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FLUORESCENT NUCLEOBASE ANALOGUES AND THEIR

USE FOR INVESTIGATING DNA INTERACTIONS
Anke Dierckx

Department of Chemical and Biological Engineering
Chalmers University of Technology

Abstract

Ever since unravelling the structure of DNA, an expanding research field has
emerged with ongoing efforts dedicated to increase our understanding of the
molecule of life. Since the natural nucleobases are virtually non-emissive, it has
been a challenge for decades to ‘light up’ DNA/RNA in order to investigate their
properties utilizing fluorescence techniques. This thesis focuses on fluorescent
nucleobase analogues (FBAs) as probes for fluorescently labeling DNA and
investigating its interactions, for example, with proteins. These artificial
nucleobases attempt to closely mimic the characteristics of natural bases, while
introducing fluorescence properties to the system.

The first part of this work comprises the characterization of both new and
established FBAs. Photophysical and base-mimicking properties of two
fluorescent adenine analogues, triazole adenine (A") and quadracyclic adenine
(qA) are presented. Both exhibit promising features compared to the widely used
commercially available adenine mimic 2-aminopurine (2-AP). Even though A’
shows promising emission as a monomer and in certain DNA surroundings, it
destabilizes the B-DNA duplex structure, most likely due to its CS8-triazole
extension. In order to overcome this effect, a new family of triazole adenine
analogues extended on the 7-position was synthesized and photophysically
characterized. The second thoroughly characterized adenine analogue, gA, is
moderately fluorescent both as a monomer and inside DNA but in contrast to A",
the two-ring extension on gA is suggested to be well accommodated in the major
groove and renders the DNA-duplex unperturbed or even stabilized, depending on
the surrounding sequence. Finally, the photostability of tC, an already established
FBA of the tricyclic cytosine family, was investigated. The latter yields a single
photoproduct with a decreased fluorescence, which destabilizes DNA duplexes.

In the second part of this work, the tricyclic cytosine FBA FRET-pair, tC°-
tCuino Was applied in exploring the role of the mammalian transcription factor A in
mitochondrial transcription. Furthermore, it was called upon to help resolve the
order of events in which the different components of the transcription machinery
initiate transcription.

Keywords: Fluorescence quantum yield, B-DNA, fluorescent nucleobase
analogue, duplex stability, circular dichroism, adenine analogue, FRET
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1 Introduction

In 1869 a young Swiss physician, Friedrich Miescher, discovered a
phosphorous-containing substance in the nuclei of leucocytes, which he named
nuclein. The latter mainly consists of chromatin, a complex of chromosomal
proteins and deoxyribonucleic acid, DNA, later identified as the carrier of our
genetic information."”) A major breakthrough towards better understanding its
structure and therefore its way of function came in 1953 when Watson and Crick
proposed the famous double helical structure, in which two complementary
strands consisting of the four natural nucleobases (adenine, guanine, cytosine and
thymine), deoxyribose sugar and phosphate groups are paired in the shape of a
right winding corkscrew.””! Another great development in nucleic acids research
was the automation of DNA synthesis, allowing short (<200 bp) synthetic
oligonucleotide sequences to be ordered from various commercial sources
nowadays at low costs."*”! Furthermore, the prestigious ‘human genome project’,
which aimed at extracting the sequence of the entire human genome, was enabled
due to the development of DNA sequencing methods.”) Even though much
progress has been made, there are many aspects yet to be understood about this
surprisingly simple, yet so important molecule. Ribonucleic acid (RNA) has also
attracted much scientific interest as it has become apparent that it is not merely a
messenger between our genetic information and proteins. In fact, important roles
have been suggested for non-coding RNA sequences in gene regulation and other
regulatory processes in the cell.” "

A quick search on the world wide web revealed that DNA is referred to
nowadays as the instruction manual of every living cell or the blueprint of life to
name but a few, thus it is no surprise that this molecule still attracts massive
research attention today. Furthermore it has also generated substantial interest as a
building block for nano-constructs due to its well-ordered structure and
predictable assembly.!''"?)

Since many complex processes are required for both DNA and RNA to
execute their biological functions, it is a field of ongoing interest to provide a
better understanding of the structure and dynamics of these molecules. Another
major area of interest is the provision of clear insights into the complex network of
interactions of DNA with other molecules such as proteins or RNA.

Besides a quest for better understanding the processes DNA and RNA are
involved in, there is also a broad interest in improving the techniques which allow
the retrieval of such information. There are different approaches to study the
above mentioned aspects of DNA and RNA, such as the high resolution methods
x-ray crystallography!'” and Nuclear Magnetic Resonance (NMR)!'*!. Although



powerful at providing detailed structural information, a limitation of x-ray
crystallography lies in the need for obtaining a crystallized sample, which hardly
ever is a trivial task. Furthermore, results obtained for a crystalline molecule may
differ significantly from the physiological conditions in which it is usually found.
NMR, on the other hand, can be recorded in solution and is therefore a powerful
tool to derive solution structures of nucleic acids. Additionally, it can yield
dynamic information about the molecule. However, NMR suffers from the
increasing complexity of the obtained signal with molecule size.

Another powerful tool for retrieving information about DNA and RNA is
fluorescence, which is very sensitive, straightforward and requires only small
amounts of sample in contrast to the above named methods. Moreover, it allows
for real-time measurements in solution. Numerous proteins have been studied
taking advantage of the fluorescence of the amino acid tryptophan."” The
nucleobases, the natural building blocks of DNA and RNA, are however virtually
non-fluorescent (@~10", 7, <1 ps in aqueous solution at room temperature)!'”'*],
which is probably a convenient way for nature to protect us from genetic damage
caused by UV-light.!"” As a result, DNA needs to be labelled with a fluorophore
in order to study its properties using fluorescence techniques, thereby allowing a
good signal to noise ratio due to negligible background contributions from the
natural bases.

There are different strategies for fluorescently tagging nucleic acids, each
with specific advantages depending on the aim of the study. Easy non-covalent
labelling can be achieved by groove binders and intercalators.*>*! Covalent
modifications are often achieved by tethering bright commercially available dyes
(for example Cy-dyes, fluorescein and Alexa-dyes) to the DNA via a linker,
allowing studies down to the single-molecule level.****]. However, a number of
intercalating dyes usually modify and elongate the DNA structure since they need
to fit into the base-stack. Also bulky external dyes can interfere with for example
DNA-protein interactions due to steric hindrance. Furthermore, the emission of
external chromophores is usually insensitive to subtle structural changes inside the
DNA. This is where fluorescent nucleobase analogues (FBAs) come in handy.
These probes are significantly fluorescent (even though less bright than
commercially available external dyes) and mimic the natural nucleobases, thereby
minimally perturbing the duplex structure. FBAs can be specifically incorporated
into DNA and for most members, their emission is sensitive to changes in the
direct environment so they can report on local structural alterations in the DNA
duplex.?">!

One of the most widely utilized FBAs to date, 2-aminopurine (2-AP), was
among the first to be discovered (Figure 1).**! 2-AP is an adenine isomorph that is



highly fluorescent as a monomer in solution, but is significantly quenched inside
single- and double-stranded nucleic acid systems.” It moderately destabilizes the
DNA duplex™ and can form base-pairs with not just thymine but also cytosine,
albeit less stable.’*®! Different classes of base analogues have been developed
and explored over the last few decades, each with its own specific qualities.
However, their design remains problematic due to the difficulties associated with
prediction of emissive behaviour based on chemical structure. The development of
FBAs with improved properties, e.g. higher fluorescence quantum yields, higher
extinction coefficients, selective base-pairing and which cause minimal or no
destabilization is an area of ongoing interest. Therefore the development and
thorough characterization of new FBAs is highly significant to the field.

The focus of the first part of this thesis is concerned with the spectroscopic
characterization of both new and already introduced FBAs (papers I-1V). Two
fluorescent adenine analogues, triazole adenine (A") and quadracyclic adenine
(qA) were thoroughly studied both as monomers and inside DNA (Figure 1). Due
to its good emissive properties reported in a previous study,”” AT
investigated as a nucleoside and incorporated into oligonucleotides with different
base surroundings (paper I). AT shows promising emissive properties evidenced
by high quantum yields it displays in DNA depending on the base-surroundings.
However, it causes a moderate destabilization of the duplex, which can probably
be attributed to the C8 modification. The latter could force A" to adopt a syn
conformation around the glycosidic bond. As a follow-up study, trying to
overcome this undesired destabilizing effect, a new series of triazole adenine
analogues (A’'-family) was designed, bearing the modification on the purine 7-
position instead (paper II, Figure 1).

In an attempt to discover an adenine equivalent to the promising previously
characterized tricyclic cytosines tCO, tC and tCppo, 8'42], an extended quadracyclic
adenine analogue, qA, was investigated (paper III, Figure 1). Even though gA
does not show the stable emission inside DNA as was reported for both tC”** and
tC°) it demonstrates a similar increase or preservation of duplex stability
depending on the nature of the surrounding bases.

Finally, to approach the idea of FBAs for single-molecule studies, a good
understanding of their photostability is vital. Therefore, the photodegradation of
the tricyclic cytosine analogue tC (Figure 1) was characterized as a monomer and
inside DNA. This lead to the surprising discovery that intense irradiation can
trigger its photoconversion to a product which destabilizes DNA duplexes
(paper 1V).

was

The second part of this work is concerned with the applications of FBAs,
more specifically the FBA FRET-pair, tCO-tChiro (Figure 1), in investigating



mammalian mitochondrial transcription (papers V-VI). A study by Borjesson et al.
published in 2009 reported on the responsiveness of this FRET-pair to alterations
in both distance and orientation due to its rigid positioning in the DNA duplex.!*"!
The system is used here to report on local structural alterations in the DNA close
to the transcription start site upon binding of the mammalian mitochondrial
transcription factor A (TFAM) (paper V). In a follow-up study, the FRET-system
was also used to help determine the sequence of events caused by TFAM, the
TFB2M-factor and human mitochondrial RNA polymerase (POLRMT) at the
promoter to initiate transcription (paper VI).

NH,
NZN-N NZYN N
Jo LY s | ‘)—(/:
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2-aminopurine AT AT -family
Y 11a X = C, R = pentyl
11b X = C, R = benzyl
12a X =N, R = pentyl
HN HN 12b X = N, R = benzyl
> X 19 X =C, R = phenyl
N~ | N N | 20a X =N, R = phenyl
& A 20b X = N, R = 3-aminoPh
N I?I @) ITI 20c X =N, R = pyridine
qA tc® X=0,Y=H

tChitro X=S, Y =NO»

tC X=8,Y=H
Figure 1 Structure of 2-aminopurine (2-AP) and the adenine analogues discussed
in this work: A" (paper 1), the A”'-family (paper 1) and gA (paper Ill). Also the
already established tricyclic cytosine family is shown (studied/applied in papers
IV-VI). The backbone of natural adenine/cytosine is shown in grey.



2 Background

Since DNA is the central molecule in this thesis, its structure and function
will be discussed. Fluorescent probes, more specifically fluorescent base
analogues, will also be highlighted in this chapter as tools to study different
aspects of DNA and RNA.

2.1 Deoxyribonucleic acid

In the 20™ century, molecular genetics greatly advanced our understanding of
the composition and structure of genes as well as how they exert their function. As
mentioned in the introduction, it was the young Swiss physician Friedrich
Miescher who discovered the phosphorus-containing substance nuclein in the
nucleus of white blood cells in 1869.) However, it was not until 1944 that
Oswald Avery, Colin MacLeod and Maclyn McCarty reported a transformation
experiment that provided the proof that DNA, one of the main components of
nuclein, is the material that carries genetic information.'*! By then it was also
known that DNA was built of nitrogenous bases (adenine (A), cytosine (C),
guanine (G) and thymine (T)), as well as phosphoric acid and the sugar
deoxyribose (Figure 2). Adenine and guanine are referred to as purines whereas
cytosine and thymine are referred to as pyrimidines according to the parent
molecules they are related to. One main piece of the puzzle left to discover by the
end of the 1940s was the structure of DNA and how it executes its function as
gene carrier.!'!

In 1950 Erwin Chargaff found the amount of purines and pyrimidines in DNA
from various sources to be roughly equal.*"! Furthermore, this also was true for
the amounts of adenine and thymine as well as guanine and cytosine. Another
crucial piece of information came from x-ray fibre diffraction patterns made by
Rosalind Franklin and Maurice Wilkins."*>**! This lead James Watson and Francis
Crick to link the information together and publish their famous paper ‘Molecular
structure of nucleic acids’ in 1953, in which they describe the double helical
character of DNA.'!

The DNA double helix is built up of nucleotides, consisting of a nucleoside (a
nucleobase linked to B-D-2’-deoxyribose via a glycosidic bond) and a phosphate
group. These nucleotides are linked together by phosphodiester bonds to form a
polynucleotide or single-stranded DNA chain. Usually, the nucleotides adopt the
anti-conformation about the glycosidic bond, which means that the base is turned



away from the sugar ring to avoid steric hindrance between the sugar and either
N3 in purines or the carbonyl oxygen in pyrimidines (Figure 2a). A single DNA
sequence is able to hybridize to a complementary strand, having the sequence of
bases running in the opposite direction (antiparallel), creating a double helix. This
means that at both ends of the duplex, the 5’-phosphate group of the last
nucleotide of one strand and the 3’-hydroxyl group of the other strand can be
found. The complementary strand contains a sequence of nucleotides so that the
nucleobases adenine and thymine as well as cytosine and guanine are always
paired between both strands. This means that each sequence contains the
information necessary to synthesize a complementary strand.!""*]

b
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Figure 2 (a) Dinucleotide of 2’-deoxyadenosine linked to 2’-deoxycytidine by a
phosphodiester bond. (b) Base pairing pattern between the natural nucleobases
guanine (G) and cytosine (C) as well as between thymine (T) and adenine (A). Also
the major-and minor groove sides of each base-pair are indicated. R indicates 2’-
deoxyribose.

Minor groove

Hydrogen bonds are formed between the complementary bases contained in
both strands of the DNA duplex: two hydrogen bonds between each adenine-
thymine pair and three between cytosine and guanine (Figure 2b). Furthermore, n-
n-stacking (a form of van der Waals interaction) and hydrophobic interactions
between the aromatic nucleobases contribute significantly to the duplex stability.
At physiological pH, the DNA molecule is a large polyanion because of the
negatively charged phosphate groups in its backbone. This is why salt
concentration has a large impact on duplex stability, since positively charged salt
ions such as Na” or Mg”" can shield the negative backbone charges, decreasing the



repulsion between both strands. Also duplex length, sequence, type of solvent and
pH play a vital role in the stability of a DNA molecule. The DNA duplex can
adopt different conformations which are greatly influenced by hydration and ions.
In general DNA double helices are found in the B-form under physiological
conditions in aqueous solution (Figure 3), characterized by a right winding helical
twist about 36  and a 3.4 A rise between the base-pairs. About 10-10.6 base-pairs
are contained per helical turn (depending on local sequence)."*”**] Along the
surface of the helix two distinct grooves can be detected, which are similar in
depth but different in width, known as the major (11 A wide) and minor (6 A
wide) groove.!*”) Other helical forms that exist are Z-DNA and A-DNA. The latter
also is a right-winding helix, but more compressed than B-DNA, which can be
obtained in dehydrated samples and DNA-RNA hybrids.’** Z-DNA on the other
hand is a left winding helix and can be formed mainly in alternating purine-
pyrimidine sequences such as poly[dG-dC]-poly[dG-dC] at high ionic
strength.[***°% Several lines of evidence, such as the identification of Z-DNA
binding proteins, suggest a biological role for this helical form in vivo."" Also
other non-B-DNA forms have been identified, such as the G-quadruplex, triplex

and i-motif to name a few.[*”

Figure 3 B-DNA double helix. Schematic representation (left) as well as space-
filling model (right) with minor and major groove indicated.

After describing its basic structure, the function of DNA and connection to
other processes in the cell will be briefly discussed here. First of all it is important
to mention that the DNA molecule occurs in different forms depending on cell



type. Prokaryotes have a single, typically circular DNA molecule, which is
associated with proteins. Eukaryotes, on the other hand, have their DNA organized
in chromosomes, which are highly ordered complexes of the DNA double helix
with proteins, such as histones. This means that complex dynamic processes must
be involved for the information contained in the DNA sequence to become
available. The central dogma of information transfer in cells can be summarized as
follows: the sequence of a gene coded in DNA is transcribed into RNA, for
example messenger RNA (mRNA) which is then processed and translated by
ribosomes into proteins which can execute a specific function in the cell (Figure
4)."1 The process of transcription in mammalian mitochondria is investigated in
paper V and paper VI. Of course this is not the only process in which the genetic
code needs to be read. Also upon cell division, all the genetic information needs to
be replicated in order to provide both daughter cells with the same instruction
manual. All these complex processes require interactions of DNA with a whole
army of proteins such as transcription factors, polymerases and other molecules. It
is apparent that dynamic DNA processes are constantly occurring in cells and that
our genetic material largely exceeds the role of a passive information carrier.

Transcription

DNA polymerase
and other proteins

RNA polymerase
and other proteins

mRNA

Protein

Figure 4 Schematic representation of replication and transcription of DNA as well
as translation of messenger RNA.

2.2 Fluorescence and DNA

Due to the virtually non-emissive nature of the natural DNA/RNA building
blocks, '"'"®! fluorophores need to be introduced into these systems in order to
study their properties using fluorescence. In the introduction, main strategies to



render DNA fluorescent were briefly touched upon. This section divides these into
non-covalent (DNA ligands) and covalent modifications of which fluorescent
nucleobase analogues (FBAs) receive special attention as covalent modifications
according to their relevance for this thesis.

2.2.1 DNA ligands

DNA can be easily labelled non-covalently with fluorophores that bind more
or less non-specifically by hydrophobic and/or by electrostatic interactions with
the negatively charged phosphate backbone. DNA ligands are usually planar,
positively charged aromatic molecules (Figure 5). Furthermore, their quantum
yield is typically increased several orders of magnitudes upon binding to DNA,
yielding a good signal to noise ratio. Intercalators, such as oxazole yellow (YO),
its homodimer YOYO! and ethidium bromide 1**! insert themselves between two
DNA bases, thereby elongating the duplex to some extent (Figure 5). Other
examples of DNA ligands are groove binders such as 4’,6-diamidino-2-
phenylindole (DAPI)"*!"! and Hoechst'*?. Often, DNA ligands are used as an easy
stain for visualizing DNA after electrophoresis or in microscopy. They are also
used in artificial light harvesting in DNA nanoconstructs.”"! However, the binding
is rather non-specific and is a distribution, which makes it difficult to know where
and exactly how many chromophores that are attached to each DNA duplex.

L @“LIQ
N*=
HoN / NH; HENWNH
2

Ethidium YO A | S DAPI

Figure 5 Examples of DNA ligands such as the intercalators ethidium and YO as
well as the groove binder DAPI.

2.2.2 Covalent modifications

The most common way of covalently labelling nucleic acids is by tethering an
external probe to it with a flexible hydrocarbon linker. In this way almost any
commercially available bright dye can be attached as a step during solid-phase
DNA synthesis or as a post-synthetic step. Examples are fluorescein,
carboxytetramethylrhodamine (TAMRA) and the series of cyanine dyes or Alexa



dyes (Figure 6). Their brightness allows detection down to single-molecule
level.****) However, as for a number of intercalating dyes, bulky external
fluorophores can perturb the DNA and its interactions with other molecules, such
as proteins or other ligands. Dyes have been shown to interact with DNA, for
example through electrostatic interactions with the backbone, intercalation or end-
stacking."*% Furthermore, the long linkers frequently used can contribute to dye
diffusion and reorientation,”>*>” increasing the difficulty of interpreting
anisotropy or quantitative FRET experiments. Additionally, the positioning of the
dye outside of the base-stack limits the retrieval of local site-specific information.

n=1:Cy3 R
n=2:Cy5 Rhodamine core
R i N R & N CH 1 1
1 2
~ ~ S
HNTNTINTS0 RN IS0 OJ\N = k‘N =
I
3-Ml: R1 = CH3, R2 =H DMAP: R = CH3 thc thA
6-MI: Ry = H, R, = CH; 6-MAP: R = H
(0]
HN NH;
\ . HN
> / N7 NT S
A | (~ N A | L - 7
O™°N N \ 07N HaN"™ SN TN
I
Pyrrolo-dC 8vdA BPP 2-AP

Figure 6 Examples of covalent external dyes for DNA (top row) as well as of
previously characterized FBAs (bottom two rows), for which the basic skeleton of
the natural nucleobase is shown in grey.

The main focus of this thesis is on the use of FBAs, covalently incorporated
base-mimics, for rendering DNA fluorescent. In this work, the term FBAs is used
for molecules that closely resemble one of the natural nucleobases in terms of
hydrogen bonding capacity, while minimally perturbing the duplex integrity
(conformation and stability) and at the same time introducing fluorescence into the
nucleic acid system. Even though FBAs cannot compete with the external
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commercial fluorophores in terms of brightness, they can be incorporated close to
or at the very site of interest in the DNA helix, while preserving the native
conformation of the DNA. The emission of most FBAs is sensitive to changes in
their direct environment, making them responsive to local alterations.
Furthermore, their more rigid incorporation into the base-stack allows them to
report on the motion of the DNA helix, rather than the dye itself.

Over the last few decades, FBAs for each of the nucleobases have been
reported and to date this research field continues to evolve rapidly (for a detailed
overview see *7?!*%) Depending on the type of experiment, different FBAs may
be more suitable, based on the sensitivity of their emission to duplex structure,
hydrogen bonding (with a complementary/mismatch base), environment (pH, base
stacking), interactions of the DNA with other molecules such as polymerases, etc.
However, the design of FBAs for each specific need has proven challenging. One
faces structural constraints in order to leave the natural B-DNA as unperturbed as
possible and preserving the hydrogen-bonding capacity of the base. Furthermore,
there is a poor understanding of the correlation between structure and emissive
properties of these molecules. Frequently, FBAs show a significant decrease in
fluorescence quantum yield upon incorporation into nucleic acid systems.
Exceptions are the adenine analogues 2-(3-phenylpropyl)adenosine (A-3CPh) and
2-(4-phenylbutyl)adenosine (A-4CPh), which show an increase in quantum yield
upon incorporation into RNAP”! as well as the tricyclic cytosines tC and tC°,
whose emission is relatively stable****!.

The pteridines are a well-studied group of FBAs with the guanine analogues
6-MI and 3-MI'®" as well as the adenine analogues 6MAP and DMAP!" as the
most promising members (Figure 6).27%% Although being moderately fluorescent
inside DNA, they cause a destabilization of the duplex (with exception of 6-MI),
similar to a single base pair mismatch for 3-ML!®"% Other groups of FBAs
comprise the pyrimidine analogues developed by Tor ef al.,' " as well as their
recently developed emissive RNA alphabet ("A, "G, ®C and "U)® ("A, "C
shown in Figure 6). The base-discriminating fluorescent (BDF) nucleosides
designed by Saito and co-workers could, as the name suggests, be applied for
analysing single nucleotide polymorphisms (SNP).”®! One example is the cytosine
analogue benzopyridopyrimidine (BPP), which can form stable base-pairs with
both adenine and guanine (Figure 6). Incorporation of a vinyl group on C8 of
adenine produces an environmental sensitive fluorescent nucleobase, 8-vinyl-
deoxyadenosine (8vdA), which is only minimally perturbing the duplex structure
(Figure 6).1 The size-expanded DNA alphabet designed by Kool ef al., although
perturbing the DNA duplex, has been practical for investigating steric effects in
DNA."7 Pyrrolo-dC, a bicyclic cytosine analogue, hybridizes selectively with
guanine and preserves duplex stability (Figure 6). It was formed by accident
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during solid-phase synthesis upon attempting to incorporate the analogue furano-
dT into DNA.”) A number of pyrrolo-dC-derivatives have also been
developed."*""

One of the first successful and still most widely used FBAs is the adenine
analogue 2-aminopurine (2-AP, Figure 6)**!, which over the years has found its
way into countless applications involving DNA and more recently also RNA.1**3"
Its lowest energy absorption band is redshifted compared to natural adenine (~ 303
nm in water), allowing for selective excitation, whereas its emission is centred
around 370 nm. Even though 2-AP shows a high fluorescence quantum yield in
solution (®=68% in water), it is quenched almost a hundred fold upon
incorporation into nucleic acids, depending on the sequence environment.">"*! As
was mentioned above, this is a common property for FBAs. Furthermore 2-
aminopurine forms base-pairs with not only thymine, but also with cytosine, albeit
less stably.’**) As has been reported for other FBAs, 2-AP moderately
destabilizes the DNA duplex P!,

Over the past decades FBAs have been used in numerous applications, of
which only a few will be highlighted here (for a more detailed overview see *'>').
Most of these exploit the sensitivity of the FBAs’ emission to their
microenvironment. Applications involve the investigation of certain aspects of
DNA structure or dynamics. 6MAP has for example been used to analyse the
premelting transitions of DNA A-tracts.”” Other examples involve 2-AP in
studies concerning the effect of cations and sequence on base-stacking interactions
at abasic sites *”! or the dynamics of 2-AP mismatches in DNA®!. A second type
of applications puts more focus on the interaction of DNA with other molecules.
This is illustrated nicely by the incorporation of 2-AP in the promoter sequence to
which bacteriophage T7 RNA polymerase binds, yielding information concerning
kinetics of the promoter binding and open complex formation.™ Another
application is the use of the guanine analogue 3-MI to study HIV-1 integrase.™*!!
Recently, FBAs also started making their way into the field of nanotechnology. A
first report was published in 2009 and involves the fluorescent cytosine analogue
tC°, reporting on the local stability of self-assembling DNA hexagons.®! FBAs
are also becoming more and more important in the expanding field of RNA. An
example is the use of 2-AP to study riboswitches, non-coding RNA elements that
control gene expression, as a result of binding of small molecules.***” 6-
phenylpyrrolocytosine (PhpC) was applied to follow cellular trafficking of
siRNAs, whose gene silencing activity was virtually unaltered compared to natural
siRNA.®¥1 Also protein-RNA interactions have been studied with the help of
FBAs. A nice illustration is a study concerning the change in emissive properties
of 2-AP during the RNA editing process carried out by adenosine deaminases
acting on RNA (ADARs).[*"
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3 Theory and Methodology

In this chapter the methods used to perform the experiments presented in this
thesis will be introduced as well as their underlying theory. To begin with, the
interaction of light and matter will be discussed briefly, leading to the description
of absorption, circular dichroism and fluorescence spectroscopy. Furthermore, a
section is dedicated to the principle of Forster Resonance Energy Transfer (FRET)
and its application in DNA. Experimental details are described in the according
sections of the published papers included in this thesis. For a thorough description
of photochemistry®' ), circular dichroism'*! and fluorescence techniques !'®%**%,
the reader is referred to the corresponding references.

3.1 Interaction of light and matter

The interaction of electromagnetic radiation with matter provides
spectroscopists with desired information about the molecules or atoms they study.
In order to describe this interaction, electromagnetic radiation must be treated as
having a wave as well as particle character. In terms of classical physics, the
electromagnetic field can be seen as a harmonic wave of an oscillating electric and
magnetic field, travelling at the speed of light (¢=3.10° m s™). The electric and
magnetic fields oscillate in phase with a wavelength 4 and frequency v and
describe waves which are perpendicular to each other and to the direction of
propagation. The radiation can, however, also be described as a flow of photons,
which can be seen as small energy packages with energy

E =hv (1)

where 4 is Planck’s constant (h=6.626.10>* I s) and v is related to the speed of
light, c, as

U_C
T A

(2)

Molecules usually exist in discrete energy levels (i.e. rotational, vibrational
and electronic energy levels). This means that a particular energy gap has to be
overcome to enable a promotion to a higher energy level. A molecule in state m
can get excited to a state n if it absorbs a photon which holds exactly the amount
of energy equal to the energy difference between both states. This is known as
Bohr’s frequency condition and is given as
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AE =E, — E,, = hv (3)

Quantum mechanics provides a theory to describe the energy levels that a
molecule can occupy and to predict which transitions can occur between these
levels. The state of a system (e.g. a molecule) is described by a wavefunction ¥.
The oscillating electric field of radiation (of the correct frequency) can cause an
oscillation in the electron cloud of a molecule, initially in state ¥,, and thereby
exciting it to a higher electronic state described by ¥,. The transition will
preferentially occur if the electric field of the radiation is polarized parallel to the
polarization caused in the electron cloud during the process. This dipole induced
by light determines the magnitude of the probability of this transition occurring
and is called the transition dipole moment, {i,,,,,, which is given by:

ﬁnm:fwﬁkﬁqlmdr (4)

where the integral is taken over all space (di=dxdydz) of the product of the
complex conjugate of the wave function of state n (¥,) with the electric dipole
moment operator, fi, and the wave function of the initial state ¥,,. The electric
dipole moment operator is described as

=Y q" (5)

for which ¢; and 7 are the charge and position vector of the i" electron
respectively.

The probability for the transition occurring from state m to » is proportional to
the square of the magnitude of the transition dipole moment, also known as the
dipole strength, D,,,

Py % Dy (6)
where
Dnm = |ﬁnm|2 (7)

The dipole strength is also related to an experimentally determinable
parameter, the absorption coefficient e(v) (M'cm™) (also called extinction
coefficient)

[ e (W)dv & vy, Dpm (8)
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where v,,,, is the transition frequency and £(v) gives the frequency dependence of
the absorption band.

Another measure of the intensity of the transition from states m to n at a
frequency v, is the oscillator strength f,,, which represents the ratio of the
intensity of the absorption to that expected from a three dimensional harmonic
oscillator. The oscillator strength can be related to the dipole strength as well as to
the integrated absorption coefficient:

fnm X vannm x fE (v)dv ( 9 )

3.2 Absorption

The absorption of a sample is a measure for the amount of photons it absorbs
upon exposing it to radiation of a suitable wavelength. Usually absorption is
measured in a spectrophotometer, for which the basic components are a light
source, a monochromator and a detector (Figure 7).

______ - Ip I
______
S . length
Light source Monochromator Sample Detector

Figure 7 Basic setup of a spectrophotometer. Radiation of the correct wavelength
is selected from the light source by a monochromator and led through air (1) or
through a sample with length [ (I) onto a detector.

The sample is placed in the light emitted by a source and its absorbance at a
certain wavelength is related to the ratio of the intensities of the incoming (/) and
transmitted radiation (7). It is also related to the absorption coefficient £(1), the
concentration (c¢) and the path length (/) of the sample (often in a quartz cuvette).
This relation can be described as

A(2) = log (2D = e(A)cl (10)

1A
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Absorption spectroscopy is often performed to determine the concentration of
a sample with a known extinction coefficient £(4) but also allows the retrieval of
structural or conformational information. For new molecules, the absorption
coefficient can be determined and suitable excitation energies for fluorescence
measurements can be identified by making a simple absorption measurement.

3.3 Circular dichroism

The peculiar property of chiral molecules (i.e. molecules without a reflection
plane) to display an unequal absorption of left and right circularly polarized light
is known as circular dichroism (CD). A CD signal can also be induced for achiral
chromophores upon incorporation into a chiral environment, such as for some
DNA intercalators or groove binders. CD can be calculated as

CDA) = A(D—-A(D) = (&) — & D)cl = Ae(D)cl (11)

where Ae(1) is the molar circular dichroism (M'cm™) and ¢ and [ are the
concentration and path length of the sample respectively.

For biomolecules in solution, CD is often used to identify their secondary
structure.”* The alignment of chromophores in a certain conformation of the
molecule may cause shifted or split transitions due to exciton interactions,
resulting in a specific CD signature. The CD spectrum of proteins, for example,
varies depending on their composition of B-sheets, a-helices and random coils.
Similarly, a DNA molecule in the A, B or Z conformation can be distinguished
based on characteristic CD features. The UV-absorption band for DNA is mainly
initiated by n-n* transitions of the nucleobases. However, the bases themselves are
achiral and thus do not possess a CD signal. The CD spectrum detected for DNA
is due to the linkage of the bases with chiral sugars and to their helical stacking.
Between 190 and 300 nm, the DNA CD arises mainly from the relative orientation
of the bases to each other. For the most common helical form, B-DNA, this results
in a CD band which is positive at ~275 nm, zero at ~258 nm and continuing to
negative at ~240 nm. Towards the higher energy region, the spectrum continues
with a band that increases towards less negative or positive at 220 nm, followed
by a small negative peak and finally a large positive peak between 180-190 nm.

A-DNA and double-stranded RNA display a similar spectrum as B-DNA,

however, the positive peak at ~275 nm is shifted towards 260 nm and increased in
intensity. The negative peak between 230-250 nm is less intense and there is an
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intense negative band at 210 nm followed by a very intense positive band at 190
nm. The left-winding Z-DNA duplex, which can, for example, be obtained for
poly[dG-dC]-poly[dG-dC] at high ionic strength has a negative CD signal at 290
nm, a positive band at 260 nm and a large negative signal around 195-200 nm,
while passing through zero between 180-185 nm. Representative spectra of B- and
A-form DNA are shown in Figure 8.

Ae ! M'em™

200 220 240 260 280 300 320
Wavelength / nm

Figure 8 Representative CD spectra for a 1 uM solution of a 38-mer DNA duplex
in the B-form (grey, 0.33 mM Na+, 0.18 mM phosphate buffer) or A-form (black,
0.33 mM Na+, 0.18 mM phosphate buffer, 78 % ethanol). The unit M™ on the
vertical axis refers to the duplex concentration. Spectra were smoothed by
adjacent averaging over 5 points. The full sequence reads
5’-d(CCATCCCACCACGAGAGAGAGAGACGTCACCACCCTCC)-3'.

3.4 Fluorescence

In the previous paragraphs absorption was discussed as a process that can
render a molecule in an electronically excited state. After that, the molecule has
several options for losing its excess energy and returning to the ground state. One
of these routes includes fluorescence, which will be discussed in the following
paragraphs along with methods to study these properties and their applications.

3.4.1 Fluorescence principles

Fluorescence is the emission of radiation from an excited state to a lower
electronic state of the same spin multiplicity (usually singlet states S; to Sy). This
process along with the other pathways deactivating the excited state can be
visualized in a Jablonski diagram (Figure 9).1'¢1:93%]
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An organic molecule in solution is usually found in the lowest vibrational
level of the lowest electronic singlet state, Sy, since the energetic bridge to higher
vibrational levels is typically larger than the thermal energy (E=kzT, where k; is
the Bolzmann constant and T is the temperature of the solution). This molecule is
then able to absorb a photon (of the correct energy) (Abs) to get excited to a
vibrationally excited level of a higher electronic singlet state (S, with n > 1)
(Figure 9). Subsequently, the vibrational excitation is quickly reduced due to
collisions with solvent molecules (i.e. vibrational relaxation, VR), rendering the
molecule at the lowest vibrational level of S,. If this level is for example S,, the
molecule can undergo internal conversion (IC) to transform to an isoenergetic
excited vibronic state of S,. Hereafter, the molecule can once again rapidly relax
by vibrational relaxation to the vibrationless ground level of S; (Figure 9).

So far, the processes discussed for the molecule to lose its excess energy are
too fast to allow competition from radiative processes, such as fluorescence.
However, internal conversion between S; and S, usually occurs on a longer
timescale since the energy gap between these levels is larger; giving radiative
processes a chance to take place. The competing processes from the vibrationless
state of S, are internal conversion to S, (IC, k), fluorescence (Fluo, k) or
intersystem crossing to a triplet state T (ISC, k;5¢), where £k, is the corresponding
rate constant for process n (Figure 9). Apart from the transformation of S; to a
vibrationally excited isoenergetic level of S, by internal conversion the molecule
can also emit a photon as fluorescence, thereby arriving at a vibrational level of
So. The third option mentioned is intersystem crossing, in which the molecule in
the singlet excited state changes the spin of an electron, thereby altering spin
multiplicity, arriving at a vibrationally excited triplet state, T, in Figure 9. Again
the molecule can undergo rapid vibrational relaxation to the ground vibrational
level of Ty, after which a photon can be emitted as phosphorescence. Alternatively
the molecule can transform back to isoenergetic vibrational level of S, through
intersystem crossing. In each of the above mentioned cases, the molecule will
quickly lose its excess vibrational energy left in Sy by vibrational relaxation.

A common measure for the fluorescence of a molecule is its fluorescence
quantum yield, defined as the ratio of the number of photons emitted per amount
of photons absorbed. This can also be understood as the probability of the excited
molecule in S; to return to the ground state by emitting a photon amongst all
possible processes. Using the rate constants that were introduced above, this can
be written as

— kr
f= kf+kIC+kISC ( 12 )
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Frequently, fluorophores are also compared in terms of their brightness, which is
the product of their fluorescence quantum yield and absorption coefficient (usually
at the absorption maximum) (@ X £(4)).

S, VE A I c —
S: A i : VR :
——oan, vy Y  IS5G e
— I¢ ISC Y VR T,
" Abs Fluo — l
: - Phos
VR ¥ VR Y
g — A N -
0y VRy vy ¢ VR y

Figure 9 Jablonski diagram giving a schematic overview of common radiative
processes a molecule can undergo (solid arrows) such as absorption (Abs),
fluorescence (Fluo) and Phosphorescence (Phos). Also the non-radiative
pathways are depicted by dashed arrows (vibrational relaxation, VR) or squiggly
arrows (Internal conversion, IC and Intersystem crossing, ISC).

Another important parameter often used to describe the photophysical
behavior of the molecule is its fluorescence lifetime, which is the average time the
molecule spends in the excited state following excitation. This can be described as

1
T = ———— 13

! kg+kic+kisc (13)

The fluorescence properties of the molecule can also be related to its absorbance
by means of the radiative rate constant, k;, and the absorption coefficient, &(¥) and
can be expressed with the Strickler-Berg equation”®:

ky = 2880 X 107°n2 22 (57%) " [ e(5)d In (14)

where g, and g, are the degeneracies of the ground (m) and upper (n) electronic
state, n is the refractive index of the medium and ¥ is the wavenumber of
emission. This equation is applicable for strong, broad-banded transitions in
molecules.
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3.4.2 Steady state fluorescence

A common practice to study the photophysical properties of a chromophore in
bulk solution is to record an emission or excitation spectrum. This is done using a
spectrofluorimeter, for which the basic setup is shown in Figure 10. In the case
that an emission spectrum is to be obtained, a specific excitation wavelength will
be selected from the light source by the excitation monochromator which is then
focused onto the sample. Photons emitted by the sample are usually collected at
right angle to the incident radiation in order to reduce the interference of
unabsorbed excitation light. The emission monochromator is scanned through a
selected wavelength region, thereby yielding a spectrum of the emission intensity
per wavelength that reaches the detector. An excitation spectrum is measured in
the same manner; however, this time the emission monochromator remains parked
while scanning through the excitation energies.

Light source

:
A

Monochromator

Sample Monochromator Detector
Figure 10 Setup of a basic spectrofluorimeter with a source of UV/visible
radiation (for example a xenon arc lamp) that is led through a monochromator
selecting the correct radiation energy to excite the sample. The emission
monochromator then selects the correct wavelength of radiation to be observed
by the detector (usually at right angle of the excitation light).

As mentioned in the previous paragraph, fluorescence quantum yields are
frequently determined for molecules as a measure for their emissive capacity and
carries information about the rate constants depleting the electronically excited S;
state (Figure 9, equation 12). A common method to determine this value
experimentally is by using a reference substance with a known quantum yield,
@¢ r. This can be done in practice using the following relationship:

20



S
¢f—¢f’R1RAn}2-‘, (15)
where [ is the integrated emission intensity, 4 is the absorbance at the excitation
wavelength and » is the refractive index of the solvent in which the
sample/reference is contained. R denotes the parameters corresponding to the
reference compound.

3.4.3 Steady state fluorescence anisotropy

As was described in section 3.1, the transition dipole moment for a transition
in a molecule from a ground electronic state m to an upper state n, exhibits a
magnitude and an orientation. While the main interest in the latter paragraph was
the magnitude, related to the probability of the transition occurring, the focus here
will be on the orientation of U,,,. A molecule will preferentially absorb light that
has its electric field oscillating in the same direction as the transition dipole
moment. This implies that irradiating a sample with linear polarized light will
favour exciting those molecules with their transition moments aligned with the
polarization direction of the radiation. As fluorescence emission usually occurs
from the S, to Sy electronic energy level, this transition is polarized parallel to the
So-S; absorption transition. Consequently, the emission from a molecule being
excited with polarized excitation light in the lowest energy absorption band (Sy-S;)
will usually be co-linear, if it were not that a molecule in solution can reorient
during the time of excitation. In this way, the emission will be depolarized
depending on the time the molecule spends in the excited state as well as on its
size, shape and environment. To extract information about the molecule in this
way, the anisotropy, r, of a sample can be determined as follows:

— lyy=GlyH ( 16 )
Iyy+2G Iyy

for which G = ;H—V is a correction factor and Iyy is the intensity of polarized
HH

emission upon excitation with polarized radiation. X and Y denote the polarization
directions of the excitation and emission light, respectively, i.e. horizontal (H) or
vertical (V).

If the molecule is immobilized on the time scale of fluorescence, the

anisotropy will contain information about the angle (;) between the absorption
and emission moment of the i™ transition. This can for example be achieved by
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freezing the sample solution to a glass state. The anisotropy measured in this
special case is called fundamental anisotropy (7 ;) and is related to a; by

Toi = %(3coszai -1 (17)

1, can adopt values between -0.2 and 0.4, corresponding to an angle of 90° and 0°,
respectively, between the absorption and emission transition dipole moment. This
means that for most molecules a fundamental anisotropy value close to 0.4 is
expected upon excitation in the absorption region with a pure Sy-S; transition
(a; = 0°).

3.4.4 Time-resolved fluorescence

The lifetime of a fluorophore can be described as a function of the rate
constants depopulating the excited state, as was shown in equation 13. In practice
we can retrieve this parameter by studying the kinetics of the photophysical
process. If a population of molecules was excited with an infinitely sharp radiation
pulse, the initially excited population will decay over time to the ground state.
Since emission is a random process, it can be described by first order kinetics as
follows:

1(t) = Ipexp(—t/t¢) (18)

where the excited state population of molecules remaining at time t can be
monitored by the fluorescence intensity I(t) (which is proportional to it) and I, is
the initial fluorescence intensity at time 0.

Often multi-exponential expressions are observed for chromophores in
biological systems due to, for example, heterogeneity within the sample. In that
case the fluorescence decay can be described as

I(t) = XI_, aiexp(—t/1;) (19)

for which o, is the amplitude of the i lifetime (usually j < 3 to allow a reliable fit)
and ) «; is normalized to unity. In that case an average lifetime is commonly used
to retrieve desired information. This can be described as the intensity-averaged
mean lifetime:

J a2
(T)=M (20)

J)
Yioq AiTi
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or as the amplitude-weighted one:

Zj_l a;T;
(T) S (21)

The choice of which average lifetime to use depends on the phenomenon being

studied. For Forster resonance energy transfer experiments the amplitude-

weighted average (equation 21) is recommended.!'**>"7]

Laser
=
E
3
Q
Time -
—_—
Sample MCP PMT Multichannel analyzer

Figure 11 Schematic setup of a TCSPC measurement. A pulsed laser source
excites the sample, after which the emitted photons are recorded by a
microchannel plate photomultiplier tube (MCP PMT). The recorded data are fed
into a multichannel analyzer, resulting in a histogram.

In this thesis fluorescence lifetimes were determined with the technique time-
correlated single photon counting (TCSPC). The principle is based on the
proportionality between the probability of detecting a photon at a certain time after
excitation and the fluorescence intensity at this same time. A pulsed light source
(laser) is used to repeatedly excite the sample and the time between excitation and
the first photon reaching the detector is recorded (Figure 11). The time window is
divided into smaller intervals, so-called channels, and every counted photon is
recorded in the channel with the corresponding time interval. Measurements are
repeated until enough photons (often 10000 for statistical reasons) are counted in
the top channel. This finally yields a histogram with the amount of photons
counted per time interval (Figure 11), representing the fluorescence decay as a
function of time. To obtain a statistically correct measurement and to avoid two
photons originating from the same excitation pulse reaching the detector, the setup
is such that only every 100" pulse yields a photon arriving at the detector.
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The lifetime can be retrieved by fitting the decay stored in the histogram
(R(?)) to an exponential function. Therefore, also the instrument response function
(IRF, E(1)) is recorded, which represents the way the laser pulse is seen by the
system. The IRF can then be convoluted with a theoretical decay (/(#-¢’)) (in the
form of equation 19) to best fit the measured decay as follows:

R(t) = E(t) @ I(t) = [, E(tYI(t — t)dt’ (22)

where emission, i.e. I(?) starts at t=¢’.

3.4.5 Forster resonance energy transfer (FRET)

Above (in section 3.4.1), the processes discussed for depopulating the excited
S, state, concerned only ensembles of isolated molecules. However, molecules can
influence each other in different ways when coming in proximity. In case two
molecules are in each other’s vicinity (without overlap of the molecular orbitals)
and one is in an excited state, it can transfer its excitation energy to the second
molecule provided that this one has an absorption transition of matching energy,
known as the resonance condition. Not surprisingly, the molecules are usually
referred to as the energy donor and acceptor. If they are not too close by, their
interaction will mainly be coulombic in nature and can be described theoretically
considering point dipoles at the centers of the molecule. As a rule of thumb the
inter-chromophore distance is suggested to be at least four to five times the size of
the molecule. The phenomenon is referred to as resonance energy transfer (RET)
or Forster Resonance Energy Transfer (FRET) after Theodore Forster, who first
described the relationship between the rate constant for energy transfer and
spectroscopic observable properties!”*”). Often the term Fluorescence Resonance
Energy Transfer (FRET) is also used, even though this name is somewhat
misleading since no emission of photons takes place from the donor molecule in
order for the energy to be relocated to the acceptor molecule.

According to Forster’s theory,”®” the resonance energy transfer rate, kgr, is
given as follows

ket :%[&]6 (23)

Tf T

where r is the distance between the donor and acceptor molecules, T}),D is the

lifetime of the donor in the absence of the acceptor and Ry is the Forster radius,
given as
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for which ¢]9, p 1s the fluorescence quantum yield of the donor without the acceptor
present, N, is Avogadro’s number, 7 is the refractive index of the medium, k? is
the orientation factor (see below) and J is the overlap integral between the donor
emission Fjp(A) (with the area under the curve normalized to unity) and the
acceptor absorption coefficient spectrum g4(4), defined as

J = [y Fo(Dea(D)A*d2 (25)
with

_ Ip®
P = =00 (26)

where I, (1) is the recorded donor emission spectrum and | ooo Fr(A)dA = 1.

The orientation factor (k%) mentioned above relates the relative orientation of
the transition dipole moments of the donor and acceptor molecules to the rate of
energy transfer. k2 is given as

k% = (cos@ — 3cos a cos B)? (27)

where 0 defines the angle between both transition moments, whereas o and 3
define the angle of the transition moment of the donor and acceptor, respectively,
with the vector connecting their centers. k2 can adopt values between 0 for
transition moments at right angle and 4 for a collinear arrangement. The
orientation factor often introduces an uncertainty to R, and hence to the
determination of r based on the recorded FRET efficiency (vide infra) since the
exact orientation of chromophores in complex systems is usually unknown. Many
dyes are externally attached to the system of interest by flexible linkers. In this
situation often a x?-value of 2/3 is assumed, which is valid in case of isotropic and
dynamic averaging of the orientations of the transition dipoles.!'®'*"!

The rate constant for energy transfer can now be used to obtain the efficiency
of energy transfer (¢ppr or Egper) analogous to the fluorescence quantum
efficiency of a molecule (equation 12), by including the rate constants of all the
processes depleting the S, state:
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Now it also becomes apparent that the Forster radius, R, represents the distance
between the donor and acceptor molecule corresponding to a FRET efficiency of
50%. Since the FRET efficiency is dependent on the sixth power of the distance
between the donor and acceptor molecule it displays a sharp responsiveness to
distance changes in the range around R,. In this way FRET is often used as a
molecular ruler to obtain information about the relative separation between certain
parts of a macromolecule.!'*"'%%!

In practice the FRET efficiency of a system can be determined by recording
the fluorescence quantum yield or lifetime of the donor with (¢ p, < 7¢p >) and

without the acceptor present (q.’)})’D, < T}’,D >) (as can be derived from equation
28).

¢,D <T,D>
Epper = 1= 50> = 1= 02 (29)

3.4.6 The tricyclic cytosine FRET-pair

The thought of retrieving structural information about DNA using FRET is a
tempting one, considering the well-ordered geometry of this molecule.'” Often
externally tethered dyes attached by a linker are applied in quantitative FRET
measurements. This enables almost any commercially bright chromophore to be
implemented, allowing studies down to single-molecule level.?>'%!%1 At the
same time the precise determination of the donor-acceptor distance (r) and
orientation factor k2 is often complicated due to dipole diffusion and
reorientation.****"! Elegant studies have been reported, trying to achieve a better
control of dye position, resulting in FRET efficiency profiles responsive to the
orientation and distance change between the donor-acceptor pairs upon increasing
base-pair separation.>>>!%1%] A first study involved a perylene acceptor attached
at the end of a stilbene-linked hairpin,!'! whereas other reports involved end-
stacked Cy3-Cy5 dyes attached by linkers!”>”*! or base-surrogates consisting of a
more immobile pyrene-perylene FRET-pair''"".

In recent years our group has characterized and implemented a nucleobase
FRET-pair, consisting of the two tricyclic cytosine analogues, tC° and tChitro
(Figure 12a).1*" The direct incorporation of these FBAs inside the DNA duplex
allows an almost precise control of their relative orientation on the time-scale of
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energy transfer. The emission of the fluorescent donor, tC°, centered around 450
nm (in DNA),P” overlaps the lowest energy absorption band (approximately 440
nm) of the non-emissive acceptor tCnim)m] (Figure 12b). As for the earlier
characterized compound tC,”* the emission of tC® is relatively insensitive to its
microenvironment,*® in contrast to other FBAs. This results in an estimated
Forster radius of 27.2 A when assuming a k2-value of 2/3, refractive index of 1.40
and an average value of the fluorescence quantum yield of tC° in dsDNA of
22%.** Consequently, this FRET-pair is more suited for studying short-range
structural changes compared to commercial dyes such as Cy3-Cy5 (Ry~60 A,
k2=2/3)*. As is to be expected for rigidly incorporated probes, increasing the
base-pair separation between both FBAs results in a FRET profile that closely
corresponds to that predicted for B-DNA (Figure 13).14"
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Figure 12 (a) tC%tChirro FRET-pair. The cytosine skeleton is grey. R is deoxyribose.
(b) Absorption/emission spectrum of tc® and tC.itro inside duplex DNA with the
overlap between tC° emission and tCpiro absorption highlighted in grey.

The main advantage of these stably incorporated probes is that they cause
only minor perturbations to the DNA duplex,””*"! thereby allowing incorporation
close to or inside the site of interest. The FRET-pair can therefore be applied to
retrieve detailed structural information. In a recent study Preus et al. report on a
new methodology for the simulation and analysis of FRET in nucleic acids,
featuring a MATLAB based software, FRETmatrix.!'” The project implemented
the FBA FRET-pair to yield a 3D structure of kinked DNA. In this thesis,
however, the FRET-pair is rather implemented in yes/no types of questions, i.e. to
report on subtle local structural alterations in a specific DNA sequence upon
interactions with proteins.
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3.5 DNA melting

As was mentioned in 2.1, the two polynucleotide strands creating a DNA
double helix are held together by non-covalent forces. However, upon heating the
duplex, enough thermal energy will be provided at some point for both strands to
part, referred to as DNA melting. The temperature at which half of the duplexes
are denatured is called the melting temperature, which is dependent on the length,
sequence and concentration of the DNA as well as on its surroundings such as the
salt concentration and pH.

Melting temperatures are often reported as a measure of the stability of DNA
duplexes. They can be obtained by recording a UV/Vis melting curve, i.e. by
monitoring the change in absorbance at 260 nm as a function of the slowly rising
temperature. As the double helices melt, the absorbance will increase by
approximately 10-20 %. The decreased absorbance of the nucleobases inside
duplex DNA, called hypochromicity, can be explained by the close, more ordered
stacking of the bases in the duplex compared to single-stranded DNA. In this
sense the transition dipole moment of a stacked base will be shorter due to the
influence of the induced dipoles in the neighbouring bases.!'*''"!

The melting temperature can be determined as the temperature at half
maximum of the curve or the temperature corresponding to the maximum of the
first derivative. In this thesis, the melting temperature is used mainly as a measure
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of the (de)stabilization of the DNA caused by the incorporation of a modified
nucleobase.

Another way in which the melting process can be monitored is by using a
fluorophore whose emission is responsive to the duplex denaturation. As was
mentioned in section 2.2.2, the fluorescence of most FBAs is quenched in double-
compared to single-stranded DNA. In this way the rise in fluorescence of an FBA
can be monitored as the DNA duplex separates in response to the increasing
temperature. As for the absorption method, the melting temperature can be
determined as the maximum of the first derivative. The half maximum of the
signal can also be used, given that appropriate corrections are made for the
inherent temperature responsive change in fluorescence of the FBA. An advantage
of fluorescence melting, in contrast to UV melting is that it can also report on the
local stability of the DNA.
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4 Results

In this chapter the main results contained in this work will be discussed. For a
complete overview of results and experimental procedures, the reader is referred
to the appended papers (I-VI).

4.1 Characterization of fluorescent nucleobase
analogues

The characterization of photophysical and base-mimicking properties of new
FBAs is essential for identifying applications they are suited for. Furthermore, this
can yield new insights into the correlation between their structure and
spectroscopic properties for future design of novel FBAs. The evaluation of
different aspects of a series of adenine analogues (papers I-III) and the cytosine
analogue tC (paper IV) are presented here.

4.1.1 Characterization of fluorescent adenine analogues

To increase the diversity of FBAs with improved structural and spectroscopic
properties, two fluorescent adenine analogues, triazole adenine (A") (paper I,
Figure 14) and quadracyclic adenine (qA) (paper 111, Figure 14) were synthesized.
Their photophysical properties, both as nucleosides and inside DNA, are discussed
here.
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Figure 14 Nucleosides of A gA and the ethyl esters of the new A7T—family.
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As a follow-up study, trying to overcome the DNA duplex destabilizing effect
of A" (vide infra), a new family of 7-modified triazole adenines (A’'-family,
Figure 14) was developed, of which the photophysical characterization of the
monomeric form is also presented (paper II).

Spectroscopic characterization of the monomers

Before FBAs are incorporated into DNA, it is important to understand their
photophysical properties as monomers. The spectral features of the adenine
analogues qA, A" and the A”'-family (Figure 14) are presented in Figure 15 and
Table 1. The absorption of all compounds is red-shifted compared to adenine
(centered around 260 nm), allowing for selective excitation due to an absorption
tail extending further than that of the natural nucleobases. Quadracyclic adenine
(qA) has a well resolved lowest energy absorption band, located at 335 nm (in
water), whereas triazole adenine (A") has its lowest energy absorption centered
around 282 nm in water and therefore not fully separated from the natural bases.
The A”"-family (280-293 nm in methanol) absorbs in a similar region as A" (286
nm in methanol) as well as a series of previously characterized C8-modified
triazole adenines (289-296 nm in THF).®”! AT shows similar absorption envelopes
in water and methanol, which is also observed for qA (Figure 15a). The A''-
family was studied in methanol due to a poor solubility in water (20b and 20c
were also studied in ACN or DCM, vide infra). Within this group of analogues, a
more structured absorption can be observed for the compounds containing a
nitrogen (Figure 15¢) instead of carbon (Figure 15¢) on the 8-position.

The shape and position of the emission spectra of all triazole adenines (A"
and the A”"-family) are very similar in methanol, with exception of compound
20b (Figure 15d and f). The latter shows an extensive Stokes shift of ~12800 cm™
(A4=175 nm) compared to the other compounds in its series. This is due to a more
red-shifted emission maximum (468 nm) in methanol, which may be caused by
intramolecular charge transfer (ICT) in the excited state from the electron
donating amino group. The shift of its emission maximum to shorter wavelengths
in dichloromethane (DCM, apolar and aprotic) (Aey,mex=393 nm) and in acetonitrile
(ACN, polar and aprotic) (Aemme=428 nm) are in accordance with a possible
excited ICT state, which may be stabilized by polar protic solvents (Table 1,
Figure 15f).1""!""% As a comparison, the related conjugated analogue 20¢ was also
investigated in DCM and showed no changes in emission maximum. Furthermore,
no significant changes could be detected in the absorption spectrum of both 20b
and 20c in DCM, methanol or ACN (only for 20b).

gA shows a lower emission energy than the triazole adenines (except for 20b
in methanol) both in water (456 nm) and methanol (440 nm) with a more
structured spectral envelope detected in methanol (Figure 15b).
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Figure 15 Normalized absorption (a) and emission spectra (b) of A" and gA in
water and methanol (MeOH). Also absorption (c, e) and emission (for ®>0.2%)
(d, f) of members of the A7T-family with (c, d) and without nitrogen (d, f) on
position 8 of adenine. Also A" in MeOH is included for comparison as well as
emission of 20b (f) in DCM (pink, dotted) and ACN (pink, dashed).

A" is highly fluorescent both in water (®761%) and in methanol (2=49%)
(Table 1). Its quantum yield is similar to 2-aminopurine (2-AP) (68%)"
as the previously reported 8-modified adenine analogue, 8-vinyl-deoxyadenosine
(8vdA) (66%)” in aqueous solution and exceeds the quantum yields of the
pteridine adenine analogues 6MAP (39%) and DMAP (48%)!°!). The A”'- family,
on the other hand, is significantly less emissive than A" in methanol with
compound 12a, a sister compound of A", exhibiting the highest quantum yield
(D75.2%) of the series (Table 1). The second sister compound, 11a, lacking the
nitrogen on the 8-position, has a much lower quantum yield (®~0.75%). Within
each group of the A’'-compounds, based on a nitrogen or carbon being

as well

incorporated on the 8-position, all other compounds show lower quantum yields
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than the two sister compounds of A" in methanol. As was also observed for a
previous class of C8-triazole adenines, the compounds with extended aromatic
systems (19, 20a, 20b and 20c) are the least fluorescent within their groups.!*”!
These compounds also show absorption spectra that extend to longer wavelengths
and have the highest extinction coefficients, which could be explained by their
more extended conjugated system.

Table 1 Fluorescence quantum yield (@), lowest energy absorption maximum
(A4,max), €mission maximum (Ag,ma) and corresponding extinction coefficient
(Emax) @t Agma Of each adenine analogue (Cpd) dissolved in water, methanol
(MeOH), acetonitrile (ACN) or dichloromethane (DCM). Also the brightness
(XDs X &,4¢) is shown.

Cpd D A max AEmmax Emax Solvent @/ X &,
(%) (nm) (nm) M'em™) M'em™)
AT 61 282 353 16500° Water 10065
49 286 346 16500 MeOH 8085
11a  0.75 282 369 11200 MeOH 84
11b  0.39 281 366 11800 MeOH 46
12a 5.2 290 343 10700 MeOH 556
12b 4.4 290 340 10800 MeOH 475
19 <0.1 280 b 14500 MeOH <15
200 <0.2 288 345 13600 MeOH <27
0.62 293 468 14000 MeOH 87
20b 24 295 428 14000° ACN 3360
21 297 393 14000° DCM 2800
20 <01 293% 359 15300° MeOH <15
<0.1 295° 359 15300° DCM <15
qA 6.8 335 456 5000 Water 340
10.6 335 440 6300 MeOH 668

°Absorption maximum (A max) estimated for lowest energy absorption shoulder
®Emission maximum omitted due to the weak fluorescence. Extinction
coefficient assumed to be the same as in methanol.

Interestingly, compound 20b shows a dramatic increase in quantum yield in
ACN (@124%) and DCM (®@~21%) compared to in methanol (@=0.62%),
indicating efficient quenching by protic solvents (Table 1). This could be due to a
more efficient internal conversion in case of hydrogen bonding with the
solvent."") As a comparison, the quantum yield of 20c¢ in DCM remained
unaltered compared to in methanol (Table 1). A similar quenching behavior was
also observed for the proposed twisted intramolecular charge transfer-state of
N’ N°-dimethyladenosine.!'"”!

Finally, qA shows a lower emission than A', with a moderate quantum yield
of 6.8 % in water. The extinction coefficient corresponding to its lowest energy

34



absorption maximum (5000 M'cm™) is reduced approximately three-fold in
comparison with AT (16500 M'cm™).

In general, A" is by far the brightest (x®rX ¢) of all ten adenine analogues
discussed in this work, both in water and methanol (Table 1). Its brightness in
water (~10000 M'cm™) is also more than double as high as for 2-AP
(~4000 M'em ™)1,

Characterization of the lowest energy absorption band of A" and qA

To get more insight into the different transitions contained in the lowest
energy absorption band of A" and gA, their fundamental anisotropy was recorded
in a vitrified matrix (Figure 16). This information is important in case the
analogues are to be applied in anisotropy- or FRET-measurements (vide infra,
anisotropy of A" inside DNA in high viscosity sucrose solutions). Furthermore,
this allows for comparison of the energy of transitions with predictions from
quantum chemical calculations.
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Figure 16 Excitation anisotropy spectrum of AT (a) and gA (b) in a vitrified
H,0/ethylene glycol matrix (1:2 mixture) at -100°C (grey line). Also the isotropic
absorption is shown (black) as well as the relative intensities predicted for the 3
lowest energy transitions (grey bars) for A" (methyl instead of pentyl substituent
on triazole ring, left to right f=0.094; 0.059 and 0.72)[37] and gA (left to right
f=0.1049; 0.1968 and 0.0594; TDDFT calculations).

For A", a virtually constant value of ,=0.38 was recorded between 280 and
320 nm, indicating a single electronic transition dominating this region (Figure
16a). A strong and isolated lowest energy transition (=0.72) was predicted at 315
nm for a related methyl substituted C8-triazole adenine (calculations from a
previous study)®”\. This prediction corresponds reasonably well to our findings for
A", even though the transition is slightly shifted. Furthermore, the value of 1, is
close to the theoretical maximum (0.4) for these excitation energies, suggesting
virtually parallel absorption and emission transition moments.
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The fundamental anisotropy spectrum for qA shows three main plateaus
between 280 and 450 nm (Figure 16b). The first one, associated with the lowest
energy absorption transition is found between 390 and 450 nm with r,=0.36. As
for A', this value is close to the theoretical maximum, suggesting a single
electronic transition in this region, polarized parallel to the emission transition
moment. A second plateau is located around the absorption maximum (~330 nm,
r,=0.25) and a third one around 300 nm (7,=0.05), where also a shoulder can be
observed in the absorption spectrum. These findings suggest three absorption
transitions between 280 and 450 nm, with the lowest energy transition around 400
nm (Sy-S;). The positions as well as relative intensities of these three transitions
seem to correspond well to theoretical predictions, albeit somewhat shifted (Figure
16b). Based on the second plateau (~330 nm, »,=0.25), the angle between the
transitions from S, to S; and from S, to S, can be estimated to be ~30°. The third
plateau (~300 nm, ,=0.05) suggests the angle between Sy-S; and Sy-S; to be at
least 50°. This is in line with a larger angle predicted between S,-S; and Sy-S;
(83°) than between Sy-S; and Sy-S, (15°) by calculations.

The predicted oscillator strength for the lowest energy transition of gqA
(/=0.0594) is approximately 12 times lower than that predicted for the A’-
derivative (£=0.72)"7. Knowledge of the lifetimes (z;,~=1.8 ns and 7;,,=3.2 ns;
water) and quantum yields of the analogues (®;,=61% and ®;,,=6.8%; water)
also allows the calculation of their radiative rate constants, k;, which for qA is
roughly 16 times decreased compared to A". This corresponds reasonably well to
the predicted decrease in the oscillator strength as k;and fare related (see equation
9 and 14).

Structure and stability of DNA duplexes containing A" and qA

In order to investigate the influence of A" (paper I) and gA (paper III) on the
DNA duplex integrity, they were incorporated in a series of decamers for which
the bases directly flanking the analogues were varied (Table 2). In this way the
effect of as many combinations of purines and pyrimidines as possible was
evaluated, as immediate 5’ and 3’ neighbors, depending on the amount of
compound available. For A", ten different combinations of flanking bases were
tested, whereas a larger amount of gA allowed us to investigate twelve sequences.
This also included a decamer holding two qA molecules (C7,TA).

The melting temperature of all A" and gA-modified duplexes was recorded
and compared to the corresponding natural ones in order to evaluate the effect of
the adenine modifications on duplex stability (Table 2). A" causes an average drop
in melting temperature of 8°C, indicating a moderate destabilization of the DNA
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duplexes, which is most pronounced for sequences in which A" is flanked by a 3’
purine. This destabilizing effect is probably due to the triazole group and pentyl
chain incorporated on C8 of adenine. Steric clashes of these substituents with the
DNA backbone would account for a significant energy cost in case A" was to be
accommodated in the duplex in its natural anti-conformation. Even though smaller
C8-substituents on purines are only insignificantly perturbing the duplex
integrity,!® '™ more bulky modifications have been observed to be
destabilizing,!"'*""*! similar to A", For some C8-modified purines, a preference for
the syn conformation has been reported,'''*'*"! whereas a syn/anti equilibrium has
been suggested for others inside DNA.'"*' Also for A", the C8-triazole
modification may cause a stabilization of the syn-conformation, relative to the
anti-orientation.

Table 2 DNA melting temperatures of different 10-mer duplexes containing A’
(TmAT, left) or gA (quA, right). Sequences are named after the bases directly
neighboring A’ or gA. Also the difference in melting temperature (AT,,) is shown
between the modified and unmodified (containing natural adenine) DNA duplex.

Neighbouring T, AT, | Neighbouring  T,*' AT,
bases A™* (°C)’ (°C) bases qA* CC)° 0O
CA 43 -9 AA 46.3 -0.3
GG 45 -9 GA 48.3 0.0
AA 41 -9 GG 51.9 0.4
TA 39 -8 GC 52.3 1.5
TG 42 -8 AC 52.7 1.9
GA 43 -7 TA 48.5 3.2
CT 45 -7 CA 53.2 3.3
AC 46 -7 TG 48.7 3.4
cC 49 -7 cC 58.2 53
GC 49 -5 CT 56.1 6.5
TT 50.6 6.9
CT,TA 55.6 9.2

®Full sequence is 5’-d(CGCAXAYTCG)-3’, with exception of sequence CT,TA; 5'-
d(CGCATAATCG)-3’ and 17, 5'-d(CGATTATGCG)-3'. A represents A’ or gA and the
bases flanking them, X and Y, give the sequence name XY. Purines are shown in
bold and pyrimidines in italic. bSamples were prepared in phosphate buffer (pH
7.5, 500 mM (A) or 200 mM (gA) Na“) at duplex concentrations of 2.5 uM.

In order to investigate how stable A" is stacked into the DNA, its anisotropy
was recorded inside duplexes AA and TA in viscous sucrose solutions. This high
viscosity hinders the motion of the DNA helices on the time-scale of fluorescence,
resulting in a limiting anisotropy value of 0.34 reached by A'. The decrease
compared to ry of 0.38 for the monomer in a vitrified matrix was predicted to be
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due to an internal wobble of 16° inside the base-stack, compared to ~5° for
canonical bases and 21° for ethidium bromide (personal communication from
S.Preus).["*! Consequently, despite a possible conformational change around the
glycosidic bond, A" seems to be stacked more stably in the duplex than the
intercalating dye ethidium bromide, indicating that it still has base-pairing
capacity to thymine (vide infra).

In contrast to A" and other adenine analogues such as 2-AP,*’! 6MAP and
DMAP,®l qA generally stabilizes the DNA duplexes (Table 2). This can be seen
by an average increase in melting temperature of 3°C compared to the natural
duplexes. The largest stabilization is seen when qA is flanked by a pyrimidine on
the 5’ side, whereas this effect is minimal for a 5’ neighboring purine. Sequences
AA, GA and GG, having two purines neighboring qA, are virtually equally stable
as the corresponding duplexes containing a natural adenine instead. The overall
stabilization caused by qA is probably due to better m-m stacking with its
neighboring bases due to the extended ring system. Similar observations have
been made for the tricyclic cytosines tC*'! and tC°P?), which also showed the
largest stabilizing effect in case they had a 5° pyrimidine neighbor.

The two ring extension for gA, on position 6 and 7 of adenine, is probably
well accommodated in the major groove. Also other purines modified on the 7-
position have shown a stabilizing effect on DNA duplexes.!'"*! Overall, qA
seems to be stably incorporated into the DNA duplex. Moreover, fluorescence
melting curves for duplex AA (Figure 17) yielded a virtually identical melting
temperature (46.8°C) to that recorded with UV/Vis melting (46.3°C), indicating
no pre-melting around gA.
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Figure 17 Fluorescence melting curve of gA inside sequence AA in phosphate
buffer (pH 7.5, 200 mM Na®, duplex concentration of 2.5 uM).

In order to evaluate the effect of A" and qA on the overall DNA
conformation, the CD spectra of all modified sequences were recorded (Figure
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18). Both A'- and qA-modified duplexes show a general signature of regular B-
form DNA, for which the typical parameters were described in Section 3.3.
However, for A", some heterogeneity was observed in the shape of their CD
spectra between sequences compared to the corresponding unmodified duplexes
(Figure 18a). There are sequences with an almost identical CD-profile to the
natural duplexes (CT and AA) and others which show slight differences
corresponding to the A" absorption bands (CA, TG and CC). Moreover, more
distinct differences were observed for sequences TA, AC, GA, GC and GG, of
which the latter three show the most perturbed CD spectra. As an example, the CD
spectrum of GG with A" or adenine is shown in Figure 18c, as well as the
difference in absorption between both duplexes. As can be seen, the deviations in
the CD-signature between both samples correspond well to the difference in
absorption.

]
-— © ~—
: 5% o
kS 0 .g g 0 L[’ \\_\
= -0 J\ -§ 's 501
"':G 1 —— modified .~ modified
<1004 unmodified - E %-100- unmodified
Amod- unmod [ g
-1560 r r -150 | r
250 300 350 250 300 350
Wavelength / nm Wavelength / nm

Figure 18 CD spectra of DNA duplexes containing A’ (a) and gA (b) (sequences in
Table 2; CT,TA and TT are unique for gA). No CD signal is seen for gA above 350
nm. Also the comparison of CD signatures of sequence GG containing AT (c) and
gA (d) (black) to the spectrum of the unmodified GG duplex (grey) is shown. For
A', the difference in the corresponding absorption spectra is shown as well (A,,o4-
Anmod, dotted). M™ on the x-axis refers to the duplex concentration (2.5 uM).

Contrary to A", the CD spectra of all samples containing gA are very similar
in shape (Figure 18b). Furthermore, they all correspond well to those of the
unmodified sequences. As for A”, sequence GG is shown as an example ( Figure
18d). This finding may be expected since qA seems to be better tolerated inside
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DNA than A" according to the melting studies. Additionally, also for sequence
CT,TA containing two gA molecules, a similar CD-signature was observed,
indicating that also the incorporation of several qA molecules preserves the B-
DNA structure. As for some A'-modified duplexes (CT and AA), no specific CD
signal can be detected corresponding to the lowest energy absorption band of qA,
centered around 337 nm. Similar observations have been made for the cytosine
analogue tC°,*"! for which we do not yet have a satisfactory explanation.

Base-pairing preference of AT and qA

The base-pairing specificity of A" and qA was investigated by recording the
melting temperature for three different duplexes in which the analogues were
placed opposite of a guanine, cytosine or adenine (Table 3). Sequences were
chosen so that the effects of neighboring purines (GA), pyrimidines (C7) and a
combination of both (CA for AT and TA for qA) could be evaluated.

An additional decrease in melting temperature of ~8°C was observed for A"
opposite of cytosine or guanine in comparison to the A'-thymine case, yielding a
total destabilization of approximately 16°C. This value is comparable to an
adenine-adenine mismatch in these sequences causing a decrease in melting
temperature of 14°C. It is therefore plausible that A" still exhibits hydrogen
bonding capacity to thymine despite its destabilizing effect. Surprisingly, no
additional decrease in melting temperature was observed when placing A’
opposite of adenine compared to the A" T case indicating that A" can form equally
stable base-pairs with thymine as with adenine. A potential A".A base pair is
presented in Figure 19 and compared to a possible A™.T pair with A" in the syn
conformation around the glycosidic bond. Perturbations in the base-pairing
patterns are not unexpected upon adding (often bulky) substituents to the natural
bases. Also other FBAs such as 2-APP**! and BPPP*! have been shown to have
deviating base-pairing specificities compared to their natural counterparts.

\
n-Pentyl R,0
n-pentyl

AT(syn)-A AT(syn)-T
Figure 19 Putative A".A (left) and A".T (right) base-pair with A’ in the syn

conformation around the glycosidic bond. R4, R, and R; represent the rest of the
DNA structure. The triazole substituent on A" is shown in grey.
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In the case of qA, a significant destabilization was observed for a mismatch
with cytosine, guanine and adenine compared to the qA-thymine case, indicating
that gA shows specific base-pairing to thymine (Table 3). The decrease in melting
temperature was the lowest for qA opposite of guanine and the same observation
was made for the mismatched sequences with natural adenine. These findings
indicate that the base-pairing pattern of qA is unperturbed compared to natural
adenine. This is also in line with the assumption that the extended rings are well
accommodated in the major groove, leaving qA positioned similar to natural
adenine in the base-stack.

Table 3 Melting temperatures of sequences containing A (TmAT’X) or gA (T,
mismatched with G,C or A are presented as well as the difference with the

melting temperature (ATmAT and AT,%) of the corresponding matching duplex
containing the analogues opposite of T.

NI Xe | IO AT (0) | TANCON AT ()

G 36 -7 38.8 -9.5

GA C 36 -7 34.1 -14.2

A 43 0 34.2 -14.1

G 36 -9 47.6 -8.5

cT C 36 -9 39.3 -16.8

A 46 1 40.5 -15.6

CA (AT’ G 36 -7 37.0 -11.5
TA (qA) C 36 -7 32.8 -15.8
A 42 -1 33.5 -15.0

°Full sequences in Table 2. IOSequence CA was used for A" and TA in the case of
gA. “Base opposite of A or gA. “Conditions were similar as described for Table 2.

Photophysical properties of A" and qA in DNA

The fluorescence properties (@ and Agymar) Of A" and gA inside DNA are
summarized in Table 4 and Table 5, respectively. As is common upon
incorporating FBAs into nucleic acid systems,*"**2%32% 731131 the quantum yield
of both A" and qA generally is significantly decreased in single- and double-
stranded DNA. Furthermore, variations can be seen between neighboring bases,
which means that the emission of both probes is responsive to their immediate
surroundings.

For A’ (®=61% in water), the average quantum yield for all combinations of
flanking bases is decreased approximately 12 times for the single strands and
additionally 5 fold in double-stranded DNA. Furthermore, large variations can be
seen depending on the neighboring bases. These observations may be due to
different levels of stacking with the surrounding bases in single- and double-
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stranded DNA as well as different conformations of A" inside DNA. In general the
highest quantum yields are detected in the case where A" is flanked by an adenine
on the 3’-side (exception duplex GA), whereas the lowest quantum yields are
detected for a neighboring 3’ guanine. The fact that sequence GG is among those
with the lowest quantum yield may be due to photoinduced electron transfer
(PET). Guanine has the lowest oxidation potential among the natural bases and
could therefore quench the excited state of the neighboring A" by PET. Decreases
in quantum yield due to neighboring guanines have also been observed for other
FBAs such as 2-AP!"%'7 +C°1 and BPPP™. In contrast to sequences GG and
TG, those with a guanine as the 5’-neighbor of A" (GA and GC) have higher
quantum yields in single- and double- stranded DNA. Similar observations had
been made for tC® previously,”” indicating that not only proximity to a guanine
but also stacking and relative orientation are important parameters for PET.

Table 4 Fluorescence quantum yields (&) of the A"-modified single-and double-
stranded oligonucleotides, @;gs and @;ps, respectively. Also their emission
maxima are shown (Ag, max)-

Neighboring Dy AEm,max Neighboring @/ AEm,max
bases” (%) (nm) bases” (%) (nm)
AA 21 353 AA 5.0 350
CA 9.0 351 TA 1.6 353
TA 7.6 352 CA 1.1 354
GC 4.2 358 AC 0.9 349
AC 3.1 357 GA 0.8 351
cc 2.1 355 CT 0.5 351
GA 1.8 353 GC 0.5 351
CT 1.4 358 cc 0.4 352
G 0.6 355 G 0.3 351
GG 0.5 355 GG 0.3 354

Sequences are named as described under Table 2.

A decrease in average fluorescence quantum yield of ~4 and additionally ~5
times can be detected for qA incorporated into single-stranded and duplex DNA,
respectively, compared to the monomer in water (@y;z.5;,,~6.8%) (Table 5). As for
A", this may be explained by various levels of stacking with the surrounding
bases. In the case of qA, the highest quantum yields are detected when it is
positioned between two purines, including sequence GG, which is in contrast to
findings for A" and the FBAs mentioned above. However, we cannot draw any
conclusions regarding PET since we have not determined the redox potentials of
gA. As for A" and other FBAs, the quenching of qA inside DNA is probably due
to a combination of mechanisms, such as base stacking and collisions with the
neighboring bases,”® hypochromism®*'**! as well as PET,*”" which are
dependent on the surrounding sequence and structural parameters.
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Maximum quantum yields for A" (21%) and qA (5.8%) in single-stranded
DNA exceed values reported for nucleic acids containing 2-AP.** For A", this
value is approximately 10 times higher compared to 2-AP"* and roughly five and
two times higher than values reported for 6MAP and DMAP®'! respectively.
Inside duplexes, the maximum quantum yield of A" (5%) and gA (0.6%) is
roughly five times higher or of the same order, respectively, as 2-AP.**l The
overall brightness (X <®;pyns> X €4c) Of A" inside duplex DNA (~190 M'cm™)
is, thus, roughly 10 times higher than qA (~20 M'em™) and 3 times higher than 2-
AP (~60 M'em™) in a similar environment.**'!*!

Table 5 Fluorescence quantum yields (@) of the gA-modified single- and double-
stranded oligonucleotides, @;gs and @;pg respectively. Also their emission
maxima are shown (Az, ma)-

Neighboring @y AEmmax Neighboring @y AEmmax
bases'"! (%)  (nm)™ bases'™ (%)  (am)"
AA 5.8 432 AA 0.6 434
GG 5.5 433 GG 0.6 435
GA 44 432 GC 0.6 453
AC 2.0 434 GA 0.5 438
GC 1.6 438 CA 0.3 444
CA 1.0 433 CT,TA 0.3 457
TA 0.6 434 AC 0.2 441

CT,TA 0.4 439 TA 0.2 451
G 0.4 437 G 0.2 453
cc 0.4 440 CT 0.2 459
CT 0.3 443 cC 0.2 452
1T 0.2 434 1T 0.2 452

Sequences are named as described under Table 2.

Conclusion about A", gA and A”"-family

The emission of both gA and A" is sensitive to their micro-environment. As
for other FBAs, this sensitivity could be applied in studies concerning dynamics,
structure!””*%1%! and interactions of DNA with other molecules®®***"*" Further,
qA is a better adenine isomorph, whereas A" is the better choice in case a higher
brightness is crucial.

Even though the members of the new A’'-family are dramatically less
emissive than A" in methanol, it will be interesting to investigate the most
promising compounds, 12a (®=5.2%) and 12b (#~4.4%), in DNA since it is
very likely that they will be well accommodated in the DNA duplex. Also 20b
(DPrpev=21%, Dpycn=24%) would be interesting to investigate in a DNA context
where it is more shielded from protic solvent molecules that efficiently quench its
fluorescence (Prre0r=0.62%). However, one should consider that also inside
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DNA there will be effects of hydrogen bonding from the opposite base and the
triazole extension exposed into the major groove.

4.1.2 Photostability of the tricyclic cytosine analogue tC

In order to develop FBAs which are brighter and more photostable to allow
single-molecule studies, a good understanding of their photodegradation is
important. Therefore, the characterization of the photostability of tC, a member of
the tricyclic cytosine family, is presented here (paper 1V) (Figure 20a). The
photoconversion of tC to its photoproduct tC* was studied both as a monomer and
inside duplex DNA.

Upon intense irradiation of the tC monomer in its lowest energy absorption
band (~375 nm) the latter is slowly replaced by a blue-shifted lowest energy
absorption band centered around 310-320 nm (Figure 20b). The two isosbestic
points (at 285 nm and 343 nm) indicate the conversion of tC to a single
photoproduct tC*, with a strongly decreased blue-shifted emission (@,<2%)
compared to tC. Analysis of the photoproduct by NMR spectroscopy and mass
spectrometry as well as the increase in the photoconversion rate upon saturation
with O, suggest tC” to be the sulfoxide form of tC (Figure 20a). Furthermore, the
lowest energy electronic transition of tC* predicted by DFT-calculations (317 nm)
corresponds well to the observed absorption band of the photoproduct in water.
The sulfoxide could be formed after tC undergoes intersystem crossing from its
first excited singlet state to a triplet state and reacts with O.,.

a b | —tC
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@NH QNH 03— \‘ l
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Figure 20 (a) Tricyclic cytosine analogue tC and its suggested photoproduct tc”.

(b) Evolution of the UV-Vis absorption spectrum of the potassium salt of tC in

water upon irradiation at 375 nm with a 150 W Xe lamp. The spectra were

recorded over an irradiation period of 10 hours.
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The photostability of tC was not only studied as a monomer, but also inside
duplex DNA, where it was incorporated into a 10-mer oligonucleotide flanked by
two adenines (Table 6, Figure 21). The photoconversion of tC inside double-
stranded DNA was found to be significantly slower under similar conditions as for
the monomeric form. This also supports the hypothesis that oxidation of the
sulfide leads to the photoproduct, since tC would be less accessible to O, inside
the base stack.

Table 6 Melting temperatures (T,,) of DNA duplexes containing a central cytosine,
tC or its photoproduct tc”.

Sequence® X" T, (°C)
5-d(CGCAACATCG)-3’ G 416
5’-d(CGCAAtCATCG)-3’ G 43.6
5°-d(CGCAAtC*ATCG)-3’ G 26.0
5’-d(CGCAAtCATCG)-3° T 24.0

’Complementary sequence is 5’-d(CGATXTTGCG)-3’ °X is the base in the
complementary sequence that is opposite of the central base C, tC or tc”.

Interestingly, the stability of the DNA is significantly decreased upon
photoconversion of tC (7,=43.6°C) to tC* (7,=26.0°C), resulting in partly
denatured duplexes at room temperature (Table 6). This destabilization is
comparable to a tC-thymine mismatch (7,,=24°C) and could be explained by steric
effects of the oxygen atom. The latter is predicted to be perpendicular to the
surface of tC* (DFT calculations) and would therefore interfere with the base
flanking tC* on the 5° side.

a 0.03 () MiN b i —_—C
2 min tC
4 min 50 4 [\ tc*
@ _ 6min | — . tC-T
8 0.02 l 8 min 'E 0 f‘ \ by o it
g 10min| _O ‘ T I ! ’
B 12 min E W § i
20.011 =504 |
X
< T < 1 }
| 1004
0.00 T T T — T T T
300 350 400 450 200 250 300 350 400 450

Wavelength / nm

Wavelength / nm

Figure 21 (a) Evolution of the UV-Vis absorption spectrum of tC inside duplex-
DNA during fast photolysis upon irradiation with a Nd:YAG laser at 420 nm for O-
12 minutes (7 ns pulses, 10 Hz, 2.1 mJ/pulse). The solution was bubbled with O,
every 2-4 minutes. Spectra are smoothed by adjacent averaging (10 points). (b)
CD-spectra of DNA duplexes containing a central natural cytosine, tC or tc”.
Sequences are shown in Table 6.
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On the other hand, it should be mentioned that CD-spectra for the DNA
duplexes containing tC” opposite of guanine or a tC-thymine mismatch still show
the same spectral features of B-DNA (see 3.3) as the tC-G case and the natural
duplex (Figure 21b). Therefore we cannot exclude the possibility that the observed
destabilization is (in part) due to a reduced base-pairing capacity of tC* to G.
Finally, when taking a closer look at the recorded CD spectra, the tC*-profile
looks more similar to the unmodified duplex (C) than that of the tC-modified
duplex. This could be explained by the difference in their isotropic absorption
(Figure 20b).

As was mentioned in the paragraph above, the photodegradation of tC inside
DNA was much slower (12-24 hours, 200 W Hg lamp) under similar conditions as
compared to the monomer (~4 hours). However, fast photolysis (<10 min) can be
achieved using more intense irradiation (Figure 21a). This indicates the potential
of the photoconversion of tC as a trigger for DNA melting with potential
applications in photoinduced therapeutics and in functional DNA-based
nanodevices.!"*'"'*

4.2 Application of the tricyclic cytosine FRET-
pair to investigate protein-DNA interactions

The mitochondrial DNA (mtDNA) is a circular molecule that encodes 22
tRNAs (transfer RNA), 2 rRNAs (ribosomal RNA) and 13 proteins involved in the
respiratory chain. Transcription is initiated from two sites, i.e. the light- and
heavy-strand promoters (LSP and HSP1).["** A third transcription site has been
located as well, HSP2, of which the function and sequence requirements still
remain to be established.!'*>!*!

In mammalian cells, transcription involves the mitochondrial RNA
polymerase (POLRMT, human or Polrmt, mouse) and transcription factor B2
(TFB2M, human and Tfb2m, mouse). Also a third factor, the transcription factor
A (TFAM, human or Tfam, mouse), has been reported to be involved,"'*1%%) even
though its role has been debated lately'*. In paper V the role of TFAM in
mammalian transcription is established, whereas paper VI focuses on the assembly
of the transcription machinery to the promoter. The nucleobase FRET-pair,
consisting of tC° and tCuyo (see 3.4.6)*"), was applied to monitor structural
changes around the transcription start site in both studies.
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Structural influence of TFAM on the heavy strand promoter

TFAM binds site-specifically to a site upstream of the transcription start site
of LSP and HSPI1 (Table 7). However, it is also known to bind non-
sequence specifically as an mtDNA packaging factor, which wraps and bends the
DNA.I'**'*) Even though a recent report disputed the role of TFAM in
mammalian mitochondrial transcription,'*”!
presented in paper V establish the necessity of TFAM. Only at lower salt
concentrations (mainly for HSP1) or on a negative supercoiled template (only for
HSP1), transcription can be detected in the absence of TFAM. This observation
may indicate that the role of TFAM in transcription initiation is to induce negative
supercoils in promoter DNA, thereby stimulating local melting by POLRMT and
TFB2M. Furthermore, the TFAM-binding site is essential, since transcription from
both LSP and HSP1 is abolished for a template with mutations in the specific
TFAM-binding site.

The tC°-tC,ixo FRET-pair was applied to investigate whether TFAM induces
structural changes around the transcription start site. The tC° donor and tC
acceptor were therefore incorporated close to the HSP1 transcription start site with
6bp distances separating them in the opposite strands (Table 7). Since the probes
are rigidly incorporated in the DNA duplex, their FRET efficiency is expected to
respond to subtle structural changes around the site of incorporation.

in vitro transcription experiments

Table 7 DNA sequence of the heavy strand promoter (HSP1), in which the FRET
donor tC° and acceptor tC,i,o Were incorporated at sites X;-X; (see Table 8). The
TFAM binding site is underlined and the transcription start site is highlighted
grey. Mutations in the sequence are italic.

DNA sequence’

5’-d(-----CACACACCGCTGCTAACCCCATACCCCGAACCAACCAAAX,X,CCAAAGGCAC-----)-3’
3’-d(-----GTGTGTGGCGACGATTGGGGTATGGGGCTTGGTTGGTTTGGGGTTTX3X,GTG-----)-5’

5’-d(-----CAACACAATAGTAGCCAAAACGCCCCCGAACCAACCAAAX;CCCAAAGGCAC-----)-3'
3'-d(-----GTTGTGTTATCATCGGTTTTGCGGGGGCTTGGTTGGTTTGGGGTTTX¢CGTG-----)-5’

5’-d(-----CACACACCGCTGCTAACCCCATACCCCGAACCAACCAAAX,TATCCCCGCAC-----)-3’

®Full sequence used is 70 nt long. The remaining sequence is depicted as ----- .

To begin with, four donor-acceptor combinations were tested with tC° and
tChiro Incorporated both in the coding (X;,X;) and template strand (X3,X4) (Table
7 and Table 8). The FRET efficiencies obtained for these samples (17-21%; Table
8) confirm the integrity of the duplex since values are similar to those recorded in
a previous study for a 6 bp separation between tC° and tC,yy, in B-DNA (using
fluorescence lifetimes: EFRET=20%)[4O]. Next, TFAM was added to these
sequences, resulting in increases in FRET efficiencies between 8.3-15%. This
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change in FRET indicates that TFAM causes significant structural changes around
the transcription start site.

We also determined the FRET efficiency of a sequence having a 7bp bubble
spanning the transcription start site (D4-Agyg, Table 8) and found a value of 65%.
This value is considerably larger than for the corresponding matching (D4-Ay)
duplex with TFAM bound (Egrer 1744=29%), indicating that TFAM may induce
premelting around the transcription start site but that structural changes are not as
invasive as a 7bp unpaired region.

Finally, the structural effect of TFAM was investigated in a duplex with
mutations in the TFAM-binding sequence (Dyyr-Amut). No transcription could be
detected in vitro for sequences with mutations in this site. However, the same
change in FRET efficiency was observed for the mutated duplex as for the
corresponding wild-type sequence (D;-A;) upon addition of TFAM (Table 8).
Consequently, the structural changes induced by TFAM around the transcription
start site seem rather due to its capacity to bind and bend DNA in a sequence-
independent manner. Also a gel retardation experiment showed no difference in
TFAM binding to a wild type or mutated promoter sequence. These findings
indicate that TFAM not only induces structural alterations in the promoter
sequence but is probably also engaged in complex interactions with the rest of the
transcription machinery, for which the TFAM binding site is important.

Table 8 FRET efficiencies of tCO-tCmtro in four different DNA duplexes containing
the wild-type TFAM binding sequence as well as in a duplex with a mutated
TFAM binding site (Dyyur-Amut). Also a duplex with a 7 bp bubble spanning the
transcription start site was tested (Ds-Agys) to which no TFAM was added.

Duplex tC%* tChitro Errer (%)b E rrer rram (Y0)€ AE prer (%)d
D1-A1l X, Xz 21+0.2 31 £0.1 10+0.2
D2-A2 X, X4 17+£0.3 29+0.4 12+0.5
D3-A3 X4 X, 17+£0.3 32+0.8 15+0.9
D4-A4 X3 X, 21+0.4 20+ 0.4 8.3+0.6
Dyur-Amut X X6 21+0.2 30+0.8 10+ 0.8
D4-Agyp X3 X5 65 +0.06 44 + 0.4°

*Position of tC° or tC,iyo in the corresponding sequences shown in Table 7. °FRET
efficiency upon addition of the corresponding buffer TFAM is dissolved in (except
for Ds-Agys). “Samples contain a ratio of 3:1 TFAM:DNA. ‘Difference in FRET
efficiency with and without TFAM present. eAEFRETZEFRET,D4—ABUB'EFRET/D4-A4

Investigating the step-wise assembly of the transcription machinery

In paper VI, the role of the N-terminal extension (NTE) of Polrmt (mouse)
together with Tfam (mouse) was investigated in ensuring promoter-specific
transcription. A model is put forward in which Tfam recruits Polrmt to the
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mitochondrial promoters, thereby relieving the inhibitory effect of the NTE of
Polrmt. In a next step, Tfb2m binds to the complex, allowing tight interactions
with the transcription start site and initiating transcription. This model is supported
by results from DNase I footprinting on the LSP promoter.

Also in this study we used the tCO-tCrirro FRET-pair to investigate whether
FRET-data would agree with the proposed model for transcription initiation. For
these experiments, the human HSP1, TFAM, POLRMT and TFB2M were applied,
also allowing the verification of the model at the mitochondrial promoter of
another organism. Duplex D4-A; was used in these studies, with tCO-tCirro
incorporated 6bp apart in opposite strands around the HSP1 transcription start site
as described above (Table 7 and Table 8). The change in FRET efficiency was
monitored upon addition of the three proteins in different orders (Table 9).
POLRMT alone has virtually no effect on the FRET efficiency (4Epgg=-0.2-
0.6%). Subsequent addition of TFAM to this system only yields a small change in
FRET efficiency (4Ergp=2%) compared to the effect of TFAM without
POLMRT present (4Epgz=8.3%) (Table 9). Similarly, the presence of both
POLMRT and TFB2M leaves the FRET efficiency virtually unaltered
(4Errer=0.4%). However, upon subsequent addition of TFAM to the latter case, a
change in FRET efficiency (12-13%) is observed which is larger than for TFAM
alone (8.3%). A possible explanation for these results could be that TFAM recruits
POLRMT to the promoter, with the latter suppressing non-specific interactions of
TFAM with the transcription start site. Next, binding of TFB2M allows melting
around the transcription start site and initiation of transcription. The structural
changes around the transcription start site suggested by our nucleobase FRET-pair
are in agreement with the model proposed above for the mouse LSP system.

Table 9 FRET efficiency of tCO—tCnitro in duplex D;-A, (for sequences see Table 7
and Table 8 ) upon addition of POLRMT, TFAM and TFB2M (Egger, protein) OF
corresponding buffers (Egger, pugrer). Proteins were added in the order shown (1-3,
1-4 or 1 (only TFAM)).

DNA+protein DNA:protein® E rrerpugper E rret protein AE prer
(%) (%)’ (%)’

1) POLRMT 1:1.1 21+0.2 21 +£0.1 0.6+0.2
2) TFAM 1:1.5 21 +£0.2 23+0.5 1.6 +0.5
3) TFAM 1:3 22 +0.1 24 +£0.1 2.0+0.1
1) POLRMT 1:1.1 21+0.3 21+0.2 -02+04
2) TFB2M 1:1.1 21£0.5 21+0.5 0.4+0.7
3) TFAM 1:1.5 21+0.2 33+£0.5 12+£0.5
4) TFAM 1:3 21+0.4 34+0.2 13+£04
1) TFAM 1:3 21+04 20+04 83+£0.6

®Relative molar ratios of DNA and proteins added. °Difference in FRET efficiency
with and without proteins added.
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5 Conclusion and outlook

The main focus of this thesis has been on fluorescent nucleobase analogues,
FBAs, which are probes for studying different aspects of DNA and RNA such as
their structure, dynamics and interactions with other molecules.

In the first part of this thesis, the characterization of photophysical and base-
mimicking properties of FBAs has been central. The spectroscopic
characterization of ten adenine analogues; A", gA and the A’'-family; was
presented, of which the first two were also incorporated into DNA (paper I-III).
These adenine analogues show interesting variations in their emissive and base-
mimicking properties based on their structure. A" (paper I) shows a high
fluorescence quantum yield as a monomer (@~61% in water). Inside DNA, values
reach up to 21% for single strands and 5% for double strands. Its overall
brightness inside duplex DNA is roughly three times higher than the most
commonly used FBA, 2-AP, in a similar environment.”*>'"*! However, as for other
C8-modified purines, "'*'"*1 AT moderately destabilizes the duplex structure.
Surprisingly, this modification also enables A" to base-pair with adenine besides
thymine.

In order to overcome the destabilizing effect caused by A', a new series of 7-
modified triazole adenines, A’'-family (paper II), was developed, whose
photophysical properties as monomers have been discussed here. The members of
this new family were found to be significantly less emissive than A" in methanol.
Nevertheless, it will be interesting to investigate the fluorescent sister compound
of AT, 12a (®D7=5.2%) and the related 12b (®~4.4%) in DNA, since it is very
likely that they will be well accommodated in the duplex. A stabilizing effect has
namely been reported for other 7-substitited 8-aza-7-deazaadenines.!'”
even though most FBAs are quenched inside nucleic acid systems, increasing
quantum yields have been reported for some analogues.”” In the same line,
compound 20b may show promising fluorescence properties inside the base-stack
where it is more shielded from protic solvent molecules (®~21-24% in ACN or
DCM compared to 0.62% in methanol). However, hydrogen bonding to the
opposite base and to the triazole moiety protruding in the major groove may have
strong influences. Furthermore, it could be interesting to explore a four-ringed
variant of the A”"-family in which the carbon on position 5 of the triazole ring is
connected to the exocyclic amino moiety of adenine, thereby creating a more rigid
system, potentially with an increased emission.

The last adenine analogue studied in this work, qA (paper III) shows a
moderate quantum yield as a monomer (®~6.8% in water) and maximum values
of 5.8 % and 0.6 % in single- and double-stranded DNA, respectively. However,

] Moreover,
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inside duplex DNA, the overall brightness of qA is approximately ten times lower
than for A™. On the other hand, gA is a better isomorphic adenine analogue since it
shows specific base-pairing to thymine with the same preference for the type of
opposite base as natural adenine. Furthermore, qA on average stabilizes the DNA
duplexes, as has also been found for the ring-extended tricyclic cytosines tC!*!!
and tC°P"!. The increase in melting temperature is dependent on the directly
neighboring bases and indicates that the two-ring extension is well accommodated
in the major groove. At the moment, new derivatives of qA are being
characterized which, according to calculations, are predicted to have increased
oscillator strengths. First results have shown improved photophysical properties,
in accordance with these predictions. This will hopefully lead to brighter
quadracyclic adenine analogues that retain the advantageous isomorphic properties
of gA.

In the interest of single-molecule types of studies, there is a large potential for
FBAs with an improved brightness and photostability. For that reason, it is
important to understand the photodegradation of these probes. In paper IV the
photostability of the already established tricyclic cytosine, tC, was therefore
characterized. It was found that its photoproduct, tC*, very likely is the sulfoxide
form of tC. Interestingly, tC* was found to significantly destabilize DNA
duplexes, causing partially denatured duplexes at room-temperature. This property
could have future applications in light-triggered therapeutics or in functional DNA

. 131-1
based nanodevices.!'3!13)

In the second part of this work the tricyclic cytosine FRET-pair tCO-tC g
was applied to study protein-DNA interactions in mitochondrial transcription. The
probes were incorporated around the transcription start site of the heavy strand
promoter (HSP1). Next, changes in FRET efficiency were monitored upon
addition of different components of the mitochondrial transcription machinery.
Since tC° and tC,y, are rigidly incorporated inside DNA, the observed signal
changes are expected to correspond to structural alterations of the duplex. In paper
V, the main focus was on the mammalian transcription factor A (TFAM), whereas
paper VI monitored the assembly of the whole transcription machinery. In both
studies, data obtained with the FRET-pair were in agreement with findings from
for example in vitro transcription and DNasel footprinting. The FRET-pair is
being applied at the moment to study other protein-DNA interactions including
more detailed structural studies using the Matlab-based software FRETmatrix
developed by Preus er al'®™. Also for these types of studies brighter and more
photostable FBAs will be a great asset. Furthermore, it will be highly
advantageous for the FBA FRET system, including FRETmatrix, if it can be
expanded with analogues of the other natural nucleobases so that incorporation
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sites are not limited to cytosines. Potentially, the new qA analogues will provide
suitable adenine candidates for the task as FRET donor and/or acceptor.

Up till today, FBAs, including those discussed in this work, cannot compete
with external commercial dyes regarding optical properties such as brightness.
However, their main advantage is that they can be incorporated near or at the very
site of interest and therefore report on subtle structural changes in the nucleic acid
system, while causing minimal perturbations. This was nicely illustrated by our
DNA-protein interaction studies involving the FBA FRET-pair, tCO-tC o
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