reducing the
contribution of the nonradiative decay pathway. When the oligonucleotide containing *"U was
hybridized to a complimentary strand containing an abasic site on the opposite side, a significant
emission enhancement was observed compared to that of the matched ds-DNA. Similar to the case
with a mismatched-base flipping out, it is believed that the intrahelical vacant and confined space
between the neighboring base-pairs effectively limited the free rotation of the furan-uracil single
bond, resulting in an increase in fluorescence. f°Pheney was found to be an efficient probe for the
detection of G, OG, and its transverse mutation product T by providing significantly different emission

intensities.’® Numerous 6-azauracil derivatives have been synthesized containing furan,3??

322-323

thiofene, or their corresponding benzoheterocycle3?* attached to the 5 position of uracil. With
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more intensive push-pull interactions between electron-deficient uridine core and electron-rich,
extended aromatic moieties, these extended 6-aza-uridines showed enhanced bathochromic shifts
with remarkable sensitivity to polarity, pH or viscosity changes; however their rotary properties were

not explored when incorporated into oligonucleotides.

X | NH 0 | SN
N 0] N/&O
A Ao
furanU (X = o) furanc

Thiofeney (X=15)
Selenofeneu (X = Se)

Figure 1.13. Some examples of FBRs that can be sandwiched between neighboring DNA bases. The
relevant rotatable bonds are shown in blue color.

The Srivatsan Group synthesized Selenopheneyy (Figure 1.13), which was incorporated into a
bacterial ribosomal decoding site (A-site) and could effectively signal the binding of aminoglycoside
antibiotics to the RNA construct.3?® Srivatsan also synthesized 8FU (Figure 1.13) and incorporated it
into oligoribonucleotides using T7 RNA polymerase to produce fluorescent oligoribonucleotide
constructs.3?® Abasic site-containing duplexes were constructed by hybridizing an RNA transcript to
custom DNA and RNA oligonucleotides that contained an abasic-site surrogate. The RNA:DNA duplex
containing an abasic site showed nearly a four-fold higher emission than the unmodified RNA:DNA
duplex. An RNA:RNA duplex that possessed an abasic site opposite to the modified uracil showed
slightly increased emission compared to that of the unmodified RNA:RNA duplex. In addition, they
designed benzofuran-labeled 2’-deoxyuridine and demonstrated that it can distinguish an abasic site

in a model depurinated sarcin/ricin RNA motif of a eukaryotic 28S rRNA.3?”

Linking a benzofuran to wuracil inspired the Seio Group, and they made 5-(3-
methylbenzofuran-2-yl)deoxyuridine (M8FU, Figure 1.13), containing a methyl group that enforces a
large twist between two aryl rings and thus showed better fluorescence enhancements than 8 U upon
triplex formation.3?8 The benzofuran moieties of 8'U and MBFU, when located in the major groove can

rotate when the DNA containing them forms a duplex with target nucleic acids (Figure 1.14A).
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However, upon binding to triplex-forming oligonucleotides with a propylene linker (C3), the
benzofuran ring becomes sandwiched between two bases (Figure 1.14B). These flanking bases make
the benzofuran and uracil ring coplanar, thus enhancing the fluorescence of U and MBfU. This system
was later used as an adenosine sensor which could detect the binding of adenosine to the abasic site
next to M8FU.32% In addition, Seio reported 7-(benzofuran-2-yl)-7-deazaguanine (87G, Figure 1.13),3%

which when incorporated into ss-DNA shows 91-fold fluorescence enhancement upon binding of SSB

protein.33!
A)
A
twisted |
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Figure 1.14. A benzofuran uracil analog (A) non-planar in ds-DNA and (B) forced to be planarin a triplex
structure. The figure is adopted from REF3%,

1.9 Thesis objectives

This thesis aims to develop a novel fluorescent nucleobase rotor to probe the structure and
dynamics of DNA in order to address fundamental biological questions about nucleic acids. Chapter
2 introduces the design and synthesis of a rotary base analog (*T) which overcomes the brightness
and sensitivity limitations of the previously reported FBAs. Chapter 3 demonstrates that “T possesses
ideal molecular rotor properties for detecting local dynamic motions associated with base-pair
mismatches. Its high brightness and rotary motions make *T a microenvironment-sensitive thymine
analog, exhibiting a 28-fold brighter fluorescence intensity when base-paired with A as compared to
T or C. This type of tool could eventually be used in point-of-care clinal detection of single
polymorphisms. In addition, *T is the first FBA sensitive to long-range dynamic changes and can be
used as a spectroscopic “ruler” for measuring distances to various types of DNA damage including
oxidation and methylation. Chapter 4 builds on this by introducing the cytosine analog *C for probing

the folding and unfolding of C-rich sequences. Finally, in Chapter 5, we extend our structural studies
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to the fast and reversible switching of DNA secondary structures by coordination of Hg'" to
mismatches. We have designed and characterized a long ds-DNA containing numerous CT
mismatches that is able to translate a series of local conformational changes into global helical
transition upon the stochiometric addition of Hg". This unprecedented metal-base switching of DNA
conformation may eventually be utilized as a switch for protein-binding interactions and/or future

nanomechanical devices.
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“Faces come and faces go in circular rotation. But something yearns within to grow beyond infatuation.”

Don MclLean
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2.1 Introduction: DNA modifications and synthesis

Canonical nucleotides can undergo natural modifications.! For example, there are
predominant modifications in tRNAs that tune various functions such as increasing the stability of
local structures or mediating the rate of translation.? Inspired by nature's efforts, a myriad of
synthetic analogs of nucleosides and oligonucleotides have been prepared to improve targeted
delivery,? nuclease resistance,* or other physicochemical and biological properties.® As highlighted in
Figure 2.1, almost any site of the sugar moiety, phosphodiester backbone, nucleobase or

combinations thereof is amenable to introducing chemical modifications.

A) Sugar modification: B) Nucleosidic scaffold modification:
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Figure 2.1. Chemical modifications introduced in nucleic acids includes sugar-modified nucleic acids,
backbone-modified nucleic acids, nucleobase modifications and nucleic acid analogs bearing
modifications at multiple sites.

2.1.1 DNA modifications

In the context of sugar modifications, both 6-membered® and 7-membered’ ring nucleic acids
have been explored, including hexose nucleic acids (HNAs) and oxepane nucleic acids (ONAs) which
are among the most notable (Figure 2.1A).%° Another interesting modification of the sugar unit results
by linking a second nucleobase at C2 of the sugar via a methylene group.® One of the first examples
of "double-headed" nucleotides was an uridine linked to a thymine base (Ur), which pairs with two

adenine bases on the complementary strand.!! 2’-fluoroarabinonucleic acids (FANA)'? and locked
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nucleic acids (LNAs)3 are among the sugar modifications that alter nucleic acid stability and biological
properties. In peptide nucleic acids (PNAs, Figure 2.1B), the entire sugar-phosphate backbone is
substituted with a neutral polyamide-based scaffold, reminiscent of the chemical architecture found
in proteins. This DNA mimic forms highly stable duplex and triplex structures with PNA, DNA, or RNA
oligonucleotides. Related to PNAs are glycerol nucleic acids (GNAs)** and serinol nucleic acids
(SNAs),*® the chiral DNA mimics in which the entire sugar-phosphate scaffold of DNA is replaced by
acyclic backbones (Figure 2.1B). Examples of phosphate backbone modifications include triazole
linkages'® and substitution of the non-bridging oxygens with another chalcogen'’ or borane (Figure
2.1C).28 In addition, there have been reports of replacing the phosphodiester linkage with a positively
charged guanidinium group to synthesize deoxynucleic guanidine (DNG, Figure 2.1B) with improved

cellular uptake.®

2.1.2 Base modifications

Another class of DNA modifications are modified nucleobases which can increase the thermal
stability of duplexes?® or quadruplexes,?! enhance gene silencing activities,?? enable the introduction
of fluorescent? or redox labels,?* convey additional reactivity,?> assemble quantum dots,?® or expand
the genetic alphabet.?’” Modifications at the N4 and C5 positions of pyrimidine, the C8 position of
adenine, and the N7 (or $S7%%) and C8 (or N8 in 8-AzaG?°) positions of guanine are known to cause
minimal disruption of WCF base-pairing, as introduced bulky groups sit comfortably in the major
groove.?° At these positions, base modifications can be compatible with polymerases,332 and do not
disrupt the genetic information carried by the DNA or RNA sequences.3? Therefore, nucleobases are
interesting sites to introduce fluorescent labels (Figure 2.1D). FBAs have the advantage of exact
positioning within RNA and DNA structures compared to conjugated fluorophores and intercalating
dyes.?* Consequently, their fluorescence may be sensitive towards single versus double-stranded
DNA,3> secondary structures,?®> dynamic motions®® and nucleobase damages.?’” In addition, base
modifications can be used for labeling and visualization of nucleic acids within cells or even living

organisms without interfering with biological processes.®

2.1.3 Synthesis of modified bases

Numerous synthetic pathways have been devised to introduce modifications at the level of

the nucleobase. These methods mainly involve formation of a glycosidic bond between an altered
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nucleobase and an activated sugar unit (Figure 2.2A-C) or alternatively, making modifications of
suitable synthetic nucleoside precursors (Figure 2.2D). Direct glycosylation reactions of activated
sugar moieties are commonly used since they grant access to a wide variety of base-modified
nucleoside analogs.?® The Vorbriiggen nucleosidation reaction is the most commonly used method
for synthesizing modified nucleosides and involves the nucleophilic attack of persilylated nucleobases
on acylated sugar residues in the presence of a Lewis acid (Fig. 2.2A).%° Despite the immense success
of this method, it is often impaired by moderate N7/N9 regioselectivity and/or poor o/B
stereoselectivity as well as compatibility issues of relatively strong Lewis acid conditions with specific
functional groups. Stereoselectivity for the desired B-anomer can be achieved by using 1-O-
acetylribofuranosyl derivatives that mediate a C2-O-ester neighboring group effect. High
stereoselectivity and good vyields can be obtained using this approach, but subsequent 2'-
deoxygenation procedures must be performed to obtain the desired 2’-deoxyribonucleosides. These
additional synthetic steps result in low to moderate overall yields.?® 443 Milder variants of the
Vorbriiggen reaction include the N-iodosuccinimide (NIS)-mediated addition of persilylated
nucleobases on glycals which has been successfully applied to constrained nucleic acids** or the use

of Bransted acid catalysts such as pyridinium triflate salts.*

(A) Base
PO 0 Vorbriiggen PO 0] OAc PO 0 PO o. S
— g ey C
OP H/OR OP H/OR OP H/OR OP H
®) Base Heck or
PO (0] glycosylation PO o
Y (D) NH, NH,
R X
OP H/OR OP H/OR | \/'L | \/L
N~ ~O N~ ~O
PO (0] Pd-coupling PO (0]
(€) Base Base —
PO 0 N-transglycosylation PO (o) OP H/OR OP H/OR
OP HIOR OP H/OR

Figure 2.2. Main synthetic pathways to nucleobase-modified purine and pyrimidine nucleoside analogs:
(A) the Vorbriiggen nucleosidation reaction involving Lewis acid activated nucleophilic attack, (B) the Pd-
catalyzed Heck reaction;***” (C) chemoenzymatic transglycosylation methods; (D) Pd-assisted cross-
coupling reactions with pyrimidine (or purine) precursors.*®
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To further develop B-selective N-glycosylation reactions, the Luedtke Group has established
a protocol using 2'-deoxythioribosides which can undergo Vorbriiggen-type N-2'-deoxyribosilation by
ring-expanded nucleobase analogs that exhibit limited solubility and poor nucleophilicity.*®
Thioglycosides provide a highly attractive alternative to the commonly used a-glycoside chloride for
the stereoselective synthesis of B-nucleosides (Figure 2.2A). Thioglycosides can be activated in the
presence of an in situ silylated nucleobase using NIS/HOTf as promoters. By tuning the protecting
groups at the C3 and C5 hydroxyls, a B/a ratio of 4:1 can be achieved.** Compared to other more
commonly used methodologies, this approach can provide enhanced yields, higher B-selectivity,

shorter reaction times, and a broader scope of nucleobase substrates.

2.1.4 DNA synthesis

Nature uses DNA polymerases for enzymatic DNA synthesis. Inspired by nature, the enzymatic
incorporation of modified nucleoside triphosphates has emerged as a powerful tool for synthesizing
functionalized oligonucleotides.”® However, fortunately for life and unfortunately for modified
oligonucleotide synthesis, the natural polymerases can be selective for canonical nucleoside
triphosphates.®® As an alternative, other enzymes such as ligases can be used to construct modified
oligonucleotides. This can be achieved either by templated ligation of two fully modified
oligonucleotide precursors or by the ligase-mediated polymerization of tri- or penta-nucleotide
fragments.®> Nevertheless, the current access to a vast array of oligonucleotide chemical modifications
is largely provided by automated solid-phase synthesis.>? This technology is based on the stepwise

addition of activated nucleoside building blocks by P-O bond formation relying on a P" center.>® The

Figure 2.3. Schematic representation of the T
solid-support syntheses of —/

. pp . y X A ONO r,O R ﬂ@
oligonucleotides. The synthetic cycle with n_% TN
phosphoramidite chemistry includes (1) ©”/ ONO \O_: — —
deprotection of the DMT groups (deblock I — —
step); (2) condensation of the incoming OEOR :::;'::‘t‘;'v"m'd"e I
phosphoramidite building block with a o 5 \i/em "
tetrazole activation step (coupling step); (3) Yy " oumo. easd” | /3y ¥ :

. N—v

capping of the unreacted hydroxyl groups; (% o050 R
(4) oxidation to PY; and (5) either the cycle © \i/ﬂ
is repeated, or the sequence is subjected to o oy R

a global deprotection protocol.
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most common building blocks used in solid-phase synthesis of oligonucleotides are nucleoside 3'-
phosphoramidites®* and 3’-H-phosphonates.>® A schematic representation of the use of 3'-
phosphoramidites in solid-phase synthesis is described in Figure 2.3. In addition, recently,
mechanochemistry has been introduced as an exciting tool for synthesizing DNA dimers and trimers
under near solvent-free conditions.”® Another strategy to incorporate the modified nucleosides into
DNA is the post-synthesis approach, which uses copper-free biorthogonal reactions such as strain-
promoted alkyne—azide cycloaddition,®” photoclick alkene—tetrazole cycloaddition,*® Diels—Alder
reactions,*® and sulfo-click reactions.®® The main advantage of this method is its compatibility with
functional groups such as azides, aldehydes, thiols, and tetrazines that cannot easily tolerate solid-

phase synthesis conditions.®

2.2 Probe design

Most FBAs suffer from fluorescence quenching by neighboring residues via photo-induced
electron transfer (PET) and thus, have limited applications in single-molecule studies.?*%*On the other
hand, the few FBAs such as tC° and related analogs that are highly fluorescent,>%’ exhibit little-to-
no environmental sensitivity and therefore have limited utility as reporters of DNA hybridization,®®

7071 and DNA dynamics.®® Given the growing clinical

nucleobase damages,®® base-pair mismatches,
interest in point-of-care detection of SNPs,’? there have been numerous efforts towards the
development of SNP sensors based on FBA-mismatch detection.”®’! However, these attempts have
thus far resulted in either bright FBAs with low sensitivity towards SNPs, ¢ 68 737> or highly sensitive

FBAs with low brightness.”®”°

To better understand the relationship between the fluorescent quantum yield and the energy
level of probe's molecular orbitals, Density Functional Theory (DFT) calculations were conducted on
selected previously reported FBAs (Table Al, Appendix A). The data shown in Figure 2.4 demonstrate
that electron-poor systems such as 2AP are reductively quenched by purines,® and electron-rich
systems such as MPA are oxidatively quenched by pyrimidines.”® The brightest, previously reported
fluorescent nucleobase analogs, such as tC° (€ x ¢ = 2,000 cm™ M1),%> 8 avoid PET quenching by
having HOMO-LUMO energy levels that are intermediate between the HOMO of guanine and the
LUMO of thymidine.
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Figure 2.4. Structures and brightness of FBAs in duplex DNA (cm™* M) and their calculated HOMO/LUMO
energy levels (eV). DFT calculations (where R = Me) were performed using B3LYP/6-31++G(d) in water (see
Section 2.9.1 for details). The blue area demonstrates the range of the unmodified DNA nucleobases
HOMO and LUMO energy levels, in which the most easily reduced nucleobase (T) has the lowest LUMO,
and the most easily oxidized base, G, has the highest HOMO.#

trans-Stilbene is known to be a bright probe due to its high extinction coefficient (44,000 M~
lem™ in methanol) and modest quantum yield (2.2% in methanol). As DFT calculations suggest, the
trans-stilbene analog of thymidine (*T, Figure 2.5) has a HOMO and LUMO which avoid PET with
natural DNA bases (Figure 2.4) and, thus, could have a high fluorescence quantum yield. The design
of *T was also inspired by the excellent base-pairing specificities of 6-substituted quinazolines.8-% Time-
dependent DFT (TD-DFT) calculations suggested that T can preserve the trans-stilbene photophysical
properties because the pyrimidine ring has a minimal effect on the HOMO-LUMO of *T (Figure 2.5).
Nevertheless, what makes T a unique FBA is trans-stilbene viscosity sensitivity and rotary
properties.t”® |n fact, when photoexcited, trans-stilbene twists around the central ethylenic bond,
and the rotation causes fluorescence quenching of the probe due to the decrease in the m-
conjugation and increase in the intersystem crossing. Thereby, the fluorescence signal of trans-
stilbene is directly related to the degree of free rotation around the ethylenic bond which depends
on the environment's rigidity or viscosity.®® Thus, it was hypothesized that *T could be a bright probe

with high sensitivity towards DNA dynamics, binding interactions, and base-pairings.8%°
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Figure 2.5. Structure, optimized geometry, and some photophysical properties of trans-stilbene and *T,
calculated by TD-DFT [CAM-b3lyp/6-31++G(d,p)].

2.3. Synthesis of *T nucleoside

Inspired by the theoretical calculations, we commenced the synthesis of *T nucleoside with
the preparation of 2'-deoxythioriboside 5 according to a previously established protocol.*%
Commercially available 1,3,5-tri-O-acetyl-2-deoxy-D-ribose 1 as an anomeric mixture was treated
with para-toluenethiol (pTolSH) and BFs-Et,0 at -78 °C to afford thioglycoside 2 (Scheme 2.1). The
resulting 2'-deoxythioriboside was used without purification for the next step. Deacetylation of 2 was
then conducted using K2COs in a mixture of MeOH/CH,Cl; to give diol 3. Regioselective silylation of
the primary alcohol with triisopropylsilyl chloride (TIPSCl) afforded compound 4, followed by
acetylation of the remaining alcohol to generate 2’-deoxythioriboside 5. The crude mixture was
filtered through silica gel to get 45 g pure thiosugar 5 with an overall yield of 87% over 4 steps
reactions (Scheme 2.1). In the next step, 2’-deoxythioriboside 5 was N-glycosylated with 6-bromo-
guinazoline-2,4-(1H,3H)-dione using the combination of N,O-bis-(trimethylsilyl)-acetamide (BSA),
NIS, and trimethylsilyl trifluoromethanesulfonate (TMSOTf) to afford 6 in 55% vyield (a/p = 1.0:1.8,

>10g scale, Scheme 2.1). The diastereoisomers could be isolated using flash column chromatography.
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Scheme 2.1. Generating the N-2'-deoxythioriboside quinazoline 6. pTolSH = para toluene sulfonic acid,
DCM = dichloromethane, TIPS = triisopropylsilyl, and DMAP = 4-dimethylaminopyridine, BSA =
bis(trimethylsilyl)acetamide, NIS = N-iodosuccinimide, TMSOTf = trimethylsilyl trifluoromethanesulfonate.

Conducting the Suzuki-Miyaura coupling on acetylated nucleoside 6B to synthesize the trans-
stilbene scaffold was unsuccessful, possibly due to the poisoning of the reaction’s catalyst by the
acetate group.®! To facilitate the cross-coupling reaction, the C3-O-acetate of 6B was converted into

a C3-O-silyl ether to give 7 in 95% yield over two steps (Scheme 2.2).

(e} o} (e}

Br: Br Br
NH
N~ S0 K2COs N No imidazole N0
\/6 B \/@ \/@
TIPSO TIPSO
TIPSO _ MeOH/ DCM (4:1) : DMF, 25°C, 40 h

E 25°C, 36 h OH 95% over two steps oTBS

(6) 0

Scheme 2.2. Synthesis of the silyl-protected nucleoside 7. TBS = tert-butyldimethylsilyl, and DMF =
dimethylformamide.

The silyl-protected nucleoside 7 underwent an efficient Suzuki-Miyaura coupling reaction

with trans-2-phenylvinyl boronic acid pinacol ester. After a brief optimization (Table A2, Appendix A),
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1,4-dioxane, Cs,C0Os, and Pd(dppf)Cl, were selected as the optimum solvent, base, and catalyst,
respectively. Under these conditions, 8a was isolated in 98% yield (Scheme 2.3). The scope of this
reaction was explored using electron-withdrawing (8b), electron-donating (8c), and extended

conjugated systems (8d). The isolated yields are reported in Table 2.1.
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Scheme 2.3. Synthesis of the *T nucleoside 9. dppf = 1,1'-Bis(diphenylphosphino)ferrocene, TBAF =
tetra-n-butylammoniumfluoride, and THF = tetrahydrofuran.

Table 2.1. Suzuki-Miyaura coupling of different boronic pinacol esters on nucleoside 7.2

R
® i
@% e Peary
=0
/©/\/ N/go

R 0O
TIPSO [ TIPSO,

OTBS :OTBS
) (8a-d)

(0]
(0] (0] 0
TIPSO TIPSO TIPSO
(:)TBS 6TBS OTBS
(8a): 98% (8b): 73% (8¢c): 18% (8d): 50%

@Reaction conditions: 1 mmol trans-2-phenylvinyl boronic acid pinacol ester (2.0 equiv.), 1.5 mmol Cs2COs (3.0
equiv.), 0.1 mmol Pd(dppf)Cl2 (10 mol%), 1.0 mL 1,4-dioxane, Ar, 24 h.

Silyl deprotection of *T nucleoside 8a was achieved using TBAF in THF (Scheme 2.3). For

purification, we first tried quenching the reaction mixture by NH4Cl, followed by workup and column
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chromatography (DCM/MeOH).°! However, this method could not remove tetrabutylammonium
hydroxide. Treating the reaction mixture with DOWEX and CaCOs; in methanol®*> was also
unsuccessful. Surprisingly, directly loading the reaction mixture (without quenching and workup) to

the column and running it with 100% MeCN resulted in a good separation.

2.4. Photophysical properties of *T nucleoside

The photophysical properties of 8a—d are summarized in Table 2.2. All reported derivatives
exhibited large extinction coefficient values (€max = 9,700 — 48,000 cm™ M). The quantum vyields of
these compounds are variable in methanol (¢ = 0.01 — 0.48). The Stokes shift values suggest the
presence of a push-pull system, where the pyrimidine group acts as an electron acceptor in the
excited state.®® The magnitude of this push-pull effect is augmented by electron-donating groups in
8c but diminished by the electron-withdrawing group in 8b. Indeed, the calculated HOMO-LUMO gaps
(MeO-5T < T < CFs-"T) were inversely correlated with the Stokes shifts of these compounds in
methanol. As compared to trans-stilbene itself (€310nm = 44,000 cm™ M, ¢ = 0.02), the *T nucleoside
8a exhibits a similar extinction coefficient (€310nm = 48,000 cm?), yet much larger quantum yield (¢ =
0.31) in methanol. This suggests that although the pyrimidine ring causes a push-pull electron system,
T preserves the trans-stilbene photophysical properties. Taken together, our data demonstrate that
the unsubstituted *T nucleoside 8a is brighter than other synthesized derivatives and the most similar

to trans-stilbene. Thus, 8a was the nucleoside of choice for further synthesis steps.

Table 2.2. Photophysical properties of *T nucleosides 8a—d and trans-stilbene in methanol®
Substituent Emax Aabs max Aem Max Stokes shift p
(cm*M™M?) (nm) (nm) (103 cm?) max @
8a (*T) 48,000 310 430 9.0 0.31 14,784
8b (CF3-*T) 4,900 315 415 7.6 0.48 2,347
8c (MeO-*T) 17,000 320 465 9.7 0.01 187
8d (Ph-*T) 9,700 325 440 8.0 0.05 475
trans-Stilbene® 44,000 295 350 5.3 0.02 1,056
2 All data were collected at 22 °C, and the concentration of T nucleoside was fixed at 3.0 uM.
b trans-Stilbene exhibits an € = 29,100 cm™*M™ and ¢ = 0.04 in hexane,* *>and an € = 44,000 cm™M* and ¢ = 0.02
measured in methanol (determined here).
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Absorbance and fluorescence of *T nucleoside 9 were measured in different solvents (Table
2.3) and decreasing quantum yields and increasing Stokes shifts of T were observed with increasing
solvent polarity (Figure 2.6). The solvatochromic fluorescence of 9 and the fluorescence properties
of 8a—d are consistent with the presence of a TICT excited state, leading to non-radiative decay.® %’
In polar media, the solvent stabilizes electron transfer from the donor to the acceptor. The
subsequent transition from the TICT excited state to the ground state results in a low fluorescence
quantum yield.®® Having a planar structure in the ground state, the absorption maxima of 9 was found
to be similar in different solvents. This is in agreement with previous studies on donor-acceptor

biphenyls, which showed the excitation to the first excited state is independent of the twist angle and

the solvent, whereas the emissive state is highly sensitive to solvent polarity.9°-1%

Table 2.3. Photophysical properties of *T nucleoside 9 in various solvents?

Solvent €max (cm™ M) Aa;:mn:;‘ X Ae("r'"r:; X S::gge z:‘hll)ft E+*° (kcal mol)*!
Toluene 39,600 315 405 7.1 0.75 33.9
Dioxane 32,300 310 405 7.6 0.74 36

DCM 33,600 310 415 8.2 0.57 40.7

DMF 42,800 310 415 8.2 0.69 43.2
MeCN 44,400 310 415 8.2 0.51 45.6
MeOH 32,700 310 435 9.3 0.30 55.4
Water 38,000 310 455 10.3 0.11 63.1

aq. PBS 28,500 310 455 10.3 0.12 -

3 All data were collected at 22 °C, and the concentration of *T nucleoside was fixed at 3.0 uM. In order to maximize
the solubility, all samples had a final DMSO content of 0.04%.
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Figure 2.6. (A) Plot between Stokes shift of *T nucleoside 9 and Er*° values of various solvents (R? = 0.97).
(B) Plot between quantum yield of *T nucleoside 9 and E+*° values of various solvents (R? = 0.95).

To further evaluate the potential of ®T as a fluorescent molecular rotor with
microenvironment sensitivity, the absorption and fluorescence emission of nucleoside 9 was
measured in various mixtures of methanol and glycerol. These solvents have very similar polarities
yet drastically different viscosities. The quantum yield of *T increased with increasing viscosity (Figure

2.7), consistent with rotation-induced fluorescent quenching.
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Figure 2.7. (A) Absorption (dashed lines) and fluorescence (solid lines) of *T nucleoside 9 in a mixture of
methanol and glycerol. (B) Quantum yield and extinction coefficient of *T nucleoside 9 versus glycerol
content. Extinction coefficients were calculated at 310 nm and emission spectra were collected using Ex
=310 nm.

2.5. Synthesis of *T-modified DNA

Encouraged by the photophysical properties of *T nucleoside, we next prepared the *T

phosphoramidite for incorporation into DNA. The nucleoside 9 was treated with DMTCI| and



68 | Chapter 2: *T is a highly fluorescent nucleobase molecular rotor

subsequently chlorophosphoramidite to obtain >500 mg of pure “T phosphoramidite 11 (Scheme
2.4). The entire 12-step sequence required only seven chromatographic separations and provided 11

in a 26% overall isolated yield.

CI\
N);P_O\_\ O ONH
7w T,

® 3 O i
= NH DMTCI 7 NH DIPEA
/& I /& > DMTO
N~ "0 Py, Ar, 25 °C N™ ~O DCM, Ar, 0-25°C

o) : 0 o] 150 min, 90% Osp_
HO 165 min, 68% DMTO\/J ° §P o)
o o >7N)_ cN
(9) (10) (11)

Scheme 2.4. Synthesis of the *T phosphoramidite. DMTCI = 4,4'-dimethoxytriphenylmethyl chloride,
DIPEA = N,N-diisopropylethylamine.

Using standard solid-phase supported synthesis,'? “T was incorporated into different DNA
oligonucleotides (ODN1-7). Following their HPLC purification and mass confirmation (Table A3 and Figure
Al, Appendix A) and annealing to complementary strands, canonical B-form secondary structures were
observed using circular dichroism (Figure A2, Appendix A). Thermal denaturation experiments revealed
that ®T exhibits similar base-pairing specificity as thymidine,®® with the temperature of ODN1 duplex
melting (Tm) being *T:C/T < ®T:G < *T:A (Table 2.4 and Figure A3, Appendix A). The maximum absorbance
of *T remains very strong in DNA (€310nm =30,600 + 700 cm™* M) and sufficiently red-shifted to have no

overlap with the natural bases (Figure 2.8).
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Figure 2.8. Normalized absorbance spectra of *T-modified and unmodified ODN1. The ratio of absorbance
at 260 nm and 310 nm was used to calculate an extinction coefficient of *T in DNA = 30,600 + 700 cm?
M. Data were recorded at 22 °C in PBS buffer (pH = 7.4). DNA concentrations were kept at 2.0 uM.
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Table 2.4. Biophysical properties of DNA containing *T*°
Sequences (5’ - 3') Oligonucleotides €60 (M M™?)  Aas(nM)  Tm(°C)  ATm(°C)¢
ST:A 257,000 310 55.0 +5.7
TG 255,000 310 53.0 -
GCGTA “T CGTATACAC ODN1 “T:.C 251,000 310 51.0 -
ST.T 253,000 310 50.8 -
5s-5T 155,000 315 - -
ST:A 273,000 310 60.2 +3.9
GCGTA “T GCGTATACAC ODN2 ST.T 269,000 310 56.1 -
ss-5T 164,000 315 - -
ST:A 271,000 310 54.1 +4.4
GCGTA “T ATGTATACAC ODN3
ss-5T 169,000 310 - -
5T:A 286,000 310 48.0 -0.3
GCGA “T ATATATATAGCG ODN4
ss-5T 186,000 310 - -
ST:A 289,000 310 51.6 +2.1
GCGA “T CGATATATAGCG ODNS5
ss-5T 181,000 310 - -
5T:A 288,000 310 52.3 -3.1
GCGA “T ATAGATATAGCG ODN6
ss-5T 187,000 310 - -
ST:A 291,000 310 64.1 +5.5
GCGA “T CGCGCGCTAGCG ODN7
ss-5T 163,000 310 - -
2 The average extinction coefficient (€) of T in DNA at 310 nm is 30,600 + 700 cm™ M. ® All data were
collected at 22°C, PBS buffer and pH = 7.4. ©ATm = T (*T-modified DNA) - Tm (corresponding unmodified DNA).

2.6. Fluorescence properties of *T in DNA

The seven duplexes containing “T:A all exhibited brighter fluorescence (€ X ¢ = 3,000 - 5,260
cm?® M1) than the free nucleoside in water (1,570 cm™ M?), as well as the single-stranded
oligonucleotides (€ X ¢ = 610 — 3,730 cm™ M?). These results confirm a lack of fluorescence
quenching via PET as predicted by DFT calculations. They also suggest that *T can be applied as a DNA
hybridization probe since it has a 4.9-fold higher fluorescence quantum yield in the more rigid
environment of ds-DNA. The brightness of *T was exceptionally sensitive to base-pairing stability,

with € X @ values ranging from 150 — 4,250 cm*M, with ®T:A >> ®T:G > *T:C/T (Table 2.5, Figure 2.9)
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which demonstrated the same trending as melting temperatures. This same trend was also reported
for the relative broadness of thymidine imino proton resonances in *H NMR spectra of unmodified
T:A, T:G, and T:T base-pairs in ds-DNA,%* thereby suggesting dynamic quenching of *T by wild-type

molecular motions. The effect of dynamic motions on ®T fluorescence will be discussed in more

details in Chapter 3.

Table 2.5. Biophysical properties of DNA containing *T*°
Oligonucleotides Aem Max (nm) ® Ep (cmM?)
ST:A 440 0.139 4,250
TG 445 0.017 520
ODN1 5T:C 440 0.005 150
ST.T 440 0.005 150
ss-5T 445 0.028 860
ST:A 440 0.098 3,000
ODN2 ST.T 440 0.012 370
ss-5T 440 0.020 610
ODN3 ST:A 440 0.134 4,100
ss-5T 445 0.026 800
ST:A 440 0.135 4,130
ODN4
ss-5T 440 0.028 860
ST:A 440 0.154 4,710
ODNS5
ss-5T 445 0.030 920
ST:A 440 0.167 5,110
ODN6
ss-5T 440 0.035 1,070
ST:A 440 0.172 5,260
ODN7 TG 445 0.024 740
ss-5T 445 0.122 3,730
3The average extinction coefficient (€) of T in DNA at 310 nm is 30,600 + 700 cm™ M.
b All measurements were performed at 22 °C in PBS buffer (pH = 7.4), with DNA concentrations = 2.0 uM.
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Figure 2.9. Absorption (dashed line) and fluorescence (solid line) of single-stranded and duplex ODN1
containing *T. Data were recorded at 22 °C in PBS buffer (pH = 7.4). DNA concentrations were kept at 2.0
uM.

2.7. Conclusion

We reported an efficient synthesis of trans-stilbene analog of thymidine (*T) as a
microenvironment sensitive probe with the molecular rotor properties. The design of *T was inspired
by the excellent base-pairing specificities of 6-substituted quinazolines together with the desirable
photophysical properties of trans-stilbene that include viscosity-sensitive emissions. DFT calculations
predicted that *T should not undergo fluorescence quenching via PET. We—therefore—commenced the
synthesis of *T by preparing 6-bromo-quinazoline-2,4-(3H)-dione nucleoside 7 as a single diastereoisomer
on a multi-gram scale in a 46% overall yield (7 steps). Suzuki-Miyaura coupling, followed by silyl
deprotection, furnished *T nucleoside 9 in a 92% isolated yield over two steps. Decreasing quantum yields
and increasing Stokes shifts of nucleoside 9 were observed with increasing solvent polarity, consisted with
the formation of a TICT excited state leading to non-radiative decay. The quantum yield of *T 9 increased
with increasing viscosity in mixtures of methanol and glycerol, confirming the potential of *T as a
fluorescent molecular rotor. *T phosphoramidite 11 was synthesized (total yield of 26% over 12 steps)
and incorporated into DNA. CD and melting temperature experiments revealed that *T has little-to-no
impact on the global structure of DNA. The average brightness of *T in ds-DNA was measured as 4,370

cm™ MY making it one of the brightest reported FBAs reported to date.
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2.8. Experimental

2.8.1 Theoretical computations

The molecular geometries and thermal corrections were optimized with B3LYP DFT functional
theory'® paired with the 6-31++G(d) basis set.'% Calculations were performed in the water phase (C-
PCM algorithm)®%7 at 298.15 K. The first frequency was utilized to assess whether structures were in
their true optimized form. Conformers distributions were executed using Spartan,'%® and Gaussian
161%° was used to calculate orbital energies. In order to simplify calculations, deoxyribose (dR) was

replaced with a methyl group.

2.8.2 Synthesis and characterization of nucleosides

All reagents were obtained from commercial sources and used without further purification.
NMR data were collected on either a Bruker AVIII-400 or 500 MHz. Chemical shifts (6) are given in
parts per million (ppm) and are reported relative to residual solvent peaks: CDCls (6H 7.26, 6C 77.16
ppm), DMSO-dg (6H 2.50, 6C 39.52 ppm), acetone-ds (6H 2.05, 6C 29.84 ppm). Coupling constants (J)
are given in Hertz (Hz). 3C-spectra were recorded broadband proton decoupled. Mass spectra were
recorded on an Advion expression CMS and High-resolution mass spectra were obtained on a Bruker
MaXis high-resolution QTOF or a Thermo QExactive high-resolution Orbitrap. Masses are given as

m/z.

2.8.3 Biophysical experiments

Fluorescence spectroscopy: DMSO stock solutions of the *T nucleoside 8a—d and 9 were
prepared and stored at -20°C, and later thawed and diluted to an OD = 0.10 + 0.01 at the most red-
shifted absorbance maxima. All measurements were collected on a Molecular Devices SpectraMax
M5 in a 1 cm path-length quartz cuvette. Quantum yields were calculated using the most red-shifted
absorbance maxima of samples. Quinine hemisulfate (¢@r = 0.546) in 0.5 M H,SO4 (nr = 1.346) was

used as a fluorescent standard. Quantum yields were calculated using the equation shown below®3:
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where @ is the quantum yield of the fluorescent standard, F and Fr are the integrated emissions of
the sample and reference, respectively. A and Ar are the optical densities of the sample and reference
respectively (both setto 0.10 £+ 0.01). n and ng are the refractive indexes of the sample and reference
respectively. The refractive indexes of solvents used in this work are: npgs = 1.335, Nwater = 1.333,

Nmethanol = 1.328, Ndioxane = 1.422, NpmF = 1.431, Npcwm = 1.424, NAcN = 1.344, and Ntoluene = 1.497.

Oligonucleotide stock solutions were diluted into PBS buffer (pH = 7.4, Na* concentration of
=137 mM) to a final concentration of 2.0 uM using their extinction coefficient at 260 nm. All
measurements were collected on a Molecular Devices SpectraMax M5 in a 1 cm path-length quartz
cuvette. Quantum yields were calculated using the most red-shifted absorbance maxima of samples.
Quinine hemisulfate (g = 0.546) in 0.5 M H,S04 (ng = 1.346) was used as the fluorescent standard,

and quantum yields were calculated using the above equation.

CD Spectroscopy: Circular dichroism spectra of annealed duplex DNA (2.0 uM) were
measured from 220 nm to 350 nm at 22 °C with a 2 nm bandwidth with 0.1 nm steps at a scanning
rate of 20 nm min?t in 1 cm path length thermo-controlled strain-free quartz cuvette on a JASCO J-

715 spectrometer.

Melting Temperature Analysis (Tm): UV thermal denaturation data were obtained by
measuring the absorbance at 260 nm as a function of temperature in a 1 cm path length thermo-
controlled strain-free quartz cuvette on a Varian CARY 100 UV-visible spectrophotometer equipped
with a Peltier temperature controller. Solutions of pre-folded duplex DNA (0.2 uM) in aqueous buffer
(PBS buffer, pH = 7.4) were equilibrated at 20 °C for a minimum of 10 min and slowly ramped to 90 °C
with 0.2 °C steps at a rate of 12 °C h’. The melting temperatures were determined from the maximal
slope of the curve (maximal first derivative). Tm values were calculated as the average from the

heating and cooling curves that showed little or no hysteresis.

2.8.4 Oligomer synthesis, purification and folding

Synthesis: Unmodified oligonucleotides were purchased from Sigma-Aldrich as HPLC-purified
products. Standard DNA phosphoramidites, solid supports, and all necessary reagents were
purchased from LinkTech and Sigma-Aldrich. Modified oligonucleotides were synthesized on a 1.0

umol scale using a Bioautomation Co. Mermade 4 DNA synthesizer according to the Trityl-on
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procedure. Three coupling reactions were performed for the site-specific introduction of the
modified nucleoside into oligonucleotides. The freshly made phosphoramidite 11 was dissolved in
dry acetonitrile (0.1 M) immediately prior to use. The synthesis of the oligonucleotides was
monitored by DMT deprotection. Upon completion of the sequences, the oligonucleotides were
cleaved from the solid support and deprotected by treatment with 1.0 mL of 33 % aqueous
ammonium hydroxide at 55 °C overnight in a 1.5 mL screw-top cap tube. The resulting products were
lyophilized and filtered through Glen-Pak DNA purification cartridges to remove incomplete synthesis

products and to deprotect the 5'-DMT during elution.

Purification: The obtained solutions were lyophilized to dryness and purified by HPLC column
chromatography using a semi-prep C-18 reverse-phase column (YMCbasic B-22-10P 150 x 10 mm)
using a Varian 140 Pro Star HPLC system. The gradient conditions were typically acetonitrile: 0.1 M
triethylammonium acetate (TEAA, pH 7.4), 2:98 to 10:90 over 35 minutes, and with the rate of 3.00
mL/min. Elution was monitored by UV absorption at 260 and 310 nm. Peaks were collected and twice
lyophilized to dryness from water. The purities of *T-containing oligonucleotides ODN1-7 were found
to be >90% (260 nm) according to analytical, reverse-phase chromatography using a Waters XBridge
C8, 5 um 4.6 x 150 mm. A gradient of 5-40% of acetonitrile in 0.1 M triethylammonium acetate (TEAA,
pH 7.4), was applied over 35 minutes at 0.4 mL/min. ODN1-7 were analyzed by LC-MS using a Dionex
Ultimate 3000 UHPLC coupled to a Bruker Maxis Impact QTOF in negative ESI mode. Samples were
run through a Phenomenex Luna C18(2)-HST column (2.5 uM 120A 2.1 x 100 mm) using a gradient of
90% mobile phase A (100 mM HFIP and 5 mM TEA in H,0) and 10% mobile phase B (MeOH) to 40%
mobile phase A and 60% mobile phase B in 20 minutes. The data was processed and spectra

deconvoluted using the Bruker DataAnalysis software version 4.2.

Folding: Oligonucleotide stock solutions were prepared in deionized water, and their
concentrations were determined by absorbance at 260 nm using the molar extinction coefficient
calculated using a nearest-neighbor model.'*° The molar extinction coefficient of *T nucleotide at 260
nm was determined 15,400 cm M using the absorbance of *T nucleoside 9 at 260 nm. For calculated
extinction coefficients of “T-modified oligonucleotides see Table 2.4. Double-stranded
oligonucleotides were prepared by diluting the complementary sequences (1.0 : 1.2 equiv. ratio) in
the PBS buffer (pH = 7.4, Na* concentration of =137 mM) and heating to 95 °C for 5 min, followed by

slow cooling to room temperature over 4 h.
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2.9 Appendixe A

2.9.1 Tables

Table A1l. Calculated [b3lyp/6-31++G(d)] HOMO and LUMO energy values (eV) in water.
=T tce tC MDA 2AP G A C T
LUmMo -1.99 -1.56 -1.65 -1.32 -1.43 -0.78 -1.08 -1.17 -1.33
-5.63 -5.76 -5.77 -6.22 -6.16 -6.38 -6.58 -6.63

HOMO -5.85

Table A2. Optimization of the Suzuki-Miyaura reaction condition on nucleoside 7.2

(7 (8a)
Entry Base Solvent Catalyst Temperature (°C) Yield (%)®
1 KOAc 1,4-dioxane Pd(OAc), 90 40%
2 KOAc  1,4-dioxane  Pd(dppf)Cl; 90 52%
3 KOAc toluene Pd(dppf)Cl, 90 44%
4 KOtBu 1,4-dioxane  Pd(dppf)Cl; 90 58%
5 Cs;COs;  1,4-dioxane  Pd(dppf)Clz 90 86%
6 Cs;COs;  1,4-dioxane  Pd(dppf)Cl2 100 93%
7 Cs;CO3  1,4-dioxane  Pd(dppf)Cl> 105 80%

aReaction conditions: 1 mmol trans-2-phenylvinyl boronic acid pinacol ester (2.0 equiv.), 1.5 mmol base (3.0
equiv.), 0.1 mmol Catalyst (10 mol%), 1.0 mL solvent, Ar, 12 h.
bisolated yield.
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Oligonucleotides
ODN1
ODN2
ODN3
ODN4
ODN5
ODNG6
ODN7

Sequences (5’ - 3')
GCGTA “T CGTATACAC
GCGTA “T GCGTATACAC
GCGTA “T ATGTATACAC
GCGA “T ATATATATAGCG
GCGA “T CGATATATAGCG
GCGA “T ATAGATATAGCG
GCGA “T CGCGCGCTAGCG

Table A3. Synthesized oligomers with calculated and observed masses.

Calc. (m/z)
4687.8488
5016.9014
5015.9061
5368.9643
5369.9594
5393.9702
5347.9382

Found (m/z)
4687.9219
5016.9844
5016.0078
5368.9375
5369.9688
5393.9688
5347.9375

& (ppm)
15.6
16.6
20.3
5.0

1.8

0.3

0.1
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2.9.2 Figures
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Figure A2. CD spectra of (A) DUP1-7 prepared from OND1-7. (B) Matched, mismatched and unmodified
duplexes of DUP1/ODN1.
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Figure A3. Normalized thermal melting data of (A) DUP1-7 containing ODN1-7 duplexes. (B) Well-
matched, mismatched and unmodified duplexes of ODN1 and the corresponding unmodified well-
matched duplex.
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2.9.3 Synthesis and characterization

p-Tolyl-3,5-di-O-acetyl-1-thio-2-deoxy-a, B-D-ribofuranoside [2]
AcO
~r
AcOi Q

Procedure: To a stirring solution of 1,3,5-tri-Oacetyl-2-deoxy-a,B-D-ribose 1 (24.0 g, 92.3
mmol, 1.0 equiv.) at -78 °Cin CHxCl, (310 mL) was added p-TolSH (14.7 g, 119 mmol, 1.3 equiv.). After
5 min, BF3-OEt; (43.0 mL, 349 mmol, 3.8 equiv.) was added dropwise. The reaction mixture was stirred
for 20 min and then quenched with aq. sat. NaHCOs. The resulting solution was extracted with CH,Cl,
and combined organic layer was washed with sat. sol. NaCl, dried over MgSQ.,, filtered, and
evaporated in vacuo. The yellow crude product was used directly for the next reaction without

purification.

Characterization: Rf = (Hexane/EtOAc, 7:3): 0.36, MS (ESI) = 346.87 ([M+Na]* calculated

347.09). Rf and ESI MS data are consistent with those previously reported.*

p-Tolyl-1-thio-2-deoxy-a,B-D-ribofuranoside [3]

O .S
Y
HO'

Procedure: To a stirring solution of unpurified di-acetate thioglycoside 2 (29.9 g) in a mixture
of MeOH/CH.Cl, (340 mL, 4:1) was added K,COs (31.5 g, 228 mmoles). The reaction mixture was
stirred at room temperature for 2h and then quenched with a solution of HCI (500 mL, 1.00M). The
mixture was three times extracted with CHCls, dried, filtered, and evaporated in vacuo. TLC showed

full conversion of 2 to 3. The crude 3 was used for the next reaction without purification.

Characterization: Rf = (CH,Cl,:MeOH, 94:6): 0.25, MS (ESI) = 262.98 ([M+Na]* calculated

263.07). Rf and ESI MS data are consistent with those previously reported.*
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p-Tolyl-1-thio-5-O-triisopropylsilyl-2-deoxy- a,B -D-ribofuranoside [4]

O .S
Tlpso’\Q"
HO'

Procedure: To a stirring solution of unpurified diol thioglycoside 3 (26.4 g) in CH,Cl, (400 mL)
were added TIPSCI (21.2 g, 110 mmoles) and imidazole (7.49 g, 110 mmoles). The reaction mixture
was stirred at room temperature for 16h and then quenched with H,0. The resulting solution was
extracted with CH,Cl; and the combined organic layer was dried, filtered, and evaporated in vacuo.
TLC showed a full conversion of 3 to 4. The crude product 4 was used for the next reaction without

purification.

Characterization: Rf = (CH,Cl,:MeOH, 94:6): 0.48, MS (ESI) = 419.07 ([M+Na]* calculated

419.20). Rf and ESI MS data are consistent with those previously reported.*®

p-Tolyl-3-O-acetyl-1-thio-5-O-triisopropylsilyl-2-deoxy-a, B-D-ribofuranoside (5)

O .S

T|Pso’\(_7'"
Acd

Procedure: To a stirring solution of unpurified thioglycosides 4 (47.6 g) in MeCN (400 mL),
were added EtsN (24.0 mL, 172 mmoles), Ac20 (17.0 mL, 180 mmoles) and DMAP (1.60 g, 13.1
mmoles). The reaction mixture was stirred at room temperature for 15 h. The reaction color after 30
min stirring changed from yellowish to brownish. The reaction quenched with sat. sol. NaCl and the
resulting solution was extracted with CH,Cl,. The combined organic layer was dried by MgSQs,,
filtered, and evaporated under the reduced pressure. The crude product 5 (49.0 g) was filtered three
times through silica (height= 4-5 cm) in a large Blichner funnel with EtOAc/hexane gradient from 0 %
to 20 %. After three times filtration, pure thioglycoside 7 (a/B: 1.0:2.1, 35.9 g, 81.8 mmol, 89 % over

4 steps) was obtained.



81 | Chapter 2: *T is a highly fluorescent nucleobase molecular rotor

Characterization: Rf = (hexane:EtOAc, 9:1): 0.38, *H NMR (400 MHz, CDCl3) 6 a: 7.41 (dd, J =
8.2,2.0 Hz, 2H), 7.10 (dd, J = 7.9, 4.5 Hz, 2H), 5.47 (dd, J = 9.3, 5.8 Hz, 1H), 5.29 (dt, J = 5.7, 1.8 Hz,
1H), 4.33 (dt, J=5.7, 1.8 Hz, 1H), 4.08 (dd, /= 4.4, 1.5 Hz, 1H), 3.81 (dt, J = 10.5, 3.9 Hz, 1H), 3.57 (dd,
J=10.5, 6.6 Hz, 1H), 2.32 (s, 3H), 2.26 (dd, J = 9.2, 5.6 Hz, 1H), 2.09 (s, 3H), 1.10 — 1.03 (m, 21H) B:
7.41 (dd, J = 8.2, 2.0 Hz, 2H), 7.10 (dd, J = 7.9, 4.5 Hz, 2H), 5.68 (dd, J = 7.7, 3.1 Hz, 1H), 5.23 (dt, J =
7.4,2.8 Hz, 1H), 4.33 (q, J = 3.4 Hz, 1H), 3.94 (dd, J = 10.8, 3.4 Hz, 1H), 3.84 (dd, J = 7.6, 3.2 Hz, 1H),
2.79 (dt, J=14.9, 7.6 Hz, 1H), 2.32 (s, 3H), 2.13 (t, / = 2.8 Hz, 1H), 2.09 (s, 3H), 1.28 —1.24 (m, 21H).
MS (ESI) = 460.86 ([M+Na]* calculated 461.22). The spectroscopic data are consistent with those

previously reported.*

1'-(3'-0-acetyl-5-O-triisopropylsilyl-2’-deoxy-B-D-ribofuranoside)-6-bromo-quinazoline-2,4-(3H)-
dione (6)

(o)

Br\@LNH
o
o

TIPSO

OAc

Procedure: To a suspension of 6-bromo-quinazoline-2, 4-(1H, 3H)-dione (5.70 g, 23.7 mmol,
1.25 equiv.) in dry CH»Cl, (300 mL) with activated molecular sieves (MS 44, 30.0 g), BSA (12.0 mL, 49.3
mmol, 2.6 equiv.) was added dropwise over 5 min under Ar atmosphere. The solution was stirred at
room temperature for 180 min. This solution was then cooled to 0 °C and the solution of thioglycoside
5 (/B =1.0:2.5, 8.31 g, 19.0 mmol, 1.0 equiv.) was added to the reaction mixture. After 20 min, NIS
(4.70 g, 20.9 mmol, 1.1 equiv.) and TMSOTf (2.10 mL, 11.6 mmol, and 0.61 equiv.) were added and
the reaction mixture color changed from light brown to a red. The reaction mixture was stirred for 5
min at 0 °C, then quenched with ag. sat. Na;5,03 and diluted with CH,Cl». To this green color solution,
ag. sat. NaHCOs was added and the organic phase was washed for three times. The aqueous phase
was also washed with CH,Cl, for three times. The combined organic phase was dried over MgS0Oa,
filtered, and concentrated under reduced pressure to result crude 6 as yellow oil. The crude product

was subjected to the flash column chromatography on silica gel EtOAc/hexane, gradient from 0 % to
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40 %, to isolate B isomer (5.82 g, 10.5 mmol, 55 %) and aisomer (3.42 g, 6.16 mmol, 33 %) as white

foams.

Characterization: Rf (hexane/EtOAc, 6:4): 0.85; 'H NMR (400 MHz, CDCl3) &: 8.52 (br, 1H),
8.32(d, J=2.5Hz, 1H), 7.87 (d, J = 9.1 Hz, 1H), 7.64 (dd, J =9.1, 2.5 Hz, 1H), 6.79 (dd, J=9.6, 6.2
Hz, 1H), 5.52 (dt, J = 8.0, 2.9 Hz, 1H), 4.09-4.00 (m, 3H), 2.88-2.80 (m, 1H), 2.15 (dd, J = 6.3, 2.1 Hz,
1H), 2.11 (s, 3H), 1.29-1.24 (m, 21H). The spectroscopic data are consistent with those previously

reported.*

1'-(3'-O-tertbutyldimethylsilyl-5’-O-triisopropylsilyl-2’-deoxy-B-D ribofuranoside)-6-

bromoquinazoline- 2,4-(3H)-dione (7)

(o]
Br
NH
o
(o]
TIPSO
oTBS

Procedure: To a stirred solution of B nucleoside 6 (1.70 g, 3.06 mmol, 1.0 equiv.) in a mixture
of MeOH/CH,Cl; (80.0 mL, 4:1), was added K,COs (710 mg, 5.14 mmoles, 1.7 equiv.). The reaction
mixture was stirred at room temperature for 36 h and then concentrated under the reduced pressure.
The crude material was taken up in EtOAc and washed with sat. sol. NaCl. The aqueous phase was
back extracted with EtOAc and the combined organic layer was dried, filtered, and evaporated to give
unprotected nucleoside as an off-white foam. The product was used in the next step without further
purification. To a stirred solution of unprotected nucleoside in DMF (65.0 mL), TBDMSCI (730 mg,
4.84 mmoles, 1.6 equiv.) and imidazole (340 mg, 4.99 mmoles, 1.6 equiv.) were added. The reaction
mixture was stirred at room temperature for 40 h and then quenched with sat. sol. NaCl. The resulting
solution was extracted with EtOAc and the combined organic layer was dried, filtered, and
concentrated under reduced pressure. The crude product (1.88 g) was subjected to flash column
chromatography on silica gel EtOAc/hexane, gradient from 0 % to 40 %, to give protected nucleoside

7 (1.78 g, 2.90 mmoles, 95 % over two steps) as a white foam.
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Characterization: Rf (hexane/EtOAc, 9:1): 0.35; H NMR (400 MHz, CDCl3) &: 8.97 (br, 1H),
8.32(d,J = 2.4 Hz, 1H), 7.69 (d, J = 9.2 Hz, 1H), 7.63 (dd, J = 8.9, 2.4 Hz, 1H), 6.73 (t, J = 7.7 Hz, 1H),
4.73 (dt, J = 8.7,4.4 Hz, 1H), 4.04 (dd, J = 11.5, 2.8 Hz, 1H), 3.92 (dd, J = 11.5, 3.2 Hz, 1H), 3.84 (dt, J
=5.7,2.9 Hz, 1H), 2.72 (dt, J = 13.3, 8.1 Hz, 1H), 2.08-2.02 (m, 1H), 1.16-1.08 (m, 21H), 0.90 (d, J = 1.1
Hz, 9H), 0.10 (d, / = 1.0 Hz, 3H), 0.08 (d, / = 1.0 Hz, 3H). The spectroscopic data are consistent with

those previously reported.®!

1'-(3’-O-tertbutyldimethylsilyl-5’-O-triisopropylsilyl-2’-deoxy-B-D ribofuranoside)-6-styryl-
guinazoline- 2,4-(3H)-dione (8a)

Procedure: Cs;C03 (1.90 g, 5.83 mmol, 3.2 equiv.) was added to a dry round flask contained
nucleoside 7 (1.14 g, 1.85 mmol, 1.0 equiv.). Then, trans-styryl boronic acid pinacol ester (894 mg,
3.89 mmol, 2.1 equiv.), Pd(dppf)Cl; (213 mg, 0.291 mmol, 0.16 equiv.) and freshly degassed dry 1,4-
dioxane (15 mL, 0.12M) were added to the mixture. The reaction was stirred at 100 °C for 24 h under
an Ar atmosphere. Then, the reaction was quenched with sat. sol. NaCl, extracted with EtOAc, dried
over MgS0O4 and filtered through a pad of celite. The crude product was subjected to flash column
chromatography on silica gel EtOAc/Hexane, gradient from 0% to 40 %, to give protected “T

nucleoside 8a (1.17 g, 1.80 mmol, 98 %) as a white foam.

Characterization: Rf (hexane/EtOAc, 8:2): 0.42; *H NMR (400 MHz, CDCls) &: 8.32 (d, J = 2.1
Hz, 1H), 8.18 (br, 1H), 7.76 (d, J = 8.7 Hz, 1H), 7.70 (dd, J = 9.0, 1.9 Hz, 1H), 7.53 (d, J = 7.7 Hz, 2H),
7.38 (t,J = 7.5 Hz, 2H), 7.29 (t, J = 7.5 Hz, 1H), 7.19 = 7.05 (m, 2H), 6.74 (t, J = 7.6 Hz, 1H), 4.76 (dt, J =
8.7, 4.5 Hz, 1H), 4.06 (dd, J = 11.2, 3.0 Hz, 1H), 3.94 (dd, J = 11.3, 3.5 Hz, 1H), 3.87 — 3.85 (m, 1H), 2.81
(dt, J = 13.2, 8.0 Hz, 1H), 2.07 (ddd, J = 12.5, 7.6, 3.8 Hz, 1H), 1.20 — 1.05 (m, 21H), 0.91 (9H, s), 0.11
(s,3H),0.10 (s, 3H). 3C NMR (126 MHz, CDCl5) § 162.2,150.1, 138.9, 136.8,133.1,132.6, 129.8, 128.8,
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128.0, 126.6, 126.3, 125.9, 117.2,117.1, 86.5, 84.0, 70.2, 61.1, 37.1, 25.8, 18.1, 18.0, 12.0, -4.5, -4.8.
HRMS (ES|)Z m/z 651.36445 ([l\/|+H]+ C36Hs5505N,Siy* requires 651.36440).

1'-(3’-O-tertbutyldimethylsilyl-5’-O-triisopropylsilyl-2’-deoxy-B-D ribofuranoside)-6-(4-
trifluoromethyl)-styryl-quinazoline- 2,4-(3H)-dione (8b)

Procedure: Cs,CO3 (520 mg, 1.60 mmol, 3.1 equiv.) was added to a dry round flask contained
nucleoside 7 (316 mg, 0.52 mmol, 1.0 equiv.). Then, trans-2-[4-(trifluoromethyl)phenyl] boronic acid
(266 mg, 1.16 mmol, 2.5 equiv.), Pd(dppf)Cl> (75 mg, 0.09 mmol, 0.18 equiv.) and freshly degassed
dry 1,4-dioxane (4.0 mL) were added to the mixture. The reaction was stirred at 100 °C for 30 h under
an Ar atmosphere. Then, the reaction was quenched with sat. sol. NaCl, extracted with EtOAc, dried
over MgS0. and filtered through a pad of celite. The crude product was subjected to flash column
chromatography on silica gel EtOAc/Hexane, gradient from 0% to 40 %, to give protected “T
nucleoside 8b (270 mg, 0.38 mmol, 73 %) as a white foam.

Characterization: Rf (hexane/EtOAc, 9:1): 0.24; 'H NMR (500 MHz, CDCl3) &: 10.16 (s, 1H),
8.39(d,J=2.2 Hz, 1H), 7.78 (d, /= 8.8 Hz, 1H), 7.69 (dd, J = 8.9, 2.3 Hz, 1H), 7.59 (s, 4H), 7.15 (s, 2H),
6.80 (t, /= 7.7 Hz, 1H), 4.77 (ddd, J = 8.7, 5.4, 3.9 Hz, 1H), 4.07 (dd, J = 11.3, 2.9 Hz, 1H), 3.96 (dd, J =
11.3, 3.5 Hz, 1H), 3.87 (dd, J = 5.5, 3.0 Hz, 1H), 2.82 (dt, J = 13.3, 8.0 Hz, 1H), 2.10 (ddd, J = 13.3, 7.6,
3.9 Hz, 1H), 1.18 — 1.07 (m, 21H), 0.92 (s, 9H), 0.12 (s, 3H), 0.10 (s, 3H). *3C NMR (126 MHz, CDCl3) &
162.2,150.0, 140.3, 139.5,133.0,132.4,129.8,129.5, 128.9, 128.2, 126.8, 126.3, 125.7 (q, / = 3.9 Hz),
125.3,123.1,117.4,117.2, 86.6, 84.1, 70.3, 60.5, 25.9, 18.2, 18.1, 18.0, 12.1, -4.5, -4.8. HRMS (ESI):
m/z 741.33323 ([M+Na]* C37Hs3F305N,Si;Na* requires 741.3337).
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1'-(3’-O-tertbutyldimethylsilyl-5’-O-triisopropylsilyl-2’-deoxy-B-D ribofuranoside)-6-(4-methoxy)-
styryl-quinazoline- 2,4-(3H)-dione (8c)

Procedure: Cs2CO3 (574 mg, 1.76 mmol, 3.5 equiv.) was added to a dry round flask contained
nucleoside 7 (308 mg, 0.50 mmol, 1.0 equiv.). Then, 4-methoxy trans-styryl boronic acid (231mg, 1.30
mmol, 2.6 equiv.), Pd(dppf)Cl; (70 mg, 0.09 mmol, 0.17 equiv.) and freshly degassed dry 1,4-dioxane
(5.0 mL) were added to the mixture. The reaction was stirred at 90 °C for 30 h under an Ar
atmosphere. Then, the reaction was quenched with sat. sol. NaCl, extracted with EtOAc, dried over
MgS0O, and filtered through a pad of celite. The crude product was subjected to flash column
chromatography on silica gel EtOAc/Hexane, gradient from 0% to 40 %, to give protected “T

nucleoside 8c (60 mg, 0.09 mmol, 18 %) as a white foam.

Characterization: Rf (hexane/EtOAc, 8:2): 0.35; *H NMR (400 MHz, CDCl3) 6:9.33 (s, 1H), 8.33
(s, 1H), 7.71 (s, 2H), 7.48-7.42 (m, 2H), 7.13 (d, J = 16.3 Hz, 1H), 7.06 (t, /= 7.8 Hz, 1H), 6.98 — 6.88 (m,
3H), 5.56 (ddd, J = 8.6, 4.1, 2.4 Hz, 1H), 4.44 (d, J = 2.6 Hz, 1H), 4.03 (dd, J = 10.8, 2.4 Hz, 1H), 3.98 (dd,
J=10.7, 2.8 Hz, 1H), 3.83 (s, 3H), 2.86 (dt, J = 14.4, 8.3 Hz, 1H), 2.55 (ddd, J = 14.4, 7.7, 4.1 Hz, 1H),
1.20 — 1.06 (m, 21H), 0.92 (s, 9H), 0.12 (s 3H), 0.10 (s, 3H). HRMS (ESI): m/z 703.35685 ([M+Na]*
C36Hs505N,Siz" requires 703.35691).
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1'-(3’-O-tertbutyldimethylsilyl-5’-O-triisopropylsilyl-2’-deoxy-B-D ribofuranoside)-6-(4-phenyl)-
styryl-quinazoline- 2,4-(3H)-dione (8d)

Procedure: Cs2CO3 (587 mg, 1.80 mmol, 3.7 equiv.) was added to a dry round flask contained
nucleoside 7 (301 mg, 0.49 mmol, 1.0 equiv.). Then, trans-2-(4-biphenyl)vinyl boronic acid (280 mg,
1.25 mmol, 2.6 equiv.), Pd(dppf)Cl; (64 mg, 0.08 mmol, 0.16 equiv.) and freshly degassed dry 1,4-
dioxane (7 mL) were added to the mixture. The reaction was stirred at 100 °C for 30 h under an Ar
atmosphere. Then, the reaction was quenched with sat. sol. NaCl, extracted with EtOAc, dried over
MgS0O, and filtered through a pad of celite. The crude product was subjected to flash column
chromatography on silica gel EtOAc/Hexane, gradient from 0% to 20 %, to give protected “T

nucleoside 8d (178 mg, 0.25 mmol, 50%) as a white foam.

Characterization: Rf (hexane/EtOAc, 8:2): 0.23; *H NMR (400 MHz, CDCls) 6: 8.64 (s, 1H), 8.36
(br, 1H),7.77 (d, J=8.8 Hz, 1H), 7.72 (d, J= 8.9 Hz, 1H), 7.65—7.59 (m, 6H), 7.48—7.34 (m, 4H), 7.23—
7.11 (m, 2H), 6.77 (t,J = 7.7 Hz, 1H), 4.77 (dt, J = 9.0, 4.3 Hz, 1H), 4.10—4.03 (m, 1H), 3.99—3.92 (m,
1H), 3.87 (d, J = 4.8 Hz, 1H), 2.82 (dt, J = 15.0, 8.0 Hz, 1H), 2.09 (td, J = 9.1, 4.7 Hz, 1H), 1.27 — 1.09 (m,
21H), 0.92 (9H, s), 0.12 (s, 3H), 0.11 (s, 3H). *3C NMR (126 MHz, CDCl5) 6 162.0, 150.0, 140.9, 140.7,
139.0, 135.9, 133.3, 132.9, 129.5, 129.0, 127.6, 127.2, 127.0, 126.4, 126.0, 117.5, 117.1, 86.6, 84.1,
70.3, 62.0, 37.2, 259, 18.2, 18.1, 12.1, -4.4, -4.7. HRMS (ESI): m/z 769.37765 ([M+Na]*
Ca2HssNaOsN,Siy* requires 769.37765).
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1'-(2'-deoxy-B-D ribofuranoside)-6-styryl-quinazoline- 2,4-(3H)-dione (2)

Procedure: To a stirred solution of nucleoside 9 (870 mg, 1.34 mmol, 1.0 equiv.) in THF (15
mL), was added TBAF (1M solution in THF, 6.62 mL, 4.9 equiv.). The mixture was stirred at room
temperature for 22 h and then directly loaded onto a silica gel column chromatography. Purification
using 100 % MeCN as eluent afforded pure deprotected nucleoside 2 (480 mg, 1.26 mmol, 94 %) as a

white solid.

Characterization: Rf (CH,Cl,/MeOH, 95:5): 0.15; *H NMR (500 MHz, DMSO-d¢) 6 11.67 (br,
1H), 8.18 (d, / = 2.1 Hz, 1H), 7.93 (dd, J = 9.0, 2.2 Hz, 1H), 7.89 (d, J = 8.9 Hz, 1H), 7.64 (d, / = 7.3 Hz,
2H), 7.39 (t, J = 7.7 Hz, 2H), 7.33 (d, J = 6.7 Hz, 1H), 7.30 — 7.27 (m, 2H), 6.69 (t, J = 7.8 Hz, 1H), 5.28
(d, J=5.1Hz, 1H), 5.00 (t, J = 5.2 Hz, 1H), 4.42 (dq, J = 8.6, 4.4 Hz, 1H), 3.74 — 3.63 (m, 3H), 2.65 (dt, J
=13.3, 8.2 Hz, 1H), 1.95 (ddd, J = 13.5, 7.4, 3.6 Hz, 1H). 3C NMR (101 MHz, acetone-de¢)  162.4, 151.0,
140.2, 138.1, 133.5, 132.9, 130.0, 129.6, 128.6, 127.5, 127.5, 126.3, 118.5, 118.1, 87.9, 85.3, 71.2,
62.3,37.6. HRMS (ESI): m/z 379.13001 ([M-H]™ C21H1905N" requires 379.12995).
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1'-[5'-0-(4,4-dimethoxytrityl)-2'-deoxy-B-d-ribofuranoside]-6-styryl-quinazoline- 2,4-(3H)-dione
(10)

Cogdy

o
DMTO

OH

Procedure: Nucleoside 2 (548 mg, 1.44 mmol, 1.0 equiv.) was co-evaporated with pyridine (3
x 3.00 mL) and then suspended in pyridine (5.00 mL). To the stirring solution was added dropwise
DMTCI (690 mg, 2.03 mmol, 1.4 equiv.) dissolved in 3.00 mL pyridine. A clear red reaction mixture
was observed which was stirred at room temperature for 165 min. The reaction was then quenched
with a sat. sol. NaHCOs. The resulting mixture was extracted with CH,Cl, and the combined organic
layer was dried over MgSQy, filtered, and co-evaporated in vacuo with pyridine. The crude product
was purified by column chromatography on silica gel (CH,2Cl,/MeOH/EtsN, 99.5:0:0.5 - 89.5:10:0.5)

to obtain nucleoside 10 (666 mg, 0.980 mmol, 68 %) as a white foam.

Characterization: Rf (CH,Cl,/MeOH, 94:6): 0.25; *H NMR (400 MHz, CDCls) 6 8.18 (s, 1H), 8.06
(d, J=8.9 Hz, 1H), 7.46 (ddt, J = 7.5, 5.9, 3.0 Hz, 4H), 7.39 = 7.21 (m, 10H), 6.95 - 6.78 ( m, 8H), 5.53
(d, J=5.1 Hz, 1H), 4.89 — 4.92 (m, 1H), 4.05 (s, 1H), 3.73 (s, 6H), 2.96 — 2.89 (m, 2H), 2.27 — 2.22 (m,
1H).3C NMR (126 MHz, CDCls) 6 162.7, 158.6, 150.9, 144.5, 138.6, 136.9, 135.8, 135.6, 132.6, 132.1,
130.4,130.3,129.2,128.7,128.6,127.9,127.8,127.0, 126.5, 126.4, 126.1,118.0,117.2,113.2, 113.1,
86.5, 85.2, 83.9, 70.2, 62.3, 55.1, 37.1. HRMS (ESI): m/z 705.25641 ([M+Na]* Ca;H3s07N2Na* requires
705.25712).
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1'-[3'-0-[2-cyanoethoxy-(N,N-diisopropylamino)-phosphino]-(5'-0-(4,4-dimethoxytrityl)-2’-deoxy-
B-d-ribofuranoside]-6-styryl-quinazoline- 2,4-(3H)-dione (3)

o
7 Y~ | NH
NS
NAO
o
DMTO

B

Procedure: To a stirred solution of nucleoside 10 (474 mg, 0.694 mmol, 1.0 equiv.) in CHxCl;
(10.0 mL) at 0 °C, was added freshly distilled diisopropylethylamine (DIPEA, 607 uL, 3.49 mmol, 5.0
equiv.) and the reaction was stirred 10 min at 0 °C under an atmosphere of Ar. To this solution was
added 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (607 uL, 2.72 mmol, 4.0 equiv) and the
reaction was stirred at 22 °C for 150 min while it was monitored by TLC every 30 min. The reaction
mixture was then loaded directly to a silica gel column, without any quenching or workup steps. The
residue was purified by flash column chromatography (elution time of 10 min) on silica gel
(hexane/EtOAc/EtsN, 60:40:0.5 - 40:60:0.5) to obtain nucleoside 3 (552 mg, 0.625 mmol, 90 %,

diastereomeric mixture) as a white foam. It is worth noting that chromatography solvents were

distillated prior to use.

Characterization: Rf (hexane/EtOAc, 4:6): 0.45 and 0.55; *H NMR (400 MHz, CDCls) § 8.20 (s,
2H), 8.09 (d, J = 2.7 Hz, 1H), 8.07 (d, J = 2.8 Hz, 1H), 7.49 — 7.44 (m, 8H), 7.40 — 7.28 (m, 20H), 6.93 —
6.80 (m, 16H), 5.07 — 4.96 (m, 2H), 4.22 — 4.09 (m, 8H), 3.77 — 3.76 (m, 12H), 2.93 (dd, J = 13.8, 8.9
Hz, 2H), 2.76 (td, J = 6.2, 2.0 Hz, 4H), 2.60 (t, J = 6.3 Hz, 2H), 2.38 (t, J = 6.5 Hz, 2H), 1.29 — 1.26 (m,
24H), 1.02 (d, J = 6.7 Hz, 6H). 3P NMR (162 MHz, CDCl3) 6 150.4, 149.9. HRMS (ESI): m/z 905.36436
(IM+Na]* Cs1Hss0sNsNaP* requires 905.36497).
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2.9.4 NMR spectra

1H NMR (CDCI3, 400 MHz)
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1H NMR (CDCI3, 400 MHz)
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13C{1H} NMR (CDCI3, 125.7 MHz)
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1H NMR (CDCI3, 500 MHz)
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1H NMR (CDCI3, 500 MHz)
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HNMR (CDCI3, 400 MHz)
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1H NMR (DMS0-d6, 500 MHz)
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1H NMR (CDCI3, 400 MHz)
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Chapter 3 | Probing DNA local and

global structure

“...is about questioning, studying, probing nature. You probe, and, if you're lucky, you get strange clues.”

Lene Hau
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3.1 Introduction: Detection of DNA hybridization, damage, and mutations

DNA encodes all of our genetic information. Consequently, any error within a DNA sequence
may initiate disease-states and impact the health of an individual. These errors can occur naturally
when DNA is exposed to light or chemical reagents (DNA damage) or during DNA replication, mitosis,
or meiosis (DNA mutation). The main difference between these two types of errors is that DNA
damage changes the chemical structure of a nucleobase while a mutation simply alters the sequence.
Therefore, the biological consequences of DNA damage and DNA mutation can be different.
Preserving genomic sequence information in living organisms is essential for the perpetuation of life.
At the same time, mutagenesis plays an indispensable part in its maintenance of evolution, while also
contributing to cancer, certain human diseases, and aging. It is known that DNA, the basic unit of
inheritance, is an intrinsically reactive molecule and is highly susceptible to chemical modifications
by endogenous and exogenous agents. Furthermore, the DNA polymerases make some mistakes,
thereby burdening cells with potentially disadvantageous mutations. However, cells are equipped
with intricate and sophisticated systems—DNA repair, damage tolerance, and cell death pathways—

that collectively function to reduce the deleterious consequences of DNA damage.

Several methods have been developed to measure the activity of DNA repair enzymes and
detect single-nucleotide polymorphisms (SNPs) which involve a variation of a single nucleotide at a
specific location in the genome.'> Among these methods, molecular beacon (MB) probes have been
widely used for the detection of SNPs, real-time detection of nucleic acids, quantification of
polymerase chain reactions (PCRs), isothermal amplification, as DNA microarray—immobilized probes,
and as antisense probes for detecting RNA in vivo.®® An MB probe is an oligonucleotide that forms a
hairpin-like stem-loop structure tagged with a fluorophore and a quencher at 5’ and 3’ terminus
(Figure 3.1A). The hairpin loop consists of approximately 15-25 nucleotides that are complementary
to the target DNA, and the terminal stems are composed of 5—7 nucleotides that are complementary
to each other.1%12 When the MB probe exists in the form of a hairpin structure, the fluorescence
disappears because the quencher is positioned close to the fluorophore. When the MB probe meets
its target DNA, the hairpin structure opens, and fluorescence is restored due to the separation of the
fluorophore and quencher units. The advantage of MB probes over single-dye probes (linear probes)
is that they provide high signal-to-noise ratios and high degrees of mismatch discrimination. Despite

these attractive features, MB probes have a disadvantage in that they require a specific target
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sequence of 15-25 nucleotides to separate the fluorophore and quencher upon dimerization with
the target. In addition, because the hairpin must be opened, the rate of hybridization is slower than
that of a corresponding linear probe. Finally, both the fluorophore and quencher units are required,

adding to the cost of preparation.

If fluorescent oligonucleotides could be made to function in a similar manner to that of MB
probes, but without the need for quencher units, such probes would be simpler and cheaper to
produce. Furthermore, quencher-free DNA probes could be prepared with the fluorophore
positioned anywhere along the sequence, not only at the end of the stem. Examples of fluorescence-
based sequence detection, discrimination of alleles, and DNA quantification using oligonucleotides
containing only a single fluorophore unit include: guanine-quenching probes, cyanine-containing

probes, FBAs, and microenvironment-sensitive probes.
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Figure 3.1. Principle of (A) MB probes, (B) guanine-quenching probes, (C) forced intercalation probes, (D)
some FBAs, and (E) molecular rotor probes. Figure A, B, and C are adopted from REF and figure E is
adopted from REF*“,

Guanine-quenching probes: Two types of probes have been designed based on the guanine
bases’ function as energy acceptors.'> In the first type, hybridization causes PET quenching when

fluorophores are placed adjacent to cytosine residues (Figure 3.1B).}'° In the second type,
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dequenching occurs when a DNA strand containing a fluorophore adjacent to guanine residues
hybridizes to the complementary strand.?° The main drawback of these systems is that they have low

sensitivity and are limited to specific sequences.

Cyanine-containing probes: Some cyanines such as thiazole orange (TO) and oxazole yellow
(YO) have been inserted at an internal position of oligonucleotides.?*2* When these probes hybridize
to the complementary DNA target, forced intercalation and fluorescence enhancement were
observed (Figure 3.1C).%°> The fluorescence of these covalently linked intercalators is sensitive to
structural disturbances caused by an adjacent base mismatch. However, these probes are relatively

bulky modifications and can disturb the secondary structure of DNA.

Fluorescent base analogs (FBAs): The classical FBA, 2-aminopurine (2AP), maintains
complementarity to thymine but also wobble pairs with cytosine. It shows reduced fluorescence upon
base-pairing with T or C.2® Thus, fluorescent base analogs that are structurally similar to native
nucleobases, have been widely developed with the goal of achieving increased fluorescence
intensities upon highly specific base-pairing with a single residue.!® 2728 Some FBAs with the highest
SNP discrimination are 3-MI,%° BPP,3° and MPA (Figure 3.1D).3! 3-MI forms a bulge following the
formation of a matched duplex, leading to an increase of up to 27-fold in fluorescence intensity. The
bulge-formation strategy has been used to detect PCR products of an HIV-1 detection system.?
However, the major problem with these probes is that their fluorescence is fully quenched in the off

mode, rendering detection of the nucleobase in different hybridization states impossible.

Microenvironment-sensitive probes: As previously discussed in Section 1.5, Chapter 1,
fluorescent nucleosides have been employed as microenvironment-sensitive probes,3? utilizing their
high sensitivity to detect changes in local polarity,3 viscosity,’* and pH.3* For example,
oligonucleotides containing furan-modified dU have been used to detect abasic sites (Section 1.8.5,
Chapter 1).3>-3¢ When the functionalized strand was hybridized and the abasic site was located across
from it, a significant emission enhancement was observed as compared to that of the matched
duplex.'® It is believed that the vacant space provided by the confined abasic site limited the rotation
of the furan-uracil single bond, resulting in an increase of fluorescence (Figure 3.1E). Such fluorescent
nucleobase rotors have also been used to detect DNA hybridization,” mismatches and oxidatively

damaged bases.?®3° However the previously reported probes suffer from low brightness,*® and are
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usually sensitive enough for abasic sites but not mismatches and transverse mutation products.® In
addition, pH-sensitive probes have been used as hybridization probes. The Asanuma Group used 7-
hydroxycoumarin (pKa = 8.8 in ss-DNA and pKs > 10 in ds-DNA), which was quenched upon
protonation in the absence of the target strand.*! Even though the pH-responsive probes have also
been used for SNP identification of mutant/wild-type bases,*? their applications are mostly limited to

DNA hybridization, where the complementary strand assists deprotonation.

Here we will discuss how the rotary behavior of T makes it the most mismatch-sensitive
probe to date that can detect both local and global dynamics of DNA. Even though *T discriminates
between matched and mis-matched bases, thanks to its exceptionally high brightness, its
fluorescence even in the off-mode remained high enough to be detected by dynamic anisotropy
measurements. Thus, we used *T to probe the dynamics of mismatched and well-matched duplexes,
as well as single-stranded DNA. The results generated from time-correlated single-photon counting
(TCSPC) provided insights into the fundamental dynamic behavior of DNA. In addition, we conducted
distance-dependence studies and applied *T as a spectroscopic ruler, where it could selectively detect
(1) an A:A mismatch or an abasic site by short-range dynamic induction; (2) an O6-methylguanine
(MG) or 8-oxoguanine (OG) damage by the means of electron transfer; and (3) a FRET acceptor via

energy transfer.

3.2 T discriminates between mismatches

Oligonucleotides containing ®T exhibited a 4.9-fold fluorescence enhancement upon
hybridization with a fully complementary sequence (Figure 3.2). This observation was in agreement
with our DFT calculations and solvent-dependent photophysical experiments which suggested *T is
microenvironment-sensitive and, in contrast with most of the FBAs,?> 434> does not undergo PET
qguenching in duplex DNA. Taken together, the fluorescence enhancement of *T during hybridization
with the fully complementary strand is explainable by formation of the rigid duplex DNA which
inhibits ®T from rotation around the ethylenic bond. Comparing the well-matched DNA (*T:A) with
mismatched DNAs (*T: G, C, T) revealed the ability of *T to discriminate a single nucleotide with Ex¢
values ranging from 150 — 4,250 cm™ M! (Figure 3.2 and Table B1, Appendix B). This fluorescence
diminution is a result of the higher flexibility of mismatched bases. The greatest fluorescence change

was observed for *T:C and “T:T mismatches. The *T:G wobble base-pair, due to its stronger pairing
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interactions as compared to the other mismatched bases, showed less fluorescence quenching.
Similar trends were also observed in the thermal melting (Tm) of *T:A>*T:G > *T:C/T, consistent with
the relative broadness of thymidine imino proton resonances in *H NMR spectra of T:G and T:T base
pairs in duplex DNA.*¢ Together these results suggested that fluorescence quenching of *T is related

to increased molecular motions of mismatched ®T:C/T base pairs over both *T:G (wobble) and *T:A

base pairs.
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Figure 3.2. Absorption (dashed line) and fluorescence (solid line) of single-stranded and duplex ODN1
containing *T. Data were recorded at 22 °C in PBS buffer (pH = 7.4). DNA concentrations were kept at 2.0
puM. ODN1 sequence: 5'-GCGTA*TCGTATACAC-3’

To gain insight into the relationships between *T dynamic motions and brightness in DNA,
TCSPC experiments were conducted using ds-*T:A, ds-*T:T and ss-*T samples of ODN1 (Table 3.1,
Figure B1, Appendix B). All time-resolved data fit to single-exponential decay models (R?> = 0.98 —
0.99,). At 25 °C, the fluorescence lifetime values (t) of *T in DNA were ds-*T:A (11 ns), ss-“T (5.4 ns),
and ds-®T:T (4.5 ns), reflecting the same trends as their steady-state brightness. Upon heating each
sample over a “pre-melting” temperature range of 25 °C - 45 °C where no significant global melting
of the duplexes was observed (at 45 °C, only 12% of ds-*T:A and 17% of ds-*T:T were melted), the t
values of ®T decreased in a linear fashion for both ds-*T:A (-0.11 ns per °C, Figure 3.3) and ss-"T (-
0.05 ns per °C, Figure 3.3). These results are consistent with increased “breathing” motions of
nucleobases with increasing temperatures.?’ Surprisingly, the t values of ds-*T:T increased over this
same temperature range (+0.03 ns per °C), suggesting increasing rigidity of the mismatch with

increasing temperature. This result is consistent with the higher affinity and positive entropy change
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exhibited by T:T mismatches for Hg" binding over these temperatures.*®* Previously, it was
suggested that water is released from the T:T base pairs with increasing temperature, making T:T
mismatch bases bind stronger to Hg' at higher temperatures.*® %’ However, this fluorescence lifetime
enhancement stops after the duplex begins to melt. At 55 °C, where 57% of ds-*T:A and 85% of ds-
T.T were melted, the T values for all three samples neared convergence due to thermal melting of

the duplexes (Figure 3.3).

Table 3.1. Fluorescence lifetime (t), anisotropy decay (8), steady-state anisotropy (<r>), angle
between excitation and emission dipole (B) and hydrodynamic radius (Ry) of *T in ODN1.?

T(°C) t(ns) 0 (ns) <r> B (°)° Ry (nm)©

25 11.1+0.1 20+ 4.2 0.07 £0.01 4442 2.701+0.18
ds-“T:A 35 10.0+0.1 19+3.8 0.08 £ 0.01 43 +2 2.68+£0.18

55 6.6 0.1 85128 0.06 £+ 0.02 4513 2.09+£0.22
ss-5T 25 454+0.1 79117 0.04 £ 0.01 47 +2 1.98+0.14
ds-“T:T 25 54+0.1 53+16 0.02 +0.02 51+2 1.74 + 0.17¢

2All measurements were performed at 22 °C, PBS buffer and pH = 7.4. DNA concentrations = 2.0 uM.
bCalculated from fundamental anisotropy, ro (Eq. B5).

Calculated from 6 (Eq. B4). In figure B2, Appendix B, the fundamental anisotropy is plotted against B.
4Value reflects local dynamics, not Ru.
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Figure 3.3. Temperature-dependent fluorescence lifetime values (averaged values of three
measurements with standard errors) as compared to global thermal melting according to absorbance
changes (0.D., dashed lines) at 260 nm.
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To evaluate local and global dynamic motions, TCSPC experiments were used to measure
time-resolved fluorescence anisotropy decay (0, Figure 3.4, Table 3.1). At 25 °C, the 8 values of *T in
DNA followed the same trends as steady-state quantum vyields and fluorescence lifetime
measurements, where ds-*T:A (6 = 20 ns) >> ss-¥T (8 = 7.9 ns) > ds-*T:T (6 = 5.3 ns). The 0 values of
ds-“T:A at 25 °C and 35 °C were essentially identical (6 = 19 — 20 ns, Table 3.1 and Figure 3.4B),
suggesting that the 0 values are reflecting global motions of the duplex at these temperatures. We
therefore used the 0 value at 25 °C to calculate the hydrodynamic radius of the duplex (Ru, Eq. B4,
Appendix), giving Ry = 2.70 + 0.18 nm (Table 3.1). This value is in agreement with the previously
reported Ry values of duplex DNA measured by fluorescence anisotropy, sedimentation velocity and
Monte Carlo simulations.>®>* Comparing our results with the time-resolved fluorescence anisotropy
data of 6-MI,>> we noticed the duplex containing 6-MI has a smaller anisotropy decay time than
duplex containing *T (3.2 ns vs 20.0 ns) and consequently a smaller hydrodynamic radius per base.
This reinforces skepticism on considering 6-Ml as a “real” mimic of guanosine, which was already

under argument considering thermal destabilization of duplexes containing 6-MI.%5>8
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Figure 3.4. Time-resolved fluorescence anisotropy of (A) ODN1 ss-*T, ds-*T:T and ds-*T:A at 25 °C, (B)
ODN1 ds-*T:A at 25, 35, and 55 °C. All measurements were conducted in PBS buffer (pH = 7.4).

At 55 °C the 0 of ds-"T:A (8.5 ns) approached that of ss-*T at 25 °C (7.9 ns). These values are
consistent with the conversion of a “rod-like” duplex (Rs = 2.70 nm) into a “worm-like” chain of ss-
DNA (R = 2.09 nm, Table 3.1).>9%° The close agreements between our results obtained from
photophysical properties of *T, with the global physical properties of ss-DNA,%12 suggest that ss-
DNA contains partially-ordered nucleobases with correlation times dominated by concerted, global

motions of the entire molecule. In contrast, the 8 for mismatched, duplex ds-*T:T (5.3 ns) primarily
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reflects rapid, local dynamics, since this value is much lower than that of ds-*T:A (20 ns), and it is even
lower than ss-¥T at 25 °C (7.9 ns). These results are consistent with previous NMR measurements and
molecular dynamics simulations suggesting the presence of rapid, local motions of base-pair
mismatches in otherwise canonical duplexes.®® To our knowledge, this is the first time an FBA has
been used to determine the hydrodynamic radii of ss-DNA. Our results suggest that the dynamic

motions of a base-pair mismatch in ds-DNA are even greater than those present in ss-DNA.

3.3 Distance-dependent duplex perturbation

Previous studies have focused on using FBAs to detect mismatches and/or DNA lesions in the
opposing or adjacent nucleobase. Given the high sensitivity of *T to DNA local dynamics, we decided
to evaluate how far away ®T can sense a DNA error or damage. For this purpose, different
oligonucleotides were synthesized using solid-phase DNA synthesis, and then hybridized with
different complementary strands forming duplexes containing a mismatch, an abasic (AP) site, or a

damage at different distances from the probe.

3.3.1 Distance-dependent detection of an A:A mismatch and an AP site

An AT-rich sequence containing *T, ODN4 (5'-GCGA“TATATATATAGCG-3'), was hybridized
with different complementary strands forming duplexes containing an A:A mismatch one to five base-
pairs (bps) away from the “T:A pair (ds-*T/AA,, where n = 1, 3, and 5 represents how many bps the
mismatch is away from *T, Table 3.2). As shown in Figure 3.5A, the fluorescence of *T is quenched by
16% when an A:A mismatch is one bp away from the “T:A pair. However, the fluorescence of *T is
almost insensitive towards the presence of an A:A mismatch more than three bps away (<5%
guenching). In addition, ODN4 was hybridized with complementary strands containing an AP site one
to five bps away from *T:A pair (ds-*T/AP,, where n = 1, 3, and 5 represents the position of AP site,
Table 3.2). The fluorescence experiments with DNA containing an AP site (Figure 3.5B) demonstrated
similar results as DNA containing an A:A mismatch, with 24% quenching the fluorescence of T when

the AP site is one bp away from the *T:A pair and <6% quenching when the AP site is more than three
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bps away. Taken together, these results suggest that mispaired bases do not perturb the local

dynamics of the other base-pairs located at a distance greater than 1 nm away.
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Figure 3.5. Distance-dependent detection of (A) A:A mismatch and (B) AP site by *T fluorescence

(excitation at 310 nm). Data were recorded at 22 °Cin PBS buffer (pH = 7.4). DNA concentrations were
kept at 2.0 uM. ODN4 sequence: 5'-GCGA T ATATATATAGCG-3'. The complementary strand AA, and AP,
represents A:A mismatch and AP site in “n” base-pairs away.
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Table 3.2. Biophysical properties of duplexes containing ODN4 and its complementary strands
forming A:A mismatch and AP site.®?
DUP4 Sequences ® g (cmM?) TM™ (°C)
ds-5T 5'— GCGA “T ATATATATAGCG -3’
3'-=CGCT A TATATATATCGC -5’ 0.135 4,130 48.0
ds-5T/AA; 5'— GCGA “T A TATATATAGCG -3’
3'-=CGCT A A ATATATATCGC -5’ 0.113 3,610 36.0
ds-5T/AA; 5'— GCGA “T AT A TATATAGCG -3’
3'-=CGCT A TA A ATATATCGC -5’ 0.129 3,890 369
ds-5T/AAs 5'— GCGA “T ATAT A TATAGCG -3’
3'-=CGCT A TATA A ATATCGC -5’ 0.132 3980 369
ds-5T/AP, 5'— GCGA “T A TATATATAGCG -3’
3'-=CGCT A (-) ATATATATCGC -5’ 0.102 3,240 373
ds-5T/AP; 5'— GCGA “T AT A TATATAGCG -3’
3'-=CGCT ATA(-) ATATATCGC -5’ 0.128 3,670 398
ds-5T/APs 5'— GCGA “T ATAT A TATAGCG -3’
3'-=CGCT ATATA (-) ATATCGC -5’ 0.134 3,890 40.7
2The average extinction coefficient (€) of *T in DNA at 310 nm is 30,600 + 700 cm™* M,
b All measurements were performed at 22 °C in PBS buffer (pH = 7.4), with DNA concentrations = 2.0 uM.

3.3.2 Distance-dependent detection of a 06-methylguanine

Endogenous and exogenous methylating agents react with and modify DNA nucleobases,
producing primarily N7-methylguanine and 06-methylguanine (MG).®* MG is formed in DNA by SN1-

8 such as N-nitroso compounds that are known human carcinogens.%®

type methylating agents,
Endogenous sources of methylation include S-adenosylmethionine®” and nitrosation products.®®-%°
MG, pairs to thymine rather than cytidine, causing a G:C to A:T transition in DNA. Fluorescent probes
have been used to label O6 of guanines and measure the activity of O6-methylguanine-DNA
methyltransferase (MGMT) in live cells.”® In addition, external fluorescent probes were recently used

to determine the activity of MGMT.”* However, to the best of our knowledge, canonical FBAs have

never been used for the detection of MG damages.

Inspired by the sensitivity of *T to towards mismatches base-pair mismatches, we decided to
use *T to probe both MG:T and MG:C pairs. A GC-rich sequence, ODN7 (5'-GCGA*TCGCGCGCTAGCG—
3'), as well as four sequences containing an MG at different locations (ODN7'MG,, wheren =0, 1, 3,

and 5) were synthesized using solid-phase DNA synthesis (ESI data are available in Table B2 and Figure
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B4, Appendix B). Hybridization of ODN7 with ODN7'MG, formed a duplex containing *T:MG and three
duplexes with a C:MG one to five bps away from the “T:A pair (ds-*T/MG,, where n =1, 3, and 5
represents how many bps the MG is away from T, Table 3.3). As shown in Figure 3.6A, ds-*T:MG
demonstrated a 17-fold lower fluorescence intensity as compared to well-matched ds-*T:A (94%
fluorescence quenching). In comparison, the fluorescence of ds-*T:G was 7.1-times lower than that
of the well-matched duplex (86% fluorescence quenching). Thus, *T can selectively detect MG over
G and A when base-pairing with it. The distance-dependent fluorescence data with DNA containing
an MG site (Figure 3.6B) revealed that when MG:C is present one bp away from the ®T:A pair, the
probe’s fluorescence is quenched by 34%. This fluorescence quenching is more significant than what
was determined for an AP site (24% quenching). Based on DFT calculations (Figure 3.8B and Table B3,
Appendix B), we believe the higher HOMO level of MG than *T causes PET quenching, and thus both
mechanical motion and electron transfer factors are involved in fluorescence quenching. This led to
the detection of MG:C even when it was three bps away (13% fluorescence quenching). However, T

could was insensitive to MG when it was located five bps away (<5% fluorescence quenching).
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Figure 3.6. (A) fluorescence of duplex ODN7 containing *T paired with A, G, and MG. (B) Distance-
dependent detection of MG:C pair by *T. Data were recorded at 22 °C in PBS buffer (pH = 7.4). The
excitation wavelength was 310 nm. DNA concentrations were kept at 2.0 uM. ODN7 sequence: 5'- GCGA
“T CGCGCGCTAGCG -3'.
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Table 3.3. Photophysical properties of duplexes containing ODN7 and its complementary strands
forming MG:C and MG:T pairs.2?
DUP7 Sequences ® g (cmM?)
ds-5T:A 5'— GCGA “T CGCGCGCTAGCG -3’
3'-CGCT A GCGCGCGATCGC -5’ 0.172 3,260
ds-5T:MG 5'-GCGA“T CGCGCGCTAGCG -3’
3'-CGCT GCGCGCGATCGC -5’ 0.010 310
ds-5T/MG; 5'-GCGA T GCGCGCTAGCG -3’
3'-CGCT A CGCGCGATCGC -5’ 0116 3,550
ds-5T/MG; 5'—= GCGA “T CG GCGCTAGCG -3’
3'-CGCT A GC CGCGATCGC -5’ 0138 4,220
ds-5T/MGs 5'— GCGA “T CGCG GCTAGCG -3’
3'-CGCT AGCGC CGATCGC -5’ 0.165 2,050
2The average extinction coefficient (€) of ®*T in DNA at 310 nm is 30,600 + 700 cm™* M1,
b All measurements were performed at 22 °C in PBS buffer (pH = 7.4), with DNA concentrations = 2.0 uM.

3.3.3 Detection of 8-oxoguanine damage over longer distances

Guanine is the most susceptible base to oxidation due to its low redox potential.”? Therefore,
8-oxoguanine (OG) is the most abundant form of oxidative DNA damage generated by reactive
oxygen species resulting from metabolism, ionizing radiation, and chemicals.”® OG in DNA can adopt
a syn conformation and pair with adenine during replication,’*”> ultimately leading to G to T
mutations.”® All previously reported FBAs that have been used to probe OG could only detect it either
in the adjacent position”” or when located opposing to the FBA and pairing to it.3® 788! Having
identified FBAs that their fluorescence is efficiently quenched through PET, the reporter system can
be employed as a spectroscopic ruler® to investigate site-specific DNA damage formation and

repair.®3

To further expand the applications of T in the detection of DNA damages, ODN4 was
hybridized with different complementary strands containing OG to form duplexes with OG:A pair one
to five bps away from “T:A (ds-"T/0G,, where n = 1, 3, and 5, Table 3.4). Although the fluorescence
of T is not sensitive towards an A:A mismatch and an AP site more than one bp away, surprisingly, it

was sensitive to OG:A pair even when it was five bps away from T (Figure 3.7).



120 | Chapter 3: Probing DNA local and global structure

Table 3.4.Biophysical properties of duplexes containing ODN4 or ODN6 and their complementary
strands forming OG:A pairs.*®
Oligonucleotides Sequences ® g (cmM?) ™
ds-5T 5'— GCGA “T ATATATATAGCG -3’
3'=CGCT A TATATATATCGC -5’ 0.135 4,130 48.0
ds-5T/OG, 5'—= GCGA “T A TATATATAGCG -3’
DUP4 3'-=CGCT A OG ATATATATCGC -5’ 0.036 1,100 414
ds-5T/OGs3 5'— GCGA “T AT A TATATAGCG -3’
3'-=CGCT ATA OG ATATATCGC -5’ 0.058 1,770 44.9
ds-5T/OGs 5'— GCGA “T ATATATATAGCG -3’
3'-=CGCT ATATA OG ATATCGC -5’ 0.101 3,090 45:3
ds-5T 5'— GCGA “T ATAGATATAGCG -3’
DUP6 3'-=CGCT A TATCTATATCGC -5’ 0.167 >110 >2:3
ds-5T/0Gs 5'— GCGA “T ATAG A TATAGCG -3’
3'-=CGCT A TATC OG ATATCGC -5’ 0.115 3,520 201
2The average extinction coefficient (€) of *T in DNA at 310 nm is 30,600 + 700 cm™* M,
b All measurements were performed at 22 °C in PBS buffer (pH = 7.4), with DNA concentrations = 2.0 uM.
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Figure 3.7. Distance-dependent detection of OG:A by *T. Fluorescence data (excitation at 310 nm) were
recorded at 22 °C in PBS buffer (pH = 7.4). DNA concentrations were kept at 2.0 uM. ODN4 sequence: 5'-
GCGA T ATATATATAGCG -3'. The complementary strand OG, represents OG located n base-pairs away.

Since OG:A does not induce changes in local dynamics more than an AP site, duplex
perturbation could not be responsible for this long-distance detection (Figure 3.8A). DFT studies
demonstrated that the HOMO energy level of *T fits between HOMO of G and OG (Figure 3.8B and

Table B3, Appendix B). This is in agreement with experimental data confirming OG has a lower redox
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potential (0.74 mV vs. NHE) than G (1.29 mV vs. NHE).8 Therefore, although *T does not undergo PET

guenching by natural DNA bases, its fluorescence can be selectively quenched by OG located over 10
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Figure 3.8. (A) Distance-dependent detection of A:A mismatch, AP site, and OG:A by *T in ODN4, and
MG:C by *T in ODN7. Fluorescence data (excitation at 310 nm) were recorded at 22 °C in PBS buffer (pH
=7.4). DNA concentrations were kept at 2.0 uM. ODN4 sequence: 5'- GCGA *T ATATATATAGCG -3'. ODN7
sequence: 5'— GCGA T CGCGCGCTAGCG —-3'. (B) Calculated HOMO/LUMO energy levels (eV) of *T, OG
and MG. The HOMO/LUMO energy range of natural DNA bases is shown by the blue area. The HOMO of
T fits between the HOMO of DNA and HOMO of MG and OG (pink area). DFT calculations were performed
using B3LYP/6-31++G(d) in water.

DNA-mediated electron transfer happens through superexchange or hopping mechanisms,
where in the latter G acts as a stepping stone for hole migration.®° Since in the AT-rich duplexes
(ODN4: 5'- GCGA T ATATATATAGCG -3/, Table 3.4) there is no G between ¥T and OG, PET most likely
happens through a superexchange mechanism, which is a short-range charge transfer based on
overlap between the orbitals’ functions. We hypothesized that it might be possible to increase the T
sensitivity towards an OG located in the further distances by introducing some GC pairs in between.
Our initial experiment with ODN6 (5= GCGA T ATAGATATAGCG -3’, forming ds-*T/OGs similar to
ODN4 but containing a G between *T and OG, Table 3.4) demonstrated a slight increase in the T
fluorescence quenching (31% vs 25%). To confirm the presence of PET between *T and OG, 2'-deoxy-
8-oxoguanosine nucleoside (0 — 2000 eq.) was added to a 2.0 uM solution of ss-*T (ODN4) and

successfully quenched the fluorescence of *T (Figure 3.9).
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Figure 3.9. Titration of 2'-deoxy-8-oxoguanosine nucleoside to single stranded DNA (ODN4) at 22 °C in
PBS buffer (pH = 7.4). DNA concentrations were kept at 2.0 uM.

3.4 FRET between *T and tC

Forster resonance energy transfer (FRET) is a harmonic energy transfer process from a donor
to an acceptor.’® FRET efficiency depends on the distance and orientation between the donor and
the acceptor.®? In the context of FRET, “orientation” means the topology of the transition dipole
moments of the donor and acceptor. In almost all FRET-based assays, orientation factors have been
regarded as an average value because of the free rotation of fluorophores tethered to molecules of
interest. In DNA, the orientations of FBAs are fixed and FRET efficiency reflects both distance and
orientation.”® The construction of such FRET pairs is very significant because the structures and
dynamics of biomolecules can be analyzed with higher resolution as compared to conventional FRET-
based assays that report only distances. The distance- and orientation-dependent FRET system not
only facilitates a better understanding of biomolecular interactions and structural changes but also

complements other analytical methods, such as X-ray crystallography and NMR spectrometry.

tC is one of the most commonly used and commercially available FBAs.3% 9496 Although it has
a relatively high quantum yield (0.19), its brightness is limited by the low extinction coefficient (4,000
M-1cm). On the other hand, *T has a moderate quantum yield (0.14) and owes its high brightness to
the exceptionally high extinction coefficient (30,600 M1cm™). Considering the overlap between the
absorbance of tC and emission of ®T (Figure 3.10), we decided to evaluate the FRET efficiency
between *T and tC, which pairs a high extinction coefficient of donor with a high quantum yield of
the acceptor. For this purpose, GC- and AT-rich sequences containing T (ODN7 and ODNS,

respectively) and their fully complementary strands containing tC at different positions (ODN6’tC4
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and ODN7'tC,, where n = 2, 4, and 6) were synthesized (ES| data are available in Table B2 and Figure
B2, Appendix B) and annealed together to form duplexes (ds-*T/tCn, with tC being n base-pair away
from T, Table 3.5). The distances between FRET donor and acceptor were calculated using Studio

Discovery package.®’ Figure 3.11A shows the DNA model containing *T(ODN7) and tC (ODN7'tCe).

— ds-®T

Normalized fluorescence

0.0

400 500 600
Wavelength(nm)

Figure 3.10. Spectral overlap between normalized fluorescence emission of ds-*T (a duplex containing
ODNBG6: 5= GCGA *T ATAG ATATAGCG -3'), shown by solid blue line, with the normalized absorbance
(dashed green line) and normalized fluorescence (solid green line) of ds-tC (a duplex containing ODN6'tCs:
5'— CGCTATAT tC TATATCGC —3’). Data recorded at 22 °C in PBS buffer (pH=7.4) and DNA concentrations
were kept at 2.0 uM.

Because ®T and tC retain the hydrogen bonds necessary for establishing WCF base-pairs, they
should be rigidly fixed in a DNA double-helix structure via hydrogen bonds and stacking interactions.
This assumption is supported by thermal melting experiments (Table B4 and Figures B4 and B5,
Appendix B). We measured the static fluorescence spectra of double-stranded DNA carrying both the
donor and the acceptor at various positions (Figure 3.11B and Figure B6, Appendix). For ds-tC (which
lacks the FRET donor) a weak fluorescence of tC was observed at *T excitation wavelength (310 nm).
However, in the presence of the donor (ds-*T/tC), the fluorescence of tC enhanced and the
fluorescence of “T decreased, indicating an effective energy transfer between *T and tC (Figure 3.11B,
and Figure B6, Appendix B). Comparison between GC-rich DNA (ODN7, Figure B6C, Appendix) with
AT-rich DNA (ODN®6, Figure B6D, Appendix) showed the nucleobases between FRET donor and

acceptor have a negligible effect on FRET efficiency (Table 3.5).
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Figure 3.11. (A) DNA model (ODN7, sequence: 5'- GCGA *T CGCGCGCTAGCG -3’) generated using the
Discovery Studio package.”” The structures of *T (shown by blue stick) and tC (shown by green stick) were
superimposed onto the native thymidine and cytosines at the desired positions with GaussView version
6.1.% (B) The normalized fluorescence emission of unmodified duplex (ds-unmod) and duplexes
containing only ®T (ds-*T), only tC (ds-tC,), and *T/tC pair (ds-*T/tC,), where tC is located two bps away
from ®*T. The excitation wavelength was 310 nm, and ODN7 was used in the experiment. (C) FRET efficiency
in ®*T/tC pair as a function of the distance between donor and acceptor, plotted for ODN7 and ODN6
duplexes (ODN6 sequence is 5'- GCGA T ATAGATATAGCG —-3’). Measurements were recorded at 22 °C in
PBS buffer (pH = 7.4). DNA concentrations were kept at 2.0 uM.

As the distance between donor and acceptor was increased, the FRET efficiency decreased.
Even though the orientation dependency of our FRET pair could not be observed, future studies using
tC positioned five bps away from “T could provide some insight. This is because in canonical right-
handed B-form DNA, the helical twist angle, that is, the rotating angle of the base-pairs with respect
to the helical axis, is approximately 34.3° per one base-pair.’>1%° Therefore, a valley of FRET efficiency

should appear at approximately five base-pairs (180/34.3 = 5.25).2%1 Nevertheless, to our surprise,
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the calculated Forster radius (Ro) — the distance at which 50% energy transfer occurs— for *T/tC pair
was exceptionally small (1.5-2.0 nm), compared with previously reported FRET pairs.19210% This
suggests ®T/tC pair is highly sensitive to small distances within the angstrom range and can be
employed as a spectroscopic ruler.'%> The application of FRET systems in studying the B = Z helical
transition has already been demonstrated.'°® The high sensitivity of *T/tC FRET pair towards small
changes in distances may enable probing the B - A secondary structure switching and other

conformational changes.

Table 3.5. FRET efficiency, quenching efficiency, Forster radius (Ro) and distance between *T and tC in
duplexes containing ODN6 or ODN7 and their complementary strands containing tC at different
locations.?

FRET Quenching

efficiency efficiency
(%) (%)

Ro d
(hm)  (nm)

Oligonucleotides Sequences

5'-GCGA T C G CGCGCTAGCG —3'
ds“TNC2 31 CGCT A GtCGCGCGATCGC-5' 863 %05 146 10

5'- GCGA “T CGC G CGCTAGCG -3’

ds-T/C
ODN7 4 3 CGCT A GCG tC GCGATCGE -5 79.7 80.9 204 16

5'— GCGA “T CGCGC G CTAGCG -3’

ds-ST/C
® 3'-CGCT A GCGCG tC GATCGC —5' 43.8 311 201 23

_ ts _2/
ODN6  ds-T/tCa 5'— GCGA T ATA G ATATAGCG -3 6.0 73.0 161 16

3'— CGCT A TAT tC TATATCGC -5’

2 All measurements were performed at 22 °C, PBS buffer and pH = 7.4. DNA concentrations = 2.0 uM.

3.5 Summary

In summary, “T is one of the brightest and most microenvironmentally sensitive FBAs
reported to date (€ X ¢ = 150 — 29,700 cm™ M™). The fluorescence lifetime of *T (t =4 — 11 ns) is on
the same time scale as local dynamic motions of base-pair mismatches (0.1 — 10 ns),53 107-108 yet faster
than the global anisotropy decay of *T in duplex DNA (6 = 20 ns). These properties together enable
unprecedented sensitivity and specificity in the detection of an adenine residue in the complement
strand. In addition to highly sensitive matched/mismatched base-pair discrimination, *T has provided
insights into the fundamental dynamic behavior of duplex and single-stranded DNA using TCSPC

experiments. The exceptional brightness and sensitivity of *T may enable other types of demanding
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applications, such as tracking of single-molecule dynamics.% Thanks to the high sensitivity of *T, we
now know duplex perturbation by a mismatch or an abasic site does not dramatically alter the local
dynamics >3 base-pairs away. Furthermore, since the HOMO energy level of *T is higher than the
HOMO of natural DNA bases but lower than the HOMO of OG, its fluorescence can selectively get
quenched by this DNA oxidative damage. We have shown *T can sense an OG even up to 2 nm
distances and an MG up to 1 nm distances. In addition, *T/tC can be used as a FRET donor/acceptor

system, to probe dynamic changes over short distances and local conformational changes.*°
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3.6 Experimental

3.6.1 Theoretical computations

The molecular geometries and thermal corrections were optimized with B3LYP DFT functional
theory'!! paired with the 6-31++G(d) basis set.!? Calculations were performed in the water phase (C-
PCM algorithm)*'3 at 298.15 K. The first frequency was utilized to assess whether structures were in
their true optimized form. Conformers distributions were executed using Spartan,'!* and Gaussian
16" was used to calculate orbital energies. In order to simplify calculations, deoxyribose (dR) was

replaced with a methyl group.

To calculate the distance between FRET donor and acceptor, DNA models were generated
using the Discovery Studio package.®’ The structures of *T and tC were superimposed onto the native

thymidine and cytosines at the desired positions with GaussView version 6.1.%8

3.8.2 Oligomer synthesis, purification and folding

Synthesis: Unmodified oligonucleotides and those containing OG modification were
purchased from Sigma-Aldrich as HPLC-purified products. Standard DNA phosphoramidites, solid
supports, and all necessary reagents were purchased from LinkTech and Sigma-Aldrich. MG- and tC-
modified oligonucleotides were synthesized on a 1.0 umol scale using a Bioautomation Co. Mermade
4 DNA synthesizer according to the Trityl-off procedure. Three coupling reactions were performed
for the site-specific introduction of the modified nucleoside into oligonucleotides. MG
phosphoramidite (N-isobutyryl protected) and tC phosphoramidite were purchased from Glen
Research and dissolved in dry acetonitrile (0.1 M) immediately prior to use. The synthesis of the
oligonucleotides was monitored by DMT deprotection. Upon completion of the sequences, MG-
modified oligonucleotides were cleaved from the solid support and deprotected by 1 mL of 10% DBU
(1,8-Diazabicyclo[5.4.0Jundec-7-ene) in anhydrous methanol in a glass vial. After keeping the solution
atr.t for 5 days in the dark, the volume was reduced under vacuum and 1 mL, 10 mM aqueous sodium
hydroxide solution was added. The tC-modified oligonucleotides were cleaved from the solid support
and deprotected by treatment with 1.0 mL of 33 % aqueous ammonium hydroxide at 55 °C overnight

ina 1.5 mL screw-top cap tube.
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Purification: The obtained solutions were lyophilized to dryness and purified by HPLC column
chromatography using a semi-prep C-18 reverse-phase column (YMCbasic B-22-10P 150 x 10 mm)
using a Varian 140 Pro Star HPLC system. The gradient conditions were typically acetonitrile: 0.1 M
triethylammonium acetate (TEAA, pH 7.4), 2:98 to 10:90 over 35 minutes and with rate of 3.00
mL/min. Elution was monitored by UV absorption at 260 nm (for MG-modified oligonucleotides) and
395 nm (for tC-modified oligonucleotides). Peaks were collected and twice lyophilized to dryness
from water. The purities of MG and tC containing oligonucleotides were found to be >90% (260 nm)
according to analytical, reverse-phase chromatography using a Waters XBridge C8, 5 um 4.6 x 150
mm. A gradient of 5-40% of acetonitrile in 0.1 M triethylammonium acetate (TEAA, pH 7.4), was
applied over 35 minutes at 0.4 mL/min. Oligonucleotides were analyzed by LC-MS using a Dionex
Ultimate 3000 UHPLC coupled to a Bruker Maxis Impact QTOF in negative ESI mode. Samples were
run through a Phenomenex Luna C18(2)-HST column (2.5 uM 120A 2.1 x 100 mm) using a gradient of
90% mobile phase A (100 mM HFIP and 5 mM TEA in H,0) and 10% mobile phase B (MeOH) to 40%
mobile phase A and 60% mobile phase B in 20 minutes. The data was processed and spectra

deconvoluted using the Bruker DataAnalysis software version 4.2.

Folding: Oligonucleotide stock solutions were prepared in deionized water and their
concentrations were determined by absorbance at 260 nm using the molar extinction coefficient
calculated using a nearest-neighbor model.''® The molar extinction coefficient of tC nucleotides at
260 nm was taken from the previous report (12,150 cm*M1)% and the molar extinction coefficient
of MG was estimated to be the same as G.''’ Calculated extinction coefficients of ®*T-modified
oligonucleotides are available in Table 2.4 (Chapter 2) and the extinction coefficients of synthesized
MG- and tC-modified oligonucleotides are presented in Table B5, Appendix B. Double stranded
oligonucleotides were prepared by diluting the complementary sequences (1.0 : 1.2 equiv. ratio) in
the PBS buffer (pH = 7.4, Na* concentration of =137 mM) and heating to 95 °C for 5 min, followed by
slow cooling to room temperature over 4 h. In the FRET experiment, since both complementary

strands were fluorescently labeled, a 1.0 : 1.0 ratio of single-stranded DNAs were used for annealing.

3.8.3 Biophysical experiments

Fluorescence spectroscopy: Oligonucleotide stock solutions were diluted into PBS buffer (pH

= 7.4, Na+ concentration of =137 mM) to a final concentration of 2.0 uM using their extinction
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coefficient at 260 nm. All measurements were collected on a Molecular Devices SpectraMax M5 in a
1 cm path-length quartz cuvette. Quantum yields were calculated using the most red-shifted
absorbance maxima of samples. Quinine hemisulfate (¢pr = 0.546) in 0.5 M H,SO4 (nr = 1.346) was

used as the fluorescent standard. Quantum yields were calculated using the equation shown below??:
2
D =Py ———

where @r is the quantum yield of the fluorescent standard, F and Fr are the integrated emissions of
the sample and reference respectively. A and Ag are the optical densities of the sample and reference
respectively (both setto 0.10 + 0.01). n and ng are the refractive indexes of the sample and reference

respectively.

Melting Temperature Analysis (Tm): UV thermal denaturation data were obtained by
measuring the absorbance at 260 nm as a function of temperature in a 1 cm path length thermo-
controlled strain-free quartz cuvette on a Varian CARY 100 UV-visible spectrophotometer equipped
with a Peltier temperature controller. Solutions of pre-folded duplex DNA (0.2 uM) in aqueous buffer
(PBS buffer, pH = 7.4) were equilibrated at 20 °C for a minimum of 10 min and slowly ramped to 90 °C
with 0.2 °C steps at a rate of 12 °C hl. The melting temperatures were determined from the maximal
slope of the curve (maximal first derivative). Tm values were calculated as the average from the

heating and cooling curves that showed little or no hysteresis.

Fluorescence Lifetime and Dynamic Anisotropy of Oligonucleotides: TCSPC experiments
employed a picosecond laser source (DD-310L, Horiba Jobin Yvon GmbH) at a repetition rate of 10
MHz in combination with a double-grating emission monochromator and a PPD-900 detection
module (Fluorolog3 FL3-222, Horiba). Samples were kept at 25 °C by means of a Varian Cary PCB-150
Peltier water bath (Agilent). The fluorescence lifetime tr was collected with a channel width of 27 ps
and retrieved from one exponential decay by iterative reconvolution with the instrument response

function (IRF) using a custom-written MATLAB routine (R2019b).*8
I(t) = IRF x e~ t/7r (Eq. B1)

The time-resolved anisotropy was computed by sequentially recording the parallel lyv and

perpendicular vy polarization components with respect to the field vector of the exciting light pulse
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r(t) = v=Glvi (Eq. B2)

Iyv—2Glyy

where the G-factor is defined as G = lw/lwn.%> The dynamic anisotropy of the dye-labeled DNA

molecules is best described by a single-rotor model
r(t) = (ry —7)e % + 1, (Eq. B3)

where rpis the fundamental anisotropy, r- represents the value to which the local anisotropy decays

and U is the rotational decay time.®

Based on the rotational decay time, the hydrodynamic radius of the construct assuming a

globular shape of the molecule and a strong coupling of *T and the host-molecule can be calculated

_ 3 3kBT'9
Ry = /—M_n (Eq. B4)

and the angle between the absorption and emission dipole is calculated

fp = cos™?! /% (Eq. B5)

The steady-state anisotropy <r> is calculated with

according to

(r) =10 /(1 +1:/6) (Eq. B6)

FRET analysis: FRET experiments conducted on 2.0 uM solution of DNA duplexes in PBS buffer

(pH = 7.4). The following equations were used to calculate the FRET and quenching efficiencies.
FRET efficiency = (Ipa, s00) / [ (Ioa, 435) + (loa, 500)] (Eq. B7)
Quenching efficiency = 1 — [(Ipa, 435) / (Ip, 435)] (Eq. B8)

where fluorescence intensities (1) at 435 nm and 500 nm were used for donor and acceptor emission

intensity, respectively. Ro calculated using the following equation:
FRET efficiency = Ro® / (Ro® + d®) (Eqg. B8)

where d is the distance between *T and tC.



131 | Chapter 3: Probing DNA local and global structure

3.9 Appendix B

3.9.1 Tables

Table B1. Photophysical properties of oligonucleotides containing *T*®°

Oligonucleotides Aem Max (nm) ® €p (cm* MY

ST:A 440 0.139 4,250
TG 445 0.017 520

ODN1 ST:C 440 0.005 150
ST.T 440 0.005 150
ss-5T 445 0.028 860
ST:A 440 0.098 3,000

ODN2 ST.T 440 0.012 370
ss-5T 440 0.020 610

ODN3 ST:A 440 0.134 4,100
ss-5T 445 0.026 800

2The average extinction coefficient (€) of ®*T in DNA at 310 nm is 30,600 + 700 cm™* M1,
b All measurements were performed at 22 °C in PBS buffer (pH = 7.4), with DNA concentrations = 2.0 uM.

Table B2. Synthesized oligomers with their extinction coefficient (€) at 260 nm and calculated and observed

rCT;I?;?.)E;\SQcIeotides Sequences (5' - 3’) Ex60(cm*M?) Calc.(m/z) Found(m/z) & (ppm)
ODN7'MG CGCTAGCGCGCG TCGC 149,000 5199.8957 5200.0781 35.1
ODN7'MG1 CGCTAGCGCGC ATCGC 152,000 5183.9007 5184.0625 31.2
ODN7'MG3 CGCTAGCGC CGATCGC 152,000 5183.9007 5184.0156 22.2
ODN7'MG5 CGCTAGC CGCGATCGC 152,000 5183.9007 5184.0156 22.2
ODN7tC, CGCTAGCGCG tC GATCGC 157,000 5275.8734 5275.8438 5.6
ODN7tCq4 CGCTAGCG tC GCGATCGC 157,000 5275.8734 5275.8945 4.0
ODN7tCs CGCTAG tC GCGCGATCGC 157,000 5275.8734 5275.8828 1.8
ODNG6'tC4 CGCTATAT tC TATATCGC 165,000 5223.8692 5223.8125 10.9
Table B3. Calculated [b3lyp/6-31++G(d)] HOMO and LUMO energy values (eV) in water phase.
=T MG oG G A c T
LUMO -1.99 -0.68 -1.06 -0.78 -1.08 -1.17 -1.33
HOMO -5.85 -5.81 -5.75 -6.16 -6.38 -6.58 -6.63
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Table B4. Biophysical properties of duplexes containing ODN6 or ODN7 and their complementary strands
containing tC at different locations.*°

Oligonucleotides Sequences Tm (°C) lazs Is00

5'— GCGATCGCGCGCTAGCG —3'
ds-unmod 3"~ CGCTAGCGCGCGATCGC —5' >86  0.00 0.00

5'- GCGA “T CGCGCGCTAGCG -3’
_ts
ds-=T 3'-CGCT A GCGCGCGATCGC -5’ 64.1 1.00 0.30

5-GCGA“T C G CGCGCTAGCG -3’
_ts’
ds-5TNC. 3'-CGCT A GtCGCGCGATCGC -5’ >7.4 0.10 0.60

5'- GCGATC G CGCGCTAGCG -3’
ds iz 3'- CGCTAG tC GCGCGATCGC -5’ >86 000 008

ODN7
45 5THCs 5'- GCGA “T CGC G CGCTAGCG -3’
3_CGCT A GCGtCGCGATCGC—5' 03 019 0.75
ds-tCa 5'- GCGATCGC G CGCTAGCG -3’
3'_ CGCTAGCG tC GCGATCGC —5' 582 0.00 0.11
ds-5THCe 5'- GCGA “T CGCGC G CTAGCG —3' .
3-CGCT A GCGCG tC GATCGC—5' >0 069 0.5
dS-1Ce 5'- GCGATCGCGC G CTAGCG -3’
3~ CGCTAGCGCG tC GATCGC —5' 576 002 0.09
ds-unmod 5'— GCGATATAGATATAGCG -3’
3'_ CGCTATATCTATATCGC -5 554 0.00 0.00
desT 5'— GCGA “T ATAGATATAGCG —3'
3'- CGCT A TATCTATATCGC -5’ 523  0.84 0.28
ODN6
dS-5THCe 5'— GCGA “T ATA G ATATAGCG -3’
3'- CGCT A TAT tC TATATCGC -5’ >>.2 023 0.71
4S-1Ca 5'— GCGATATA G ATATAGCG -3 6o 000 i

3'— CGCTATAT tC TATATCGC -5’

3The average extinction coefficient (€) of *T in DNA at 310 nm is 30600 + 700 cm™ M.
b All measurements were performed at 22 °C in PBS buffer (pH = 7.4), with DNA concentrations = 2.0 uM.
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3.9.2 Figures
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Figure B1. Fluorescence lifetime data for ODN1 constructs (A) ds-"T:A, (B) ds-*T:T and (C) ss-*T at
different temperatures reaching the melting temperature of the ds-DNA at 55 °C.
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Figure B3. ESI-MS analysis of (A) ODN7'MG, (B) ODN7'MG1, (C) ODN7'‘MG3, (D) ODN7'MGS5, (E)
ODN7'tC,, (F) ODN7'tCs, (G) ODN7'tCe, and (H) ODN6'tCs.

— ds-unmod
— 5T
— ds-tC2
== ds-STHC2
— ds-tC4
==+ ds-®THCA
— ds-tC6
——1T—T—rT—T7T—T—r——7 - ds-®T/CE

Normalized absorbance (0.D.)

Temperature (°C)
Figure B4. Normalized thermal melting data of unmodified duplex (ds-unmod) and duplexes containing
only *T (ds-*T), ®T/tC pair (ds-*T/tC,), where tC is located n base-pairs away from *T, and only tC (ds-tC,).
ODN7 was used in the experiment. Data were recorded in PBS buffer (pH = 7.4). DNA concentrations were
kept at 0.2 uM.
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Figure B6. (A) The normalized absorbance and (B—D) normalized fluorescence emission of unmodified
duplex (ds-unmod) and duplexes containing only *T (ds-*T), only tC (ds-tC,), and ®T/tC pair (ds-5T/tC,),
where tC is located n base-pairs away from *T. The excitation wavelength was 310 nm. ODN7 was used in
(B) and (C) and ODN6 was used (D). Data were recorded at 22 °C in PBS buffer (pH = 7.4). DNA
concentrations were kept at 2.0 uM.
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4.1 Introduction: Single-stranded secondary structures

Duplex DNA dissociates into single strands during DNA replication, transcription, and repair.
This allows the kinetic access to single-stranded secondary structures, such as hairpin, triplex, G-
quadruplex or i-motif structures (Figure 4.1).22 These structures are topologically distinct, providing
unique recognition sites for proteins and small molecules that mediate gene expression,
recombination, and chromosome stability.>® For example, it was suggested that triplex DNA might
act as a regulator of DNA replication or transcription by blocking DNA or RNA polymerase and thereby
initiating termination of DNA/RNA synthesis.”® G-quadruplex forming sequences can be found
throughout the entire human genome with a high frequency in the telomeric regions of eukaryotic
chromosomes and the promoter regions of many proto-oncogenes.>! Mounting evidence suggests

that G-quadruplexes play roles in regulating gene expression, recombination and programmed cell

death.1?
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Figure 4.1 Schematic representation of selected DNA secondary structures triplex, i-motif, and G-
quadruplex.

4.1.1 Triplex structures

Intermolecular triplex DNA formation occurs by sequence-specific binding of a triplex-forming
oligonucleotide (TFO) to a duplex DNA. The TFO binds to the major groove of duplex DNA eitherin a
parallel or anti-parallel fashion.'** Binding of the TFO to duplex DNA occurs via non-canonical
Hoogsteen hydrogen bonding without disrupting the WCF hydrogen bond of the duplex DNA to form

base triads (Figure 4.2A). Polypyrimidine TFOs bind to polypurine tracks in duplexes via the formation
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of C*-GC and T-AT triads in a parallel fashion (Figure 4.2B). Polypurine TFOs bind in an anti-parallel
fashion via A-AT, G-GC, and T-AT triads.}314
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Figure 4.2. (A) Examples of non-canonical base-pairs. (B) Examples of triads formed in triplex DNA
structures.

4.1.2 G-quadruplex structures

Nucleic acid sequences containing stretches of sequential guanosines can fold into four-
stranded structures known as G-quadruplexes (Figure 4.1).2>1® A G-quadruplex consists of planar G-
tetrads stacked upon each other with a monovalent ion such as K* or Na* intercalated between each
tetrad. Four guanosines associate via WCF and Hoogsteen base-pairing to form each tetrad (Figure
4.2A).1>18 A wide variety of different G-quadruplex conformations have been reported. They can form
in an intermolecular fashion to give tetrameric, dimeric, or monomeric G-quadruplexes, or can be
assembled in an intramolecular fashion. The adjacent strands can have either a parallel or an anti-
parallel orientation. Depending on the type of G-quadruplex, the glycosidic bonds can be syn or

anti.*t1°
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4.1.3 i-Motif structures

C-rich sequences can fold into i-motif structures at slightly acidic pH (Figure 4.1).2° Two
strands of duplex DNA containing hemiprotonated C:C* base-pairs (Figure 4.2A) can intercalate in an
anti-parallel fashion to form a four stranded i-motif structure. Alternatively, a single-strand can form
an i-motif in an intramolecular fashion. Various types of different i-motif structures can form
depending on the number of base-pairs, loop topology, and environmental conditions.?23 The spatial
arrangement of proton-bound dimers of cytosine results in two broad and flat major grooves and two
extremely narrow minor grooves. The degree of freedom of the base-pairs in i-motif DNA is relatively
limited. Although, propeller twist and buckling are allowed within each base-pair, i-motifs exclude
shifts, rolls and twisting of the stacked base-pairs.?’ The helical twist between adjacent C-C* pairs (12-
17°) is much smaller than B-DNA (36°) or A-DNA (32.7°). The lifetime of the proton-bound dimers are
very short for the outermost pairs (= 1 ms) and relatively long for the innermost pairs (= 1 hour),?
which suggest some dynamics from the residues adjacent to the loop region. X-ray crystallographic
analyses demonstrated that i-motifs have high densities of nucleobases, due to compact interactions
between four-stranded segments, as well as C-H*-C base-pairs that exhibit an unusually close base-

stacking distances (3.1 A) as compared to B-form duplex DNA (3.4 A).2>2¢

The stability of i-motif DNA strongly depends on external factors such as ionic strength,
temperature, pH, and hydration.?’-?8 Since the protonation of the cytosine residues is a requirement
for folding; the pH plays a crucial role in the stability of the structure. Cytosine is the most intrinsically
basic canonical nucleobase, with a pKa = 4.2 for its conjugate acid in water.?%3° The maximal stability
of the i-motif occurs at pH values near the pK; of cytosine, but long-range electrostatic and local
hydrogen bonding interactions can raise the effective pKa, of protonated cytidine residues in folded
structures.?! The apparent pK, values for cytosine residues in i-motif structures are typically in the
range of 5.5-6.6 in vitro.3! In addition, pK, values of cytosines can reach values close to or even above

32-35

7, in the presence of molecular crowding conditions, modifications,® small molecule binding,3”

3% metals,*>%2 minor groove tetrads,***> or with certain sequences*> ¢ and strand lengths.*’

Due to the self-complementarity nature of duplex DNA, G-quadruplex and j-motif structures
can exist in a dynamic equilibrium with the double-stranded DNA.*® The double helix is more stable

than the corresponding single-stranded DNAs folded into intramolecular structures at physiological
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conditions of pH and temperature. The combination of multiple factors such as protein binding,**->!
molecular crowding,®* and negative supercoiling®? could be responsible for shifting the equilibrium
toward intramolecular structures and increasing the marginal stability of i-motif DNA under
physiological conditions. Cytosine-rich sequences are present throughout the human genome, and
putative i-motif forming sequences have been found in more than 40% of gene promoter regions.®
Stable i-motif structures were reported in several oncogenes, such as VEGF,>® RET,>* ¢-MYC> and
Rb.>® Finally, in 2018, the formation of i-motif DNA structures in the nuclei of human cells provided
strong evidence that i-motif structures can potentially form in regulatory regions of the human

genome, including promoters and telomeric regions.>’

The biological relevance of the equilibrium between duplex DNA and i-motif structures in
vivo, has strongly encouraged the development of sensitive methods for the direct detection of i-
motif DNA structures.>® Fluorescent labels are frequently used to modify i-motif DNA sequences for
sensing purposes.>® Miscellaneous fluorescence parameters are exploited, for example, quenching,®
anisotropy change,®! FRET signal,®?%3 or excimer emission signal.®*% Pej reported Neutral Red (Figure
4.3A), as the first light-up fluorescent probe for i-motif DNA.® In addition, a ratiometric fluorescent
probe with ultra pH-sensitivity was developed based on hairpin-contained i-motif strand (labeled
with Rhodamine Green and BHQ2 at two termini) and complementary strand (labeled with
Rhodamine Red).%” Despite the large number of FBAs that have been extensively used to probe and
detect diverse DNA structures, only a few have been reported to sense i-motif structures. Previous
challenges to making FBAs suitable for detecting i-motif structures include: (1) the fluorescent
cytidine analogs undergo protonation under acidic conditions, and subsequently their HOMO energy
level significantly decreases. Thus, their fluorescence is quenched in the protonated form via PET
from non-protonated nucleobases; (2) in the neutral pH and within the duplex form, the
complementary G-rich sequence can effectively quench the fluorescence of FBA by PET.%8 As a result,
most of the FBAs remain in the dark state in both i-motif and duplex structures, thereby limiting their
sensitivity in real-time tracking of i-motif - duplex transitions. Some FBAs that have been used for i-

motif detection are presented below.

Our group reported PMAC (Figure 4.3B) as the first FBA suitable for tracking proton-coupled
DNA folding. °MAC showed little-to-no perturbation of DNA structure or stability when incorporated

into the telomeric repeat sequence.®° Upon protonation of ®MAC, its fluorescence decreased and red-
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shifted. Thus, ®™MAC’s fluorescence intensity could be used for real-time tracking of the conformational
changes by altering the pH and/or initiating a strand-displacement reaction. Other FBAs previously
incorporated into i-motif structures include tC, tC° and pC (Figure 4.3B). The fluorescence of these
probes was pH-sensitive and red-shifted upon i-motif formation.®®’* However, all these FBAs have
very low brightness in i-motif and thus limited applications. Recently, Sugiyama’s group reported "C
(Figure 4.3B) as a highly fluorescent probe (¢ = 1,920 M1cm™) for i-motif DNA, which also could be
used in ®F-NMR. However, when °C was located in an internal position, it destabilized the i-motif

structure.

Inspired by the brightness and high sensitivity of *T towards DNA dynamics,’? we synthesized
cytidine analog, *C (Figure 4.3) and incorporated it into C-rich sequences. This chapter describes the
fluorescence properties of “C and its impact on the thermal stability of folded DNA structures. In
addition, the potential of *C in probing conformational changes which involve i-motif structures will

be discussed.

NH,
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Figure 4.3. (A) An intercalating fluorescent probe that exhibits higher fluorescence intensity when it binds
to i-motif DNA. (B) FBAs that can sense and report i-motif structures.

4.2 Synthesis and photophysical properties of *C nucleoside

Synthesis commenced from the conversion of the previously prepared silyl-protected *T (8a,
Chapter 2), into the cytidine analog, by treating it with 2,4,6-triisopropylbenzene-sulfonyl chloride

(iPr3sPhS0,CI) followed by agueous ammonia (Scheme 4.1). This two-step procedure afforded silyl-
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protected ®C (12) in a 63% vyield. In the next step, benzoic anhydride was used to synthesize
silyl/benzoyl-protected *C (13) in an 87% yield. This protects the amino group during the solid-phase
DNA synthesis in the next steps. The silyl groups were cleaved with TBAF to give the benzoyl-

protected *C nucleoside (14) in a 76% isolated yield.
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Scheme 4.1. Synthesis of the *C nucleoside. TMSOTf = trimethylsilyl trifluoromethanesulfonate, TBS =
tert-butyldimethylsilyl, DMAP = 4-dimethylaminopyridine, DMF = dimethylformamide, TBAF = tetra-n-
butylammoniumfluoride, THF = tetrahydrofuran.

To conduct photophysical experiments on the deprotected free nucleoside, 12 was treated
with TBAF to yield 15 with 86% isolated yield (Scheme 4.1). The maximal absorbance wavelengths of
15 (Aabs =310 —-320 nm, Table 4.1) are red-shifted enough to allow selective excitation in the context
of DNA. Depending on the solvent polarity, *C exhibits highly variable quantum vyields (¢ = 0.07 —

0.28) and maximal fluorescence emission wavelengths (Aem = 425 — 455 nm), shown in Table 4.1.

To systematically characterize the microenvironmental sensitivity of *C, and compare it with
T, Stokes shifts of 15 were plotted against Reichardt’s solvent polarity parameter (E+*°), and a linear
slope of 84 cm™/kcal.mol* was observed (Figure 4.4A). Although this suggests that **C is a push-pull
fluorophore and has a TICT excited state, the slope was lower than what was previously reported for
5T 9 (101 cm™/kcal.mol?, Figure 2.6A, Chapter 2). To further evaluate the potential of *C as a

fluorescent molecular rotor, the absorption and fluorescence emission properties of nucleoside 15
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were measured in various mixtures of methanol and glycerol. Consistent with rotation-induced
fluorescent quenching, the quantum yield of *C increased with increasing viscosity (Figure 4.4B).
However, the slope of quantum yield against glycerol content for *C 15 was 54,000-fold lower than
that of “T 9. This different behavior of *C and “T can be explained by the stronger electron-
withdrawing property of thymine than cytosine, resulting in a weaker push-pull system in *C. Finally,
the pH sensitivity of *C free nucleoside 15 was determined in PBS buffer. As shown in Figure 4.4C,
upon decreasing the pH and protonation of N3, the fluorescence intensity of *C was decreased. The

pK, value of 15 was determined as 3.4. This value is somewhat lower than the pK, of cytidine (4.2).73

Table 4.1. Photophysical properties of *C nucleoside 15 in various solvents®

Solvent Emax (cm™ M) Aa(b:lrr:;‘x Ae(nl"lﬁ)ax srfgfzr:lhll;t Er™ (keal mol )™
THF 33,200 320 425 7.7 0.14 374
Dioxane 40,800 315 425 8.2 0.16 36

DMSO 20,200 320 430 8.0 0.28 45.1

DMF 19,800 320 425 7.7 0.25 43.2
MeCN 18,000 315 432 8.6 0.22 45.6
MeOH 33,000 310 435 9.3 0.13 55.4
Water 18,800 312 455 10.1 0.07 63.1

PBS buffer 22,600 312 455 10.1 0.07 -

3 All data were collected at 22 °C, and the concentration of *C nucleoside was fixed at 5.0 uM. In order to maximize
the solubility, all samples had a final DMSO content of 0.04%.
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Figure 4.4. (A) Plot between Stokes shift of *C nucleoside 15 (5.0 uM) and E+*° values of various solvents
(R? = 0.827). (B) Quantum vyield and extinction coefficient of *C nucleoside 15 (5.0 pM) versus glycerol
content. Extinction coefficients were calculated at 315 nm, and emission spectra were collected using Ex
=310 nm. (C) The plot of fluorescence quantum yield of 15 (5.4 uM in PBS buffer) versus pH. All data were
recorded at 22 °C.
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4.3 Synthesis and biophysical properties of *C-modified DNA

4.3.1 Synthesis of *C-modified DNA and i-motif formation

To facilitate site-specific incorporation of *C into DNA, synthesis of phosphoramidite 17
commenced with DMT protection of the 5’-hydroxyl group of 14 in a yield of 58%. Phosphorylation
of the 3'-hydroxyl group of 16 gave 17 in an isolated yield of 75%. Phosphoramidite 17 was compatible
with standard, automated DNA synthesis, and no deamination to give the corresponding thymidine
analog was observed. *C-modified oligonucleotides (ODN8—10) were then purified using HPLC and
their mass was confirmed by ESI (Table C1 and Figure C1, Appendix C). ODN8 has the same sequence
as ODN7 (Chapter 2), but with a *C replacing *T, was used to compare the photophysical properties
of these two trans-stilbene nucleobase analogs. In addition, *C was incorporated at two different
locations of a 24-mer telomeric sequence (ODN9-10, Figure 4.5). Telomeric DNA is a region of
repetitive nucleotide sequences (5'-CCCTAA-3'),"® associated with specialized proteins at the ends of

chromosomes and is known to form i-motif structures under acidic conditions.”®7?
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Scheme 4.2. Synthesis of the *C phosphoramidite 17. DMTCI = 4,4’-dimethoxytriphenylmethyl chloride,
DIPEA = N,N-diisopropylethylamine.
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Figure 4.5. Secondary structure of a human telomeric i-motif containing the *C probe at two different

positions. The dominant i-motif conformation “5’'E” is shown.8%-82
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Circular dichroism (CD) measurements were conducted to confirm the formation of i-motif
and B-form duplex of *C-modified DNA. Oligonucleotides were folded by heating and slowly cooling
single-stranded oligonucleotides (with and without the complementary strand) in PBS buffer at
different pHs. At pH =6.0t0 8.0, the CD spectra of ODN10 exhibited maxima at Amax = 274 nm, minima
at Amin = 248 nm (Figure 4.6A), consistent with an unfolded ss-DNA.8% However, at pH = 5.0, the CD
spectrum red-shifted (Amax = 285 nm and Amin = 252 nm), and its intensity increased, confirming the
formation of an i-motif structure at this acidic pH (Figure 4.6A).2* The CD spectrum showed the i-motif
structure still exists at pH = 4.5. However, at pH = 3.0, due to the protonation of all cytidines and the
subsequent unstructuring of the i-motif, the CD intensity was decreased (Figure 4.6A). In Figure 4.6B,
the CD data of the corresponding unmodified DNA at pH = 5.0 (positive control) and ODNS at pH =
5.0 (negative control) are shown. Further CD experiments on DUP8-10/0ODN8-10, confirmed *C has

little, if any, impact on the global structure of B-form duplex and i-motif structures (Figure C2,

Appendix C).
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Figure 4.6. CD spectra of (A) ODN10 at pH = 3.0 to 8.0, and (B) ODNS8 (as the negative control,
Neg) and the unmodified DNA corresponding to ODN 10 (as the positive control, Pos) at pH = 5. Data were
recorded at 22 °C in PBS buffer (variable pH). DNA concentrations were kept at 2.0 uM. ODN10 sequence
is 5’- CC*C TAACCCTAACCCTAACCCTAA -3’ and ODN8 sequence is 5’- GCGA *C CGCGCGCTAGCG -3’.

Thermal denaturation (Tm) studies were used to evaluate the impact of *C on the global
structure and stability of duplex and i-motif DNA. T, data of ODN10 at different pHs is consistent with
formation of an i-motif at pH =5.0 (Tm =40.4 °C, Table 4.2), but not at pH = 6.0 or higher. In agreement

with CD results, the i-motif at pH = 4.0 showed a lower Tr, (26.6 °C). It is worth mentioning that **C,
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slightly stabilizes i-motifs as compared to the wild-type sequence containing cytidine (ATm = +0.7 to
+1.8 °C, Table 4.2) and has little impact on the stability of duplex DNA, in particular in DUP10 (Table

4.2). Ty spectra are available in Figure C3, Appendix C.

Table 4.2. Biophysical properties of oligonucleotides containing *C*®°
Oligonucleotides €260 (cm™* M) pH Tm(°C) ATH(°C)¢
7.3 64.9 +5.4
ds-*C 291,000
4 5.0 N.M® N.Mmé®
ODNS8
7.3 - -
ss-C 159,000
5.0 - -
7.3 57.2 -7.7
ds-*C 402,000
p 5.0 49.6 N.M¢
ODNS9
. 7.3 - -
ss-%C 226,000
5.0 41.5 +1.8
7.3 65.3 +0.4
ds-*C 402,000
5.0 61.2 N.M¢
ODN10¢
7.3 - -
ss-C 226,000
5.0 40.4 +0.7
2 The average extinction coefficient (€) of *C in DNA at 310 nm is 20,800 + 700 cm™ M™. ? All data were
collected at 22 °C and in PBS buffer. €ATm = Tm (*C-modified DNA) - Tm (corresponding unmodified DNA).
4 ODN8 sequence: 5'-GCGA *C CGCGCGCTAGCG-3’, ODN9 sequence: 5'-CCCTAACCCTAAC *C CTAACCCTAA-
3’, ODN10 sequence: 5'— CC*C TAACCCTAACCCTAACCCTAA —-3'. © N.M: not measured.

4.3.2 Fluorescence properties of *C-modified DNA

In the next step, fluorescence spectroscopy was used to characterize the pH-dependent
folding of single stranded oligonucleotides into ji-motif DNA. Upon decreasing the pH, the
fluorescence intensity of ODN10 decreased and its spectrum shifted to red (Figure 4.7A). The
fluorescence quenching also happened in ODN8 (negative control), confirming that *C fluorescence
intensity is pH-dependent regardless of i-motif formation (Figure 4.7B). This is in agreement with our
DFT calculations which suggest protonated *C can undergo PET quenching with neutral nucleobases
(Table C2, Appendix C). However, the red-shifting of C emission in acidic pH was only observed for
ODN10, and can be explained by the stronger ni-stacking present in the more compact structure of i-

motifs. The % effective pH value, pHm, of *C, based on fluorescence intensity of ODN10 at 450 nm,
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Figure 4.7. The plotted normalized fluorescence spectra (Aex = 310 nm) of (A) ODN10 and (B) ODNS at
variable pH. Normalized (C) fluorescence spectra and (D) CD intensity at 290 nm of ODN10 versus pH.
(E) Fluorescence spectra (Ex = 310 nm) of ODN10 different constructs at neutral and acidic pH,
normalized in respect with plot H. (F) Normalized excitation spectra (Em =450 nm) of ODN10 different

constructs at neutral and acidic pH. (G) Excitation spectra (Em = 480 nm) of ODN10 different constructs

at neutral and acidic pH, normalized in respect with plot F. (H) Normalized fluorescence spectra (Ex =

280 nm) of ODN10 different constructs at neutral and acidic pH. Measurements were recorded at 22
°C in PBS buffer (variable pH). DNA concentrations were kept at 2.0 uM. ODN10 sequence is 5’-CC*C
TAACCCTAACCCTAACCCTAA-3’ and ODNS sequence is 5’-GCGA *C CGCGCGCTAGCG-3'.
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was calculated 5.8 (Figure 4.7C). A similar pHm value was calculated by plotting the CD intensity at
290 nm versus pH (5.6, Figure 4.7D). These values are close to the measured pHn, for the wild-type

sample of the same sequence (6.0).%°

Figure 4.7E represents the fluorescence spectra of folded and unfolded ODN10 constructs (at
pH = 5.0 and 7.3), measured by excitation at *C maximum absorbance (310 nm). Similar to what was
shown in Figure 4.7A, upon acid-mediated i-motif folding, a bathochromic shift was observed but the
quantum yield was only quenched by 14% (@sstsc = 0.051, @isc = 0.044, Table 4.3). Thereby, *C
remains bright in the i-motif structure (pH = 5.0) but still discriminates it from ss-DNA (pH = 7.3) by
~20 nm bathochromic shift. The fluorescence lifetime of i-*C at 440 nm emission (4.3 ns, Table 4.3)
was different from the lifetime of the same sample at 545 nm emission (5.3 ns, Table 4.3). This
suggests the presence of different excitons in the excited state of ss-*C and i-*C, leading to different
maximum emissions and fluorescence lifetimes. The similarity between fluorescence spectra of ds-
SC at neutral and acidic pH (Figure 4.7E) is consistent with the shielded nucleobases in the duplex
structure. The lower quantum yield and shorter fluorescence lifetime of ds-*C than ss-*C and j-*C are
explainable by PET with the G-rich complementary strand in ds-*C (Table 4.3). Thus, the bathochromic
shift in the fluorescence emission of i-*C is paired with 2.4 to 2.7-fold higher quantum yield as

compared with ds-*C (Figure 4.7E, Table 4.3).

Table 4.3. Photophysical properties of ODN10: Maximum wavelengths of absorbance (A.bs), fluorescence
emission (Aem), fluorescence excitation (Ae), fluorescence quantum vyield (@), brightness (go),
fluorescence lifetime (1) at different emissions, and the ratio between the area under the fluorescence
curve upon excitation at 280 and 310 nm.*®

ODN10 pH Aabs (nM)  Aem (NM)  Aex (nm) @ (%) 0] Taso(ns)  Tsas(ns)  Fasof/Fsto

. 7.3 260, 314 442 260, 315 1.7 350 2.9 4.0 0.80
@ 5.0 260, 312 441 260, 314 1.8 370 3.2 4.3 0.87
. 7.3 260, 313 444 263,315 5.1 1,060 4.5 4.6 1.14
e 5.0 260, 310 465 272,311 4.4 920 4.3 53 1.56

3The average extinction coefficient (€) of *C in DNA at 310 nmis 20,800 + 700 cm* M
b All data were collected at 22 °C and in PBS buffer. Inner filter effect correction was applied.
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Excitation spectra of ODN10 different constructs related to emissions at 450 and 480 nm are
shown in Figures 4.7F and 4.7G, respectively. All samples demonstrated an excitation peak at 310 nm,
at which *C is selectively excited, and a second excitation peak in the DNA absorbance region related
to a DNA-to-probe energy transfer (Table 4.3).%8 Although in all different ODN10 constructs the
natural DNA bases have a maximum absorbance at 260 nm, but their maximum excitation
wavelengths were different (duplex and unfolded single-stranded *C: 260—-263 nm, and j-*C: 272 nm).
This ~10 nm red-shift in the maximum excitation wavelength can be explained by the lower excitonic
state present in i-motif structures.®® Inspired by the distinguished excitation of DNA in i-*C, and to
enhance the discrimination between different structures, we measured the fluorescence emissions
of ODN10 different constructs by excitation at 280 nm. Data shown in Figure 4.7H, confirm that upon
excitation at 280 nm, the DNA-to-probe energy transfer in duplex and unfolded ss-*C are minimized,
while the energy transfer in i-*C is preserved. Thus, by excitation of samples at 280 nm, *C, by 3.6-
fold fluorescence enhancement and 20-25 nm fluorescence red-shifting, demonstrates an even
higher discrimination between i-motif and ds-DNA. Similar results were obtained for ODN9 (Figure

C4, Appendix C).

4.4 Probing the reversible ds - i-motif transition

Inspired by the discrimination power of “C between ds-DNA, ss-DNA and i-motif structures, i
-> ds and ss = ds transitions were monitored in real-time by addition of the complementary strand
(Figure 4.8A and B). At both pHs, the fluorescence of *C decreased upon hybridization. However, the
amount of decrease at 485 nm was more significant for i = ds transition because of the emission
blue-shifting. The data confirm the faster ss = ds transition than the i = ds transition, consistent with

the kinetic barrier of the folded ji-motif.%’

To monitor the ds > i transition, we first hybridized j-*C with 1.2 equiv. complementary
strand bearing a 7-mer toehold (single-stranded overhang) at pH = 5.0 (Figure 4.8C). After formation
of the duplex, an invading strand (1.44 equiv) was added to initiate a strand-displacement reaction

and ds = i transition (Figure 4.8D). During this transition, a fluorescence enhancement was observed,
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Figure 4.8. Kinetic fluorescence spectra (Ex = 280 nm) related to the hybridization of ODN10 at (A) pH
= 5.0, (B) pH = 7.3, (C) pH = 5.0 with a toehold of 7 nucleotides, and (D) the strand displacement
reaction at pH = 5.0 with an invading strand. Data were recorded at 22 °C in PBS buffer (variable pH).
DNA concentrations were kept at 2.0 uM. ODN10 sequence is 5’-CC*C TAACCCTAACCCTAACCCTAA-
3.



159 | Chapter 4: *C probes folding of i-motif structures

which was more significant at 485 nm due to the red-shifted fluorescence of i-*C. To the best
of our knowledge, this is the first example of a light-up FBA sensitive to i-motif. The length of the
toehold played a critical role in the strand-displacement®® and a toehold with at least seven
nucleotides was required to proceed the ds = i transition. We think the reason for this relatively large
toehold is folding of the invading C-rich strand into an i-motif structure, immediately after the
addition, which poses a large kinetic barrier for unfolding and strand-displacement reaction.® These
results indicate that i-motif unfolding is the rate-limiting step for duplex formation under slightly

acidic conditions.

The melting experiment is another approach to study the folding and unfolding of duplex and
i-motif structures. Figure 4.9 demonstrates the fluorescence intensity (Ex = 280 and 310 nm) and the
fluorescence lifetime (laser 355 nm) of ODN10 at different wavelengths (440, 485, and 545 nm) and
different temperatures. The orange area represents the melting temperature range. Figure 4.9A,
related to ss-DNA at pH = 7.3, shows fluorescence decrease upon increasing the temperature,
consistent with the enhanced dynamics of DNA. For ds-DNA at pH = 7.3 (Figure 4.9B), fluorescence
data demonstrates three different stages: (1) pre-melting, where an increase in temperature causes
a shallow decrease in the fluorescence; (2) melting, where fluorescence increases upon unfolding the
duplex as the result of inhibiting PET with the G-rich complementary strand; and (3) post-melting,
where fluorescence decreases due to the higher chance of internal conversion at higher

temperatures.

At pH = 5.0, the fluorescence of i-DNA blue-shifts during melting and its intensity at 545 nm
and 485 nm decreases (Figure 4.9C). In the post-melting step, the fluorescence decreases at all
wavelengths with increasing the temperature. At pH = 5.0, the fluorescence of ds-DNA remained with
little-to-no change in the pre-melting step (Figure 4.9D). This can be explained by the two opposing
effects: Temperature increase, which is in favor of fluorescence decrease; and ds = ss transition,
which tends to increase the fluorescence. However, once the duplex is fully melted, the temperature
effect on DNA dynamics plays the leading role in the post-melting step and results in a fluorescence
decrease. Taken together these results indicate the sensitivity of *C-modified oligonucleotides

towards different structures at variable pHs and temperatures.
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Figure 4.9. Representation of fluorescence intensity (thick sold lines), fluorescence lifetimes (thin sold
lines with points), and the melting area (in orange) of (A) single-stranded, pH = 7.3, (B) double-
stranded, pH = 7.3, (C) i-motif, pH = 5.0, (D) double-stranded, pH = 5.0. ODN10 concentrations for
fluorescence intensity and melting temperature experiments were kept at 2.0 uM and for

fluorescence lifetime was 10.0 uM.
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4.5 Mismatch detection by *C

Consistent with the solvent-dependent and viscosity-dependent fluorescence of *C
nucleoside, which suggested that *C is a weaker molecular rotor than T, the data discussed in the
previous section showed that “C rotary property is not the dominant factor in determining
fluorescence changes during DNA folding and unfolding. These observations confirmed that *C and
T, have different photophysical properties. Thus, we decided to compare the mismatch sensitivity
of these probes. Figure 4.10A, shows the fluorescence of ODN7 (a ®*T-modified DNA, previously
discussed in Chapters 2 and 3) and Figure 4.10B demonstrates the fluorescence of ODNS8 (a *C-
modified DNA, containing the same sequence as ODN7) with different constructs. In contrast with
different base-pairing faces of T and *C, which results in different T, data (Table 4.4 and Figure C3D,
Appendix C), their fluorescence intensity showed the same trend: X:A > ss > X:G > X:T,C (X = *T or ®C,
Figure 4.10). We suspect that both rotary and electron/energy transfer are involved in *C mismatch
discrimination. Nevertheless, the fluorescence of *C is highly sensitive towards pairing natural
nucleobases (290 — 4300 cm™M1). Thus, in future studies, it can be used as a probe to evaluate the

effect of mismatches in altering the DNA secondary structure.
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Figure 4.10. The fluorescence spectra of single-stranded and duplex of (A) ODN7 and (B) ODNS8. Data were
recorded at 22 °C in PBS buffer (pH = 7.3). DNA concentrations were kept at 2.0 uM. ODN7 and ODN8
sequence: 5’- GCGA X CGCGCGCTAGCG-3’, where X = *T in ODN7 and X="C in ODNS.
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Table 4.4. Fluorescence properties and melting temperature of oligonucleotides containing *T and
tsCa,b
Oligonucleotides Aabs (nm) Aem (nM) ¢ (%) e (cm M) ™
(GCGA X CGCGCGCTAGCG)
ST:A 310 440 17.2 5,260 64.1°
5T:G 310 440 3.8 1,160 61.8
ODN7 5T:C 310 445 0.7 210 59.4
ST.T 310 445 11 337 59.2
ss-*T 315 435 12.2 3,733 -
5C:A 310 435 20.7 4,300 59.9
5C:G 310 440 4.7 980 64.9¢
ODN8 5C:C 310 450 1.4 290 56.8
sC:T 310 445 1.6 330 57.7
s5-5C 315 435 8.3 1,730 -
2The average extinction coefficients (€) of *T and *C in DNA at 310 nm are 30,600 + 700 cm™ M and 20,800 +
700 cm™ M. ® All measurements were performed at 22 °C in PBS buffer (pH = 7.4), with DNA concentrations =
2.0 uM. € Tm of corresponding unmodified DNA is 58.6 °C. ¢ Tm of corresponding unmodified DNA is 59.5 °C.

4.6 Conclusion

We have developed the trans-stilbene analog of cytidine, *C as a new FBA for the detection
of i-motif structures. *C phosphoramidite, synthesized in 15 steps with an 8% total yield, was
incorporated into the telomeric repeat sequence (CCCTAA)4, and showed negligible impact on duplex
and i-motif stability. *C fluorescence intensity is sensitive towards double-stranded, single-stranded
and i-motif structures, and to the best of our knowledge, is the first light-up probe in duplex = i-motif
transition. In addition to the change in fluorescence intensity, the emission wavelength of *C red-
shifts when it is folded into an i-motif. The higher nucleobase density and the shorter base-stacking
distance in i-motif (3.1 A) compared with duplex DNA (3.4 A), resulted in DNA-to-probe energy
transfer when the i-motif is excited at 280 nm. The discrimination power of *C was used in the real-
time monitoring of i-motif - ds hybridization and ds - i-motif strand-displacement. Finally,
temperature-dependent fluorescence experiments revealed that *“C, like a molecular thermometer,

enables monitoring of the DNA dynamics in pre-melting, melting, and post-melting steps.
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4.7 Experimental

4.7.1 Theoretical computations

The molecular geometries and thermal corrections were optimized with B3LYP DFT functional
theory®® paired with the 6-31++G(d) basis set.! Calculations were performed in the water phase (C-
PCM algorithm)®? at 298.15 K. The first frequency was utilized to assess whether structures were in
their true optimized form. Conformers distributions were executed using Spartan,®® and Gaussian
16°* was used to calculate orbital energies. In order to simplify calculations, deoxyribose (dR) was

replaced with a methyl group.

4.7.2 Synthesis and characterization of nucleosides

All reagents were obtained from commercial sources and used without further purification.
NMR data were collected on either a Bruker AVIII-400 or 500 MHz. Chemical shifts (8) are given in
parts per million (ppm) and are reported relative to residual solvent peaks: CDCls (6H 7.26, 6C 77.16
ppm), DMSO-ds (6H 2.50, 6C 39.52 ppm), CD,Cl, (6H 5.32). Coupling constants (/) are given in Hertz
(Hz). 3C-spectra were recorded broadband proton decoupled. High-resolution mass spectra were

obtained on a Thermo QExactive high-resolution Orbitrap. Masses are given as m/z.

4.7.3 Biophysical experiments

Fluorescence spectroscopy: DMSO stock solutions of the *C nucleoside 15 was prepared and
diluted to an OD = 0.10 + 0.01 at the most red-shifted absorbance maxima. All measurements were
collected on a Molecular Devices SpectraMax M5 in a 1 cm path-length quartz cuvette. Quantum
yields were calculated using the most red-shifted absorbance maxima of samples. Quinine
hemisulfate (¢pr = 0.546) in 0.5 M H,SO04 (ng = 1.346) was used as a fluorescent standard. Quantum

yields were calculated using the equation shown below?*:
2
b =Py ———

where @ is the quantum yield of the fluorescent standard, F and Fr are the integrated emissions of
the sample and reference, respectively. A and Ar are the optical densities of the sample and reference

respectively (both setto 0.10 + 0.01). n and ng are the refractive indexes of the sample and reference
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respectively. The refractive indexes of solvents used in this work are: npgs = 1.335, Nyater = 1.333,

Nmethanol = 1.328, Ndioxane = 1.422, NpmMmF = 1.431, NAcN = 1.344, Npmso = 1.479, and ntue = 1.407.

Oligonucleotide stock solutions were diluted into PBS buffer (pH = 7.3, Na* concentration of
=137 mM) to a final concentration of 2.0 uM using their extinction coefficient at 260 nm. All
measurements were collected on a Molecular Devices SpectraMax M5 in a 1 cm path-length quartz
cuvette. Quantum yields were calculated using the most red-shifted absorbance maxima of samples.
Quinine hemisulfate (g = 0.546) in 0.5 M H,S04 (ng = 1.346) was used as the fluorescent standard,

and quantum yields were calculated using the above equation.

Fluorescence lifetime of oligonucleotides: TCSPC experiments employed a picosecond laser
source (DD-310L, Horiba Jobin Yvon GmbH) at a repetition rate of 10 MHz in combination with a
double-grating emission monochromator and a PPD-900 detection module (Fluorolog3 FL3-222,
Horiba). Samples (10 uM) were kept at 25 °C by means of a Varian Cary PCB-150 Peltier water bath
(Agilent). The fluorescence lifetime tr was collected with a channel width of 27 ps and retrieved from
one exponential decay by iterative reconvolution with the instrument response function (IRF) using

a custom-written MATLAB routine (R2019b).%

CD Spectroscopy: Circular dichroism spectra of DNA samples (2.0 uM) were measured from
220 nm to 350 nm at 22 °C with a 2 nm bandwidth with 0.1 nm steps at a scanning rate of 20 nm min-

1in 1 cm path length thermo-controlled strain-free quartz cuvette on a JASCO J-715 spectrometer.

Melting Temperature Analysis (Tm): UV thermal denaturation data were obtained by
measuring the absorbance at 260 nm as a function of temperature in a 1 cm path length thermo-
controlled strain-free quartz cuvette on a Varian CARY 100 UV-visible spectrophotometer equipped
with a Peltier temperature controller. Solutions of pre-folded duplex DNA (0.2 uM) in aqueous buffer
(PBS buffer, variable pH) were equilibrated at 20 °C for a minimum of 10 min and slowly ramped to
90 °C with 0.2 °C steps at a rate of 12 °C h'l. The melting temperatures were determined from the
maximal slope of the curve (maximal first derivative). Tr values were calculated as the average from

the heating and cooling curves that showed little or no hysteresis.
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4.7.4 Oligomer synthesis, purification and folding

Synthesis: Unmodified oligonucleotides were purchased from Sigma-Aldrich as HPLC-purified
products. Standard DNA phosphoramidites, solid supports, and all necessary reagents were
purchased from LinkTech and Sigma-Aldrich. Modified oligonucleotides were synthesized on a 1.0
umol scale using a Bioautomation Co. Mermade 4 DNA synthesizer according to the Trityl-off
procedure. Three coupling reactions were performed for the site-specific introduction of the
modified nucleoside into oligonucleotides. The freshly made phosphoramidite 17 was dissolved in
dry acetonitrile (0.1 M) immediately prior to use. The synthesis of the oligonucleotides was
monitored by DMT deprotection. Upon completion of the sequences, the oligonucleotides were
cleaved from the solid support and deprotected by treatment with 1.0 mL of 33 % aqueous

ammonium hydroxide at 55 °C overnight in a 1.5 mL screw-top cap tube.

Purification: The obtained solutions were lyophilized to dryness and purified by HPLC column
chromatography using a semi-prep C-18 reverse-phase column (YMCbasic B-22-10P 150 x 10 mm)
using a Varian 140 Pro Star HPLC system. The gradient conditions were typically acetonitrile: 0.1 M
triethylammonium acetate (TEAA, pH 7.4), 2:98 to 10:90 over 35 minutes, and with the rate of 3.00
mL/min. Elution was monitored by UV absorption at 260 and 310 nm. Peaks were collected and twice
lyophilized to dryness from water. The purities of *C-containing oligonucleotides ODN8-10 were
found to be >90% (260 nm) according to analytical, reverse-phase chromatography using a Waters
XBridge C8, 5 um 4.6 x 150 mm. A gradient of 5-40% of acetonitrile in 0.1 M triethylammonium
acetate (TEAA, pH 7.4), was applied over 35 minutes at 0.4 mL/min. ODN8-10 were analyzed by LC-
MS using a Dionex Ultimate 3000 UHPLC coupled to a Bruker Maxis Impact QTOF in negative ESI
mode. Samples were run through a Phenomenex Luna C18(2)-HST column (2.5 uM 120A 2.1 x 100
mm) using a gradient of 90% mobile phase A (100 mM HFIP and 5 mM TEA in H,0) and 10% mobile
phase B (MeOH) to 40% mobile phase A and 60% mobile phase B in 20 minutes. The data was

processed and spectra deconvoluted using the Bruker DataAnalysis software version 4.2.

Folding: Oligonucleotide stock solutions were prepared in deionized water, and their
concentrations were determined by absorbance at 260 nm using the molar extinction coefficient
calculated using a nearest-neighbor model.” The molar extinction coefficient of *C nucleotide at 260

nm was determined 15,400 cmM™? using the absorbance of *C nucleoside 15 at 260 nm. For
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calculated extinction coefficients, see Table 4.2. Double-stranded and ji-motif oligonucleotides were
prepared by diluting the complementary sequences (1.0 : 1.2 equiv. ratio) in the PBS buffer (pH = 7.3,
Na* concentration of =137 mM) and heating to 95 °C for 10 min, followed by slow cooling to room

temperature over 4 h.
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4.8 Appendix C

4.8.1 Tables

Table C1. Synthesized oligomers with calculated and observed masses.

Oligonucleotides Sequences (5' = 3’) Calc. (m/z) Found (m/z) & (ppm)
ODN8 GCGA “C CGCGCGCTAGCG 5,346.3960 5,346.8906 92
ODN9 CCCTAACCCTAAC™C CTAACCCTAA 7,279.7496  7279.1797 78
ODN10 C"™C CTAACCCTAACCCTAACCCTAA 7,279.7496 7279.1797 78

Table C2. Calculated [b3lyp/6-31"*G(d)] HOMO and LUMO energy values (eV) in water.

C tsct G A C T
LUMO -1.90 -5.91 -0.78 -1.08 -1.17 -1.33
HOMO -5.73 -8.54 -6.16 -6.38 -6.58 -6.63

Table C3. Photophysical properties of ODN9?* ®

ODNS  pH Aem (nm) @ (%) £p Fex=280/ Fex=310
7.3 443 1.6 330 0.75
ds-*C
5.0 439 1.4 290 0.81
o 73 448 7.3 1,520 1.10
SS-
5.0 461 3.8 790 1.73

2The average extinction coefficient (€) of *C in DNA at 310 nm is 20,800 4+ 700 cm™ M. ® All data were collected
at 22 °C and in PBS buffer.
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4.8.2 Figures
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Figure C1. ESI-MS analysis of (A) ODNS, (B) ODN9, and (C) ODN10.
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Figure C2. CD spectra of (A) ODN9, (B) ODN10, (C) the corresponding unmodified DNA, and (D) ODNS as
single-stranded, double-stranded, and i-motif structures at neutral and acidic pH. Measurements
conducted at 22 °C and DNA concentrations were kept at 5.0 uM.
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Figure C3. Normalized thermal melting data of (A) ODN10 at different pH, (B) different structures of
DUP9/0ODNS9, (C) DUP10/ODN10 at pH = 5.0 and 7.3, and (D) matched and mismatched duplexes of ODNS.

DNA concentrations were kept at 0.2 uM.
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Figure C4. Normalized excitation spectra of DUP9/ODNO related to (A) Em = 450 nm, (B) Em = 480 nm,
and normalized fluorescence spectra of DUP9/ODNO related to (C) Ex = 310 nm, and (D) Ex = 280 nm. (A)
and (B) were normalized in respect together and (C) and (D) were normalized in respect together.
Measurements conducted at 22 °C and DNA concentrations were kept at 2.0 uM.
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4.8.3 Synthesis and characterization

1'-(3'-O-tertbutyldimethylsilyl-5’-O-triisopropylsilyl-2’-deoxy-B-D-ribofuranoside)-4-amino-6-
styryl-quinazoline- 2,4-(3H)-dione (8a) (12)

® iy
“RI
NAO
o
TIPSO

OTBS

Procedure: 8a (470 mg, 0.72 mmol), 2,4,6-triisopropylbenzenesulfonyl chloride (740 mg, 4.16
mmol, 5.78 equiv) and DMAP (290 mg, 0.89 mmol, 1.24 equiv) were added to a dry round flask and
dissolved in acetonitrile (20 mL). EtsN (300 pL) was added and the reaction mixture was stirred at
room temperature for 5.5 h. To the reaction solution was added sat. sol. NH4Cl (5 mL) stirred for 2 h.
Organic phase was extracted with EtOAc (3 times) and washed with brine. The organic layer was dried
over MgSQ,, filtered and evaporated in vacuo. The crude product (1.14 g) was subjected to column
chromatography on silica gel (MeOH/DCM, 0:100 - 20:100) to give 12 (290 mg, 0.45 mmol, 63% over

two steps).

Characterization: Rf (CH2Cl/MeOH, 8:2): 0.80; *H NMR (400 MHz, CDCl3) & 8.08 (s, 1H), 7.76
(d, J = 8.8 Hz, 1H), 7.65 (d, J = 8.8 Hz, 1H), 7.51 — 7.35 (m, 2H), 7.33 = 7.26 (m, 2H), 7.23 (d, J = 7.1 Hz,
1H), 7.10 (s, 2H), 6.96 (s, 2H), 4.73 (s, 1H), 4.04 (d, J = 11.2 Hz, 1H), 3.92 (d, J = 11.1 Hz, 1H), 3.75 (s,
1H), 2.63 (s, 1H), 2.04 (d, J = 1.1 Hz, 1H), 1.16 — 1.03 (m, 21H), 0.88 (s, 9H), 0.07 (s, 3H), 0.05 (s, 3H).
HRMS (ESI): m/z 650.38059 ([M+H]* C3sHs604N3Si,* requires 650.38039).
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1'-(3'-O-tertbutyldimethylsilyl-5'-O-triisopropylsilyl-2’-deoxy-B-D-ribofuranoside)-4-(N-benzoyl)-
amino-6-styryl-quinazoline- 2,4-(3H)-dione (13)

o)
O HNJLPh
gew
N'&O
o)
TIPSO
OTBS

Procedure: To a stirring solution of 12 (590 mg, 0.836 mmol, 1.0 equiv.) in DMF (15 mL), was
added Bz,0 (226 mg, 1.00 mmol, 1.2 equiv). The reaction mixture was stirred at room temperature
for 24h. Organic phase was extracted with EtOAc (3 times) and washed with brine. The organic layer
was dried over MgSQy, filtered and evaporated in vacuo. The crude product was subjected to column

chromatography on silica gel (Hex/EtOAc, 100:0 = 95:5) to give 13 (548 mg, 0.728 mmol, 87%).

Characterization: Rf (Hex/EtOAc, 9:1): 0.45; 'H NMR (500 MHz, CDCls) 6 13.07 (s, 1H), 8.71(d, /= 1.8
Hz, 1H), 8.45 —8.40 (m, 2H), 7.84 — 7.78 (m, 2H), 7.58 (d, J = 7.2 Hz, 3H), 7.52 (t, J = 7.5 Hz, 2H), 7.41
(t,J=7.6 Hz, 2H), 7.34 = 7.30 (m, 1H), 7.23 = 7.13 (m, 2H), 6.77 (t, J = 7.6 Hz, 1H), 4.78 (ddd, J = 8.6,
5.3, 3.9 Hz, 1H), 4.07 (dd, J = 11.3, 3.1 Hz, 1H), 3.95 (dd, J = 11.3, 3.5 Hz, 1H), 3.88 (dt, / = 5.3, 3.2 Hz,
1H), 2.85 (dt, J = 13.4, 8.0 Hz, 1H), 2.10 (ddd, J = 13.4, 7.5, 3.8 Hz, 1H), 1.22 —1.09 (m, 21H), 0.92 (s,
9H), 0.12 (s, 3H), 0.11 (s, 3H). **C NMR (126 MHz, CDCls) 6 180.0, 157.6, 147.8, 139.6, 137.1, 137.0,
133.3, 133.0, 132.6, 130.2, 130.0, 129.0, 128.4, 128.3, 126.9, 126.8, 125.9, 117.4, 117.2, 86.7, 84.5,
70.4, 62.1, 37.3, 25.9, 18.2, 18.2, 18.1, 12.1, -4.4, -4.7. HRMS (ESI): m/z 776.3807 ([M+Na]*
C43Hs90sNaNsSi;* requires 776.3886).
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1'-(2’-deoxy-B-D ribofuranoside)-4-(N-benzoyl)-amino-6-styryl-quinazoline- 2,4-(3H)-dione (14)

o
HNJLPh

Procedure: To a stirred solution of nucleoside 13 (582 mg, 0.806 mmol, 1.0 equiv.) in THF (10
mL), was added TBAF (1M solution in THF, 4.0 mL, 5.0 equiv.). The mixture was stirred at room
temperature for 20 h and then directly loaded onto a silica gel column chromatography (100% MeCN),

to give deprotected nucleoside 14 (295 mg, 0.610 mmol, 76 %), as a yellow solid.

Characterization: Rf (CH,Cl,/MeOH, 9:1): 0.48; *H NMR (500 MHz, CDCl5) § 12.99 (s, 1H), 8.59
(s, 1H), 8.37 (d, J=7.6 Hz, 1H), 7.81 (d, / = 7.3 Hz, 1H), 7.58 — 7.41 (m, 5H), 7.40 — 7.27 (m, 3H), 7.12
(s, 1H), 6.62 — 6.54 (m, 1H), 4.82 (d, J = 8.5 Hz, 1H), 4.12 — 3.95 (m, 2H), 3.92 —3.81 (m, 1H), 3.77 —
3.70 (m, 1H), 3.08 (dt, J = 14.4, 7.2 Hz, 1H), 2.26 — 2.18 (m, 1H). 3C NMR (126 MHz, CDCl3) § 162.7,
147.7,140.0, 136.8,135.9,133.0, 132.2, 130.2, 128.9, 128.8, 128.7, 128.6, 128.4,128.3,127.5, 126.8,
126.4, 126.0, 125.6, 116.5, 115.7, 87.2, 85.9, 71.5, 68.1, 62.5, 34.3. HRMS (ESI): m/z 506.1682
(IM+Na]* CasH250sNaNs* requires 506.1686).



174 | Chapter 4: *C probes folding of i-motif structures

1'-(2'-deoxy-B-D ribofuranoside)-4-amino-6-styryl-quinazoline- 2,4-(3H)-dione (15)

Qo 2
NS
N/EO

o
HO

OH
Procedure: To a stirred solution of nucleoside 12 (927 mg, 1.43 mmol, 1.0 equiv.) in THF (18
mL), was added TBAF (1M solution in THF, 7.1 mL, 5.0 equiv.). The mixture was stirred at room
temperature for 18 h and then directly loaded onto a silica gel column chromatography

CH,Cl>/MeOH/Et3N, gradient from 100 : 0 : 0.5 to 80 : 20 : 0.5, to give deprotected nucleoside 15
(467 mg, 1.30 mmol, 86 %).

Characterization: Rf (CH,Cl,/MeOH, 9:1): 0.13; *H NMR (500 MHz, DMSO-ds) 6 8.38 (d, /= 2.0
Hz, 1H), 8.10 (d, J = 68.2 Hz, 2H), 7.88 — 7.77 (m, 2H), 7.58 (d, J = 7.3 Hz, 2H), 7.40 (t, / = 7.7 Hz, 2H),
7.35(d, J = 16.4 Hz, 1H), 7.28 (t, J = 7.4 Hz, 1H), 7.21 (d, J = 16.4 Hz, 1H), 6.77 (t, J = 7.8 Hz, 1H), 5.27
(d, J = 5.0 Hz, 1H), 5.01 (t, J = 5.2 Hz, 1H), 4.44 (dq, J = 8.6, 4.3 Hz, 1H), 3.73 (ddt, J = 8.0, 5.7, 2.6 Hz,
2H), 3.66 (dt, J = 12.2, 5.2 Hz, 1H), 2.64 (dt, J = 13.2, 8.3 Hz, 1H), 1.91 (ddd, J = 13.2, 7.4, 3.4 Hz, 1H).
13C NMR (126 MHz, DMSO-ds) 6 163.4, 155.5, 140.8, 137.4, 132.3,131.1, 129.3, 128.9, 128.2, 127.4,
126.8, 122.5, 117.3, 111.3, 86.9, 84.3, 70.4, 70.3, 61.4, 36.9. HRMS (ESI): m/z 402.1431 ([M+Na]*
C21H2104NaNs* requires 402.1424).
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1'-[5'-0-(4,4-dimethoxytrityl)-2'-deoxy-B-d-ribofuranoside]-4-(N-benzoyl)-amino-6-styryl-
quinazoline- 2,4-(3H)-dione (16)

o)
O HNJLPh
Q@
N'§O
o)
DMTO
oH

Procedure: Nucleoside 14 (290 mg, 0.600 mmol, 1.0 equiv.) was co-evaporated with pyridine
(3 x 3.00 mL) and then suspended in pyridine (2.00 mL). To the stirring solution was added dropwise
DMTCI (360 mg, 1.06 mmol, 1.8 equiv.) dissolved in 3.00 mL pyridine. The reaction mixture was stirred
at room temperature for 4 h. The reaction was then quenched with a sat. sol. NaHCOs. The resulting
mixture was extracted with CH,Cl, and the combined organic layer was dried over MgSOQ.,, filtered,
and co-evaporated in vacuo with pyridine. The crude product was purified by column
chromatography on silica gel (Toluene/EtsN, 99.5 : 0.5) to obtain nucleoside 16 (273 mg, 0.347 mmol,

58 %) as a yellow foam.

Characterization: Rf (Hex/EtOAc, 6:4): 0.58; *H NMR (500 MHz, CDCl3) 6 13.11 (s, 1H), 8.60
(d, J=2.3 Hz, 1H), 8.49 — 8.35 (m, 2H), 8.08 (d, J = 8.9 Hz, 1H), 7.62 — 7.26 (m, 20H), 7.12 — 7.04 (m,
2H), 6.94 - 6.76 (m, 7H), 4.93 (dq, J = 8.3, 3.5 Hz, 1H), 4.04 (dt, J = 4.9, 3.0 Hz, 1H), 3.75 (s, 3H), 3.75
(s, 3H),3.57 = 3.53 (m, 2H), 2.97 (dt, J = 13.6, 8.3 Hz, 1H), 2.25 (ddd, J = 13.6, 7.1, 3.2 Hz, 1H). 3C NMR
(126 MHz, CDCls) 6 180.0, 158.7, 157.5, 147.9, 144.5, 139.0, 137.0, 136.9, 135.8, 135.6, 133.2, 132.9,
132.5,130.5, 130.3,130.3, 130.2,130.2, 129.7,128.9, 128.8, 128.7,128.6, 128.4,128.2, 128.1, 128.1,
128.0,127.2,126.7, 126.6, 126.2, 118.1, 116.9, 113.3, 113.3, 86.8, 85.2, 84.3, 71.1, 62.5, 55.3, 37.2.
HRMS (ESI): m/z 808.2983 ([M+Na]* CasH4307N3Na* requires 808.2993).
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1’-[3’-O-[2-cyanoethoxy-(N,N-diisopropylamino)-phosphino]-(5’-0-(4,4-dimethoxytrityl)-2’-deoxy-
B-d-ribofuranoside]-4-(N-benzoyl)-amino-6-styryl-quinazoline- 2,4-(3H)-dione (17)

o

@\/ HNJLPh
o
o
DMTO

A

Procedure: To a stirred solution of nucleoside 16 (240 mg, 0.305 mmol, 1.0 equiv.) in CHxCl;
(7.0 mL) at 0 °C, was added distilled diisopropylethylamine (DIPEA, 275 uL, 1.58 mmol, 5.2 equiv.)
and the reaction was stirred 20 min at 0 °C under an atmosphere of Ar. To this solution was added 2-
cyanoethyl N,N-diisopropylchlorophosphoramidite (275 uL, 1.23 mmol, 4.0 equiv) and the reaction
was stirred at 22 °C for 180 min while it was monitored by TLC every 30 min. The reaction mixture
was then loaded directly to a silica gel column, without any quenching or workup steps. The residue
was purified by flash column chromatography (elution time of 10 min) on silica gel (distilled hexane/
distilled EtOAc/EtsN, 80:20:0.5 > 60:40:0.5) to obtain nucleoside 17 (225 mg, 0.228 mmol, 75 %,

diastereomeric mixture) as a yellow foam.

Characterization: Rf (hexane/EtOAc, 6:4): 0.58; *H NMR (500 MHz, CD,Cl>) & 13.02 (s, 1H),
8.67 (d, /= 2.3 Hz, 1H), 8.44-8.42 (m, 2H), 8.06 (dd, J = 8.9, 5.2 Hz, 1H), 7.64 —7.06 (m, 24H), 7.00 —
6.72 (m, 7H), 5.12—-4.97 (m, 1H), 3.74 (s, 3H), 3.74 (s, 3H), 3.67 —3.52 (m, 4H), 2.99 (dq, /= 13.5, 8.4
Hz, 1H), 2.60 (t, J = 6.3 Hz, 2H), 2.42 (t, J = 6.4 Hz, 1H), 1.22 (t, /= 7.1 Hz, 6H), 1.05 (d, J = 6.8 Hz, 3H).
31p NMR (203 MHz, CD,Cl;) 6 149.1, 140.0. HRMS (ESI): m/z 1008.4108 ([M+Na]* CsgHsoOsNsNaP*
requires 1008.4072).
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4.8.4 NMR Spectra

1H NMR (CDCI3, 400MHz)
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1H NMR (CDCI3, 500 MHz)
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1H NMR (DMS0-d6, 500 MHz)
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1H NMR (CDCI3, 500 MHz)
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helical switching

“Is this all we are? A necklace of chemicals? Where, in the double helix, does the soul lie?”

Tess Gerritsen
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5.1 Introduction: B, A, and Z-form duplex DNA

5.1.1 Structural features

Rather than being a static molecule, double-helical DNA structures can exhibit considerable
conformational flexibility. A- and B-form helices consist of two anti-parallel strands that are twisted
to give a right-handed double helix containing a major and minor groove (Figure 5.1). B-DNA has a
helical turn of 3.6 nm (10.5 base-pairs per turn) and a diameter of 2.0 nm, whereas A-DNA has a more
compact (2.9 nm helical turn, equal to 11.6 base-pairs per turn) and wider (2.6 nm diameter) structure
that is usually observed under dehydrating conditions.! A prominent feature of the A-form helix is
the displacement of the base-pairs from the center of the helix, thereby creating an axial hole. Each
base-pair is displaced by ~4° towards the minor groove giving the helix a deeper major groove and a
shallower minor groove (Figure 5.1).! In addition, the B-D-2'-deoxyribose sugars adopt a non-planar
C2'-endo sugar pucker in the B-form helix and a C3'-endo conformation in the A-form DNA (Figure

5.2A).
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Figure 5.1. Structural variations between A, B, and Z-form duplex DNA (from left to right). Coordinates
were taken from the PDB files 3V9D,2 2BNA,® and 4ocb,* respectively.

In contrast to B- and A-form DNA, the Z-form duplex adopts a left-handed helical structure
(Figure 5.1).° Historically, the first high-resolution structure was determined for Z-DNA before A-DNA

and B-DNA.® Z-DNA has 12 base-pairs per turn, a large helical twist (60°) per base-pair, and a large
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helix rise (44 A) per turn. The base-pairs are displaced in the direction of the major groove, giving rise
to a helix with a deep minor groove with similar dimensions as the major groove. The Z-form duplex
DNA usually forms from polynucleotides with alternating purine and pyrimidine residues such as poly
d(CG) at high salt concentrations. In B- and A-DNA, both pyridine and purine residues have anti-
glycosidic bonds, where the plane of the ribose points away from the minor groove. In the Z-form
conformation, however, the purine residues rotate 180° about the glycosidic bond into the syn
conformation, leading to a zig-zag backbone conformation where the sugars adopt a C2'-endo

conformation for pyrimidine residues, and C3'-endo for purine residues (Figure 5.2).5%

(A) (B) o o)
N N

NH HN
¢ ] >

' ' —
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3' 04 04'2' HO HO \
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C2'-endo C3'-endo anti-guanosine syn-guanosine

Figure 5.2. (A) Common sugar puckers, C2'-endo (left) and C3'-endo (right). (B) Anti- and syn-
conformations of guanosine.

5.1.2 Biological relevance and helical transition

Despite its instability relative to B-DNA, Z-DNA might be stabilized in vivo by negative
supercoiling.®1° Z-DNA has been proposed to play a role in gene expression,®> recombination,*! and
regulation.'?!3 For example, a previous report suggests that Z-DNA sequences are required for
chromatin-dependent activation of the CSF1 promoter.* A more recent study showed that the Z-
DNA binding domain of the vaccinia virus is necessary to inhibit IFN-primed virus-induced
necroptosis.’®> The amount of data that suggests the role of Z-DNA in gene regulation and several
diseases, such as cancer and inflammation, continues to increase.’®?! Meanwhile, B-DNA with
alternating purine/pyrimidine sequences was found to convert to Z-DNA by many environmental
factors other than high ionic strength” 22 (e.g., solvent addition,?®> Z-DNA-binding proteins,?* small
molecules?® and metal complexes,?®?® polyamines,?® cationic polymers,3® tension from magnetic

31-32

tweezers, and topological constraints33). In addition, some chemical modifications of DNA bases
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were found to decrease the energy difference between B-DNA and Z-DNA.3* For example, 8-
trifluoromethyl-2'-deoxyguanosine by adopting a syn conformation, stabilizes the Z-DNA

conformation under physiological salt concentrations.3?

Transitions between A- and B-form duplexes were discovered by Franklin and Gosling when
conducting X-ray fiber diffraction analyses under various humidity levels.3® In vivo, protein binding
reactions can also partially dehydrate duplex DNA, giving global A-form viral genomes,?” as well as
local A-form perturbations at specific binding sites.3® Thus, it has been suggested that transitions
between A- and B-form duplexes play important roles in biological processes.?*** For example, DNA-
RNA hybrid duplexes that occur during transcription and initiation of DNA replication adopt A-form
conformations or intermediate A- and B-form structures. Such hybrids act as regulators of gene

expression, DNA replication, and DNA repair.**4

Small molecules such as polyamines,*® aminoglycosides,*” hexaamminecobalt (Il1),*® and
cisplatin® can induce local B > A transitions via mechanisms independent of global changes in
hydration and water activity. The binding of metal ions to discreet coordination sites in nucleic acids*
can be coupled to the (re)folding of DNA and RNA molecules®'®? that activate DNAzymes,>3
ribozymes,>* riboswitches,> and DNA-based materials.®® Our lab has studied several metallo
nucleobase pairs,”” where a transition metal ion is bound between mismatches.® For example, a
former group member, Schmidt, reported high-affinity binding of Hg" to DNA duplexes containing C:T
mismatches using fluorescent techniques.®® Conducted in parallel, by another group, crystal
screening of various oligonucleotides and metal ions provided the X-ray structure of a short (8-mer)
A-form DNA sequence containing two C-Hg'-T base-pairs.®® This X-ray structure revealed an
unexpected metal-binding mode involving the exocyclic amine (N4) of a deprotonated cytosine
residue and the imine (N3) of thymine (Figure 5.3).%° This coordination mode was in contrast to a
preliminary proposal for (N3)T-Hg"-(N3)C coordination based on structural homology with T-Hg'-T.
The global A-form structure observed in the crystal structure was inconsistent with CD data of slightly
longer, 14-21-mer duplexes containing one or two C-Hg'-T base-pairs.>® The CD spectra suggested B-
form helices, and little-to-no changes in their global conformation upon adding Hg". Therefore, the
metal binding mode(s) and global structural characteristics of duplex DNA containing C-Hg"-T base-
pairs in solution were unclear. To address this problem, Schmidt conducted detailed NMR studies

using >N-labeled DNA and '%°Hg enriched mercury salts to determine the solution structures and
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dynamics of C-Hg'-T base-pairs in duplex DNA.®! Unlike previous examples of metallo base-pairs, a
14-mer duplex with two C-Hg'-T sites separated by six canonical base-pairs was observed as a 3:1
mixture of well-defined duplexes in dynamic equilibrium. Both structures exhibited groove and rise
dimensions intermediate between ideal A- and B-form helices. The most abundant duplex contained
(N3)T-Hg'- (N3)C connectivity and mostly B-form helical characteristics, whereas the minor species
contained (N3)T-Hg"-(N4)C base-pairs and more A-form characteristics. However, the CD spectra
showed a B-form signature, suggesting that local conformational changes upon the addition of Hg"
has not resulted in global conformational change. Inspired by these observations, we aimed to find a
sequence capable of translating the local conformational changes to a global conformational change.
Here we report the design and identification of small DNA duplexes containing numerous C:T
mismatches that exhibits a global B - A helical transition upon adding Hg". In addition, a possible

helical transition from right-handed to left-handed DNA will be discussed.
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(N3)T-Hg"-(N3)C (N3)T-Hg"-(N4)C

Figure 5.3. C-Hg"-T binding modes. (A) (N3)T-Hg"-(N3)C coordination, which in a 14-mer duplex was found
as the major metallobase and demonstrated B-form characteristics. (B) (N3)T-Hg"-(N4)C metal-binding
mode found as the minor metallobase with local A-form characteristics.®?

5.2 Design and screening of a hairpin library of oligonucleotides for B to A

transition

In the reported 14-mer DNA by Schmidt (5'-CGTCTCATGATACG-3’), which contained two C-
Hg'-T sites (shown in bold), the ksorward = 3.5 s™* and Kreversed = 7.7 s™* measured using [*°N,*H]-HSQC
experiments were nearly identical to those of the global conformational exchange of duplex
structures measured using [*H,*H]-NOESY experiments (Kforward = 4.3 + 0.6 572, Kreversed = 8.8 £ 0.9 s71).62
These results, therefore, supported the coupling of metal-ligand isomerization reactions over long

distances (> 20 A) via a small, yet global conformational change of the double helix. Taken together
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with the greater A-form characteristics upon metal binding, these results suggested that placing
numerous C:T mismatches throughout a repetitive duplex sequence could facilitate a global B - A
helical transition upon adding Hg". To test this possibility, we introduced C:T mismatches into mostly
GC rich repetitive sequences that are known to have small energy differences between A- and B-
forms.%96267  To suppress the formation of intramolecular G-quadruplex structures that would
otherwise interfere with the intermolecular duplex formation of such repetitive sequences, we
designed a library of 120-mer DNA hairpins (Table D1, Appendix D) containing 7-19 mismatches and
a tetraloop sequence cGCTAg that is known to stabilize both RNA and DNA hairpins.®® To fold the
hairpins, dilute solutions of DNA (1.0 uM) were heated (95 °C, 5 min) and rapidly cooled on ice at 0
°C. Samples were then incubated with 0.0 or 1.5 equiv. of Hg" (relative to the number of C:T
mismatches present) at 22 °C for 3 h prior to their analysis. Gel electrophoresis revealed clean,
intramolecular hairpin formation for most sequences in both the presence and absence of Hg",
including our primary hit ODN>-21CT (Figure D1A, Appendix D). We used CD spectroscopy to screen
for the induction of A-form structure by Hg". A summary of the effects of Hg" on the CD spectra of
library members is shown in Figure 5.4. Some selected CD spectra are shown in Figure 5.5 and all

other CD spectra are available in Figure D2, Appendix D.
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Figure 5.4. Effect of 1.5 equiv per mismatch addition of Hg' in the CD spectra of 120-mer oligonucleotides.
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Figure 5.5. (A) CD spectra of hairpins ODN>-91CT with the core sequence of [GGGCCCGGGCCC]s, ODN°-
104CT with the core sequence of [GGGGCCCCTGGGCCCC]ss, and ODN>-105CT with the core sequence of
[GGGGCCCC]sin the presence and absence of 1.5 equiv of Hg'. These three sequences contain eight, seven
and seven C:T mismatches in 58-mer folded hairpin, respectively. (B) CD spectra of hairpin ODN>-12CT
with the core sequence of [GGCCCT]ss, ODN>-17CT with the core sequence of [GAGTGGT]s and ODN?®-
28CT with the core sequence of [GGGCGGTCGCT]s, in the presence and absence of 1.5 equiv of Hg'. These
three sequences contain 17, 16 and 15 C:T mismatches in 58-mer folded hairpin, respectively. (C) CD
spectra of hairpin ODN°-21CT with the core sequence of [CCCTCGGTGGT]s, ODN>-22CT with the core
sequence of [CCCCCGGCGGC]s and ODN>-23CT with the core sequence of [CCGCGGGCCCT]s, in the
presence and absence of 1.5 equiv of Hg". These three sequences contain 15 C:T mismatches in 58-mer

Ellipticity (mdeg) 'E"ipticity (mdeg)

Ellipticity (mdeg)

N
o
1

o
1

N
o
1

ODN5-91CT

— without Hg"

==+ with Hg"
1 1 1 1 1

240 260 280 300 320

Wavelength (nm)

ODN®%-12CT

-20-

i — without Hg'
v -=+ with Hg"

240 260 280 300 320
Wavelength (nm)

ODN%-21CT

— without Hg"

==+ with Hg"
1 1 1 1 1

240 260 280 300 320
Wavelength (nm)

folded hairpin.

Ellipticity (mdeg)

Ellipticity (mdeg)

Ellipticity (mdeg)

N
o
1

o
]

N
o
1

ODN5-104CT

— without Hg"

-+ with Hg"
1 L L 1 1

240 260 280 300 320

Wavelength (nm)

ODN3-17CT

-20—

— without Hg"

-=- with Hg"
1 1 1 1 1

240 260 280 300 320
Wavelength (nm)

ODNS-22CT

20

-20-

— without Hg'

==+ with Hg'
1 1 1 1 1

240 260 280 300 320
Wavelength (nm)

Ellipticity (mdeg)

-20-

Ellipticity (mdeg)

Ellipticity (mdeg)

ODN®-105CT

— without Hg"
--- with Hg"

240 260 280 300 320
Wavelength (nm)

ODN®-28CT

— without Hg[I
--- with Hg"

240 260 280 300 320
Wavelength (nm)

ODN®-23CT

— without HgII
==+ with Hg'

240 260 280 300 320
Wavelength (nm)



197 | Chapter 5: Mercury-assisted DNA helical switching

Among the 106 studied sequences, some sequences with high GC content, such as the (G3C3)n-
containing hairpins ODN>-91CT and ODN?>-104CT exhibited CD spectra consistent with previous
publications,®? having a double maximum at 260 nm and 280 nm (Figure 5.5A) that are thought to
reflect a mixture of A-form and B-form-like stacking of the guanine and cytosine nucleobases,
respectively. 46% of studied sequences showed little-to-no change in their CD spectra upon addition
of the Hg" (e.g, ODN>-91CT and ODN>-104CT shown in Figure 5.5A). 33% of oligomer library members
demonstrated a partial blue shifting in their positive and negative bands, reflecting partial conversion
of B-form DNA to A-form DNA (Figure 5.5B). Finally, 5% of sequences that were in the B- form prior

to metal binding demonstrated a CD consistent with a global B > A helical transition (Figure 5.5C).53

Among the hit sequences (ODN>-21, 22, 23CT shown in Figure 5.5C and ODN®-6, 9CT shown
in Figure D2, Appendix D), ODN>-21CT demonstrated the ideal A-form signature, which includes blue-
shifting and increasing in the positive band intensity upon the addition of Hg". Furthermore, upon Hg"
addition, 4% of sequences unstructured (ODN>-73, 88, 100, 101CT shown in Figure D2, Appendix D),
and 6% demonstrated a red-shift in the CD bands (ODN>-2, 34, 45, 87, 94, 106CT shown in Figure D2,
Appendix D). The remaining 7% of oligonucleotides showed a left-handed helical signature in their

CD spectra which will be discussed in Section 5.4.

Comparing the CD spectra presented in Figure D2, Appendix D with the number of
mismatches in each folded hairpin, the effect of mismatch quantity on helical transition can be
evaluated (Figure 5.6 and Table D2, Appendix D). All five hit sequences that show a global B- to A-
form helical transition contain 15 or more mismatches. This means that in a 58-mer folded hairpin,
more than 25% of the base-pairs must be mismatches to allow translation of local helical transition
into the global change in the DNA secondary structure. This analysis shows that in sequences with
less than 15 mismatches, there is a higher percentile of oligonucleotides that exhibit little-to-no

change in their CD spectra upon the addition of Hg" (Table D2, Appendix D).
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Figure 5.6. Impact of mismatch numbers in CD spectra of library sequences with (A) 15 or more
mismatches (29 hairpins in total) and (B) less than 15 mismatches (77 hairpins in total) in a 58-mer folded
hairpin after incubation with 1.5 equiv. per mismatch Hg'".

To confirm the results obtained from CD, we used a fluorescent aminoglycoside binding
assay.®* Aminoglycoside antibiotics exhibit a general selectivity for binding A-form over B-form
helices.*” Changes in the fluorescence anisotropy of a 40 nM solution of a Neomycin-BODIPY
conjugate “Neo-BODIPY”®® were therefore measured in the presence and absence of each DNA (600
nM) pre-treated with Hg" (0.0 or 1.5 equiv. per C:T mismatch). No changes in anisotropy were
observed upon the addition of all hairpins in the absence of Hg'", however, the pre-incubation of
ODN>-21CT with Hg" caused a 3.5-fold increase in fluorescence anisotropy of Neo-BODIPY (Table 5.1
and Table D3, Appendix D). As the negative controls, the anisotropy values of the ODN>-21TT and
ODN>-21AT were measured in the absence and presence of Hg'". Both hairpins contains the same core
sequence as ODN°-21CT, but instead of C:T mismatches ODN>-21TT includes T:T mismatches which
Hg" can coordinate to them and form T-Hg"-T metallo base-pairs.>” In ODN°-21AT the C:T mismatches
were replaced with A:T well-matched pairs, which Hg" cannot selectively bind with. The anisotropy
values of the ODN®-21TT and ODN®-21AT showed no change upon the addition of Hg", confirming
that only C-Hg-T metallo base-pairs are capable of changing the secondary structure from B-form to

A-form.
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Table 5.1. DNA hairpin repeat sequences® and fluorescence anisotropy of Neo-BODIPY in
the presence of each DNA with and without Hg'.

ODN? DNA repeat sequence (5’ > 3') No Hg" +Hg"

No DNA - 0.05+0.01 0.05+0.01

6CT [GGCCCT]ss 0.04 +0.02 0.06 £0.01

9CT [CGGCCClgs 0.05+0.01 0.05+0.02

21CT [TGGTCCCTCGG]s 0.04 £ 0.01 0.14 £ 0.01

21TT [TGGTCCCTCGG]s 0.04 £0.02 0.03+0.01

21AT [TGGTCCCTCGG]s 0.04 +0.01 0.05+0.01

22CT [CCCCCGGCGGC]s 0.04 +0.01 0.05+0.01

23CT [CCGCGGGCCCT]s 0.05+0.01 0.05+0.01

28CT [TGGGCGGTCGC]s 0.05+0.01 0.05+0.01

46CT [GGGGCCCT], 0.04 £0.02 0.07+0.01

91CT [CGGGCCCGGGCClas 0.05+0.01 0.06 +0.01
104CT [TGGGCCCCGGGGCCCC]ss 0.05+0.01 0.06 +£0.01

2Bold bases indicate C:T mismatches. Italic bases in 21AT indicate A:T base-pairs. The hit sequence
(ODN3-21TT) is written fully in bold.

b All samples contained 40 nM of Neo-BODIPY, 600 nM of DNA, and 0 or 1.5 equiv of Hg" per C:T
mismatch in an aqueous buffer containing 200 mM NaClO4 and 50 mM cacodylic acid (pH = 7.8).
Averaged anisotropy values and standard deviations of three independent measurements are shown.
Anisotropy values for more hairpins are reported in Table D3, Appendix D.

5.3 Reversible B - A helical transition of hairpin and duplex DNA

The Hg'"-induced conformational change of ODN>-21CT was extremely rapid (<30 s to
complete) and exhibited a 1:1 stoichiometry between Hg'" and the number of C:T mismatches present
(Figure D3, Appendix D). Titration of the ODN>-21CT-Hg" complex into solutions of Neo-BODIPY
revealed an apparent dissociation constant (Kg) of 1.4 + 0.7 uM (Figure 5.7A). This value is similar to
the values reported for neomycin binding to A-form, duplex RNA.”® To evaluate the presence of
potential artifacts from BODIPY in Neo-BODIPY, the ternary complex formed between Neo-BODIPY
and ODN®-21CT-Hg" was disrupted by adding the unlabeled neomycin B (Figure 5.7B). We observed
a decrease in the fluorescence anisotropy upon adding the excess amount of unlabeled neomycin B,
consistent with replacement of the Neo-BODIPY with unlabeled neomycin B in the major groove of
the A-form ODN5-21CT-Hg". This observation suggests the lack of significant impact in the

fluorescence anisotropy by the BODIPY tag.
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Figure 5.7. Changes in fluorescence anisotropy (Aex = 480 nm, Aem = 515 nm) of Neo-BODIPY (40 nM) upon
addition of (A) 0 — 3.0 uM hairpin ODN>-21CT, (B) 0 — 50 uM unlabeled neomycin B, (C) 0 — 18 uM N-
acetylcysteine. Hairpin samples were prepared in the presence (light blue) and absence (dark blue) of Hg".
C-Hg"-T base-pairs were formed by pre-incubation of the DNA with 1.5 equiv Hg" (relative to mismatch
present) for 3 h prior to addition of Neo-BODIPY. In (B) and (C) samples contained 0.6 uM ODN>-21CT
hairpin. All samples were prepared in aqueous buffer containing 200 mM NaClO, and 50 mM cacodylic
acid (pH = 7.8). The data represent mean values and error bars represent standard deviation of three
independent measurements.

To switch the hairpin containing Hg" back to the B-form, N-acetylcysteine that sequesters Hg"
was added. As shown in Figure 5.7C, Neo-BODIPY binding is reversible, and by removing the Hg' from
C-Hg"-T metallo base-pair using N-acetylcysteine, the initial B-form DNA can be regenerated. This
observation was further confirmed by CD (Figure D4, Appendix D). Thus, Hg" binding to ODN°-21CT is

fully reversible.

To evaluate the importance of the hairpin loop in helical switching, we prepared an analog of
ODN?>-21CT as the corresponding intermolecular duplex lacking a hairpin turn (gel electrophoresis
image is available in Figure D1B, Appendix D). This simple duplex “DUP>-21CT” (sequence is available
in Table D4, Appendix D) also exhibited a reversible Hg"-induced switching between global B- and A-
form helices (CD data are available in Figure D5, Appendix D). By alternating between the addition of
Hg" and N-acetylcysteine, the helical switching cycle from B- to A-form, and A-form to B-form could

be repeated more than ten times on the same DNA (Figure 5.8).
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Figure 5.8. Reversible A/B-form helical switching by the addition of Hg'" and N-acetylcysteine in alternating
order according to ellipticity at 260 nm (blue) and 280 nm (green) upon adding alternating portions of
Hg". Samples contained DUP>-21CT (1.0 uM) in aqueous buffer (200 mM NaClO4 and 50 mM cacodylic
acid, pH = 7.8). Samples were incubated with Hg(ClO4), or N-acetylcysteine for 30 sec prior to measuring
CD. Equiv of Hg" and N-acetylcysteine are given relative to mismatch present. The data represent mean
values, and error bars represent the standard deviation of three independent measurements.

5.4 Hg" switches DNA helical direction

As shown in Figure 5.4, while screening the 120-mer oligonucleotides, 7% of C:T mismatched
hairpins, showed a Z-form signature on their CD spectra with a negative maximum at 280 nm and
positive maximum at 255 nm (Figure 5.9A) after the addition of Hg". Even though these spectra are
not entirely consistent with Z-DNA structure, which has a negative maximum at 287 nm in its CD
spectra,’*’? it suggests the DNA helical direction is changing from right-handed to left-handed.
Acknowledging the relationship between the number of mismatches and helical switching from right-
to left-handed (Figure 5.6 and Table D2, Appendix D), we hypothesized that mercury coordination to
C:T mismatches in specific sequences is responsible for changing the helical direction. In addition,
among the nine studied T:T mismatched hairpin (Figure D6, Appendix D), six of them, including ODN>-
21TT, showed a left-handed signature on their CD spectra upon the addition of Hg" (Figure 5.9B). To
evaluate the selective coordination of Hg" to C:T or T:T mismatches, we used Ni" as a negative control,
which is known to coordinate to the N7 position of purines.”® As shown in Figure 5.9, Ni" had little

impact on the CD spectra of the hairpins. Surprisingly when a second equiv. of Hg" was added to the
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ODN?>-21CT solution, the shape of CD spectrum changed suggesting conversion of the right-handed
A-form DNA to left-handed DNA (Figure 5.10A). Upon the addition of N-acetylcysteine, the generated
possibly left-handed structure returned to A- and then initial B-form DNA (Figure 5.10B),

demonstrating a fully switchable helical transition (Figure 5.10C).
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Figure 5.9. Switching the helical direction of (A) a C:T mismatched hairpin and (B) T:T mismatched hairpins,
upon the addition of Hg". Ni" had little impact on CD spectra and did not result in the right- to left-handed
helical transition. All samples contained 1.0 uM duplex in aqueous buffer (200 mM NaClO4 and 50 mM
cacodylic acid, pH = 7.8). CD spectra were recorded after 10 min incubation with aliquots of Hg(ClO4), or

NiCl,.
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Figure 5.10. (A) B- to A-form helical transition of ODN>-21CT upon the addition of 1.0 equiv per mismatch
Hg" and subsequent A-form to Z-like DNA helical switching when the second equiv. of Hg" is added. (B)
After addition of the 2.0 equiv. Hg" (solid line), N-acetylcysteine was added (dashed lines) and regenerated
the A-form and B-form DNA. (C) CD spectra of ODN>-21CT before (solid, dark blue) and after (dashed, light
blue) the addition of 2.0 equiv. Hg" and subsequent addition of 4.0 equiv N-acetyl cysteine.
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Inspired by these results, which suggest a B - Z helical transition in some sequences with T:T
or C:T mismatches (Figure 5.9 and Figure D6, Appendix) and B > A - Z switching in ODN>-21CT
(Figure 5.10), we decided to conduct NMR experiments to understand how stoichiometric addition
of Hg" can alter the DNA helical direction. In order to reduce NMR spectral complexity, we sought the
shortest possible oligonucleotide analog showing similar helical transition upon the addition of Hg'.
Thus, 14 DNA sequences were designed with sequences similar to ODN>-7TT, ODN>-21TT, ODN>-21CT,
ODN?>-38CT, and ODN?>-38TT (Table D4, Appendix D) and their CD spectra were recorded in the
presence and absence of Hg'". The data shown in Figure D7, Appendix D confirm that duplexes, as
short as 10-mer that contain at least two mismatches, undergo the same type of secondary structure
change upon the addition of Hg". DUP>-21TT-5 (sequence: 5’- CGG T GG T CCC-3’, forming eight G:C
base-pairs and two T:T mismatches with the complementary strand) was chosen for NMR studies,
due to its sequence similarity to ODN°-21CT and simpler helical transition (i.e one step) compared to

the corresponding C:T mismatched duplex.

The imino region of the 1D *H-NMR spectra of DUP>-21TT-5 at 5 °C showed signals between
12 and 14 ppm (Figure 5.11) which is characteristic of the formation of WCF base-pairs. In addition,
four signals are observed between 10 and 11 ppm which correspond to the four imino protons of
thymines forming T:T base-pairs (Figure 5.11). The thermal stability of the duplex can be estimated
by recording the disappearance of the imino signals at increasing temperatures. Most of the imino
signals have disappeared at 25 °C and no imino signals are observed at 35 °C (Figure 5.11) indicating

that the structure is completely unfolded between the two temperatures.
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The duplex DUP>-21TT-5 was treated with increasing amounts of Hg" and the changes of the
1D-NMR spectrum were recorded at 15 °C upon each Hg'" addition. Figure 5.12 shows remarkable
changes in the imino signals corresponding to both G:C and T:T base-pairs. The distribution of the
guanine imino signals appearing between 12 and 14 ppm dramatically change as the duplex is titrated
with Hg'". Likewise, the imino signals corresponding to T:T base-pairs become broader in the presence
of increasing amounts of Hg'". Importantly, the spectrum reaches its final shape when the sample is
left for several hours at room temperature indicating that the full structural conversion is relatively
slow at the duplex concentration used here (0.5 mM). The spectrum of the final species does not
show thymine imino protons which indicates that Hg' has disrupted the T:T base-pairs and formed T-
Hg-T metallo base-pairs. The Hg-containing structure is significantly more stable than the duplex as
the imino signals remain visible at 45 °C (Figure 5.11). This higher thermal stability is consistent with
the high stability provided by T-Hg'"-T metallo base-pairs.>® %74 NMR results are consistent with CD
experiments carried out at the same temperature (15 °C) showing the emergence of an intense
negative band at 290 nm in the presence of Hg" (Figure D8, Appendix D). For more details, refer to

Figure D9, Appendix D.
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As discussed in Section 5.1, nucleotides in Z-DNA adopt a syn conformation that places the
aromatic proton (C8-H) very close to the H1’ sugar proton.”*”” Thus, residues adopting a syn
conformation give a strong H1'-H8 intra-residual cross-peak in the NOESY spectrum.’®7° The NOESY
spectrum of DUP®-21TT-5 shows H1'-H8 cross-peaks of low to moderate intensity (Figure 5.13 A),
indicating that none of the residues is in the syn conformation and thus eliminating the possibility
that DUP>-21TT-5 forms a canonical Z-DNA helix in the presence of Hg". This explains CD spectra which

showed its negative maximum at 280 nm, slightly shifted from the one for Z-DNA (~ 290 nm).80-82
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Figure 5.13. (A) Area of the aromatic region of the NOESY (red) spectrum and TOCSY (cyan) of DUP®-21TT
in the presence of 2.5 eq/mismatch Hg" showing H1'-H aromatic cross-peaks (italic labels) and the much
more intense C1H5-H6 cross-peak (bold label). (B) Superposition of the NOESY spectra of DUP*>-21TT-5 in
the absence (grey) and presence (red) of Hg" showing dramatic shifting of amino-amino crosspeaks of C8,
C15, C16 and C18 residues. (C) Superposition of the imino regions of the NOESY spectra of DUP>-21TT-5
in the absence (grey) and presence (red) of Hg". Note the remarkable changes affecting residues flanking

thymine residues.

NOESY spectra of DUP®-21TT-5 in the absence and in the presence of 2.5 eq/mismatch of Hg"
were acquired and signals were assigned following standard protocols. Significant differences were

found for chemical shifts of protons belonging to residues flanking thymines in both strands (Figure
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5.13 B and C). Such changes are indicative of a dramatic local transformation of the chemical
environment as a consequence of the duplex adopting a different helicity. Apart from the very
significant shifts of such cross-peaks, the features of the NOESY spectrum in the presence of Hg' are
similar to the one of the duplex when Hg' is absent. Imino-amino cross-peaks confirm the formation
of the same number and kind of WCF base-pairs. The connectivity between residues (inter-residual
cross-peaks) also remains similar for both structures. Therefore, NMR data do not provide enough
evidence to univocally determine the structure formed by DUP>-21TT-5 in the presence of Hg'.
Currently, X-ray crystallography of the duplex in the presence and absence of the Hg'" is an ongoing

part of this project.

5.5 Summary

Inspired by the long-range coupling (>20 A) between the two metallo base-pairs via a global
conformational exchange observed in the initial NMR results, we placed numerous C:T mismatches
throughout a library of repetitive 120-mer sequences to screen for a change of global B = A helical
structure upon addition of stoichiometric Hg". Indeed, we were able to identify one such sequence
(ODN?>-21CT) exhibiting a fully-reversible switching cycle from B- to A-form, and A-form to B-form by
tandem additions of Hg" and N-acetylcysteine. Both transitions were complete in <30 s, and could be
repeated more than ten times. While numerous examples of local A-form perturbations caused by
DNA-protein and DNA-small molecule binding interactions have previously been reported,3® 47-4% 83-
8 the previous examples of global B-form - A-from helical transitions involved global dehydration of
the duplex.3637-86 Here, the global B- to A-form helical transition was a result of discrete, reversible
metal binding. Furthermore, CD showed that upon the addition of a second equiv. of Hg" to the ODN?>-
21CT, the previously generated A-DNA reversibly converted to a left-handed structure. This
observation may be explained as coordination of the second equiv. of Hg" to (N3)-C while the first
equiv. has been coordinated to (N4)-C. Consistent with this model, we have found that by replacing
C:T mismatches in this sequence with T:T mismatches, the B-form DNA directly switches to Z-like DNA
upon the addition of one equiv. Hg". To elucidate the structural details by NMR experiments, the long,
120-mer hairpin used in these studies was minimized into a much shorter (10-mer) DNA sequences

that underwent these same conversions. NMR experiments demonstrated that this left-handed DNA
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is not in a Z-form. Therefore, X-ray crystallography is currently being conducted to reveal the
structure of this possibly left-handed DNA and the exact coordination site(s) of Hg'. Future studies
may involve synthesizing a 10-mer DNA containing *T and tC modifications to enable the detailed
kinetic and thermodynamic characterization of the conformational switching at the single-molecule
level.2”-88 Such diverse right-handed/left-handed and A/B-form helical switching, in addition to their
broad implications in structural biology and biochemistry, can potentially be utilized in the

development of advanced DNA-based materials and devices.>® 8-
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5.6 Experimental

Hairpin and duplex folding: Oligonucleotides were purchased from Sigma-Aldrich as HPLC-
and PAGE purified sequences. Oligonucleotide stock solutions were prepared in deionized water and
their concentrations were determined by absorbance at 260 nm using a molar extinction coefficient
(€260) calculated using a nearest-neighbor model.®® Hairpins were prepared by diluting the sequences
in aqueous buffer (200 mM NaClO4, 50 mM cacodylic acid (pH = 7.8)) and heating at 95 °C for 5 min,
followed by rapid cooling onice at 0 °C. Duplex DNAs were prepared by dissolving the complementary
sequences in aqueous buffer (200 mM NaClO4, 50 mM cacodylic acid (pH = 7.8)) heating at 95 °C for

5 min, followed by slow cooling to room temperature over 4 h.

Gel Electrophoreses: Sucrose (40 %, 5 ul) was added to pre-annealed hairpin or duplex DNA
(5 ul, 5 pmol) and the solution was loaded onto a 20 % native gel (1.6 V, 55 min). The gel was treated
with SYBR gold staining and scanned on a Typhoon FLA 9500. DNA samples measured in the presence

of Hg" were incubated with Hg(ClO4), (1.5 equiv relative to mismatch present) for 3 h prior to use.

Circular Dichroism Spectroscopy: Circular dichroism spectra of pre-folded DNA hairpins (1.0
uM) were measured from 220 nm to 350 nm at 22 °C with a 2 nm band width with 0.1 nm steps at a
scanning rate of 20 nm mintin 1 mm path length thermo-controlled strain-free quartz cuvette on a
JASCO J-715 spectrometer. CD spectra were recorded as an average of three measurements, each
with three scans. CD spectra of hairpin DNA measured in the presence of Hg" (or Ni") were incubated

with 1.5 equiv (relative to mismatch present) of Hg(ClO4); (or NiCl,) for 3 h prior to use.

Neo-BODIPY Binding Assay: Pre-folded DNA hairpin (5.0 uM) in aqueous buffer (200 mM
NaClOsand 50 mM cacodylic acid (pH = 7.8)) was mixed with Hg(ClO4); (1.5 equiv relative to mismatch
present) and incubated at r.t. for 3 h. Neo-BODPIY was added to give a final concentration of 40 nM
Neo-BODIPY and 0 — 3 uM DNA hairpin. The samples were incubated at r.t. for 1 h prior to
measurement. Fluorescence anisotropy values were determined by measuring fluorescence
polarization at Aem = 515 nm (Aex = 480 nm). Fluorescence polarization was measured in three
independent trials at 22 °C using a Molecular Devices Spectra spectrofluorophotometer in 384-well

plates.
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A - B Helical Switching by Unlabeled Neomycin B: Pre-folded DNA hairpin (1.0 pM) in
aqueous buffer (200 mM NaClO4 and 50 mM cacodylic acid (pH 7.8)) was mixed with Hg(ClO4); (22.5 uM,
1.5 equiv relative to mismatch present) and incubated at r.t. for 3 h. Neo-BODIPY (66.7 nM) was added
and incubated at r.t. for 60 min. Unlabeled neomycin B trisulfate was added to the samples to give a final
concentration of 40 nM Neo-BODIPY, 0.6 uM ODN5-21CT, 13.5 uM Hg" and 0— 50 uM unlabeled neomycin
B and the mixture was incubated at r.t. for 60 min. Anisotropy was recorded at 22 °C using a Molecular
Devices Spectra spectrofluorophotometer in a 384- well plate. Fluorescence anisotropy was recorded in

triplicate by fluorescence polarization measurement (Aex = 480 nm, Aem = 515 nm).

A -> B Helical Switching by N-Acetylcysteine: Pre-folded DNA hairpin (1.0 uM) in aqueous
buffer (200 mM NaClO4 and 50 mM cacodylic acid (pH 7.8)) was mixed with Hg(ClO4); (22.5 uM, 1.5
equiv relative to mismatch present) and incubated at r.t. for 3 h. Neo-BODIPY (66.7 nM) was added
and incubated at r.t. for 60 min. N-acetylcysteine (0 — 2 equiv relative to mismatch present) was
added to the sample to give a final concentration of 40 nM Neo-BODIPY, 0.6 uM ODN5-21CT, 13.5
UM Hg'" and 0 — 18 uM N-acetylcysteine and the mixture was incubated at r.t. for 60 min. Anisotropy
was recorded at 22 °C using a Molecular Devices Spectra spectrofluorophotometer in a 384-well
plate. Fluorescence anisotropy was recorded in triplicate by fluorescence polarization measurement

(Aex =480 nm, Aem = 515 nm).

Melting temperature analysis (Tm): Thermal denaturation temperatures of duplex DNA were
determined by measuring the ellipticity at 280 nm as a function of temperature in a 1 mm path length
thermo-controlled strain-free quartz cuvette on a JASCO J-715 spectrometer equipped with a
temperature control system. Solutions of pre-folded duplex DNA in aqueous buffer (200 mM NaClO4,
50 mM cacodylic acid at pH = 7.8) were equilibrated at 5 °C for a minimum of 20 min and slowly
ramped to 85 °C with 0.5 °C steps at a rate of 25 °C hl. The melting temperatures were determined
from the obtained maximum after differentiation of the received curves on Spectra Manager. Tn
values were calculated as the average from the heating and cooling curves and were measured in

triplicate.

NMR spectroscopy: Duplex DNA (0.5 mM) was prepared by dissolving 1.0 mM of the
complementary sequences in aqueous buffer (150 mM NaClO4, 50 mM sodium cacodylate pH 7.8 in
H>0 / D,0 (9:1), heating to 95 °C for 5 min, and slowly cooling down to room temperature over 4 h.

For titration experiments, Hg" was added from an aqueous solution of Hg(OAc)> 14 mM and 1D NMR
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spectra were recorded at 15 °C immediately after each addition. All NMR spectra were acquired on
a Bruker spectrometer operating at 600 MHz and equipped with cryoprobe. NMR data was processed
using TOPSPIN software. One dimensional *H-NMR were acquired using excitation sculpting for water
suppression. NOESY spectra were acquired at mixing times of 150 and 250 ms. TOCSY spectra were
recorded with the DIPSI-2 sequence and a mixing time of 80 ms. The software NMRFAM-Sparky®’ was

used for assignment of NOESY spectra.
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5.7 Appendix

5.7.1 Tables

Table D1. Names, numbers of mismatches and sequences of 120-mer DNA hairpin library?

Name

ODN?-
1CT

ODN?®-
2CT

ODN?-
3CT

ODNS-
4CT

ODN?>-
5CT

ODN?-
6CT

ODN?>-
7CT

ODN?>-
8CT

ODN?-
9CT

ODN?-
10CT

ODN>-
11CT

ODN?-
12CT

ODN?-
13CT

ODN?>-
14CT

Mismatch
numbers

[
(\e]

18

18

18

18

18

18

18

18

16

Sequence

5'-GCGGCGGCGGCGGCGGCGGCGGCGGCGGCGGLCGGLCGGCGGCGGCGGCGGCGGCGGCGLGL
TAGCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTCCTC-3'

5'-CCGGTCCCGGTCCCGGTCCCGGTCCCGGTCCCGGTCCCGGTCCCGGTCCCGGTCCCGCGCTAG
CGGTCCCGGTCCCGGTCCCGGTCCCGGTCCCGGTCCCGGTCCCGGTCCCGGTCCCGG-3!

5'-GCCCGTGCCCGTGCCCGTGCCCGTGCCCGTGCCCGTGCCCGTGCCCGTGCCCGTGCCCGCTAG
GGCCCGTGCCCGTGCCCGTGCCCGTGCCCGTGCCCGTGCCCGTGCCCGTGCCCGTGC-3'

5'-GGCCTTGGCCTTGGCCTTGGCCTTGGCCTTGGCCTTGGCCTTGGCCTTGGCCTTGGCCGLTAG
GCCCCGGCCCCGGCCCCGGLCLCGGLCLCGGLCLCGGLLLCGGLLeCGGreecGaGee-3'

5'-GGCCTCGGCCTCGGCCTCGGCCTCGGCCTCGGCCTCGGCCTCGGCCTCGGCCTCGGCCGCTAG
GCCTCGGCCTCGGCCTCGGCCTCGGCCTCGGCCTCGGCCTCGGCCTCGGCCTCGGLCC-3'

5'-GGCCCTGGCCCTGGCCCTGGCCCTGGCCCTGGCCCTGGCCCTGGCCCTGGCCCTGGCCGCTAG
GCCCTGGCCCTGGCCCTGGCCCTGGCCCTGGCCCTGGCCCTGGCCCTGGCCCTGGCC-3'

5'-CGGCTCCGGCTCCGGCTCCGGCTCCGGCTCCGGCTCCGGCTCCGGCTCCGGCTCCGGCGCTAG
CCGGCTCCGGCTCCGGCTCCGGCTCCGGCTCCGGCTCCGGCTCCGGCTCCGGLTCCG-3'

5'-CGGTCTCGGTCTCGGTCTCGGTCTCGGTCTCGGTCTCGGTCTCGGTCTCGGTCTCGGCGCTAG
CCGCGCCCGCGCCCGLCGCCCGLGLCCCGLGLCCGLGLCCGLGLLCGLGLLCGLGLCCG-3'

5'-CGGCCCCGGCCCCGGLLCCCGGCLCCCGGLCCCGGLCCCGGCCCCGGLCCCGGLLCCCGGLGLTAG
CCGTGTCCGTGTCCGTGTCCGTGTCCGTGTCCGTGTCCGTGTCCGTGTCCGTGTCCG-3’

5'-GGGCCCTCATGCTCATGCTCATGCTCATGCTCATGCTCATGCTCATGCTCATGCTTGCGCTAG
CACTCATGCTCATGCTCATGCTCATGCTCATGCTCATGCTCATGCTCATGCTGGCCC-3'

5'-GCGTCCTGATCCTGATCCTGATCCTGATCCTGATCCTGATCCTGATCCTGATCCTGACGCTAG
TCATTATCATTATCATTATCATTATCATTATCATTATCATTATCATTATCATTACGC-3’

5'-CCCTGGCCCTGGCCCTGGCCCTGGCCCTGGCCCTGGCCCTGGCCCTGGCCCTGGCCCCGLTAG
GGGCCCGTGCCCGTGCCCGTGCCCGTGCCCGTGCCCGTGCCCGTGCCCGTGCCCGGG-3'

5'-GGCTCGCGGCTCGCGGCTCGCGGCTCGCGGCTCGCGGCTCGCGGCTCGCGGCTCGCGCGLTAG
CTCGCGCCTCGCGCCTCGCGCCTCGCGCCTCGCGCCTCGCGCCTCGCGCCTCGCGLC-3'

5'-GGCCTGCGGCCTGCGGCCTGCGGCCTGCGGCCTGCGGCCTGCGGCCTGCGGCCTGCGCGLTAG
CTCCGGCCTCCGGCCTCCGGCCTCCGGCCTCCGGCCTCCGGCCTCCGGCCTCCGGLC-3'

2 Bold red bases indicate the C:T mismatches. Blue bases indicate hairpin loop regions.
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Table D1 (continue). Names, numbers of mismatches and sequences of 120-mer DNA hairpin library

Name

ODN?-
15CT

ODN?-
16CT

ODN?®-
17CT

ODN?-
18CT

ODN?>-
19CT

ODN?>-
20CT

ODN?-
21CT

ODN>-
22CT

ODN?>-
23CT

ODN?-
24CT

ODN?>-
25CT

ODN?>-
26CT

ODN?-
27CT

ODN?>-
28CT

ODN?>-
29CT

ODN?-
30CT

Mismatch
numbers

=
e}

Sequence

5'-GGCTCTGGGCTCTGGGCTCTGGGCTCTGGGCTCTGGGCTCTGGGCTCTGGGCTCTGGCGCTAG
CCCGCGCCCCGCGCCCCGLCGCCCCGLCGCCCCGLGLLLCGLGLLLCGLGLeecGeaee-3'

5'-GGCATTGGGCATTGGGCATTGGGCATTGGGCATTGGGCATTGGGCATTGGGCATTGGCGCTAG
CCCCTGCCCCCTGCCCCCTGCCCCCTGCCCCCTGCCCCCTGCCCLCTGLCCCCTGLC-3'

5'-GAGTGGTGAGTGGTGAGTGGTGAGTGGTGAGTGGTGAGTGGTGAGTGGTGAGTGGTGCGC
TAGCCCCCCTCCCCCCTCCCCCCTCCCCCCTCCCCLCTeCccecTeeccecreeccecre-3’

5'-GGCCCGCGGCCCGCGGCCCGCGGCCCGCGGCCCGCGGCCCGCGGCCCGCGGCCCGGGCGLTAG
CCCGGTCCTCGGTCCTCGGTCCTCGGTCCTCGGTCCTCGGTCCTCGGTCCTCGGTCC-3'

5'-GGCTCCTCGGTGGCTCCTCGGTGGCTCCTCGGTGGCTCCTCGGTGGCTCCTCGGTGGCGCTAG
CCCCCGCGGCGCCCCCGCGGLGCCLCCGCGGLCGLCLCCCCGCGGLGLCLCCGLCGGLGLL-3

5'-GGCCTCGGGCCTCGGGCCTCGGGCCTCGGGCCTCGGGCCTCGGGCCTCGGGCCTGGGCGLTAG
CCCCGGCCCTCGGCCCTCGGCCCTCGGCCCTCGGCCCTCGGCCCTCGGCCCTCGGCC-3'

5'-CGGTGGTCCCTCGGTGGTCCCTCGGTGGTCCCTCGGTGGTCCCTCGGTGGTCCCTCGCGCTAG
CGCGGGCCCCCCGCGGGCCCCCCGCGGGLCCCCCGCGGGLLLCCCGLGGGLCCCCCG-3

5'-CGGCGGCCCCCCGGCGGCCCCCCGGCGGLCCCCCGGLCGGLCCCCCCGGCGGCCCCCCGLGLTAG
CGTGGGTCCTCCGTGGGTCCTCCGTGGGTCCTCCGTGGGTCCTCCGTGGGTCCTCCG-3'

5'-GGGCCCTCCGCGGGCCCTCCGCGGGCCCTCCGCGGGCCCTCCGCGGGCCCTCCGCGGCGLTAG
CCTCGGCGGTCCCTCGGCGGTCCCTCGGCGGTCCCTCGGCGGTCCCTCGGCGGTCCC-3'

5'-CGGGATTCCCGGGCATTCCCGGGCATTCCCGGGCATTCCCGGGCATTCCCGGGCCCGCGLTAG
CGGTCCCTGGCATTCCCTGGCATTCCCTGGCATTCCCTGGCATTCCCTGGCATCCCG-3'

5'-CGCTGGGTGGTCGCTGGGTGGTCGCTGGGTGGTCGCTGGGTGGTCGCTGGGTGGTCGCGCTAG
CGCCCCCCCLCGCGLCLecceeGLGLececcceGLGLeecccccGeaeeccccccaea-3’

5'-CGCCGGGCGGCCGCCGGGCGGLCCGCCGGGCGGCCGCCGGGLCGGCCGCCGGGCGGCCGLGL
TAGCGTCCTCCCTGCGTCCTCCCTGCGTCCTCCCTGCGTCCTCCCTGCGTCCTCCCTGCG-3'

5'-CGCCGGGTGGCCGCCGGGTGGCCGCCGGGTGGCCGCCGGGTGGCCGCCGGGTGGCCGLGLTAG
CGTCCCCCCTGCGTCCCCCCTGCGTCCCCCCTGCGTCCCCCCTGCGTCCCCCCTGCG-3!

5'-CGCTGGGCGGTCGCTGGGCGGTCGCTGGGCGGTCGCTGGGCGGTCGCTGGGCGGTCGCGCTAG
CGCCCTCCCCGCGCCCTCCCCGCGCCCTCCCCGCGCCCTCCCCGCGCCLTCCCCGLG-3'

5'-CGGTGGGCGGTGGGCGGTGGGCGGTGGGCGGTGGGCGGTGGGCGGTGGGCGGTGGCGCGC
TAGCGCCCCCTCCCCCCTCCCCCCTCCCCCCTCCCCCCTCCCCCCTCCCCCcTCCCCeCCG-3

5'-GCCCTCGGGCCCTCGGGCCCTCGGGCCCTCGGGCCCTCGGGCCCTCGGGCCCTCGGGLGLTAG
CCCTCGGGCCCTCGGGCCCTCGGGCCCTCGGGCCCTCGGGCCCTCGGGLCCTCGGGL-3!
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Table D1 (continue). Names, numbers of mismatches and sequences of 120-mer DNA hairpin library

Name

ODN?-
31CT

ODN?-
32CT

ODN?-
33CT

ODN?>-
34CT

ODN?>-
35CT

ODN?-
36CT

ODN?>-
37CT

ODN?>-
38CT

ODN?-
39CT

ODN?>-
40CT

ODN®-
41CT

ODN?-
42CT

ODN?>-
43CT

ODNS-
44CT

ODN?>-
45CT

ODN?>-
46CT

Mismatch
numbers

i
o

Sequence

5'-GGCCTCCGGGCCTCCGGGCCTCCGGGCCTCCGGGCCTCCGGGCCTCCGGGCCTCCGGCGLTAG
CCTGCGGCCCTGCGGCCCTGCGGCCCTGCGGCCCTGCGGCCCTGCGGCCCTGCGGLC-3!

5'-CGGTCCCGGGCTCCCGGGCTCCCGGGCTCCCGGGCTCCCGGGCTCCCGGGCTCCCGGCGLTAG
CCTGGCGCCCTGGCGCCCTGGCGCCCTGGCGCCCTGGCGCCCTGGCGCCCTGGLCCG-3!

5'-GCCTCGCGGCCTCGCGGCCTCGCGGCCTCGCGGCCTCGCGGCCTCGCGGCCTCGCGGCGCTAG
CCTCGCGGCCTCGCGGCCTCGCGGCCTCGCGGCCTCGCGGCCTCGCGGCCTCGCGGC-3'

5'-GGGCTCCCGGGCTCCCGGGCTCCCGGGCTCCCGGGCTCCCGGGCTCCCGGGCTCCCGCGLTAG
CGGGCTCCCGGGCTCCCGGGCTCCCGGGCTCCCGGGCTCCCGGGCTCCCGGGLTCCC-3’

5'-GGCTCCGCGGCTCCGCGGCTCCGCGGCTCCGCGGCTCCGCGGCTCCGCGGCTCCGCGCGLTAG
CTCGGCGCCTCGGCGCCTCGGCGCCTCGGCGCCTCGGCGCCTCGGCGCCTCGGLGLC-3’

5'-GGCTCCGGGGCTCCGGGGCTCCGGGGCTCCGGGGCTCCGGGGCTCCGGGGCTCCGGGCGLTAG
CCCTGCGCCCCTGCGCCCCTGCGCCCCTGCGCCCCTGCGCCCCTGCGCCCCTGCGCC-3!

5'-CGGTGGTGCCCCCGGTGGTGCCCCCGGTGGTGCCCCCGGTGGTGCCCCCGGTGGTGCCGCTAG
GCCCCCCCGGTGGCCCCCCCGGTGGCCCCCCCGGTGGLLCCCCCCGGTGGLLCCCCCG-3!

5'-CGGTCGGTCGGTCGGTCGGTCGGTCGGTCGGTCGGTCGGTCGGTCGGTCGGTCGGTCCGCTAG
GCCCGCCCGCCCGLCCCGLCCGLLCGLeLGLecGLecGLccaLccaLecGeecGgeeeg-3’

5'-GCGCGCGCGTGCGCGCGCGCGTGCGCGCGCGCGTGCGCGCGCGCGTGCGCGCGCGCCCGLTAG
GGCTCGCTCGCCCGCTCGCTCGCCCGCTCGCTCGCCCGCTCGCTCGCCCGCTCGCTC-3'

5'-GCGTGCGTGCGTGCGTGCGTGCGTGCGTGCGTGCGTGCGTGCGTGCGTGCGTGCGTGCGCTAG
CCCGCCCGCCCGCLCGLCCGLLLGLLCGLLCGLecGLecaLecaLecGeecaeecae-3’

5'-GCGGGCGGGTGGGTGGGCGGGCGGGTGGGTGGGCGGGCGGGTGGGTGGGCGGGCGGGLGC
TAGCCCTCCCTCCCCCCCCCCCTCCCTCCCCCCCCCCCTCCLTCCCccccccecTeecTe-3

5'-GGGCGTCGGGCGGTCGGGCGGTCGGGCGGTCGGGCGGTCGGGCGGTCGGGCGGTCGGCGL
TAGCCTCCCGCCCTCCCGCCCTCCCGCCCTCCCGCLCTCCCGLLCTCCCGLCCTCCGLLC-3!

5'-GCCGGTCTCATGATCTCATGATCTCATGATCTCATGATCTCATGATCTCATGATCTGCGCTAG
CATCTCATGATCTCATGATCTCATGATCTCATGATCTCATGATCTCATGATCCCGGC-3'

5'-GCCTCGGGGCCTCGGGGCCTCGGGGCCTCGGGGCCTCGGGGCCTCGGGGCCTCGGGGCGLTAG
CCCCTCGGCCCCTCGGCCCCTCGGCCCCTCGGCCCCTCGGCCCCTCGGCCCCTCGGL-3'

5'-GCCTTGGGGCCTTGGGGCCTTGGGGCCTTGGGGCCTTGGGGCCTTGGGGCCTTGGGGCGCTAG
CCCCCCGGCCCLCCGGLLLCeCGGLLecceGGLecLeccGGrecceeGareeccecaae-3!

5'-GCCCTGGGGCCCTGGGGCCCTGGGGCCCTGGGGCCCTGGGGCCCTGGGGCCCTGGGGCGLTAG
CCCCCTGGCCCCCTGGCCCCCTGGCCCCCTGGCCCCCTGGCCCCCTGGCCCCCTGGL-3!
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Table D1 (continue). Names, numbers of mismatches and sequences of 120-mer DNA hairpin library

Name

ODN?-
47CT

ODN?-
48CT

ODN?-
49CT

ODN?-
50CT

ODN?>-
51CT

ODN?>-
52CT

ODN?-
53CT

ODN?>-
54CT

ODN?>-
55CT

ODN?-
56CT

ODN?>-
57CT

ODN?>-
58CT

ODN?-
59CT

ODN?>-
60CT

ODN?>-
61CT

ODN?-
62CT

Mismatch
numbers

-
.p

Sequence

5'-CGGTTGGCCGGTTGGCCGGTTGGCCGGTTGGCCGGTTGGCCGGTTGGCCGGTTGGCCCGLTAG
GGCCCCCCGGCCCCCCGGCCCCCCGGLCLCCCGGLLeLcccGGLeeccccGGeeecceG-3'

5'-CCCCGGTGCCCCGGTGCCCCGGTGCCCCGGTGCCCCGGTGCCCCGGTGCCCCGGTGCCGLTAG
GCCCCTGGGCCCCTGGGCCCCTGGGCCCCTGGGCCCCTGGGCCCCTGGGCCCCTGGG-3!

5'-GGGTATCGGGTTATCGGGTTATCGGGTTATCGGGTTATCGGGTTATCGGGTTATCGGCGCTAG
CCTCTAACCCTCTAACCCTCTAACCCTCTAACCCTCTAACCCTCTAACCCTCTACCC-3'

5'-AGAATGGTAGGATGGTAGGATGGTAGGATGGTAGGATGGTAGGATGGTAGGATGGTACGCTAG
TCCCCTCCTCCCCTCCTCCCCTCCTCCCCTCCTCCCCTCCTCCCCTCCTCCCCTTCT-3'

5'-GGGTACCGGGTTACCGGGTTACCGGGTTACCGGGTTACCGGGTTACCGGGTTACCGGCGCTAG
CCTTTAACCCTTTAACCCTTTAACCCTTTAACCCTTTAACCCTTTAACCCTTTACCC-3'

5'-CGCCAATCATCCAATCATCCAATCATCCAATCATCCAATCATCCAATCATCCAATCACGCTAG
TGCTTGTATGCTTGTATGCTTGTATGCTTGTATGCTTGTATGCTTGTATGCTTGTCG-3'

5'-GGCTCCCGGCGCTCCGGCGCTCCGGCGCTCCGGCGCTCCGGCGCTCCGGCGCTCCGGLGCTAG
CCGGCGCTCCGGCGCTCCGGCGCTCCGGCGCTCCGGCGCTCCGGCGCTCCGGGCGLC-3'

5'-CGCCCCCCCTCCCCCCCTCCCCCCCTCCCCCCCTCCCCCCCTCCCCCCCTCCCCCCCLGLTAG
GGGGTGGCGGGGTGGCGGGGTGGCGGGGTGGCGGGGTGGCGGGGTGGCGGGGTGGCG-3’

5'-GCGGGGCCCCGGGGCCCCGGGGCCCCGGGGCCCCGGGGCCCCGGGGCCCCGGGGCCCLGLTAG
GGGCCCCGTTGCCCCGTTGCCCCGTTGCCCCGTTGCCCCGTTGCCCCGTTGCCCCGC-3'

5'-CCGGTTGGCCCGGTTGGCCCGGTTGGCCCGGTTGGCCCGGTTGGCCCGGTTGGCCCGLGLTAG
CGGGCCCCCCGGGCCCCCCGGGLCLCCCGGGLCLCCCGGGLLLCCCGGGLLCCCCGG-3'

5'-CCGGCCGGCCCGGCCGGCCCGGCCGGCCCGGCCGGCCCGGCCGGCCCGGCCGGCCCGLGLTAG
CGGGCCTTCCGGGCCTTCCGGGCCTTCCGGGCCTTCCGGGCCTTCCGGGCCTTCCGG-3’

5'-GGGCGCCCCGGGCGCCCCGGGLCGCCCCGGGLCGCCCCGGGCGCCCCGGGCGCCCCGGGLGLTAG
CCCGTGGCTCCCGTGGCTCCCGTGGCTCCCGTGGCTCCCGTGGCTCCCGTGGCTCCC-3'

5'-GGCTGGTAGGGCTGGTAGGGCTGGTAGGGCTGGTAGGGCTGGTAGGGCTGGTAGGCTCGCTAG
AGCCTCCCATCCCTCCCATCCCTCCCATCCCTCCCATCCCTCCCATCCCTCCCATCC-3

5'-GGCTGGTAGGGCTGGTAGGGCTGGTAGGGCTGGTAGGGCTGGTAGGGCTGGTAGGCTCGCTAG
AGCCTCCCCGCCCTCCCCGCCCTCCCCGCCCTCCCCGCCLTCCCCGLLCTCCCCGLC-3’

5'-GGTCTGGATAGGTCTGGATAGGTCTGGATAGGTCTGGATAGGTCTGGATAGGTCTGGCGCTAG
CCATACCTCTCCATACCTCTCCATACCTCTCCATACCTCTCCATACCTCTCCATACC-3'

5'-GGTCTGGGTGGGTCTGGGTGGGTCTGGGTGGGTCTGGGTGGGTCTGGGTGGGTCTGGCGCTAG
CCATACCCCCCCATACCCCCCCATACCCCCCCATACCCCCCCATACCCCCCCATACC-3!
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Table D1 (continue). Names, numbers of mismatches and sequences of 120-mer DNA hairpin library

Name

ODN?-
63CT

ODN?-
64CT

ODN?-
65CT

ODN?>-
66CT

ODN?>-
67CT

ODN?-
68CT

ODN?>-
69CT

ODN?>-
70CT

ODN?-
71CT

ODN>-
72CT

ODN?>-
73CT

ODN?-
74CT

ODN?>-
75CT

ODN?>-
76CT

ODN?>-
77CT

ODN?>-
78CT

Mismatch
numbers

[EnY
[EnY

Sequence

5'-GCCCTCGCGGGCCCTCGCGGGCCCTCGCGGGCCCTCGCGGGCCCTCGCGGGCCCTCGLGLTAG
CGCGGGCCCTCGCGGGCCCTCGCGGGCCCTCGCGGGCCCTCGCGGGCCCTCGCGGGC-3'

5'-GCCCCCGTGGGCCCCCGTGGGCCCCCGTGGGCCCCCGTGGGCCCCCGTGGGCCCCCGCGLTAG
CGTGGGCCCCCGTGGGCCCCCGTGGGCCCCCGTGGGCCCCCGTGGGCCCCCGTGGGC-3'

5'-GCCCTCGTGGGCCCTCGTGGGCCCTCGTGGGCCCTCGTGGGCCCTCGTGGGCCCTCGCGLTAG
CGCGGGCCCCCGCGGGCCCCCGCGGGCCCCCGCGGGCCCCCGCGGGLLCCCGLGGGL-3!

5'-TCATCTCATCTCATCTCATCTCATCTCATCTCATCTCATCTCATCTCATCTCATCTCCGCTAG
GATATGATATGATATGATATGATATGATATGATATGATATGATATGATATGATATGA-3’

5'-GGGATATCTGGGGATATCTGGGGATATCTGGGGATATCTGGGGATATCTGGGGATATCGCTAG
ATCTCCCCATATCTCCCCATATCTCCCCATATCTCCCCATATCTCCCCATATCTCCC-3’

5'-GGGATAATAGGGGATAATAGGGGATAATAGGGGATAATAGGGGATAATAGGGGATAACGCTAG
TTCTCCCCTCTTCTCCCCTCTTCTCCCCTCTTCTCCCCTCTTCTCCCCTCTTCTCCC-3'

5'-GGAAATAGGGTGAAATAGGGTGAAATAGGGTGAAATAGGGTGAAATAGGGTGAAATACGCTAG
TCTTTCCCCCTCTTTCCCCCTCTTTCCCCCTCTTTCCCCCTCTTTCCCCCTCTTTCC-3'

5'-CGGGACAAAGCGGGACAAAGCGGGACAAAGCGGGACAAAGCGGGACAAAGCGGGACACGC
TAGTTTCCCTCTTTTTCCCTCTTTTTCCCTCTTTTTCCCTCTTTTTCCCTCTTTTTCCCG-3’

5'-CGGGAACAAGGCGGAACAAGGCGGAACAAGGCGGAACAAGGCGGAACAAGGCGGACACGC
TAGTTTCCTCCTTTTTCCTCCTTTTTCCTCCTTTTTCCTCCTTTTTCCTCCTTTTTCCCG-3'

5'-CGGGAATAAGGTGGAATAAGGTGGAATAAGGTGGAATAAGGTGGAATAAGGTGGATACGCTAG
TCTCCCCCTTCTTCCCCCTTCTTCCCCCTTCTTCCCCCTTCTTCCCCCTTCTTCCCG-3'

5'-AGGTAAGGTAAGGTAAGGTAAGGTAAGGTAAGGTAAGGTAAGGTAAGGTAAGGTAAGCGCTAG
CTTCCCTTCCCTTCCCTTCCCTTCCCTTCCCTTCCCTTCCCTTCCCTTCCCTTCCCT-3'

5'-GGAATGGAATGGAATGGAATGGAATGGAATGGAATGGAATGGAATGGAATGGAATGGCGC
TAGCCCTTCCCTTCCCTTCCCTTCCCTTCCCTTCCCTTCCCTTCCCTTCCCTTCCCTTCC-3'

5'-CCCGATTTCTCCCGATTTCTCCCGATTTCTCCCGATTTCTCCCGATTTCTCCCGATTCGCTAG
ACTCGGGATAACTCGGGATAACTCGGGATAACTCGGGATAACTCGGGATAACTCGGG-3'

5'-GGGCATTCCCGGGCATTCCCGGGCATTCCCGGGCATTCCCGGGCATTCCCGGGCCCGCGCTAG
CGGTCCCTGGAATTCCCTGGAATTCCCTGGAATTCCCTGGAATTCCCTGGAATTCCC-3'

5'-CGGGATAAAGTGGGATAAAGTGGGATAAAGTGGGATAAAGTGGGATAAAGTGGGATACGCTAG
TCTCCCCCTTTCTCCCCCTTTCTCCCCCTTTCTCCCCCTTTCTCCCCCTTTCTCCCG-3'

5'-GCTGGCCCGGGCCCTGGCCCGGGCCCTGGCCCGGGCCCTGGCCCGGGCCCTGGGCCCCGLTAG
GTGCCCCGGGCCCTGGCCCGGGCCCTGGCCCGGGCCCTGGCCCGGGCCCTGGCCCGC-3’
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Table D1 (continue). Names, numbers of mismatches and sequences of 120-mer DNA hairpin library

Name

ODN?-
79CT

ODN?-
80CT

ODN?-
81CT

ODN?-
82CT

ODN?>-
83CT

ODN?>-
84CT

ODN?-
85CT

ODN?>-
86CT

ODN?>-
87CT

ODN?-
88CT

ODN?>-
89CT

ODN?>-
90CT

ODN?-
91CT

ODN?>-
92CT

ODN?>-
93CT

ODN?>-
94CT

Mismatch
numbers

—
o

Sequence

5'-GCTGGTTATGGTTATGGTTATGGTTATGGTTATGGTTATGGTTATGGTTATGGTTACCGCTAG
GTCACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCGC-3’

5'-CCCCATGGCCCCATGGGGCCCCATGGGGCCCCATGGGGCCCCATGGGGCCCCATGGGCGCTAG
CCCCTGGGTCCCCCTGGGTCCCCCTGGGTCCCCCTGGGTCCCCCTGGGTCCATGGGG-3'

5'-GCTGGCGTGGGCGGTGGCGTGGGCGGTGGCGTGGGCGGTGGCGTGGGCGGTGGCGTCCGC
TAGGCCGCCCCCGCCCCCGCLLLLGLLLecGLeeccaeecceGeececcGeeeecGgeeeGge-3!

5'-GCTGGCGGTGGCGGTGGCGGTGGCGGTGGCGGTGGCGGTGGCGGTGGCGGTGGCGTCCGL
TAGGCCGCCCCCGCCCCCGCCCCCGCCCCCGCCCCCGCCCCCGCCCCCGLLCCCGLLCGL-3’

5'-GCTCATGATCATGATCATGATCATGATCATGATCATGATCATGATCATGATCATGCTCGCTAG
ATCATGCTCATGCTCATGCTCATGCTCATGCTCATGCTCATGCTCATGCTCATGCGC-3'

5'-GCTCATGATCATGATCATGATCATGATCATGATCATGATCATGATCATGATCATGCTCGCTAG
ATCATTATCATTATCATTATCATTATCATTATCATTATCATTATCATTATCATGCGC-3'

5'-GGCCCGGGGCCCCTCGGGGCCCCTCGGGGCCCCTCGGGGCCCCTCGGGGCCCCTGGGLGLTAG
CCCCGGGGCCCCTCGGGGCCCCTCGGGGCCCCTCGGGGCCCCTCGGGGCCCCTGGCC-3'

5'-TATAACAGGGGATAACAGGGGATAACAGGGGATAACAGGGGATAACAGGGGATATATCGCTAG
ATATCTCCCCTTTTCTCCCCTTTTCTCCCCTTTTCTCCCCTTTTCTCCCCTTTTATA-3'

5'-GCGCTTTTCCCCACTTTTCCCCACTTTTCCCCACTTTTCCCCACTTTTCCCCACACGCGCTAG
CGTTTGGGGACAATTGGGGACAATTGGGGACAATTGGGGACAATTGGGGACAAGCGC-3’

5'-CGGGATTCCCGGGCATTCCCGGGCATTCCCGGGCATTCCCGGGCATTCCCGGGCCCGCGLTAG
CGGGCCCTGGCATGCCCTGGCATGCCCTGGCATGCCCTGGCATGCCCTGGCATCCCG-3'

5'-CGGGATTCCCGGGCATTCCCGGGCATTCCCGGGCATTCCCGGGCATTCCCGGGCCCGCGLTAG
CGGTCCCGGGCATTCCCGGGCATTCCCGGGCATTCCCGGGCATTCCCGGGCATCCCG-3'

5'-GCTGGTTATGGTTCGGGTTATGGTTCGGGTTATGGTTCGGGTTATGGTTCGGGTTACCGCTAG
GTCACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCGC-3

5'-GGCCCGGGCCCGGGCCCGGGCCCGGGCCCGGGCCCGGGCCCGGGCCCGGGCCCGGGCLGLTAG
GCCCTGGCCCGTGCCCTGGCCCGTGCCCTGGCCCGTGCCCTGGCCCGTGCCCTGGCLC-3!

5'-GGGTCTGGGTCTGGGTCTGGGTCTGGGTCTGGGTCTGGGTCTGGGTCTGGGTCTGGGCGCTAG
CCCATACCCATACCCATACCCATACCCATACCCATACCCATACCCATACCCATACCC-3'

5'-GGGTTCGGGTTCGGGTTCGGGTTCGGGTTCGGGTTCGGGTTCGGGTTCGGGTTCGGGCGCTAG
CCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCCTAACCC-3!

5'-GCCCCGGGCCCTGGGCCCCGGGCCCTGGGCCCCGGGCCCTGGGCCCCGGGCCCTGGGCGLTAG
CCCCGGGCCCTGGGCCCCGGGCCCTGGGCCCCGGGLCCCTGGGCCCCGGGCCCTGGGC-3'
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Table D1 (continue). Names, numbers of mismatches and sequences of 120-mer DNA hairpin library?

S e

= g
Name g 'g Sequence (5’ to 3')

s 2
ODN?- 3 5'-GCGGCGGGCGGTGGGCGGCGGGCGGTGGGCGGLCGGGCGGTGGGCGGLCGGGCGGTGGGCGL
95CT TAGCCCCCCGCCCTCCGCCCCCCGCCCTCCGCCCCCCGCCCTCCGCCCCCCGCCCTCCGC-3!
ODN>- 3 5'—-GTTACGGGTTATGGGTTACGGGTTATGGGTTACGGGTTATGGGTTACGGGTTATGGGCGCTAG
96CT CCCCTAACCCTTAACCCCTAACCCTTAACCCCTAACCCTTAACCCCTAACCCTTAAC3'!
ODN?®- 3 5'—-GTGACTCATGATTCATGACTCATGATTCATGACTCATGATTCATGACTCATGATTCACGCTAG
97CT TGACTCATGATTCATGACTCATGATTCATGACTCATGATTCATGACTCATGATTCAC-3'
ODN>- 3 5'-GAGATACAGATATAGATACAGATATAGATACAGATATAGATACAGATATAGATAAGACGCTAG
98CT TCTTATCTCTATCTTTATCTCTATCTTTATCTCTATCTTTATCTCTATCTTTATCTC-3'
ODN?>- 3 5'—-CGGTGTATCTGCCGATATCTCGGTATATCTGCCGATATCTCGGTATTAGAGCCTGTACGCTAG
99CT TACAGGCTCTAATCCCGATATCTCGGCATATATCCCGATATCTCGGCATATACACCG-3’
ODN>- 3 5'—GTATCTATATACATATATCTATATACATATATCTATATACATATATCTATATACATACGCTAG
100CT TATTTATATATATATATTTATATATATATATTTATATATATATATTTATATATATAC-3'
ODN®- 3 5'—GTATCATATATTATATATCATATATTATATATCATATATTATATATCATATATTATACGCTAG
101CT TATCATATATTATATATCATATATTATATATCATATATTATATATCATATATTATAC-3'
ODN?>- 3 5'-CGGTGGGCGGTGGGCGGTGGGCGGTGGGCGGTGGGCGGTGGGCGGTGGGCGGTGGCGCGL
102CT TAGCGCCCCCGCCCCCCGLreecccarreeccareecccarcceccaecececceccaececcecea-3!
ODN>- 3 5'-CGGCGGGCGGCGGGCGGLCGGGLCGGLCGGGLCGGLGGGLCGGLCGGGLCGGLCGGGLCGGLGGLGLGL
103CT TAGCGCCTCCGCCCTCCGCCCTCCGCCCTCCGCCCTCCGLCCTCCGLCcTCCGeecTeeG-3!
ODN>- 7 5'-CCCCGGGCCCCGGGGCCCCTGGGCCCCGGGGCCCCTGGGCCCCGGGGCCCCTGGGCCCGLTAG
104CT GGCCCCGGGGCCCCTGGGCCCCGGGGCCCCTGGGLCCCGGGGCCCCTGGGLCCTGGG-3!
ODN>- 7 5'-CCGGGGCCCCGGGGCCCCGGGGCCCCGGGGLCLCCCGGGGLCCCGGGGCCCCGGGGCCCLGLTAG
105CT GGGCCCCTGGGCCCCTGGGCCCCTGGGCCCCTGGGCCCCTGGGCCCCTGGGCCCCTG-3'
ODN>- 7 5'-CCCTGGGCCCTGGGGCCCCTGGGCCCTGGGGCCCCTGGGCCCTGGGGCCCCTGGGCCCGLTAG
106CT GGCCCCGGGGCCCCCGGGCLCLCCGGGGLLLLCGGGLLCCGGGGELLCcceGaGeCceGeaaG-3!

2 Bold red bases indicate the C:T mismatches. Bold blue bases indicate hairpin loop regions.
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Table D2. Impact of mismatch numbers in CD spectra of library oligonucleotides.

Number of Sequences with 15 or Sequences with less
CD spectra . .

sequences more mismatch than 15 mismatch
Little to no change 49 (46.2%) 13 (-1.4%) 36 (+0.6%)
Partial B- to A-form conversion 35 (33.0%) 7 (-8.9%) 28 (+3.4%)
Global B- to A-form conversion 5(4.7%) 5 (+12.5%) 0 (-4.7%)
Unstructured 4 (3.8%) 0(-3.8 %) 4 (+1.4%)
Red shift in the positive band 6 (5.7%) 1(-2.3 %) 5 (+0.8%)
Right- to left-handed transition 7 (6.6) 3 (+3.7%) 4 (-1.4%)
Total number of oligonucleotides 106 29 77

Table D3. DNA hairpin repeat sequences® and fluorescence anisotropy of Neo-BODIPY in
the presence of each DNA with and without Hg".

ODN?® DNA repeat sequence (5’ = 3') No Hg" +Hg"

No DNA - 0.05+0.01 0.05+0.01
5CT [GGCCTC]gs 0.04 +0.01 0.06 £0.01
6CT [GGCCCT]gs 0.04 +0.02 0.06 £0.01
9CT [CGGCCC]qs 0.05+0.01 0.05+£0.02
15CT [TCTGGGC]s 0.04 £0.01 0.05+0.02
19CT [TCCTCGGTGGC(C]s 0.04 £ 0.02 0.05+0.01
21CT [TGGTCCCTCGG]s 0.04 +0.01 0.14+0.01
21TT [TGGTCCCTCGG]s 0.04 +0.02 0.03+0.01
21AT [TGGTCCCTCGG]s 0.04 +0.01 0.05+0.01
22CT [CCCCCGGCGG(C]s 0.04 £0.01 0.05+0.01
23CT [CCGCGGGCCCT]s 0.05+0.01 0.05+0.01
25CT [TGGGTGGTCGC]s 0.05+0.01 0.05+0.01
27CT [CGGGTGGCCGC(C]s 0.04 +0.01 0.05+0.01
28CT [TGGGCGGTCGC]s 0.05+0.01 0.05+0.01
37CT [TGGTGCCCCCGG]s 0.05+0.01 0.04 £0.01
40CT [CGGG]1a 0.05 +£0.02 0.05+0.01
44CT [GGGGCCTC), 0.06 £0.01 0.06 £0.02
45CT [GGGGCCTT], 0.04 £0.01 0.03+0.01
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Table D3 (continue).

ODN? DNA repeat sequence (5’ > 3) No Hg" +Hg"

46CT [GGGGCCCT), 0.04 £ 0.02 0.07£0.01
91CT [CGGGCCCGGGCC]as 0.05+0.01 0.06 £0.01
104CT [TGGGCCCCGGGGCCCC]ss 0.05+£0.01 0.06 £0.01

2 Bold bases indicate C:T mismatches. Italic bases in ODN>-21AT indicate A:T base-pairs.

® All samples contained 40 nM of Neo-BODIPY, 600 nM of DNA, and 0 or 1.5 equiv of Hg" per C:T
mismatch in an aqueous buffer containing 200 mM NaClO4 and 50 mM cacodylic acid (pH = 7.8).
Averaged anisotropy values and standard deviations of three independent measurements are shown.

Table D4. Names, length, numbers of mismatches and sequences of hairpins and duplexes.?

S w»

s ®O
ODNS5 4?-:-0 g .g Sequence

g =2
ODN>- 120 15 5'— CGGTGGTCCCTCGGTGGTCCCTCGGTGGTCCCTCGGTGGTCCCTCGGTGGTCCCTCGCGCTAG
21CT CGCGGGCCCCCCGCGGGLLLCCCGLGGGLLCLCLCLCGLGGGLLLeCcCcGLGGGLcceccG -3
ODN>- 120 15 5'- CGGTGGTCCCTCGGTGGTCCCTCGGTGGTCCCTCGGTGGTCCCTCGGTGGTCCCTCGCGCTAG
21TT CGTGGGTCCTCCGTGGGTCCTCCGTGGGTCCTCCGTGGGTCCTCCGTGGGTCCTCCG -3’
ODN>- 120 0 5'— CGGTGGTCCCTCGGTGGTCCCTCGGTGGTCCCTCGGTGGTCCCTCGGTGGTCCCTCGCGCTAG
21AT CGAGGGACCACCGAGGGACCACCGAGGGACCACCGAGGGACCACCGAGGGACCACCG -3’
DUP>- 58 15 5'— CGGTGGTCCCTCGGTGGTCCCTCGGTGGTCCCTCGGTGGTCCCTCGGTGGTCCCTCGC -3’
21CT 3’ -GCCCCCCGGGCGCCCCCCGGGLCGLLCCCCGGGLGLLCCCCGGGLGLLCCCCGGGLGLL-5
ODN®- , ,
ITT-1 28 8 5'-CCGGTTCCGGTTCCGGTTCCGGTTCCGG-3
ODN>- , ,
I 26 8 5'-CGGTTCCGGTTCCGGTTCCGGTTCCG-3
ODN>- , ,

22 6 5'-CCGGTTCCGGTTCCGGTTCCGG—-3

77T-3
ODN®- , ,
21TT-1 29 7 5'-CGGTGGTCCCTCGGTCCGTGGGTCCTCCG-3
ODN°- 21 5 5'-CGGTGGTCCCTGGGTCCTCCG-3'
21TT-2
DUP>- 14 3 5-CGGTGG T CCCTCGG -3’
21TT-3 3'-GCCTCCTGGG T GCC-5'

2 Bold red bases indicate C:T or T:T mismatches. Bold italic bases indicate A:T match pairs. Blue bases indicate loop
regions.




220 | Chapter 5: Mercury-assisted DNA helical switching

L n
£ 23
ODNS5 e EFE Sequence
] L2 5
S ¢©
DUP>- 13 3 5-GGTCCCTGGG T CC-3’
21TT-4 3'-CCTGGGTCCCTGG -5’
DUPS- 10 2 5-CGGTGGTCCC-3'
21TT-5 3'-GCCTCCT GGG-5'
DUPS- 10 ) 5-GGG T GCTCCC-3'
21TT-6 3'-CCCTCG T GGG -5’
DUP>- 14 5-CGGTGGTCCCTCGG -3
21CT-1 3'-GCCCCCCGGG CcGee-5
DUP>- 10 5-CGGTGG T CCC-3'
21CT-2 3'-GCC C CC C GGG-5’
ODN?>- ) ,
3877-1 31 7 5'-CGGTCGGTCGGTCGGTCCGTCCGTCCGTCCG-3
ODNS- , ,
28 6 5'-CGGTCGGTCGGTCCGGTCCGTCCGTCCG-3

38TT-2
ODN>- 23 5 5'-CGGTCGGTCGGTCCGTCCGTCCG-3'
38TT-3
ODN?>- ) '
38CT-1 28 6 5'-CGGTCGGCCGGTCCGGCCLCGTCCGLCCG-3
38CT-2 28 6 5'-CGGCCGGTCGGCCCGGTCCGCCCGTCCG-3’

Table D4 (continue). Names, length, numbers of mismatches and sequences of hairpins and duplexes.?

2 Bold red bases indicate C:T or T:T mismatches. Bold italic bases indicate A:T match pairs
regions.

. Blue bases indicate loop
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5.7.2 Figures
(B)
(A)
ODN5- 91CT 104CT 40CT 15CT 37CT 25CT 27CT 18CT 19CT 21CT 21AT DUP5-  21CT
ssdsds
Hg" -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ -+ - -+

-,
|

| L LTI | T v
R BT U LT L L SIS v

Figure D1. Native gel analysis of DNA repeat sequences in the presence and absence of Hg". (A)
Intramolecular hairpin formation of some selected sequences, including the hit sequence ODN>-21CT and
its well-matched analog, ODN®>-21AT. (B) DUP>-21CT duplex DNA formation. All samples were prepared in
aqueous buffer containing 200 mM NaClO4 and 50 mM cacodylic acid (pH = 7.8). Sucrose (40 %, 5 ul) was
given to pre-annealed hairpin or duplex DNA (5 pl, 5 pmol) prior to loading on gel. DNA samples measured
in the presence of Hg" were incubated with Hg(ClO,), (1.5 equiv relative to mismatch present) for 3 h prior
to use. For oligonucleotide sequences see Tables D1 and D4.
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Figure D2. CD spectra of DNA hairpin repeat sequences in the presence (dashed, light blue) and absence
(solid, dark blue) of 1.5 equiv Hg" (equiv relative to mismatch present). All samples contained 1.0 uM
hairpin in aqueous buffer 200 mM NaClO4 and 50 mM cacodylic acid (pH = 7.8).
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Figure D2 (continue). CD spectra of DNA hairpin repeat sequences in the presence (dashed, light blue)
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and absence (solid, dark blue) of 1.5 equiv Hg" (equiv relative to mismatch present).
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Figure D2 (continue). CD spectra of DNA hairpin repeat sequences in the presence (dashed, light blue)
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and absence (solid, dark blue) of 1.5 equiv Hg" (equiv relative to mismatch present).
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Figure D2 (continue). CD spectra of DNA hairpin repeat sequences in the presence (dashed, light blue)
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Figure D2 (continue). CD spectra of DNA hairpin repeat sequences in the presence (dashed, light blue)
and absence (solid, dark blue) of 1.5 equiv Hg" (equiv relative to mismatch present).
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Figure D2 (continue). CD spectra of DNA hairpin repeat sequences in the presence (dashed, light blue)
and absence (solid, dark blue) of 1.5 equiv Hg" (equiv relative to mismatch present).
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Figure D2 (continue). CD spectra of DNA hairpin repeat sequences in the presence (dashed, light blue)
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Figure D2 (continue). CD spectra of DNA hairpin repeat sequences in the presence (dashed, light blue)
and absence (solid, dark blue) of 1.5 equiv Hg" (equiv relative to mismatch present).
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Figure D2 (continue). CD spectra of DNA hairpin repeat sequences in the presence (dashed, light blue)
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Figure D3. Stoichiometric Hg" binding to ODN®>-21CT. (A) Binding of Hg" to C:T mismatches induces B- to
A-form helical transition of ODN>-21CT hairpin according to changes in CD spectra. (B) 1:1 stoichiometric
binding of Hg" to the number of C:T mismatches present in ODN°>-21CT hairpin according to changes in
ellipticity at 256 nm. Equiv of Hg" are given relative to mismatch present.
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preincubated with Hg(ClO4), (22.5 uM, 1.5 equiv relative to mismatch) for 10 min prior to addition of N-
acetylcysteine. All samples contained ODN>-21CT in aqueous buffer (200 mM NaClO,4 and 50 mM cacodylic
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Figure D5. Stoichiometric Hg" binding to ODN5-21CT(ds) and reversibility of B-A transition by N-
acetylcysteine. A) Stoichiometric binding of Hg" to C:T mismatches induces B- to A-form helical transition
of ODN5-21CT(ds) according to changes in CD spectra. B) Reverse A- to B-form transition upon addition of
N-acetylcysteine. ODN5-21CT(ds) (3.0 uM) was preincubated with Hg(ClO.), (45 uM, 1 equiv relative to
mismatch present) for 10 min prior to addition of N-acetylcysteine. All samples contained 3.0 uM duplex
in aqueous buffer (200 mM NaClO4 and 50 mM cacodylic acid (pH = 7.8)). CD spectra were recorded after
10 min incubation with aliquots of Hg(ClO4), (A) or N-acetylcysteine (B).
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Figure D6. CD spectra of DNA hairpins containing TT mismatches in the presence (dashed, light blue) and
absence (solid, dark blue) of 1.5 equiv Hg" (equiv relative to mismatch present).
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Figure D6 (continue). CD spectra of DNA hairpins containing TT mismatches in the presence (dashed,
light blue) and absence (solid, dark blue) of 1.5 equiv Hg" (equiv relative to mismatch present).
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Figure D7. CD spectra of short DNA hairpins and duplexes containing CT or TT mismatches in the presence
(dashed, light blue) and absence (solid, dark blue) of 1.0 or 2.0 equiv Hg" (equiv relative to mismatch

present).
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Figure D7 (continue). CD spectra of short DNA hairpins and duplexes containing CT or TT mismatches.
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concentrations of Hg" 0.75-3 equiv Hg" (equiv relative to mismatch present). All samples contained 100
UM duplex in agueous buffer 200 mM NaClO4 and 50 mM cacodylic acid (pH = 7.8), T 15°C.
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Figure D9. The purine imino regions of [*H, H]-NOESY spectra of DUP>-21TT-5 (A) in the absence and (B)
presence of Hg" and (C) the superposition of (A) and (B). Spectra were recorded at 15 °C. The DNA sample
contained 0.5 mM duplex DNA (DUP>-21TT-5) and 1.25 mM of Hg(OAc), (1.25 equiv Hg" relative to
mismatch) in aqueous buffer (200 mM NaClO,4, 50 mM cacodylic acid in H20 / D20 (9:1) at pH = 7.8).
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knowledge and future work

7.1 Conclusions & future works

7.1.1 %Tis a highly fluorescent nucleobase molecular rotor (Chapter 2)

In this work, we designed and synthesized a highly fluorescent thymidine analog that
overcomes the brightness and sensitivity limitations of the previously reported FBAs. We applied DFT
calculations to design a probe that does not undergo PET quenching with natural DNA bases. In
addition, to increase the probe’s microenvironment sensitivity, we equipped it with a rotatable
conjugated linker to build a fluorescent molecular rotor. The designed probe, trans-stilbene analog
of thymidine (*T), demonstrated molecular rotor properties as a free nucleoside (determined by
viscosity experiment), stemming from its TICT excited state (confirmed by its solvatochromic
properties). *T phosphoramidite was synthesized in 12 steps with an overall yield of 26% and
incorporated into DNA. This new thymidine mimic has a molar extinction coefficient (€) = 30’600 M-
lem™and a fluorescence quantum yield (@) = 0.143 when incorporated into ds-DNA. The latter is 4.9-
fold higher than the quantum yield of *T in ss-DNA, confirming the lack of PET quenching, and making
T one of the brightest reported FBAs to date. One of the current projects in our lab is synthesizing
ST triphosphate for delivering it into cells using lipid nanoparticles, which is the subject of a different

line of the group’s activities. Thus, this future project would, in fact, bridges two previously
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unconnected research directions of Luedtke group: fluorescent base analogs and lipid nanoparticles.
The high fluorescence of *T may allow single-molecule fluorescence studies. Regarding the relatively
low excitation wavelength of *T (320 nm), one can conduct two-photon excitation experiment to
expand the application of *T in vivo. Another ongoing project is a collaboration with the group of
Prof. Dmytro Perepichka, where the triplet excited state of *T is under investigation. trans-Stilbene
is known to have a very low triplet energy and was shown to be a triplet acceptor in Dexter-type
energy transfer. Our preliminary data suggest that the rotation around the ethylenic bond in
mismatched DNA does not result in an emissive triplet state. However, data suggests coordination of
heavy metal Hg" to the *T:T mismatch significantly increases the chance of intersystem crossing, and
an emission (with a lifetime longer than original fluorescence) appears at 540 nm. This is in agreement
with the previously reported triplet energy of unmodified trans-stilbene (2.1 eV) and calculated
triplet energy of ®T (2.0 eV). Future studies may reveal the applications of ®T as the first
phosphorescent FBA or as a triplet acceptor in Dexter energy transfer which in the context of DNA

may result in an exceptionally long-distance energy transfer.

7.1.2 Probing DNA local and global structure (Chapter 3)

This chapter focused on the sensitivity of *T towards DNA mechanical motion. This sensitivity
stems from the rotary behavior of ®T. Apart from 4.9 fold fluorescence enhancement during
hybridization, *T demonstrated 8.2-fold higher fluorescence in a well-matched duplex than in a ds-
DNA with *T:G mismatch and even 28-fold higher than in a ds-DNA with *T:T and *T:C mismatches.
In addition, *T showed a 17.1-fold higher fluorescence in a well-matched duplex than in a damaged
duplex ®T:MG. The fluorescence lifetime and dynamic anisotropy measurements were conducted
using T:A, ss-®T and ®T:T. The single-decay lifetime and single-rotor model anisotropy fit revealed
T:A as the most rigid (with 11.1 ns lifetime) and *T:T as the most dynamic (with 4.5 ns lifetime) base-
pair. The temperature-dependent fluorescence lifetime measurements showed a decrease in the
lifetime of ®T:A, with increasing temperature, due to a higher propensity to undergo rotation. *T also
acts as a FRET donor for tC, and we calculated a very low Ro (~ 2 nm) for this FRET pair, suggesting
that *T, when paired with tC, can be utilized as a molecular ruler. In addition, we explored the

distance-dependence sensitivity of *T towards local duplex perturbation. *T could report changes in
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local dynamics induced by an A:A mismatch and an AP site introduced in one base-pair away by 16%
and 24% fluorescence quenching, respectively. Surprisingly, it could detect an MG:C up to 10 A (i.e.
three base-pairs away) and an OG:A damage up to 20 A (i.e. five base-pairs away). The dynamic

motions of MG:C and OG:A is not solely responsible for this unusual sensitivity; instead,
computational investigations suggested that the electron transfer between OG (or MG) and *T is
the dominant factor. Currently, we are trying to use the microenvironment sensitivity of T to
explore the hidden details of enzymatic repair mechanisms. Regarding its discrimination between
damaged DNA (OFF mode due to PET quenching), abasic sites (weak fluorescence due to
mechanical motions), and well-matched duplex (strong fluorescence due to rotation restriction),
we have hypothesized that T can separately probe glycosylase and AP lyase activity of the
OGG1 enzyme. In addition, T will be used as the first FBA to probe MG repair by MGMT.

7.1.3 C probes folding of i-motif structures (Chapter 4)

Inspired by the unprecedented sensitivity of T, we described the synthesis of its cytidine
analog, C, and its application in probing the folding of i-motif structures. *C phosphoramidite was
synthesized in 15 steps with 8% total yield. Upon i-motif formation, *C fluorescence red-shifted, and
its intensity increased due to the i-motif-to-probe energy transfer. Furthermore, *C was used to
evaluate the kinetic of ss (or i-motif) = ds transition by adding the complementary strand and ds >
i-motif conversion by adding an invading strand that initiates a strand-displacement reaction. Finally,
the temperature-dependent fluorescence intensities, fluorescence lifetimes, and absorbance of *C
enabled us to probe different conformational stages during the folding/unfolding of diverse DNA
structures at neutral and acidic pH. Thus, *C is a powerful tool to probe the global dynamics of DNA
duplex and i-motif structures. In future work, a FRET acceptor may be added to the DNA structure to
reveal hidden intermediates of i-motif folding. In addition, one can try to apply molecular crowding
conditions (i.e. polyethylene glycol) or modifications (i.e. FANA) to form j-motif structures at the close
to neutral pH. In this case the fluorescence of *C is less likely to be quenched by protonation to

provide higher sensitivity.
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7.1.4 Mercury-assisted DNA helical switching (Chapter 5)

To continue our work on probing the global dynamics of DNA, this chapter focuses on rapid
and reversible helical transitions of ds-DNA. We report a long, self-complementary DNA sequence
containing numerous C:T mismatches that translate a series of local structural transitions to global
switching of DNA structure. We have shown that a global B-form = A-from helical transition occurs
upon the addition of one equivalent per mismatch Hg". As confirmed by CD and fluorescence
anisotropy of a major groove binder, Neo-BODIPY, this transition is reversible and the initial B-form
DNA can be regenerated when N-acetylcysteine is added. Both transitions were completed in <30s
and could be repeated more than 10 times. While numerous examples of local A-form perturbations
caused by DNA-protein and DNA-small molecule binding interactions have previously been reported,
the previous examples of global B-form = A-from helical transitions involved global dehydration of
the duplex. Here the global B- to A-form helical transition was a result of discrete, reversible metal
binding. Moreover, we discovered that upon addition of the second equiv. Hg'"" the CD spectrum of
the right-handed A-form DNA changes and demonstrates a left-handed DNA signature. This
unexpected change in CD spectra, inspired us to build up a collaboration with Dr. Miguel Garavis,
from the group of Prof. Carlos Gonzdlez, in an ongoing effort to resolve the structure of supposedly
left-handed DNA by means of NMR and X-ray crystallography. These types of helical switchings, in
addition to their broad implications in structural biology and biochemistry, can potentially be utilized

in the development of advanced DNA-based materials and devices.
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“O those who plunged in Seas of Knowledge deep,
And raised their wits beyond the Wisdom’s Keep,
Found not the way to Day out of this Dark;

Some tale they told and went again to sleep”

Omar Khayyam
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