NMR solution structure of DNA double helices with
built-in polarity probes

DISSERTATION
zur Erlangung des akademischen Grades

doctor rerum naturalium
(Dr. rer. nat.)

im Fach Chemie

eingereicht an der
Mathematisch-Naturwissenschaftlichen Fakultat
der Humboldt-Universitat zu Berlin

von
Dipl.-Chem. Lars Dehmel

Prasident der der Humboldt-Universitat zu Berlin:
Prof. Dr. Jan-Hendrik Olbertz

Dekan der Mathematisch-Naturwissenschaftlichen Fakultat:
Prof. Dr. Elmar Kulke

Gutachter:
1. Prof. N. P. Ernsting
2. Prof. Dr. H.-A. Wagenknecht

Tag der miindlichen Priifung: 20.05.2015






Fir meine Familie und die Zukunft.

iii






Abstract

The solution structures of three differently modified DNA double strands were solved
by NMR spectroscopy. They all incorporate polarity probes in the center of the helix
that are sensitive to the immediate environment. Their melting behavior was char-
acterized by a new method that utilizes complete absorption spectra in combination
with Singular Value Decomposition (SVD). The latter allows to analyze the spectra
in their entirety, which is required to follow the blue shift of the probe signal that is
caused by the aforementioned sensitivity to the environment. In this way the duplex
melting process is characterized in local and global terms.

The first modification, 2-hydroxy-7-carboxyfluorene (HCF), is placed opposite an
abasic site to avoid steric strain. NMR spectroscopy revealed two equally distributed
conformations, since rotation of the HCF chromophore is only hindered by stacking
interactions inside the helix. The second double strand comprises R-glycerol linked
6-hydroxyquinolinium (6HQ) opposite cytosine. The incorporation of 6HQ as glycol
nucleic acid (GNA) mononucleotide is a unique structural feature. Until now, only
crystal structures of full GNA backbone duplexes are known, so the solution structure
of this double strand is of general interest. The small size of R-glycerol disturbs
the backbone of the 6HQ strand, which causes a stacking axis that differs from the
helical long axis for the three central bases. The last modification is an artificial base
pair made of 4-aminophthalimide (4AP) and 2,4-diaminopyrimidine (DAP). Instead
of the desired three hydrogen bonds, two structures containing either a single or two
hydrogen bonds are observed that can be explained by the linkage of 4AP to 2'-

deoxyribofuranose.






Inhaltsangabe

Die Strukturen in Losung dreier unterschiedlich modifizierter DNA Doppelstrange
wurden mittels NMR Spektroskopie gelost. Sie alle besitzen polare Sonden im Zentrum
der Helix, welche sensitiv fiir die ndhere Umgebung sind. Thr Schmelzverhalten wurde
mit Hilfe einer neuen Methode charakterisiert, welche komplette Absorptionsspektren
in Kombination mit Singularwertzerlegung (SVD) nutzt. Letztere erlaubt die Analyse
der Spektren als Ganzes, die notwendig ist um der Blauverschiebung des Sondensignals
zu folgen, welche durch die zuvor genannte Sensitivitit zur Umgebung verursacht wird.
Auf diese Weise kann der Schmelzprozess des Duplex lokal und global beschrieben
werden.

Die erste Modifikation, 2-Hydroxy-7-Carboxyfluoren (HCF), wurde gegeniiber ei-
ner abasischen Seite platziert, um sterische Spannungen zu vermeiden. Die NMR
Spektroskopie deckte zwei gleichverteilte Konformationen auf, da die Rotation des
HCF Chromophors nur durch die Stapelwechselwirkung innerhalb der Helix unter-
bunden wird. Der zweite Doppelstrang enthélt ein iiber R-Glycerol gebundenes 6-
Hydroxychinolinium (6HQ) gegeniiber Cytosin. Der Einbau von 6HQ als Mononuk-
leotid einer Glykolnukleinsdure (GNA) ist ein strukturelles Alleinstellungsmerkmal.
Bisher sind nur Kristallstrukturen von vollstdndiger GNA bekannt, daher ist die
Struktur in Losung dieses Doppelstranges von generellem Interesse. Die geringe Grofie
von R-Glycerol stort das Riickgrat des 6HQ-Stranges, welche eine von der helikalen
Achse abweichende Stapelachse fiir die drei zentralen Basen verursacht. Die letzte
Modifikation ist ein kiinstliches Basenpaar bestehend aus 4-Aminophthalimid (4AP)
und 2,4-Diaminopyrimidin (DAP). Anstatt der gewiinschten drei Wasserstoffbriicken
wurden zwei Strukturen, die entweder eine oder zwei Wasserstoffbriicken beinhalten,
beobachtet, welche durch die Verbindung von 4AP zur 2’-Deoxyribofuranose erklért

werden konnen.
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1 Introduction

1.1 The development of DNA structure determination

The structure of nucleic acids (DNA, RNA) and proteins forms the basis for our un-
derstanding of biological processes like gene expression or protein bio-synthesis. In 1953
Watson and Crick were the first to propose the correct double helical structure of what
is now known as B-form DNA . They deduced their model from X-ray fiber diffraction,
which was the method of choice at the time, but it only provided an overall configuration
with idealized parameters.

Although true on average it could not explain sequence specific effects, until Wing et
al.[2l published in 1980 the first single-crystal structure analysis of a B-DNA dodecamer
with a full helical turn. This was followed by a series of articles in which Dickerson and
Drew 36 described sequence-dependent features like molecular bending!¥ or the “spine
of hydration” ", thus making it famous as the “Dickerson-Drew dodecamer”.

During the next few years more and more crystal structures were solved, showing a
wide variety of B-DNA helical parameters” and also giving structural insights into A-
and Z-DNAIY . Different approaches were used to study A-DNA crystals. Shakked et
al. (1981)") and Conner et al. (1982)['Z used short self-complementary octamers and
tetramers, respectively, while Wang et al. (1982) [13] ysed a DNA-RNA hybrid double
helix to prove the assumed A-type structure.

The first single-crystal duplex of Z-DNA was also solved by Wang et al. in 197914
and together with the aforementioned A- and B-forms a detailed molecular picture was

10,15-17]

developed steadily! However questions remained in which way crystal-packing
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factors and crystallization conditions affect the conformation of DNA. It was found that

18]

all octanucleotides crystallize in the A-form!"®| due to crystal-packing effects, while their

[18,19] * Single-crystals of longer duplexes

counterparts in solution favor the B-conformer
tend to the A-form when having a very GC-rich sequence 20 thus explaining the B-
form helix of the Dickerson-Drew dodecamer d(CGCGAATTCGCG) in contrast to the
A-form found in the dodecamer d(CCCCCGCGGGGG) of Verdaguer et al. (1991) 121, In
addition, Jain et al.[??) and Shakked et al.[?3) showed (both in 1989) that the mean values
of local helix parameters depend on crystallization conditions and therefore contribute
to their “unexpectedly large range of variation”%24. With this in mind, it becomes
clear that structural information based on X-ray crystallography of single crystals can be
contradictory or limited, since the native environment to study biological problems is a
water containing solution.

Nuclear Magnetic Resonance Spectroscopy (NMR) is a well-established method to study
molecules in solution, especially after the development of two-dimensional experiments in
the late 1970s (Jeener et. all?®/| Freeman et al.?6-29 Ernst et al.[?%)) which extended the
field of applications to biological macromolecules. At the beginning of the 1980s, Ernst et.
al. and in particular Wiithrich et al. were the driving forces in protein structure determi-

31-42]

nation | , which also forms the basis for the related research on DNA structures. First

efforts were targeted towards sequential resonance assignment strategies and qualitative

analyses of the structure (43-47]

, but rapidly rising computational power made it possi-
ble to develop structure determination software 849 that uses NMR-derived inter-proton
distances as restraints.

In contrast to X-ray crystallography, where a gap of 20 years separates the first pro-
tein structure (Bluhm et al. 1958 5Oy from its DNA counterpart™, the first solution
structures of proteins (Williamson et al.®!], Kaptein et al.[’?) and nucleic acids (Clore et
al. [53}) were all published in 1985. The former gap originated from the requirements to
obtain single crystals of short oligonucleotides and therefore demanded the development

of synthesis strategies for oligonucleotides with a predefined primary sequence, which were

lacking in 1958. However, subsequent development led to the solid-phase phosphoramidite
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method 5457 that not only offered a payable way to produce large quantities, but it also
allowed the modification and expansion of the genetic alphabet. This, in combination with
automated oligonucleotide synthesis, made it feasible to investigate functionalized or com-
pletely new nucleotides at any position in the duplex. Consequently, artificial DNA duplex
strands became the subject of NMR structure determination in the late 1980s2862),

A large number of modified compounds has been introduced (or observed in naturally

63-65])

occurring DNA over the last decades depending on the scope of application. They

can be divided into several classes; these include backbone variations (e.g. PNA!06.67)
LNA 6869 TNA[0] GNA 174 etc.) or molecules covalently linked to natural bases [75-80]
A famous example for using both strategies is the DNA sequencing method by Sanger et
al. 8! which utilizes di-deoxynucleotidetriphosphates (ddNTPs) to terminate the chain-

reaction of DNA polymerase at the 3’-end and, in addition, fluorescent labeling of the

821,

nucleobases for detection in automated sequencing machines Other strategies focus

83-88] 89-96]

on intercalation!| , full replacement of a nucleobasel or even of a complete base

pair 798 by nucleobase analogues 9,

Most of these studies introduce chromophores as base analogues or tethered label, since
their fluorescent properties can be used in a number of ways to study DNA and RNA. A
common field of application is the detection of single nucleotide polymorphisms (SNP) via

[100-103) & [104,105]
) )

molecular beacons base-discriminating fluorescent nucleoside detection

by electron transfer-controlled emission quenching (DETEQ)!%! or forced intercalation
TO-PNA probes (FIT) 7 Real-time quantitative PCR (qPCR) 198109 is also a possible
application for molecular beacons % or FIT probes™1:112] and can be used, for example,

o113

to quantify gene expressio Other methods like the well-known fluorescence reso-

[114-116]  hylsed electron-electron double resonance (PEL-

nance energy transfer (FRET)
DORIIT8] strongly emerging field in NMR) or fluorescent silver nanoclusters 119 can
serve as distance measurement tools, working on a larger scale than the classic NOESY
experiment (< 5 vs. 80 A with PELDOR or FRET). All examples mentioned before em-

ployed steady-state fluorescence. Time-resolved measurements on the femtosecond (fs) to

nanosecond (ns) time scale were first performed by Zewail et al.['20:121] in 2000. Using
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transient absorption, these authors investigated electron transfer and water solvation in
duplex DNA.

The fluorophores that will be studied in this work all belong to the group of nucleobase
replacing analogues. In contrast to tethered labels, these molecules are primarily designed
to minimize disruption of the local structure and to maintain the biochemical or biological
function, which may be affected negatively by other strategies, like tethering of a bulky
group, addition of an intercalator, or a groove binding molecule. The underlying idea on
one hand is to place a nucleobase at the “center of action”, and on the other hand to

94 These conditions

achieve a rigid, well defined position and orientation in the duplex
are crucial for the above stated distance measurements like FRET as well as for the time-
resolved studies below. As we will see later, another condition is that the spectral position
of the fluorescence band depends sensitively on polarity, so that the label can be used to
investigate the microenvironment 96,

The basic idea which caused the present structural study is to observe the hydration
dynamics and vibrational modes of biomolecules. This aim can be achieved, in principle,
by detecting the time-dependent Stokes shift (TDSS) of fluorescence from a suitable re-
porter molecule, or probe. When incorporated into duplex DNA, the chromophore serves
as a “local” molecular spectrometer in the THz-region. This kind of measurement, but
without a polarity probe that has been optimized for spatial and energetic fits, would
be disturbed by the absorption of unbound water and would also lack space-resolved in-
formation (due to structural fluctuations). The THz experiment starts when the charge
distribution of the chromophore is suddenly altered by femtosecond optical excitation. By
this excitation the electric field around the probe is changed instantly and is now affecting
nearby water molecules and neighboring nucleobases. Their response to the reaction field
R(t), induced by the chromophore, can be measured as dynamic fluorescence Stokes shift
on a ps- to ns-timescale. In this way the chromophore is used not only as THz light source
but also as detector. The local THz absorption spectrum is then obtained by a suitable

£ [122,123]

Laplace transformation of the time-dependent Stokes shi , a method similar to

the Fourier transformation of the Free Induction Decay (FID) in NMR. The requirements
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of molecular THz spectroscopy, as outlined above, restrict the repertory of suitable chro-
mophores severely. Clearly the probe must be sensitive to the microenvironment or, in
other words, should show sizable fluorescence shifts between different solvents. Also the
fluorescence lifetime should be long enough to measure the dynamic Stokes shift up to sev-
eral nanoseconds; therefore lifetime shortening interactions in the excited state like FRET,
photo-induced electron transfer or intersystem crossing should be avoided. Moreover the
probe has to be free of internal vibrational modes below 300 cm™, otherwise they could
mix with external modes of the environment that are the aim of the detection. But all of
these photophysical properties will be useless when the probe molecule alters or perturbs
the DNA helical structure. The following section will discuss the advantages and draw-
backs of known base analogues. In doing so we will also see why there is still a strong

need for further development of base analogues.

1.2 Fluorescent base analogues extend the nucleobase alphabet

[95,120,124-127] f;0rescent nucleobase substitutes is

One of the earliest and most studied
2-aminopurine (2AP). Ward et al.['?8] reported in 1969 that 2-aminopurine riboside (to-
gether with 2,6-diaminopurine riboside and formycin), in contrast to adenine and other
naturally occurring bases, is fluorescent under physiological conditions, and they explored
its photophysical properties under different solvent polarities, pH values and tempera-
tures. 2AP has a high fluorescence quantum yield as free base in solution (0.68), but
when incorporated into nucleic acids a 100-fold decrease is observed. Unfortunately it is
necessary to place 2AP between two adenines to avoid efficient electron transfer involving
adjacent guanines or cytosines 20127 Dallmann et al.[!29 demonstrated that the struc-
tural perturbations by 2AP, replacing adenine and paired with thymine in the middle of
the duplex are small. The two structures differ only in the position of the amino group
that was moved from the major to the minor groove in 2AP (Fig. 1.1). However, the base

pair dynamics was found to be four times faster, and also the lifetime of the next three

base pairs were lowered in both directions, thus explaining the lower melting point of the
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duplex with 2AP in the center.
The acridine derivative 9-amino-6-chloro-2-methoxyacridine (ACMA) was also investi-

gated by Ernsting et al.[139,

It was incorporated opposite adenine and needed to be
separated from guanine for the same reason as 2AP. The Stokes shift is small and reaches
a constant value within 200 femtoseconds, which is considerably faster than in aqueous
solutions, where the Stokes shift develops on the nanosecond time scale. Although this
is good evidence that ACMA intercalated into DNA, a larger and longer evolving shift is
favored.

A series of pteridine analogues (third row in Fig. 1.1) of adenine (6MAP, DMAP)[131]
and guanine (3-MI, 6-MI)[132.133] were developed by Hawkins and co-workers. These com-
pounds, which are commercially available, are characterized by intense fluorescence around
430 nm (fl. quantum yield between 0.39 and 0.88) and a relatively long lifetime of the
excited state (3.8 to 6.5 ns). They are very sensitive to the microenvironment, lower-
ing their fluorescence quantum yield in DNA strands (< 0.01 to 0.3) depending on the

[134]

neighboring bases But melting experiments indicate, except for 6-MI, a sequence-

n131]

dependent destabilizatio which is, in case of 3-MI, similar to that of a single base

[132]

pair mismatch Nevertheless, the well-documented quenching effects, the high fluores-

cence quantum yield and the already mentioned commercial availability made them useful
in numerous applications 99

In contrast to 2AP and the pteridine analogues, Matteucci and co-workers [135] developed
a tricyclic cytosine analogue tC, 1,3-diaza-2-oxophenothiazine (Fig. 1.1), that is nearly
insensitive to the environment. Although this property prevents it from being used as
polarity probe, the negligible influence of surrounding bases on its fluorescence quantum
yield and lifetime!36 makes tC particularly interesting in fluorescence anisotropy and
FRET measurements 37, It should be noted that tC , as evidenced by NMR structure
determination, is the first artificial and highly fluorescent DNA base that does not perturb
the DNA conformation™8. Also the oxo-homologue of tC named tC° is, on average,
the brightest nucleobase analogue among other commercially available base substitutes,

like 2AP and the pteridine analogues!'3%). Moreover, tC© (energy donor) was paired
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Figure 1.1: Structure of a) natural nucleobases and b) fluorescent base analogues. R =
2’-deoxyribofuranose; R' = alkyl-chain.
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with tChitro, 7-nitro-1,3-diaza-2-oxophenothiazine (acceptor), to be the first nucleobase
analogue FRET-pair and was then used to measure distances inside DNA of more than a

[140] ~ A recent work 141 offers strategies for a series of functionalized tricyclic

full helix turn
cytosines in order to overcome the drawback of their insensitivity to the local environment.

A fluorescent nucleobase named furano-dT was introduced by Woo et al.[2 in 1996,
but when incorporated into an oligonucleotide the final step of ammonia treatment in the
solid-phase synthesis led to the C-analogue pyrrolocytosine (pyrrolo-dC, see Fig. 1.1).
Fortunately, pyrrolo-dC pairs normally as a cytosine (selectively with guanine), does not
disrupt the DNA helix, and is tolerated by DNA and RNA polymerases 143, However the
fluorescence quantum yield is reduced after incorporation into a single strand and decreases
even more after hybridization with a complementary strand 143144 But pyrrolo-dC, since
it is commercially available, has already served as a tool in several applications49! like
characterization of the transcription bubble in T7 RNA polymerase !0 detection of ab-
normal base pairing in DNA/RNA hybrid strands of the HIV-1 polypurine tract [144] op
probing the kinetics of parts of damaged DNA by a human alkyltransferase[!47. Inter-
estingly, pyrrolo-dC and 2AP can be used in a fashion similar to that of a molecular

(148]  Actual development of pyrrolocytosine is concentrated on the enhancement

beacon
of the fluorescence quantum yield 149150 by replacing the methyl group with an aromatic
tether or the whole aromatic ring system 1471

Coleman and Madaras['®Y introduced a coumarin 102 containing nucleoside opposite an
abasic site (see Fig. 1.1). In the subsequent study, Brauns et al.['>? were the first to show
the dynamic Stokes shift of fluorescence of a specially designed base-pair analogue (inside
of a DNA double helix) and concluded that the interior of DNA is “a unique dynamic
environment unlike either a fluid or a molecular crystal.” The coumarin nucleoside was then
used (also in the group of Ernsting) to explore the environment and dynamical features of
DNA oligonucleotides'%3 157 and “fraying” (5 ps timescale) at the end of the helix[15%,
When placed into the center of an oligonucleotide, sequence-independent™®8l dynamics

was observed that is distributed over a time range covering six orders of magnitude (40

fs to 40 ns) and follows a power law with small exponent (0.15). However the power
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law dynamics, which lacks distinguishable subcomponents, indicates strong coupling of
motions inside different parts of the DNA system !> thus limiting its use as polarity
probe in our TDSS studies.

The next chromophore, Nile Red (Fig. 1.1), also contains four fused aromatic rings and
was introduced as base analogue by Okamoto et al.[*59. The nucleoside maintained high
solvatochromicity comparable to the free Nile Red. The fluorescence, when incorporated
opposite adenine, guanine or a missing base, was greatly shifted to shorter wavelength by
the addition of S-cyclodextrin, but only slightly opposite cytosine, thymine and an abasic
site. The same separation was found in the melting temperatures, where the latter group
showed higher T,,, values. A stabilization induced by a more tightly binding of Nile Red to
the duplex was given as explanation. In case of placing Nile Red opposite the first group,
Okamoto suggested the usage as probe for the microenvironment of DNA that can monitor
polarity changes, caused by interactions between DNA and DNA-binding molecules. How-
ever, their results indicate that the observed effect of conformational change depending
on polarity is driven by structural perturbations in the duplex.

1.1205] also developed a series of base-discriminating fluorescent nucleobases

Okamoto et a
(e.g., BPP and MPA in Fig. 1.1). They have been designed for SNP discrimination, so
they rely on quenching of fluorescence when paired with a certain native nucleobase, which
stands in contrast to our design of a non perturbing polarity probe with high fluorescence
quantum yield.

In 1998 Kool et al.®" introduced pyrene (P, Fig. 1.1), a polycyclic aromatic hydrocar-
bon (PAH), that was incorporated into DNA by a Klenow fragment opposite an abasic
site. The observed selectivity and efficiency were greater than those for the natural DNA
triphosphates. Interestingly, the DNA synthesis stopped after incorporation of P, which

160] A point of more general interest is

makes it useful in detection of abasic mutations!
the observation that the replacement of a native base opposite an abasic site by pyrene,
stabilized the duplex in a range of 18 to 23 °C7l. This finding has been explained by
restored m—m-stacking interactions in the strand with the abasic site, since P can cover a

similar surface area as native base pairs. Use of hydrocarbons with less aromatic surface,
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for example, 2,2’-bipyridyl deoxynucleoside (dBPy, Fig. 1.1), led to a thermal stabilization

s[161 " Although the larger porphyrin

of only 3.7 - 8.4 °C in comparison with nucleobase
C-nucleoside (PP, Fig. 1.2) showed a stabilization of ca. 10 °C[62 it is only half of the
enhancement induced by pyrene nucleoside P. Increased thermal stability (AT, from 1.0
up to 8.4 °C) was also measured for bis-substituted and alkyl-linked phenanthrene (Phen),
phenanthroline (PheN) and pyrene (P; g, see Fig. 1.2), depending on linker length and,
again, in comparison with adenine as counterbase to the abasic site[163164  Additionally,
it was demonstrated that the substitution of a native base by a pyrene (P) with flexible,
acyclic linkage in the middle of the sequence destabilized the DNA duplex more (AT, =
-6.3 °C) than insertion close to the 3- or 5-ends (AT}, = -2.7 °C) 165,

An alternative strategy to the replacement of the nucleobase is the development of
acyclic sugar analogs that are linked to an intercalator. The flexibility gained by the
acyclic sugar linker allows to place large intercalating fluorophores, like the ethidium
derivative Etd (see Fig. 1.2), in the center of DNA duplexes opposite native bases. These
double strands showed not only similar Tm values in melting experiments, but also similar
fluorescence spectra with emission maxima in a range of 622 and 625 nm under excitation
at 520 nm 166 A possible explanation for this unexpected insensitivity to the counterbase
was given by suggesting an extrahelical position for them, due to the large space demand of
Etd. Ethidium itself is known to prefer binding to duplexes of RNA, DNA and DNA-RNA-
hybrids rather than to triplex or G-quadruplex DNA 167, Upon binding into DNA /RNA
a more than 10-fold increase in fluorescence signal is observed, since the exchange of amine

[168]

hydrogens with the solvent is reduced A combination of Etd and 7-deazaguanine (as

[169)) allows fluorescence detection of single base mismatches and abasic

charge acceptor
sites when these two pseudonucleotides are incorporated between two base pairs179).
The aforementioned extrahelical position of the counterbase to the intercalating Etd
is supported by further work, where a considerably larger perylene-diimide (PDI2, Fig.
1.2) was placed in the middle of the duplex opposite thymidine and then opposite an
abasic site. Interestingly, the melting temperatures of both duplexes were identical 17!

thus indicating same stacking interactions for PDI2 even in the presence of the thymi-

10



1.2 Fluorescent base analogues extend the nucleobase alphabet
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Figure 1.2: Structure of large fluorescent base analogues. R = 2’-deoxyribofuranose; R!
= (S)-aminopropanediol.
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1 Introduction

dine counterbase. Other large chromophores, like 1-(Phenylethynyl)pyrene (PEPy) and
9,10-bis(phenylethynyl)anthracene (BPEA), were incorporated into DNA by using a 1,3-
butanediol backbone!7?. Both were positioned opposite thymidine which led to a desta-
bilization of the duplex (BPEA AT, = -6.8 °C, PEPy AT,, = -1.4 °C). Compared to
the initial pyrene, PEPy analogs have beneficial spectroscopic properties when used in
molecular biology applications, since biomolecules will be excited at the same wavelength

173] A notable application of PEPy pairs was the detection of single polymor-

as pyrenel
phisms in the gene fragment of 23S rRNA Helicobacter pyloril!74,

The group of Hirao et al.['™! introduced a fluorescent purine analogue, 7-(2,2’-bithien-
5-yl)-imidazo[4,5-b|pyridine (Dss in Fig. 1.2) that can be incorporated site-specifically
into DNA and RNA by polymerases. Moreover, it functions as a universal base that
pairs with all four natural bases with nearly equal thermal stabilities. An important
drawback for the usage as polarity probe is the long extension of the base analogue by
tethering two thienyl-groups in a row that are somehow located in the major grove. As
a consequence, the fluorescence of the Dss chromophore is only slightly changed upon
duplex formation. Such observations are typical for a class of nucleoside analogues that
are based on extension of purine and pyrimidine moieties. This strategy was frequently
used by Srivatsan et al.[176-180] byt as already stated, tethering of bulky groups is not
favored in the current thesis.

Recent activities by Wagenknecht et al. are centered around thiazole orange (TO) and
thiazole red (TR, see Fig. 1.2) as “DNA traffic lights”[!817183] The wavelength-shift
of fluorescence upon duplex formation, due to aptamer target binding, is quantified as
altered contrast ratio. Therefore, Wagenknecht and co-workers!!8!! suggested aptasensors
as potential application.

The group of Diederichsen et al. '8 introduced 8-vinyl-2’-deoxyguanosine (1.2) as
a DNA polymerase processable base analogue that is capable to detect different types of
DNA quadruplex structures.

The group of Eric T. Kool8187 continued their work on multichromophoric DNA

systems. This approach, where the DNA backbone offers a scaffold for an array of chro-
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1.2 Fluorescent base analogues extend the nucleobase alphabet

mophores, has gained more and more interest during the last few years[88189  For this
purpose, sets of size-expanded nucleobases were composed 9. They are based on a series
of earlier works by Kool et al.["»191] and referred to as “expanded DNA” (xDNA), “wide
DNA” (yDNA) and “double-wide DNA” (yyDNA, see Fig. 1.1). These size-expanded
analogs were designed to extend the genetic alphabet and are able to form base pairs

(9] When a single expanded base

different (orthogonal) from those found in native DNA
pair is substituted into natural DNA, they are destabilizing the natural helix, due to their
large size. Therefore, a single expanded nucleobase is not suitable as probe for the desired
TDSS experiment. However, when all base pairs are expanded, xDNA and yDNA form a
highly stable, sequence-selective and widened double helix 4.

A similar multichromophoric approach was used by Leumann et al.?? who incorpo-
rated multiple 2-pyrenyl-C-nucleosides (each P replaced an adenine/thymine base pair)
which then formed a stable excimer. In earlier studies, pyrene has been stacked by using
Pig [163] op tethering to deoxyuridine[lg?”lg‘l], so that its position is defined upon duplex
formation of the parent nucleobase. In an actual work, Héner et al.'%! switched from
P g to a porphyrin nucleoside and were able to build double strands containing up to four
free base porphyrins. They maintain duplex stability when placed pairwise in opposite
positions, whereas a considerable destabilization is observed opposite to natural nucle-
obases. A model for H-aggregation of the porphyrins, which causes fluorescence quench-
ing, is supported by UV /vis spectroscopy. Héner’s group [196] also studied the stacking of
electron-rich pyrene (P) and electron-poor perylene-diimide (PDI) and found that electro-
static complementarity is important for aromatic m-m-stacking interactions. P and PDI
can stabilize the DNA duplex when incorporated into opposite strands with equal ratio of
the chromophores.

Yitzhak Tor and his group extended their work (see pyrrolo-dC) on tethering,fusing
thiophene and furan based moieties onto 6-aza-uridine 97198l (Fig. 1.2) in order to build
isomorphic fluorescent nucleosides; such molecules (including other nucleobases) were in-

96]

tensively studied by his group over the last years! A possible application for 6-aza-

uridine as chromophore in single molecule detection by two photon excitation has been
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1 Introduction

(1991 A contribution to the multichromophoric approach was also tested

suggested lately
by demonstrating that three identical isomorphic fluorescent nucleosides in alternating
or neighboring positions display enhanced, sequence-dependent signals for either duplex
formation or dissociation 2%, Further extension of these molecules with substituted aryl
rings increases the push-pull interactions yielding enhanced bathochromic shifts and sol-

[201] (

vatochromism but the price is a large non-rigid tether).Also worth mentioning is the

design of an emissive RNA alphabet with bases that were all derived from thieno[3,4-

d]pyrimidine 292,

These nucleobases exhibit visible emission, high quantum yield, and
responsiveness to environmental perturbations.

At the end of this general overview about fluorescent nucleobase analogues we come to
the direct predecessor of the chromophores that are studied in the current thesis. After
coumarin, the group of Ernsting employed a 2-hydroxy-7-nitrofluorene (HNF, Fig. 1.2)
opposite an abasic site[293. In contrast to native DNA, the HNF chromophore is linked
via an a-glycosidic-bond to the 2-deoxyribofuranose. NMR structure determination has
revealed that the HNF moiety can intercalate into the duplex in two different orientations.
In the “face-down” case the methylene group points towards the minor groove while in the
“face-up” conformation towards the major groove. The magnitude of the time-resolved

Stokes shift (2660 cm™) is large in comparison to coumarin (960 cm™), but the lifetime of

the excited state is short, only 35 ps, due to intersystem crossing.

1.3 Aim of this work

Many fluorophores have been introduced into duplex DNA (or were attached) during the
last few years, but most of them were designed for purposes (FRET, SNP etc.) that are not
necessarily compatible with the envisioned TDSS experiments. The base analogues that
Ernsting and coworkers have examined so far did not fulfill all desired requirements simul-
taneously. Short lifetimes of the excited state (ACMA, HNF), electron transfer with nearby
bases like guanine (2AP, ACMA), or coupling with modes below 300 cm™ (coumarin) all

hampered the observation of the time-dependent Stokes shift. Continued development
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1.3 Aim of this work

of suitable chromophores, backed up by femtosecond spectroscopy and NMR structure
determination, is clearly required. Here we employ NMR spectroscopy to determine the
structure of three modified oligonucleotides. The principle design and position of the flu-
orescent nucleobase analogues, including necessary modifications to their backbone, are
given in Fig. 1.3. All modifications were studied in the same basic sequence (Fig. 1.3) to
ensure comparability between strands.

The first modified duplex incorporates 2-hydroxy-7-carboxyfluorene (HCF, Fig. 1.3) op-
posite an abasic site; this construct will be abbreviated 13merHCF'. It has been introduced
as successor to the HNF chromophore, so structural similarities such as two chromophoric

203] but this also allows discussing the effect of changing a

orientations are most likely
functional group in a known environment. Furthermore it is necessary to investigate the
protonation state of the carboxyl group, since the logarithmic acid dissociation constant
(pK,) of nucleobases is normally raised when incorporated into the duplex!9).

The second DNA duplex strand introduces 6-hydroxyquinoline (6HQ, Fig. 1.3) as base
surrogate. A cytosine was chosen as counterbase and potential partner for hydrogen
bonding. The resulting duplex strand will be abbreviated 13mer6HQ. The photophys-
ical properties of the chromophore are well-known, since it was studied by Ernsting et

204] In

al. as free N-methyl-6-quinoline'?2l and as covalently linked tether to trehalosel
contrast to the other duplex strands, the 6HQ base analogue has been incorporated as
2,3-dihydroxypropylnucleoside which is known as glycol nucleic acid (GNA [71’74]). The
small size of this flexible acyclic linker will possibly affect the chromophore and the adja-
cent nucleotides, but it was the only synthesis method with sufficient product yield. Up
to now, only crystal structures of duplex strands containing a full GNA backbone were
published, so the solution structure of a DNA duplex with a GNA monomer in the center
will be of general interest.

In the last duplex which is studied here, the central base pair is replaced by an ar-
tificial base pair analogue; this construct will be abbreviated 13mer4AP-DAP. Here 4-
aminophthalimide (4AP, Fig. 1.3) is paired with 2,4-diaminopyrimidine (DAP) in the

opposite strand. Both nucleobase analogues were synthesized in cooperative work 299 be-
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1 Introduction

tween the groups of Ernsting (DAP) and Wagenknecht (4AP). The 4AP chromophore is
known to be highly sensitive to the polarity of the medium and it has been stated that
the fluorescence properties (e.g