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ABSTRACT

A correct folding of DNA and proteins is fundamental for their function.*! While it can be
challenging to predict the secondary structure of proteins, DNA has much better self-
recognition properties and folds into various secondary structures®? such as hairpin
loops, triplex DNA, three- and four-way junctions, i-motifs and G-quadruplexes.“-®l Latter
assemble from guanine-rich sequences to form planar tetrameric G-tetrads, which form
by -1 stacking interactions the G-quadruplex with central cations.®% In recent years,
G-quadruplexes received increasing interest in medicinal chemistry for their involvement
in various diseases'®*® and in DNA nanotechnology.'”-2®! Our research group
expanded the concept of metal-mediated base pairing to DNA G-quadruplexes by
incorporation of pyridine ligandosides in G-quadruplex structures, allowing the
complexation of transition metal cations such as Cu" or Ni'. The metal-mediated G-
quadruplexes then found useful applications as EPR-based distance rulers or for Cu'-
responsive topology switching.?4-28 Motivated by these results, the aim of this thesis was
to use metal-mediated G-quadruplexes for the design of DNAzymes. Inspired by natural
metalloproteins and the amino acid histidine, a first generation of imidazole ligandosides
in tetramolecular G-quadruplexes allowed the complexation of various transition metal
cations such as Cu", Ni", Zn" and Co". Especially Cu" lead to unprecedented high thermal
stabilizations, which culminated in the design of a Cu'" responsive DNAzyme, that
catalysed peroxidase like reactions in presence of hemin.?®! Expanding the concept to
unimolecular G-quadruplexes allowed the design of tailored coordination environments
for different transition metal cations in accordance with the preferred coordination
geometry e.g. a square planar coordination for Cu" and a tetrahedral coordination
environment for zn".B%3U Even more interesting was the design of unsaturated
coordination environments for Cu', allowing a substrate to coordinate. Indeed, G-
quadruplexes with unsaturated coordination environments could then be utilized for a
Cu'" catalysed asymmetric Michael-Addition, in which Cu" was acting as Lewis-acid. The
high modularity of the approach then allowed in iterative rounds of sequence design and
screening the design of highly active G-quadruplex structures, catalysing the Michael-
Addition in excellent conversions (94 %) and enantioselectivities of up to, 99 % ee. More
exciting, it allowed the design of G-quadruplexes for the enrichment of both enantiomers
without completely inverting the chirality of DNA. As future prospect it is planned to
expand the system to other reaction types including Diels-Alder reactions,
cyclopropanation reactions and sulfoxidations and to further improve the efficiency of the

system, aided by computational studies.




ZUSAMMENFASSUNG

Fur die Funktion von DNA und Proteinen ist eine korrekte Faltung der Sekundar- und
Tertiarstruktur notwendig.”! Im Gegensatz zu Proteinen ist die Sekundarstruktur von
DNA besser voraus zu sagen und eine Vielzahl von Sekundéarstruktureni®,
einschlieBlich Triplex DNA, Vier-Wegkreuzungen, i-Motiven und G-Quadruplexen sind
bekannt.*""1 Die zuletzt genannten falten sich aus Guanin-reichen Sequenzen zu
planaren tetrameren G-Tetraden, welche Uber -1 Stapel-Wechselwirkungen den G-
Quadruplex mit einem zentralen Kation bilden.®° Seit einigen Jahren erfahren G-
Quadruplexe aufgrund ihrer Relevanz in verschiedenen Krankheiten ein steigendes
Interesse aus der medizinischen Chemie*®-'¢l und der DNA Nanotechnologie.*”-2% Vor
kurzem etablierte unsere Arbeitsgruppe die metall-vermittelte Basenpaarung in DNA G-
Quadruplexen. Der Einbau von Pyridin Ligandosiden erlaubte die Komplexierung
verschiedener Ubergangsmetalle, einschlieRlich Cu" oder Ni". Diese metall-vermittelten
G-Quadruplex Strukturen konnten als ESR-basierte molekulare Lineale oder fuir die Cu"
vermittelte Schaltung von G-Quadruplex Topologien genutzt werden.?*?"1 Diese Arbeit
war motiviert, um metall-vermittelte G-Quadruplexe als Mimikry fir Metalloproteine zu
designen. Inspiriert von der Aminosaure Histidin wurde eine erste Generation von
Imidazol Ligandosiden in tetramolekularen G-Quadruplexen eingebaut, welche die
Komplexierung von verschiedenen Metallkationen wie Cu", Ni", Zn" und Co" erlaubte.
Insbesondere Cu' zeigte deutliche Stabilisierungen, welche das Design eines Cu'
schaltbaren DNAzymes erlaubte, dass in Gegenwart von Hamin Peroxidase ahnliche
Reaktionen  katalysierte.?® In  unimolekularen = G-Quadruplexen  konnten
maRgeschneiderte Koordinationsumgebungen fiir verschiedene Ubergangsmetalle
designt werden. So bevorzugte Cu" quadratisch planare Koordinationsumgebungen,
wohingegen Zn'" tetraedrische Geometrien bevorzugte.**3! Die Entwicklung miindete im
Design von G-Quadruplexen fiir eine Cu" katalysierte Michael-Addition. Die hohe
Modularitdt des Systems erlaubte schliellich in iterativen Runden von Sequenz-Design
und Screening das Design von hoch effizienten G-Quadruplex Strukturen, welche eine
Michael-Addition mit exzellenten Umséatzen (94 %) und Enantioselektivitaten von bis zu
= 99 % ee katalysierten. Wesentlich interessanter war es, dass Sequenzen designt
werden konnte, welche beide Enantiomere anreicherten, ohne die Chiralitat der DNA
komplett zu invertieren. Als Ausblick ist geplant, das hier etablierte System auf neue
Reaktionstypen, wie  Cyclopropanierungen, Diels-Alder = Reaktionen  oder
Sulfoxidierungen auszudehnen und die weitere computergestiitzte Optimierung der

Sequenzen voranzutreiben.
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Introduction

1 INTRODUCTION

1.1 DNA

Proteins and DNA are among the most important and abundant biopolymers and have
been extensively studied for decades. Apart from their primary sequence, the correct
folding of the secondary and tertiary structure is crucial for the function and misfolded
proteins can cause severe diseases like Alzheimer and Parkinson.?24 While the
prediction of secondary protein structures is highly demanding,®! DNA folds into defined
secondary structures from only a few nucleobases and even isolated nucleobases can
form hydrogen bonded pairs.?>-3" The highly specific hydrogen bonding pairs in DNA,
the so-called Watson-Crick pairs, form between the DNA bases cytosine (C) and guanine
(G) or thymine (T) and adenine (A).F8%% The DNA bases are connected to 2-
deoxyribose, a pentose sugar, which forms with phosphate the phosphodiester
backbone of DNA.#Y Although the structural biology of DNA is very rich, the most known
secondary structure is the right handed helical duplex B-DNA.?84142 While the genetic
code is stored as B-DNA, two other types of helical duplex DNA are known, the right-
handed A-DNA and the left-handed Z-DNA. Although they are much less abundant, it is
assumed that they are relevant e. g. during transcription and under desiccation in

bacteria.3-4%

Next to duplex DNA, a number of other secondary DNA structures are known, such as
three-way junctions, triplex DNA, i-motifs and G-quadruplexes.®1046-481 The |atter ones
assemble from guanine rich sequences with the common pattern of Gz2NxG:2NxG22NxG»2
via Hoogsteen base pairing to form planar tetrameric G-tetrads, which stack via -1
interactions to from the G-quadruplex.[®1%4%-51 Hoogsteen base pairing in G-tetrads has
a distinct difference to Watson-Crick base pairs and involves the N7 Nitrogen in guanine
as a hydrogen-bond acceptor and it was shown, that replacement of the N7 nitrogen with
carbon inhibits the formation of G-tetrads.?®52-5%1 The formation of G-tetrads is resulting
in an accumulation of partial negative charges from the negatively polarized carbonyl
oxygen atoms, pointing in the central cavity of the G-quadruplex. To compensate this,
cations are incorporated in the central pockets between the G-tetrads. Under
physiological conditions this is mostly K* or Na* but also other cations including TI' and

Pb" were found (Figure 1).[10:16.53,56-58]
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Figure 1. From chromosomes to the G-quadruplex. Schematic representation of a G-quadruplex,
forming from the G-rich single stranded overhangs of the telomers.

1.2 Structural diversity and structure
determination of G-quadruplex
structures

Although the pattern of G-quadruplex forming sequences follows the common scheme
G22NxG:2NxG22NxG=2, G-quadruplexes can fold into a large variety of structures and
often, for a given sequence, mixtures of structures are observed.®515%69 The large
variety of G-quadruplex structures arises from different factors.%2461 First, for G-
quadruplexes, different molecularities are known, including tetra-, bi- and
monomolecular (Figure 2) structures and in a few cases trimolecular examples were
reported, although a special sequence design was required.®? Further, the glycosidic
angle of guanine can be syn- and anti-oriented. Directly connected to the glycosidic
angles are the relative arrangements of the G-tracts to each other, adopting antiparallel
or parallel orientations, depending on their glycosidic angle. This gives rise to different
topologies including parallel, 2+2 antiparallel or 3+1 hybrid topologies. Which glycosidic
angles the guanines adopt, strongly depends on the sequence, but also on the exact
electrolyte composition. For this reason, different electrolytes can lead to different
topologies e.g. the human telomeric repeat forms in sodium and potassium containing
buffers different topologies, such as a 3+1 hybrid-type or mixtures of topologies are

observed.lf163-661 Next to the topology, also the thermal stability of G-quadruplexes
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strongly depends on the size of the cations and was found to be ideal for K*, whereas
Li* is too small and Mg?* too big. In general, the order Li* > Na* > Rb* > K* was found for
the G-quadruplex stability.f”-"%1 At last, the G-tracts in bi- and unimolecular
G-quadruplexes are connected by flexible loop regions and can be as short as one or up
to seven or more nucleotides and adopt different orientations such as lateral, diagonal
or propeller-shaped (Figure 2).°1651 Together, these properties result in a diverse
repertoire of different G-quadruplex structures and in many cases, a given
G-quadruplex-forming sequence folds not into a single but in multiple different structures,
rendering structure determination difficult. A selection of common folding patterns is

shown in Figure 2.5871

tetramolecular  bimolecular unimolecular

a) b) ) d) f) g
K K K+ Na* K+ K+

Figure 2. Structural diversity of DNA G-quadruplex structures. a) parallel stranded tetramolecular
topology, b) bimolecular parallel topology with propeller shaped loops, ¢) antiparallel bimolecular
G-quadruplex with lateral and diagonal loops, d) unimolecular antiparallel basket-type topology
with lateral and diagonal loops, f) parallel topology with propeller loops and g) hybrid topology
with lateral and propeller loops.["!

As the landscape of G-quadruplex topologies is very diverse, structure determination can
be difficult. To shed light on G-quadruplex properties and topology, the most common
techniques are CD spectroscopy (Circular Dichroism), thermal denaturation experiments
and thermal difference spectra (TDS) (Figure 3).'27 In thermal denaturation
experiments, the stability of G-quadruplexes is determined, expressed as the melting
temperature Tn. It is based on a decrease of the absorption at 295 nm upon heating,
resulting from a denaturation of the G-quadruplex structure. It is often used to investigate
G-quadruplex binding small molecules, which induce a change of the thermal stability
upon binding.®%8Y In TDS specific maxima at ~240 and ~273 nm and a minimum at
~295 nm indicates a G-quadruplex formation and is used for the differentiation from other
secondary structures. TDS are derived from subtraction of a low temperature spectrum
from a high temperature spectrum, corresponding to a folded and unfolded G-quadruplex

structure, respectively.[?

In CD spectroscopy of G-quadruplexes, mostly the guanine residues contribute to the
CD spectrum, while other bases are neglectable. How guanine contributes to the CD

spectrum depends on the glycosidic angle and the relative arrangement to the next
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guanine, resulting in specific CD signatures for parallel (type 1), antiparallel (type IlI) and
hybrid (type 1) topologies.l’®7® As a rule of thumb, type | spectra have a positive Cotton
effect at ~295 nm and a minimum at ~260 nm, type Il spectra a positive Cotton effect at
~264 nm and a minimum at ~245 nm and type Il spectra a positive Cotton effect at
~295 nm, a maximum at ~260 nm and a minimum at ~245 nm.®? In addition, CD spectra
are often compared to the CD spectra of G-quadruplexes with a known structure,
allowing the qualitative assignment of a structure. Although CD spectroscopy is a fast
and easy method to assess the topology of G-quadruplexes, it becomes complicated, if
mixtures of topologies are observed or to differentiate between subtypes of the same

topology, e.g. antiparallel chair-and basket-type.[636583]
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Figure 3. Examples for a CD spectrum, TDS and melting profile of a G-quadruplex. The CD
spectrum indicates an antiparallel topology, while the signature of the TDS indicates
G-quadruplex formation. The melting profiles provide information about the thermal stability.

While CD spectroscopy, thermal denaturation experiments and TDS are commonly the
primary techniques to investigate G-quadruplexes, they give no atomistic information
about the structure. For atomistic insights NMR, spectroscopy and X-ray crystallography
are widely applied®®! and over the last decade a large number of structures was
published.®%%% In this dissertation, it is focussed on the structures formed from the
human telomeric repeat, called htel, as most of the investigated sequences are based
on htel. For this repeat alone, several distinct G-quadruplex structures was published,
showing the high structural diversity.[63-6583 Which structure forms, depends on small
differences such as the electrolyte composition or single point mutations. In Figure 4
three different structures formed from the human telomeric repeat are shown, the crystal
structures of a parallel and antiparallel chair-type topology and the NMR solution
structure of an antiparallel basket-type topology. Especially the latter two antiparallel

topologies cannot be reliably differentiated by CD spectroscopy.
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Figure 4. Structures of G-quadruplexes formed from the human telomeric repeat. a) Crystal
structure of a parallel topology (1KF1), b) NMR solution structure of an antiparallel basket-type
topology (143D) and c) crystal structure of an antiparallel chair-type topology. The central ions
are not detected in NMR spectroscopy and therefore missing in b).[64.65.83]

1.3 Biological Relevance

Since the first report of isolated G-tetrads formed in guanosine monophosphate gels, it
took decades to realize that DNA G-quadruplexes are more than just a laboratory
curiosity.® It is proposed that the human genome contains >300,000 sequences, that
potentially form G-quadruplexes, however for a long time it was difficult to proof the
formation of G-quadruplexes not only in vitro with isolated sequences, but in vivo and
therefore to proof a biological relevance.®%%2 The breakthrough was achieved with the
development of G-quadruplex specific antibodies allowing to visualize G-quadruplexes
in vivo. Interestingly, it was found that the number of G-quadruplexes was varying during

the different phases of the cell cycle indicating a regulatory function (Figure 5).[°%

Figure 5. Antibody stained (red dots) MCF-7 mammary adenocarcinoma cells in the GO/G1, G1/S
and during the S phase. Nuclei are stained with DAPI. Different amounts of G-quadruplexes were
observed during the phases. Reprinted with permission from ref.[® Copyright © 2013, Nature
Publishing Group.
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Nowadays, it is known that G-quadruplexes are involved in a wide range of regulatory
processes and consequently also in diseases. The abundance of the G-quadruplex
forming tandem repeats (TTAGGG), in the telomeric regions early on promoted the idea
of a regulating function during the elongation of the telomers in cancer.® Indeed, it was
found that the telomerase activity was strongly dependent on the formation of G-
quadruplexes.+%I! This led to the idea for the development G-quadruplex stabilizing
small molecules, which could inhibit the activity of telomerase.53939 A typical design for
G-quadruplex binding molecules often involves planar aromatic molecules, allowing 1-17
stacking interactions with the G-tetrads in combination with additional cationic
functionalities for strong electrostatic interactions with the negatively charged phosphate
backbone (Figure 6).539-1031 A classic example for this approach was quarfloxin that
showed strong antiproliferative activities in cancer cell lines and reached clinical phase I

trials.['°¥ Pleasingly, it showed very little adverse side effects during clinical trials.®3105.106]
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Figure 6. Selection of G-quadruplex targeting molecules. Commonly they are aromatic planar
structures and have a high content of nitrogen atoms that can be protonated under physiological
pH leading to strong electrostatic interactions with the negatively charged phosphate backbone.
a) BRACO-19 b) RHPS4 ¢) Telomestatin d) EMICORON.[53:99,101-103]

Apart from the telomeric repeats, G-quadruplex forming sequences were found in the
promoter regions of a large number of well-known proto-oncogenes, including cMyc,
KRAS, HRAS and KIT.[207-111] As for the telomers, it was shown, that a stabilization of G-
quadruplexes in these promotor regions induced a downregulation of the corresponding
genes.[07-109 Although the approach to target G-quadruplexes in the oncogenes was
promising, it raised the question, if a selectivity for certain G-quadruplex topologies could

be achieved. While good selectivity’s were shown for a series of small molecules to
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differentiate between duplex DNA and G-quadruplexes, examples for compounds
selectively binding a certain G-quadruplex topology over another, are very limited.12-114]
The reason is that although the topologies of G-quadruplexes are highly diverse they
always share the common feature of a helical twist and G-tetrads allowing T-11 stacking
interactions, rendering the design of selective small molecules challenging.l*®
Nevertheless, G-quadruplexes remain a vibrant target in medicinal chemistry and the

future will show if this results in new therapeutic approaches.

1.4 Metal-mediated Base Pairing

In Watson-Crick pairs, two nucleobases form hydrogen bonds, leading to the highly
selective formation of duplex DNA from two complementary sequences.*42 In metal-
mediated base pairs the canonical hydrogen bonds are completely or partially replaced
by metal coordination.*5-17] The first example was discovered in 1960 by Katz, when
he investigated the reversible reaction of Hg" with oligonucleotides.*'® Although no
structural evidence was available at that time, he already correctly proposed that two
thymine residues were binding a single Hg" ion to forming a metal-mediated T-Hg'-T

metallo base pair (Figure 7a).*19

®) 0] NH, H,N
=4 _<o O)_ = =4 _<}D (?_ R
T-Hg'-T C-Ag'-C; cisoid

Figure 7. Metal-mediated base pairs of a) a T-T mismatch with Hg" and b) a C-C mismatch with
Ag'. [120-122]

After the initial studies by Katz (T-Hg'"-T), different examples like the Ag' mediated
C-Ag'-C metallo base pair (Figure 7b) followed.>3-1%5 Today, a broad variety of Ag' and
Hg" mediated base pairs involving different nucleobases are known.*¢! Even a crystal
structure was recently published, where all canonical hydrogen bonds were replaced
with Ag' mediated base pairs, resembling a long silver nanowire.*?¢! Although numerous
examples of metal-mediated base pairs comprising natural nucleobases were reported,
they mostly involved Hg" and Ag'. This changed with the introduction of artificial
nucleobase surrogates into DNA by solid phase DNA synthesis, enabling the
complexation of a broad variety of transition metal cations such as Mn", Ag', Pd" Ni",
Cuor zn".[?7-1331 Some of these metallo base pairs were modifications of the canonical
nucleobases, like a methylated cytosine in a M*C-Ag-T metallo base pair.[*34 Others were

designed from scratch for the complexation of a specific metal cation, such as a
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hydroxypyridone ligandoside (HP) for the specific complexation of Cu", to from a HP-
Cu'-HP metallo base pair, resulting in strong thermal stabilizations of up to
ATm =+ 13 °C.'%! Other, more exotic examples involved palladacycles as metal-
mediated base pairs, which was one of only a few examples involving organometallic

chemistry in metal-mediated base pairing.[*36137]

In 2005, the salen ligandoside (S) was introduced into duplex DNA. Special about the
salen metallo base pair was, that for the first time, in addition to metal coordination the
metallo base pair formed a covalent imine crosslink between two DNA strands, which
formed in a condensation reaction with the salen ligandosides and ethylene diamine
(Figure 8). The corresponding S-Cu'-S metallo base pairs showed unprecedented high
thermal stabilizations for metal-mediated duplex DNA.38-14l1 The development then
culminated in the programmable design of long mixed metal arrays (Figure 8). This was
facilitated by the introduction of the salen base pair, that selectively bound Cu", combined
with T:T mismatches, selectively forming T-Hg"-T metallo base pairs.4? With the design
of long metal arrays inside DNA, the question was, if they could be used as nanowires
and if it was possible to conduct electricity.**¥! This question remained highly
controversial until today, as it was assumed, that this was not directly due to the
incorporation of the metal cations, but rather a structural change, which was induced
after metal complexation. The rigidification of the duplex structure after metal
complexation presumably allowed a better charge conductance between the
nucleobases, therefore not directly involving the metal cations.*344 Further support for
this explanation was published in a recent study, showing that the incorporation of a
metal increased the conductance indeed through structural effects.!*4 Besides
applications as nano-wires, recent studies focused on applications for the selective
detection of heavy metal contaminations such as Hg"'%5146l or for the templating of
defined metal nano-clusters by reduction of the incorporated metal cations.[47148l |n
recent times, a growing number of examples is reported on metal-mediated base pairing

in higher DNA structures, which will be discussed in the following chapter.




Introduction

Figure 8. Formation of long mixed metal wires comprising of T-Hg'"-T and S-Cu'-S or
H-Cu'-H base pairs. Successive addition of the respective metal cations resulted in a
step wise stabilization. Reprinted with permission from ref.[421 Copyright © 2006, Nature

Publishing Group.

1.5 Metal-mediated base pairs in higher
DNA structures

A vast number of examples described metal-mediated base pairs in duplex DNA,
involving different metal cations such as Mn", Ag', Ni", Cu"or zn" [117.127.128.138,149] Thoygh,
only a limited number of studies was reporting on metal-mediated base pairs in higher

structures such as three-way junctions, triplex DNA, i-motifs or G-quadruplexes.
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[H.Fe'"]

Figure 9. Metal-mediated three-way junction and triplex DNA. In a) the incorporation of a
bipyridine ligand, covalently attached to uracil, allowed the complexation of Ni" in the centre of
the three-way junction and b) the incorporation of hydroxypyridone in a DNA sequence allowed
the design of Fe!' wires inside a triplex structure. Reprinted with permission from ref.[150.151]
Copyright © 2009, 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Inc.

An early example of a metal-locked three-way junctions was published in 2013 by
Shionoya et al. The incorporation of alkyne-modified uracil at the junction position
allowed in a click reaction the post-synthetic incorporation of a bipyridine ligand to
complex one Ni'" cation in the central pocket.**! Since three-way junctions are often used
in DNA nanotechnology as branching units, this might show useful for the design of metal
responsive nanostructures. In contrast to three-way junctions, where only one metal ion
can be incorporated in the branching unit, triplex DNA offers the possibility of metal wires.
The first example of a metal-mediated triplex DNA was reported already in 2002,
involving a Pyridine-Ag'-Pyridine metallo base pair.**? In a different approach, the same
group synthesized sequences containing only hydroxypyridone ligandosides, which

allowed to design a triplex DNA with a central Fe"" array (Figure 9b).[25%

Only recently, the first example of a Cu' mediated i-motif was reported.*53 i-motifs form
from cytosine-rich sequences via an interlocked C-C* base pairing mode (Figure 10a,b).
Working under oxygen free conditions, the central protons could be replaced with Cu'
ions, leading to i-motifs with multiple incorporated Cu' ions. Clue of the system was, that
it allowed a redox regulated switching between the copper bound and unbound state.
When Cu' was oxidized to Cu'", due to the different coordination geometry, Cu" was
released and the i-motif disassembled. Reducing Cu'" to Cu' lead again to the formation

of the metal-mediated i-motif.[*54
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Figure 10. Structural features of the i-motif. In a) is the NMR solution structure of an unimolecular
i-motif shown (1EL2). b) schematic representation of the i-motif with the interlocked C-C* base
pairs and Cu' mediated C-Cu'-C metallo base pair.[*52]

For G-quadruplexes, a number of examples was shown, in which metals were
incorporated into the DNA, involving a T-Hg"-T metallo base pair between the loops of a
unimolecular G-quadruplex, a sequence-specific DNA-cleaving Ce" complex and a
bimolecular G-quadruplex functionalized with bipyridine for the complexation of different
metal ions.[*2%1551561 |n 2013, our group reported the first example of a G-quadruplex
structure, where the 5’-terminal G-tetrad in a tetramolecular system was replaced with a
pyridines-Cu" quartet, allowing a Cu'" responsive G-quadruplex formation.['5":1%8 |terative
rounds of EDTA and Cu'" addition could show a high reversibility of the system without
compromising the metal-mediated thermal stabilization. Incorporation of additional
pyridine ligandosides at the 3’-ends allowed the complexation of a second Cu", which
could be exploited for accurate distance measurements between the Cu" centres by
EPR-spectroscopy (Figure 11), showing extremely narrow distance distributions. Also,
the measured distances were in very good agreement to the theoretical distances
calculated from MD simulations.™ This system was then further developed to
investigate dimerization of tetramolecular G-quadruplexes and how this was affected by
different small molecules. Interestingly, in the study it could be shown, that guanosine
monophosphate could form an additional G-tetrad in between a G-quadruplex dimer,

resulting in a distance increase, exactly corresponding to one Tr-stacking distance.?®

11



Introduction

a)

b)
Cull

Cull

Cu,[LPYG,LPT], Cu,[LPG LP¥T], Cu,[LP"G,L>'T],

Figure 11. a) First example of metal-mediated G-quadruplexes. The introduction of 5’-terminal
pyridine ligandosides in tetramolecular G-quadruplexes allowed the complexation of Cu',
resulting in strong thermal stabilizations. b) Cu" based EPR distance rulers and Snapshots of the
corresponding MD simulations of the G-quadruplexes.

After the concept of metal-mediated tetramolecular G-quadruplexes was established,
naturally the next step was to expand the concept to unimolecular G-quadruplexes. In
contrast to tetramolecular G-quadruplexes, where the ligandosides can only be
incorporated at the terminal sites, unimolecular G-quadruplexes offer more possibilities
to incorporate the ligandosides anywhere in the sequence. Although unimolecular
G-quadruplexes offer more possibilities, the determination of the formed topology is
much more complex and a series of different folds can form. Nevertheless, incorporation
of four pyridine ligandosides in the human telomeric repeat htel (AGG G (TTAGGG)s) by
replacement of one G-tetrad led to the formation of a clear antiparallel G-quadruplex,

showing strong thermal stabilizations after Cu" addition.[*5%

When the same pyridine ligandoside was incorporated four times in the G-quadruplex
forming sequence ttel,s, another interesting effect was observed. In absence of Cu' the
G-quadruplex formed a mixture of topologies, but addition of Cu' induced a topology
change towards a clear antiparallel topology. When Cu' was then removed with EDTA,
the topology was trapped in a metastable state, that could be reversed to the initial state
by thermal de- and renaturation. Another example was shown, when four pyridine
ligandosides were incorporated in the thrombin binding aptamer, which is known to inhibit
the clotting reaction of thrombin. The pyridine modified aptamer was very unstable, but
after Cu" was added, the aptamer was stabilized, resulting in a significantly slower

clotting reaction of thrombin (Figure 12).1%6%
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Figure 12. a) Cu' mediated topology switch of ttelL™Y"4 from a mixture of topologies towards a
clean antiparallel topology. b) Thrombin clotting assay with a Cu" activated thrombin binding
aptamer. Reprinted and adapted with permission from ref.['5% Copyright © 2017 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim Inc.

1.6 DNAzymes and DNA Based Asymmetric
Catalysis

Over billions of years nature has evolved enzymes for variety of chemical
transformations. Key to many of these enzymes are metal cations acting as Lewis-acids,
redox cofactors, structural regulators and in other functions.*®-1¢4 Due to the unique
reactions enzymes are able to catalyse under ambient conditions, many efforts were
undertaken to use them for biotechnological applications, focusing to further improve
reaction rates and selectivity’s or to make xenobiotic reactions — reactions unknown to
nature — accessible.[*55168 |n this context a widely used approach is directed evolution,
which proofed highly successful and was awarded with the Nobel prize in 2018 to

Frances H. Arnold, George P. Smith and Sir Gregory P. Winter.[67]
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a)

Figure 13. Approaches to anchor metal cations in protein scaffolds. a) non-covalent interactions
between the metal complex and the protein scaffold, b) non-covalent anchoring with an affinity
tag to the protein, c) covalent anchoring of the metal complex to the protein and d) dative bond of
an amino acid to an unsaturated metal.[168]

While the approach of directed evolution was relying on existing metallo-enzymes, in a
different approach new metallo-enzymes were designed by exchanging the metal cations
in the catalytic centres or by the introduction of metal centres in metal free proteins,
including four general approaches 1) non-covalent interactions or replacement of metals
with other metals,*6%17% 2) anchoring metals with affinity tags like biotin in proteinsi*’¥ 3)
covalent anchoring or 4) coordination of unsaturated coordination environments*72173l
(Figure 13).1%61741  This enabled the design of artificial enzymes for
cyclopropanations,*’®174 Diels-Alder reactions,'™™ Michael-Additions,*"® ring-closing
metathesisl*””! and others. While many of these approaches were depending on the
modification of natural protein scaffolds, the de novo design of metallo-proteins remains
highly challenging. Major difficulty is the design of discreate folding patterns to position

ligands in a certain proximity to allow a chelation of metal cations.!*"

In this context, the folding patterns of DNA and RNA are much better predictable and
since the discovery of catalytic nucleic acids in 1982, a large number of different nucleic
acid enzymes was discovered.[!?18% With the discovery of catalytic RNA (RNAzymes),
also the RNA world hypothesis was born, suggesting that in an early world RNA was
acting in two functions as carrier of the genetic information and as catalyst.[**2 However,

the theory was contested with several shortcomings of an RNA only world, such as a
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limited catalytic repertoire or insufficient concentrations of precursor molecules.*8%
Today it is assumed, that a coevolution of RNA with DNA and peptides could have solved
these shortcomings.*® Although the theory of an RNA world is contested, ribozymes
remain a vibrant field in prebiotic chemistry to understand the origins of life.['#3 Besides
the origin of life catalytic nucleic acids are also extensively investigated for their biological
function. One of the most prominent examples is the ribosome. Build from ribosomal
RNA and ribosomal proteins, the ribosomes catalyse the synthesis of proteins from
MRNA. 84185 Other examples are the hammerhead ribozyme, catalysing the reversible
cleavage of RNA strands or the self-splicing group Il intron, catalysing the excision of the
intron and the ligation of the flanking exons, an important step in RNA maturation. 186188l
The role of metal cations in ribozymes is very important and in the latter mentioned self-

splicing group Il intron, Mg" ions were found to lock the exons in place.&®!

In the early 90’s first examples of Pb'- and Zn'-dependent DNAzymes were found, which
showed RNA cleavage and DNA ligation activities.[*81%°1 Other DNAzymes were shown
to catalyse the metalation of porphyrins or were used as sensors for heavy metals.%-
1971 In a more recent study, the group around Shionoya could combine the concept of
artificial metallo base pairs with a DNAzyme. The incorporation of a hdroxypyridone (HP)
mismatch in a RNA cleaving DNAzyme allowed a Cu'-responsive cleavage of RNA,
however switching between the on/off state remained challenging.**® To circumvent this
issue, they replaced the HP mismatch with a recently published bidentate
4-carboxyimidazole (IMC) mismatch, which formed with Cu'" a square planar metallo
base pair.[**? Clue about this system was the additional electrostatic repulsion from the
carboxylates, that completely prevented the formation of the DNAzyme in absence of
Cu'". Cycles of Cu' and GHL (Cu" chelating tripeptide) addition could show a reversible
and sharp on/off switching of the DNAzyme. %9

Another class of DNAzymes is based on DNA G-quadruplexes with hemin, acting as
cofactor. It was shown that hemin could bind to G-quadruplexes via -1 stacking
interactions to form a DNAzyme with a strong peroxidase-like activity, that catalysed the
oxidation of organic substrates in presence of H,0,.[?°-22201 A proposed mechanism is
shown in Figure 14. In a first step H.O, binds to hemin and following an O-O bond
cleavage in a two-electron oxidation a ferryl species (Fe'V=0) and a cationic porphyrin
radical are produced. The activated state then oxidizes two substrate molecules in two
consecutive one-electron transfers and hemin is reduced again to the initial Fe'" state. 2"
After it's discovery, the hemin/G-quadruplex DNAzyme was applied in large number of
studies for the detection of heavy metals, organic catalysis, in DNA nanotechnology for

the design of stimuli responsive gels, in logic gates and for MOF-DNA (metal organic
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framework) hybrid materials to name just a few examples.[*°202-2061 The group around
Itamar Willner recently conjugated the hemin/G-quadruplex DNAzyme to SELEX
(Systematic Evolution of Ligands by EXponential Enrichment) selected aptamers, which
was termed as nucleoapzymes.?°"-20% Due to the very high affinities of the aptamers to
the substrate, this resulted in locally increased substrate concentrations at the catalytic

hemin/G-quadruplex DNAzyme, leading to strongly enhanced catalytic activities,

displaying saturation kinetics.[2

) . @

Figure 14. Hemin/G-quadruplex DNAzyme with a peroxidase activity. a) Schematic
representation of a unimolecular parallel G-quadruplex, that forms with hemin the active
DNAzyme to catalyse the oxidation of organic substrates in presence of H2O2. b) Proposed
peroxidation cycle of the DNAzyme.[200]

Next to the design of DNAzymes, in an increasing number of studies, DNA was used as
a chiral scaffold for asymmetric catalysis.?'% Although in these systems DNA was shown
to strongly enhance the catalytic reactions, the DNA is considered as a chiral scaffold
and not as a DNAzyme. In DNA based asymmetric catalysis, a metal complex is
embedded into the chiral environment of DNA via covalent or non-covalent interactions.
This concept could be applied for enantioselective Diels-Alder reactions, Michael-
Additions, syn-hydrations, Friedel-Crafts reactions, cyclopropanations and others
(Figure 15).1210-2261 The first example was a Diels-Alder reaction of azachalcone with
cyclopentadiene reported by Roelfes and Feringa (Figure 15b) in 2005. It was shown
that undefined salmon testis DNA with an intercalating 9-aminoacridine-Cu" complex

catalysed the Diels-Alder reaction with high conversions and enantioselectivities of up to
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90 % ee, proving that the chirality of the DNA was transferred to the product.??! In Figure
15a is the generalized mechanism for the substrate activation shown. After the duplex
DNA has formed, Cu" salt and complexing ligand are added to the solution and are
incubated for a certain time to allow a Cu" complexation and the intercalation of the
complex into the DNA. The substrate then coordinates with the pyridine nitrogen and
carbonyl oxygen atom to Cu" and is activated for the Diels-Alder reaction. Later the
enantioselectivity was improved to 99 % ee by simply changing 9-aminoacridine to
bipyridine based ligands.?*®! The same system was then applied in an enantioselective
Michael-additions of chalcone derivatives with dimethyl malonate or nitromethane, again
showing high enantioselectivities of up to 99 % (Figure 15c¢).?'® Interestingly, they found
that the same substrate could undergo under a slightly acidic pH a syn-hydration, which
was previously unreported (Figure 15d). Although the product was not stable, due to a
slow dehydration, it was possible to fully characterize it and to show quantitative
conversions in good enantioselectivities of 72 % ee.??® Later also a Friedel-Crafts
reaction using the same substrates with several pyrroles and indoles was reported
(Figure 15e).*4 Interestingly, unsubstituted indoles and pyrroles were selectively
undergoing the Friedel-Crafts reaction in high enantiomeric ratios. Although a variety of
reactions was accessible for DNA based asymmetric catalysis, they were mostly based
on very similar substrates, all containing next to the a, B-unsaturated ketone an aromatic
heterocycle. The heterocycle, typically imidazole or pyridine, was acting as an affinity
tag, as it was coordinating to the metal centre and bringing the a, B-unsaturated ketone
to the metal centre for activation. Consequently, substrates where the imidazole or
pyridine was replaced with phenyl were not undergoing the discussed reactions, strongly

limiting the accessible substrate scope.
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Figure 15. Examples of reactions used in DNA based asymmetric catalysis. a) Proposed and
generalized reaction mechanism for the reaction in b-e). To the assembled duplex DNA, a metal
(M) salt and a complexing chelate ligand are added. The formed metal complex then binds via
intercalation into the duplex DNA. The substrates are then activated by coordination to the metal
centre (M), acting as a Lewis-acid. b) Diels-Alder reaction of azachalcone with cyclopentadiene,
¢) Michael-Addition with imidazole chalcone and dimethyl malonate (DMM), d) syn-hydration of
imidazole chalcone under acidic pH values, Friedel-Crafts reaction of imidazole chalcone with
pyrrole and f) cyclopropranation reaction of styrene with a ethyl diazoacetate, catalysed by an
iron porphyrin.[210-226]
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Examples beyond Lewis-acid based catalysis are scarce in the context of DNA and only
a few examples were reported. One example was showing the allylic amination using a
DNA-Diene—Iridium' hybrid catalyst and in another example the Cu' catalysed
cyclopropanation reaction of a diazo-compound was shown (Figure 16), which was
activated through the formation of a Cu'-carbene complex.??62281 As Cu' is prone to
disproportionation in water, instead of Cu' a Cu" salt was used and it was suggested, that
Cu" was reduced in situ to Cu'. Nevertheless, it was necessary to work in a glovebox
under strict inert conditions avoiding oxygen. After conditions were optimized, good
yields and enantioselectivities’ of up to 84 % ee were shown.?2®l When instead of copper,
positively charged iron-porphyrin derivatives were used, the cyclopropanation of
methoxy styrene with ethyl diazoacetate was catalysed. Remarkably the reaction was
complete after only 5 minutes, however only low yields and enantioselectivities’ between

40-55 % ee, depending on the substrate, were observed.?'"

The examples discussed so far, were based on duplex DNA, but in recent years DNA G-
quadruplexes became increasingly popular in asymmetric catalysis. The first example
was published by Moses et al. in 2010, five years after the pioneering works of Feringa
and Roelfes.??72?%1 They investigated the Diels-Alder reaction of azachalcone with
cyclopentadiene in presence of the G-quadruplex forming sequences htel,; or c-kit with
different Cu" complexes (Figure 17). Although good conversions were observed, the

enantioselectivity was considerably low (ee = 34 %).[230
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Figure 17. Asymmetric catalysis of a Diels-Alder reaction with azachalcone and cyclopentadiene.
The Cu'" complex is assumed to bind via -1 stacking interactions to the G-quadruplex.[230

Lately, Hennecke and co-workers could show improved enantioselectivities of 54 % ee
for the same Diels-Alder reaction, using a tetra cationic Cu'"-Porphyrin in combination
with htel. Replacing adenine at position 13 in the sequence with thymine improved the
enantioselectivity to 68 % ee, but when a single adenine was added to the 3'-end, a
strong corrosion of the ee to 29 % was observed, suggesting that the Cu" Porphyrin was
binding to the 3’-face of the G-quadruplex.l?*Y In other examples, G-quadruplexes were
employed in Michael-Additions, cyclopropanations, Friedel-Crafts reactions,
sulfoxidations and others, mostly based on the same substrates shown in Figure 15.1232-
2361 For more details it is referred to a comprehensive review on G-quadruplexes as

DNAzymes and in asymmetric catalysis.[?*"]
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Figure 18. Pyridine modified G-quadruplex. Pyridine ligandosides were incorporated by DNA
solid phase synthesis into G-quadruplex forming sequences. In aqueous electrolyte containing
buffers the formed G-quadruplexes complex different transition metal cations.[24.26]

In recent years, there has been a growing interest to use DNA in asymmetric catalysis
and for the design of DNAzymes.[2022.199.233.236.238-242] |n most of these examples the
catalytic activity relies on transition metal cations as catalytic centre, structural element
or redox cofactor. Since DNA is made from only four nucleobases, the possibilities for
metal complexation are very limited.?*3244 To circumvent this limitation, in different
approaches metal chelating ligands were introduced into DNA via covalent or non-
covalent interactions, however the exact position and coordination environment of the

metal cation remained often elusive.

This thesis is motivated by the development of a new approach, tackling this problem by
combining the concept of metal-mediated base pairing with the unique folding properties
of DNA G-quadruplexes. It is based on previous work of David M. Engelhard, who
established the concept of metal-mediated G-quadruplexes in the group, using a pyridine
ligandoside.?*?!  When inspecting the MD simulations of pyridine modified
G-quadruplexes, the structure can be split into a rigid stem region, where the G-quartets
are located, a cavity with the pyridine ligandosides, that can coordinate a metal cation
and a flexible loop region, allowing substrate uptake (Figure 18).?4 The idea was to
incorporate amino acid inspired ligandosides, such as carboxylates and imidazoles by
DNA solid phase synthesis, to design tailored coordination environments for transition
metal cations. Due to the high modularity of DNA solid phase synthesis, ligandosides
can be incorporated at any position, allowing iterative rounds of sequence design and
screening for the development of metallo DNAzymes, mimicking the functions of different

metallo proteins, such as hydrolases, peroxidases or electron carriers.
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3 IMIDAZOLE-BASED LIGANDOSIDES IN

TETRAMOLECULAR G-QUADRUPLEXES

3.1 Design and Synthesis
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Figure 19. a)-c) Examples of selected metalloproteins. a) Urease with a dinuclear Ni' centre,
(pdb: 5g4h), b) Peptidase with a Zn" centre (pdb: 5e33), c) Single electron shuttle protein
Plastocyanin with a Cu'" centre (pdb: 4dp0)245-2471 and d) amino acids commonly involved in metal
coordination. e) Synthetic route to access the phosphoramidite building blocks (R/S)-7, (R/S)-8
and (R/S)-2. (1) DMT-protection of (R/S)-glycidol with DMT-CI and NEts in CH2Clz at rt; (2)
nucleophilic ring opening with imidazole in dioxane at 70 °C (X = X1) or with N-hydroxyethyl-
imidazole (X = X?) and N-hydroxypropyl-imidazole (X = X3), NaH in DMF at 40 °C; (3)
phosphitylation of (R/S)-5, (R/S)-6 and (R/S)-1 with CEDIP-CI and DIPEA in CH2Cl2 at rt; (4)
automated solid-phase DNA synthesis. DMT = 4,4'-Dimethoxytrityl, DMF = dimethylformamide,
CEDIP-CI = 2-Cyanoethyl N,N-diisopropylchlorophosphoramidite, DIPEA =
Diisopropylethylamine.
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The work shown in this chapter was published in the journals Chemistry — A European
Journal and Chemical Science.?*31 Results regarding L are part of the Bachelor thesis

of Katharina Rohlf.[?*¥!

As explained in the motivation, this thesis is based on the pioneering work of David M.
Engelhard, who incorporated pyridine ligandosides into tetramolecular and unimolecular
G-quadruplexes.[?426.24% |n this proof of concept study, it was shown that tetramolecular
G-quadruplexes, which were modified pyridine ligandosides at the 5-end, complexed
Cu" and Ni", indicated by thermal stabilization.”® When pyridine ligandosides were
incorporated at both ends of tetramolecular G-quadruplexes, this led to the design of
highly precise Cu'-based EPR (electron paramagnetic resonance) distance rulers.?
Later the concept was expanded to unimolecular G-quadruplexes for the design of a Cu'-
switchable thrombin binding aptamer, that inhibited the thrombin-catalysed clotting
reaction after addition of Cu". Also, it could be used to reversibly switch the topology of
the G-quadruplex forming sequence ttel (Tetrahymena telomeric repeat) in alternating
rounds of Cu" and EDTA addition.?* When the unimolecular G-quadruplexes were
closely investigated, they appeared to share some common properties with enzymes, as
they have G-tetrads as rigid stem region, a cavity where the pyridine ligandosides are
located and flexible loop regions, that can open and close, therefore acting as a gate.
From this impression, the idea was born to utilize this system for the design of DNA-

based metallo-protein mimics, which was also the starting point for this thesis.

It is commonly known that proteins are made from the 20 canonical amino acids. Less
known is, that roughly half of all proteins rely for their correct structure and functions on
metal cations.['®2250 |n Figure 19, a selection of metallo-proteins is shown, including a)
urease with a dinuclear nickel centre, b) a zinc peptidase and c) the electron carrier
protein plastocyanin in its oxidized Cu" state.245-2471 When zooming into their metal
centres and carefully analysing the coordination environments, the most ubiquitous
amino acids involved are glutamic/aspartic acid, cysteine and histidine (Figure 19d),
which usually coordinate to the metal with the side chains, but also a coordination of the
amide backbone to metal cations such as Cu" was observed e.g. in the ATCUN (amino
terminal Cu'- and Ni"-binding) coordination motif.?>! Inspired by histidine, an imidazole-
based ligandoside was designed. Although, in histidine the linker is attached to the
imidazole C4-carbon, for synthetic simplification, the linker was attached to the N1-
nitrogen to avoid the need of protecting groups. To further simplify the synthesis, the
ribose backbone was replaced with an acyclic chiral glycol backbone, leading to the
design of the imidazole ligandosides L%, L? and L3 each as R and S enantiomer (Figure

19).2%-31 When incorporated into DNA, the superscript R or S indicates the stereo
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configuration of the ligandoside e.g. L2® for the R enantiomer. Note that the incorporation
of the R and S enantiomer into DNA leads to diastereomeric DNA sequences due to the
inherent chirality of DNA. If incorporated at terminal positions into G-quadruplexes, the
stereo descriptor of the ligandosides is formally inverted, but for reasons of clarity, the
stereo configuration of the ligandosides in DNA always refers to the here given

configuration of the corresponding phosphoramidite building block.

To access the phosphoramidite building blocks for DNA solid-phase synthesis, a three-
step synthesis was performed, which was adapted from literature.?52253 First, the
hydroxy group of (R/S)-glycidol was DMT-protected (4,4'-dimethoxytrityl). Therefore, a
modified literature procedure was followed using 4,4'-dimethoxytrityl chloride and NEts
in CHCI; at rt under nitrogen atmosphere. Triethylammonium chloride formed in large
gquantities, which required a vigorous stirring to avoid solidification of the reaction
mixture.?>® Since decomposition of the starting materials caused a corrosion of the yield,
chemicals were stored under argon in a GS-systems Glovebox. After completion, the
reaction was washed with concentrated aq. NaHCOs to maintain a slightly basic pH and
extracted once with CH.Cl,. The product was purified by column chromatography to
obtain DMT-(R/S)-glycidol as a highly viscous colourless oil in 60 - 80 % yield.
Quantitative yields, as they were reported in literature, could not be reproduced.?>® The
protected DMT-(R/S)-glycidol was then reacted with imidazole in dioxane at 70 °C,
resulting in a nucleophilic ring opening reaction at the primary carbon atom. The
selectivity for the primary carbon atom results from a higher electrophilicity and a better
steric accessibility of the primary carbon compared to the secondary one. After
completion, the reaction mixture was washed with concentrated ag. NaHCOs3 to maintain
a slightly basic pH and extracted once with CH,Cl,. The product was purified by column
chromatography to obtain (R/S)-5, but a small impurity (ca. 5 %) was observed, which
was assumed to be the regioisomer, where the ring was opened at the secondary carbon
atom. The resulting by-product had a very similar polarity compared to (R/S)-5, rendering
it difficult to separate it by column chromatography. Therefore, the product was purified
by gel permeation chromatography (GPC) to afford the clean product (R/S)-5 as a white
foamy solid. In case of N-hydroxyethyl-imidazole and N-hydroxypropyl-imidazole, the
hydroxy group was not reactive enough and no reaction was observed. Therefore, the
hydroxy groups were first deprotonated with NaH in DMF leading to the alkoxide and
then a solution of DMT-(R/S)-glycidol in DMF was added to the alkoxides. The mixture
was heated to 40 °C leading to compound (R/S)-6 and (R/S)-1. The workup procedure

was the same as for compound (R/S)-5. The reaction mixture was washed with
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concentrated ag. NaHCO3; and the aqueous layer was extracted once with CH,Cl, and

the crude reaction mixture was purified by column chromatography followed by GPC.
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Figure 20. 3P NMR (202 MHz, 298 K, CDCIls) spectrum of phosphoramidite (R)-8 in CDClz. The
inset shows the two diastereomeric pairs. The signal at ~14 ppm belongs to oxidized or
hydrolysed phosphitylating agent.

In the last step, (R/S)-5, (R/S)-6 and (R/S)-1 were dissolved in CH2Cl» and phosphitylated
with CEDIP-CI (2-cyanoethyl N,N-diisopropylchlorophosphoramidite) in presence of an
excess of DIPEA (N,N-diisopropylethylamin). DIPEA was added to trap the formed HCI
and to avoid the acid-promoted cleavage of the DMT-group. After 90 min, the solvent
was removed under reduced pressure and the crude products were directly used for
DNA solid-phase synthesis assuming a yield of 80 %. A purification was omitted, since
the phosphoramidites were highly sensitive to oxidation and hydrolysis. The integrity of
the product was controlled by 3'P-NMR spectroscopy showing two characteristic peaks
belonging to the two diastereomers at around 149 ppm (Figure 20). The pair of
diastereomers results from the introduction of the racemic P" centre. Since the P"' atom
is oxidized in DNA to an achiral PV species, the use of an enantiopure phosphitylating
agent is not necessary. Oxidized and hydrolysed phosphoramidite or phosphitylating
agent are detected at upfield shifted values (typically 2-15 ppm).?54-256] For DNA solid-
phase synthesis, the phosphoramidites (R/S)-7, (R/S)-8 and (R/S)-2 were dissolved in
acetonitrile at a concentration of 0.1 M. For higher coupling efficiencies, the coupling time
was elongated to 10 min compared to 3 min of the standard phosphoramidites. The
observed coupling efficiencies were usually higher than 99 % according to the trityl
monitor, although the total yield of purified oligonucleotides was usually lower, if (R/S)-
7, (R/S)-8 and (R/S)-2 were incorporated multiple times. Details on DNA solid-phase

synthesis and purification can be found in chapter 9.1.1.12931]
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3.2 G-quadruplex Formation of Imidazole-
Modified Sequences
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Figure 21. Schematic representation of L3S at 5'-terminal positions in short oligonucleotides.

With the synthesized phosphoramidite building blocks (R/S)-7, (R/S)-8 and (R/S)-2, the
next step was DNA solid-phase synthesis wusing previously published
protocols.?4157.254.2%5] Extended coupling times for the ligandoside phosphonamidites
were used to maximize coupling efficiencies. For details see chapter 9.1.1. Coupling
efficiencies were typically > 99 % for the ligandoside phosphoramidites. Once
incorporated into oligonucleotides, the imidazole ligandosides are called L3%S where
R/S indicates the stereo configuration at the glycol backbone (Figure 21). Note that the
incorporation of the R- or S-enantiomer results in diastereomeric DNA due to the inherent
chirality of DNA.

Table 1. Thermal stabilities expressed as melting temperatures Ti1» and thermal stabilizations
ATy after addition of CuSO4, NiSO4, Znl2 and Co(NOs)2 of the investigated tetramolecular
G-quadruplex structures. Conditions: 3.75 uM ssDNA, 100 mM NacCl, 10 mM LiCaco pH 7.2 and
0.98 uM of the respective transition metal salt.

Sequence - Cu' Ni' Zn" Co"
LSGs / 40 n. d. / /
LRG3 / 38 n. d. / /
L1SG4 31 79(+48)  77(+46) 54(+23) 64 (+33)
LIRGy 32 83 (+51) 81(+49) 61(+29) 73 (+41)
L?SG4 36 76 (+40) 73(+37) 52(+16) 63 (+27)
L2RGy 34 74 (+40) 68 (+34) 46 (+12) 54 (+20)
L3SG4 45 83(+38) 82(+37) 62(+17) 73 (+18)
L3RGy 45 77 (+32) 76 (+31) 54 (+ 9) 63 (+ 18)
L1SGs 78 > 95 > 95 87 (+9) > 95
LRGs 77 > 95 > 95 86 (+9) > 95
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a) Analytical RP-HPLC
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Figure 22. Analytical data of L!SG4. a) Analytical reversed-phase HPLC with a buffer gradient
going from 100 % buffer A (0.05 mM TEAA pH 7) to 100 % buffer B (30 % 0.05 mM TEAA pH 7,
70 % acetonitrile) and b) MALDI-TOF spectrum using a 3-hydroxypicolinic acid (3-HPA) matrix.

After DNA solid-phase synthesis, the oligonucleotides were cleaved from the solid
support and deprotected at 55 °C in concentrated aq. NH4sOH for 16 h. The deprotected
oligonucleotides were purified by reversed-phase HPLC with the DMT-group still
attached. The DMT-group was acting as a purification tag, since it caused longer
retention times for oligonucleotides due to the increased hydrophobicity. After
purification, the oligonucleotides were treated with 2 % aq. TFA to remove the DMT-
group. The integrity of the samples was analysed by analytical HPLC and ESI or MALDI
mass spectrometry. As an example, in Figure 22 the analytical data of LG, is shown.

The remaining stock solutions were lyophilized and stored at -20 °C until usage.

a)1.0] b) 1 c) 0.047
o 8 <
% 08' % ]
EO_G_ §4. ‘0.02:
B 0.4 Q
© O 0 \/ < 0.00

Afnlded unfoldes

7

0.2

0.01 . . x . B —— Y1 V. —
20 40 60 80 220 260 300 340 220 260 300 340
T/°C Alfnm Alnm

Figure 23. Analytical data of L*SGa. a) Melting profile converted to fraction folded, b) CD spectrum
and c) TDS. Conditions: 3.75 uM ssDNA, 100 mM NacCl, 10 mM LiCaco pH 7.2.
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To show, that the imidazole ligandosides still allowed the formation of G-quadruplexes,
short sequences of the type 5-LGG GG-3', called LG4, were investigated. These
sequences are known to form tetramolecular G-quadruplexes in a parallel topology and
only in a few special cases the formation of other topologies was observed.?>”25 To
investigate the G-quadruplex formation, Circular Dichroism spectroscopy (CD), Thermal
Difference Spectra (TDS) and thermal denaturation experiments were recorded. Each of
these technigues gives a unique information about the investigated DNA structure. While
a TDS tells, whether a G-quadruplex has formed, indicated by specific minima and
maxima, CD spectra give an information about the actual topology and in thermal
denaturation experiments the thermal stability is determined (for details see Chapter 1.2
and 9.3.2).[273.767879 Tg form tetramolecular G-quadruplexes, samples containing
3.75 uM ssDNA, 100 mM NacCl, and 10 mM LiCaco pH 7.2 were prepared and heated to
85 °C, slowly cooled to 4 °C with 0.5 °C min and left at 4 °C for several hours. To ensure
a full G-quadruplex formation, samples were then frozen for 1 h at -20 °C.?% Slowly
freezing the samples results in local hotspots with high DNA concentrations, that strongly
accelerate G-quadruplex formation.?5%2601 Unless otherwise stated, samples of
tetramolecular G-quadruplexes were always prepared in this way. In Figure 23, the
spectroscopic data of LG, is shown, proving the formation of a tetramolecular G-
quadruplex with two maxima at 247 and 274 nm and a minimum at 298 nm in the TDS
and a positive Cotton effect at 263 nm in the CD spectrum, consistent with a parallel

topology. From the melting profile a thermal stability of T1» = 31 °C was determined.
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Figure 24. Analytical data of LIRGa. a) Melting profiles in absence and presence of 1 equiv. Cu'"
and Zn", b) CD spectra in absence and presence of 1 equiv. Cu' and Zn", ¢) melting profiles with
sub equimolar amounts of Cu" and d) native ESI-MS of L*RG4 in presence of Cu'", showing a main
species corresponding to the folded G-quadruplex in complex with Cu'". Reproduced from Ref.[29]
Copyright © 2019 The Royal Society of Chemistry.
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Likewise, for L1RG4, L?G4, L?RG4, L35G,, and L3RG,, the formation of tetramolecular
G-quadruplexes in a parallel topology was observed. The melting temperatures of LG,
and L2RG4 (T2 = 36 °C, T12 = 34 °C) were slightly higher compared to LG4 and LRG,4
(T2 =31 °C, T2 =32 °C). In case of L3RG, and L3RG,, where the linker was the longest,
the melting temperature was even higher with a T12 = 45 °C for both sequences. This
trend of increasing thermal stabilities with longer linker chains is in accordance with a
previous report (Figure 25). It was explained by better 1r-11 stacking interactions between
the 5-G-tetrad and the imidazole ring with an increasing linker length.'5® When the
sequences were extended to five consecutive guanine residues in L'Gs, a drastic
increase of the thermal stability to T1, = 78 °C (AT12 = +47 °C) was observed compared
to T12 = 31 °C in LSG.. This was the result of the additional G-tetrad which had formed.
In contrast, reducing the sequence to only three consecutive guanine residues in LG
prevented the formation of a G-quadruplex and only single-stranded DNA was observed

as indicated by the CD spectrum (Figure 35).
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Figure 25. Linker length-dependent thermal stability and metal-mediated thermal stabilization. a)
Schematic representation of denatured single strand LGas, formed G-quadruplex from LGa in
absence of Cu'" and in presence of Cu'" b) lllustration of the linker length dependency on the
thermal stability.

After proving the formation of parallel tetramolecular G-quadruplexes, the question was
whether the imidazole modification allowed the complexation of transition metal cations,

as it was reported for a pyridine ligandoside, called L™".?428 Indeed, different transition
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metal cations such as Cu' (AT, = +48 °C), Ni"' (AT12 = +46 °C), Zn" (AT12 = +23 °C) and
Co" (AT12 = +33 °C) were complexed by LG, as indicated by very strong thermal
stabilizations, while retaining a clear parallel topology (Figure 24a,b). As the
complexation of Cu" and Ni" was already shown with a pyridine ligandoside in LPY'G,4,[2426]
complexation of Zn" and Co" was unprecedented in G-quadruplex structures. For Zn'", in
general only one recent example in literature showed a specific complexation in the
context of metal-mediated base pairs.?®! Comparing the thermal stabilization of L*SG,
and LPY'G,, addition of Cu'" stabilized L'SG, by AT1, = +48 °C, more than two times higher
as observed for L?Y"G, (AT12 = +20 °C).1?8l This was unprecedented high in the field of
metal-mediated base pairs and offered the potential to switch the G-quadruplex
formation as it will be shown later (Figure 36). An explanation for the much higher
stabilization of LS compared to L™ could be the higher basicity of imidazole compared
to pyridine. While in pyridine, six 11-electrons are delocalized on six atoms, in imidazole
six T-electrons are delocalized on five atoms resulting in a higher electron density and
stronger coordination ability.[?62.2631 Surprisingly, while for L™'G, the metal-mediated
thermal stabilization could be reversed with EDTA, addition of 10 equiv. EDTA to LG4
could not remove Cu'" or Ni", although in case of Zn" and Co" EDTA addition led to an
immediate reversal of the metal-induced thermal stabilization. This effect was attributed
to kinetically trapped states, since no metal-mediated stabilization could be observed,
when EDTA was added to the Cu" or Ni'-containing samples before the G-quadruplexes

had formed.

The stereo configuration of LS was also shown to influence the metal-mediated
stabilization, thus for LG, in general higher thermal stabilizations were observed
compared to LG4. More interesting was the influence of the different linker length in
LIRS, L2RS and L3RS, As mentioned previously, in absence of transition metal cations the
order of thermal stability was LG4 > L?RG4 > LRG,. In fact, when it comes to metal-
mediated stabilizations this order turns around showing the highest thermal stabilisation
ATy for LIRG, > LRG, > L3RG,. Thus, addition of Cu" leads to stabilizations of AT, =
+51 °C (L¥RGy), ATy = 440 °C (L?RG4) and ATy = +32 °C (L3RG,). This effect can be
explained in agreement with a previous publication.?” In absence of transition metal
cations, a longer linker facilitates better 1-11 stacking interactions between the imidazole
ligandosides and the terminal 5’-G-tetrad.?” When it comes to metal complexation, these
T1-11 stacking interactions need to break up to complex the transition metal cation, leading
to an energetic penalty and eventually to lower metal-mediated thermal stabilizations
(Figure 25).[27:291
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To confirm a 1:1 stoichiometry of G-quadruplex:transition metal cation, two types of
titrations were performed with Cu'. First, increasing amounts of Cu" were added to the
formed G-quadruplex LG4 and after every addition a full UV spectrum from 205 to
350 nm was recorded. From this it became clear that the strongest change in absorption
was occurring at 261 nm, although the reason remained unanswered. The change of
absorption at 261 nm was then plotted against the equivalents of Cu" showing a
maximum absorption after ~ 0.93 equiv. Cu'", consistent with a 1:1 complex (Figure 24d).
The second titration was based on thermal denaturation experiments with sub-equimolar
ratios of Cu" showing two clear transitions corresponding to metal free L!RG4 and LRG,4
in complex with Cu'". After 1 equiv. Cu" was added, only one transition corresponding to
L¥RG, in complex with Cu" was observed, again consistent with a 1:1 complex (Figure
24c).
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Figure 26. Native ESI-tims-TOF MS of LRG4 in presence of Cu'. a) lon mobility trace showing
one sharp ion mobility distribution from which a CCS of 793 A2 was calculated. b) Full mass-
spectrum of LG4 where [LRG4+3K+Cu-9H]* was observed as the main species. ¢) lon mobility-
extracted mass spectrum for [LRG4+3K+Cu-9H]*. Conditions: 50 UM ssDNA, 12.5 uM CuSOsa,
0.5 mM KCl and 50 mM TMAA pH 6.8 in H2O:ACN, 1:1.

To further proof the proposed G-quadruplex metal complexes, native ESI-MS studies
were performed. In native ESI-MS, mild conditions are applied during the ionization
process to keep the secondary structure folded. To distinguish, whether a G-quadruplex
remains folded during ionization, two intrinsic properties are exploited. First, in case of
tetramolecular G-quadruplexes signals corresponding to a tetramer are observed and
single-stranded DNA corresponds to denatured G-quadruplexes. Second, in their native
state G-quadruplexes always bind n-1 monovalent cations (n = number of G-tetrads) in

their central pockets followed by a statistical distribution of additional unspecific adducts.
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For a denatured species, a statistical distribution of adducts would be expected, starting

with zero cations.[264-266]

1
__(18m)2

Equation 1. 0] = [1]2 SN

In addition, ESI-MS can be coupled to trapped ion mobility spectrometry (tims) to
measure the mobility Ko of an ion in a drift gas. Different techniques to measure ion
mobilities are available with the drift tube as the most classic one, where the ions are
pushed by an electric field against a drift gas resulting in higher ion mobilities for ions
with a smaller surface area. In contrast, for the here used trapped ion mobility technique,
the ion is trapped in an electric field and then pushed forward by a drift gas. For this
reason ions with a larger surface area are pushed faster through the drift cell.?5”1 Using
the Mason-Schamp Equation 1, from the ion mobility Ko and charge state, the collisional
cross section (CCS) can be calculated in A2, describing the area of the ion, that is
exposed to the drift gas.?6826% Accordingly, larger ions have larger CCS values.[?70-272
When LRSG, was subjected to native ESI-tims-TOF, only signals corresponding to
single-stranded DNA were observed. As soon as Cu' was added, L**G4 was stabilized
and remained folded during the ionization process. A main species [(LRGa)s+3K+Cu-
9H]* was observed, corresponding to the folded G-quadruplex in complex with one Cu'"
(Figure 26). From Ko a CCS of 793 A2 was calculated which was in the same range as

reported for similar unmodified G-quadruplexes.64

a) 858 A7

M

b 06 0.8 10 12 ' 1.4 Mobility, /K, [V s cm?]
- ((L'"G,),+4K-8H}

[(L'"G,),+4K-TH]*

Al
-4
c) 1825.04 Measured ﬁ n q n
AﬂI||||||J|I|IIJ\A
Extracted mass calculated for \
from ion mobility oo 0Pk, | |'| | 'l n |
o QU AL A s

1824.0 1825.0 1826.0 mz

800 1000 1200 1400 1600 1800 2000 2200 2400 miz

Figure 27. Native ESI-tims-TOF MS of LRGs. a) lon mobility trace shows one sharp ion mobility
distribution from which a CCS of 858 A2 was calculated. b) Full mass-spectrum of L'RGs where
[(L*RGs)4+4K-8H]* was observed as the main species. ¢) lon mobility-extracted mass spectrum
for [(LRGs)a+4K-8H]*. Conditions: 50 pM ssDNA, 0.5 mM KCI and 50 mM TMAA pH 6.8 in
H20:ACN, 1:1.
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Unfortunately, since LRG4 was denaturing during the ionization process in absence of
Cu", it was not possible to compare the CCS in absence and presence of Cu'" and to
analyse, how Cu'" binding was affecting the G-quadruplex size. It was assumed, that Cu"
would restrain the freely moving imidazole ligandosides, resulting in a smaller CCS. For
this purpose, L1RGs was investigated, which forms one additional G-tetrad. Due to the
additional G-tetrad it was stable enough in absence of Cu" to survive the ionization
process and as main species [(L!RGs)s+4K-8H]* (Figure 27) was observed,
corresponding to the folded G-quadruplex. The ion mobility spectrum showed a very
sharp signal with a CCS of 858 A2,

a) 866 A 2
856 Az
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Figure 28. Native ESI-tims-TOF MS of LRGs in presence of 1 equiv. Cu'". a) lon mobility trace
shows two sharp ion mobility distributions from which a CCS of 856 and 866 A2 were calculated.
b) Full mass-spectrum of LRGs where [(LRGs)s+4K+Cu-10H]* was observed as the main
species. c) lon-mobility-extracted mass spectrum for [(L*RGs)s+4K+Cu-10H]*. Conditions: 50 pM
ssDNA, 0.5 mM KCl and 50 mM TMAA pH 6.8, 12.5 uyM CuSOs4, H20:ACN, 1:1.

When Cu" was added to L'RGs, the resulting mass spectrum showed as expected the
main species [(LRGs)s+4K+Cu-10H]* (Figure 28). The corresponding ion mobility
showed two sharp signals with CCS values of 856 A2 and 866 A? and for both ion mobility
distributions, the extracted mass spectrum showed as main species [(L1RGs)s+4K+Cu-
10H]*. There was no experimental evidence found, why signals were observed, but it
was hypothesized that the 3'-G-tetrad was flipping between a syn- and anti-orientation
or that the imidazole ligandosides were coordinating in two different motifs, e.g. the
imidazole H2 proton pointing up in one and down in the other case. Interestingly, for
other sequences including LRG, (Figure 26) and L?RGs (Figure 29) only one ion mobility
distribution was observed. In addition, the increased CCS of 866 A2 was contradicting

the hypothesis, that addition of Cu" would catch the freely moving imidazole ligandosides

33



Imidazole-Based Ligandosides in Tetramolecular G-Quadruplexes

and therefore reducing the CCS. Instead, it was hypothesized that the imidazole
ligandosides are either found inside the G-quadruplex grooves or flat on top of the 5'-G-
tetrad. Cu'" forces the imidazole ligandosides out from the grooves or the 5’-G-tetrad and
arranges them in a propeller shaped square planar coordination, resulting in a slight
increase of the CCS. This observation was consistently also made for L2RGs (Figure 29)
where the same small increase of the CCS from 868 A? [(LZRGs),+4K-8H]* to 876 A?
[(L?RGs)4+4K+Cu-10H]* was observed. This time, however, only one sharp ion mobility

distribution in presence of Cu'" was observed.
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Figure 29. Native ESI-tims-TOF MS of L2RGs in presence of 1 equiv. Cu'". a) lon mobility trace
shows two sharp ion mobility distributions from which a CCS of 868 and 876 A2 were calculated.
b) lon mobility-extracted mass spectrum of [(L2RGs)s+4K-8H]* and [(L2RGs)a+4K+Cu-10H]*.
Conditions: 50 pM ssDNA, 0.5 mM KCI and 50 mM TMAA pH 6.8, 12.5 puM CuSOa4, H20:ACN,
1:1. Reprinted and adapted from ref.34 Published under the terms of the Creative Commons CC
BY license.
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Figure 30. Association kinetics of L'*G4 and LG4 at 8 (red) and 16 (blue) uM single strand
concentration. Conditions: 8 and 16 pM ssDNA, respectively, 10 mM LiCaco pH 7.2, 100 mM
NaCl and 8 or 16 pM CuSO4 and Znlz, 7°C.
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Besides the strong thermal stabilization, another effect after addition of Cu' to LG, and
LG, was discovered. When TDS spectra were recorded, the minima and maxima of
the samples in presence of Cu'" always showed significantly lower intensities compared
to the sample without Cu'", which often indicates an incomplete G-quadruplex formation.
Since Cu" was shown to tremendously stabilize the G-quadruplex structures, this
explanation was ruled out. At this point it is important to know that the low-temperature
spectrum for the TDS was recorded at 4 °C, while for the high-temperature spectrum,
the sample was heated to 85 °C and then cooled back to 20 °C before a spectrum was
recorded. Normally this is no issue, since the formation of tetramolecular G-quadruplexes
is at low concentrations extremely slow and cooling the sample down to 20 °C for a short
period should not allow the formation of significant amounts of G-quadruplexes.?6°
However, in this case a strongly accelerated G-quadruplex formation in presence of Cu'"
was assumed, which would explain the smaller intensities in the TDS. To probe this, the
high-temperature spectrum was now recorded at 85 °C and indeed now the TDS in
absence and presence of Cu'" showed nearly the same intensities. To get even more
insights into the accelerated folding kinetics, UV/Vis-based studies were performed.
Therefore, G-quadruplex solutions were heated to 95 °C and then quickly transferred to
cuvettes in UV/Vis spectrometers and cooled to 4°C. The change of absorbance at
295 nm was recorded, which is indicative for the formation of G-quadruplexes. However,
water condensation on the cuvettes and unspecific changes of absorption upon cooling

were interfering with these experiments rendering interpretations difficult.

M _ _4d[A4-] — _kon " [A]4

Equation 2.
dat dat

For this reason, the experiments were repeated using a CD spectrometer by measuring
the change of the positive Cotton-effect at 262 nm at 7°C for 20 h (Figure 30). From this,
kon for the G-quadruplex association kinetics was calculated using Equation 2.[260279]
Advantage here is, that the Cotton-effect at 262 nm is not significantly affected by water
condensation and unspecific temperature-dependent changes. Indeed, while in absence
of Cu" only an extremely slow G-quadruplex formation was observed, addition of Cu"
resulted in strongly accelerated formations. From the slope using Equation 2, kon values
of 2.5 x 10° M3 s for LRG, and 1.4 x 10° M3 s for L1SG,4 could be calculated. A drastic
increase of kon by two orders of magnitude to kon = 4.2 x 10'* M3 stand 3.2 x 101 M3 s?
was observed when Cu'" was added to L!RG, and LSGy, respectively. Interestingly, an
excess of 10 equiv. Cu" slowed down the G-quadruplex formation again (LRGa:
Kon = 1.8 x 10! M3 s, L1SG4: kon = 1.3 x 101 M2 s1). A possible explanation for these
findings could be a templating effect of Cu" (Figure 31c). When Cu" is present the
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imidazole ligandosides quickly coordinate to Cu' and preorganise four DNA strands.
These then quickly assemble to a tetramolecular G-quadruplex. This is consistent with
the observation made in excess Cu'. In an excess situation of Cu", it becomes
statistically less probable that four strands are organized around a single Cu'", but more
likely that only a single DNA strand is coordinated per Cu" centre which is not sufficient
for the formation of a G-quadruplex. Addition of Zn" resulted only for L!RG,4 in a 10-fold
accelerated formation (kon = 1.9 x 10 M3 s1) being one order of magnitude lower
compared to Cu". In Figure 31 the results are summarised. In absence of Cu'", the G-
quadruplexes form very slow. As soon as Cu'" is added the G-quadruplex formation is

highly accelerated and the resulting metal-mediated G-quadruplexes are thermally
stabilized.
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Figure 31. G-quadruplex formation kinetics. a) Formation of the G-quadruplex L'SG4 in absence
(black) and in presence of 1 (red) and 10 (green) equiv. Cu' indicated as the increase of the CD
band at 262 nm. b) Calculated kon values for the formation of L*SG4 using Equation 2. c) Proposed
scheme for the formation of tetramolecular G-quadruplexes of the type LGas. In absence of
transition metal cations, a slow G-quadruplex formation is observed. After addition of Cu'", this
formation is strongly accelerated by a proposed template effect. The resulting G-quadruplexes
are thermally highly stabilized and Cu' cannot be removed with EDTA which was dedicated to a

kinetically trapped state. Reproduced from Ref.[?’] Copyright © 2019 The Royal Society of
Chemistry.

For more detailed structural insights into the metal-mediated G-quadruplex structures,
MD simulations were performed (Figure 32). For the imidazole-metal complex, a bonded
model was chosen in which the metal-ligand bonds and angles are fixed.?278 Although
this does not allow ligands to dissociate from the metal or ligand exchange, this model
is widely used in the context of metallo-proteins and the easiest to apply. For details on

the forcefield parameterization see Chapter 9.6. In absence of transition metal cations,
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the imidazole ligandoside L! was observed to mostly interact with the G-quadruplex
grooves. When MD simulations were performed with Cu" and zZn", the G-quadruplexes
were very well suited to adopt both geometries, square planar for Cu" and tetrahedral for
Zn" (Figure 32). Also, the G-quadruplexes showed no signs of distortions when the metal

ions were coordinated.

Figure 32. MD simulations of L'RGa in a) absence of transition metal cations, b,d) in presence of
Cu" and c,e) in presence of Zn". Shown are representative screenshots from the MD simulations.
Reproduced from Ref.12% Copyright © 2019 The Royal Society of Chemistry.

After exploring the transition metal interactions, the aim was to make use from the
accelerated assembly and the high metal-mediated thermal stabilizations to design a Cu"
responsive DNAzyme, catalysing peroxidase-like reactions. From literature, it is known
that DNA G-quadruplexes can bind the iron containing macrocycle hemin via -1
stacking interactions.?”7-2"% This complex then forms a DNAzyme, which catalyses
peroxidase-like reactions and the DNAzyme was utilized for a vast number of
applications.[?78.280-286] A5 g start, it was investigated whether LG, was able to bind
hemin and to catalyse peroxidase-like reactions. To probe this, the ABTS-assay was
chosen due to its simple set up. In the ABTS-assay a peroxidase catalyses the
oxidization of the organic compound ABTS (2,2'-Azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt) by one electron, leading to the formation of the ABTS

radical, which has a strong absorption band at 414 nm (Figure 33).1287]
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Figure 33. ABTS peroxidase assay. a) Oxidation of the organic substrate ABTS to the ABTS
radical with a strong absorption at 414 nm, b) ABTS assay of LG4 in absence (red) and presence
(black) of Cu". The change of absorption at 414 nm was followed over 120 seconds. ¢) Schematic
representation of the active DNAzyme. Conditions: 625 nm G-quadruplex, 625 nm transition
metal salt, 50 mM NaCl, 5 mM HEPES pH 8, 500 nM Hemin, 2 mM ABTS, 0.5 mM Hz202, 1 % v/v
DMSO.

To start, a sample of LG4 containing NaCl and HEPES buffer pH 8 was prepared. To
this solution, hemin and ABTS were added and the sample was incubated for 10 min to
allow hemin binding. After 10 min, the reaction was initiated by the addition of H.O>
(Figure 33). Indeed, a strong increase of the absorption at 414 nm was observed,
showing the oxidation of ABTS to the ABTS radical. When the same reaction was
performed with L1SG, in presence of 1 equiv. Cu", a small increase of the reaction rate
from Vo = 390 nM s to Vo = 523 nM s was observed. Although a small increase was
observed, the aim was to design a switchable DNAzyme that is only active in presence
of Cu". Therefore, it was necessary to further destabilize the G-quadruplex structure in a

way that it forms only in presence of Cu".

In a first attempt to destabilise L'SG4, thermal denaturation experiments were performed
where the NaCl concentration was stepwise reduced to decrease the thermal stability.
Decreasing the ionic strength is well known to destabilize DNA G-quadruplexes. 288289
Although indeed a drastic decrease of the thermal stability was observed from
T12=31°C in 100 mM NaCl to Ty2 =~17 °C in 1 mM NaCl (Figure 34), addition of
hemin stabilized LG4 by AT = + 20 °C. Due to the high stabilizing effect of hemin no
Cu" was needed as switch, but this was at least proving that hemin was binding strongly
to L1SG,. For this reason, a new strategy was chosen to decrease the G-quadruplex

stability by reducing the number of G-tetrads from four in LG, to only three in L1SGs.
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Indeed, LGz was not able to form a G-quadruplex under the investigated conditions
and, at 7 °C, only CD signatures corresponding to unfolded DNA were observed (Figure
35). Pleasingly, Cu" addition triggered the G-quadruplex formation of L!*Gs; with a
melting temperature of T1» = 40 °C and a CD signature which clearly corresponded to

the formation of a parallel G-quadruplex (Figure 35).
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Figure 34. Stability screening of L'SG4 under different conditions. a) Thermal denaturation profiles
of L1SG4 with 100 mM NacCl (red, Ty = 31 °C), 1 mM NacCl (black, T12 = 17 °C) and 1 mM NaCl
and 1 pM hemin (blue, Tm = 37 °C). b) Melting profiles of L1SG4 in presence of 1 equiv. hemin and
varying concentrations of NaCl. Conditions: 3.75 uM ssDNA, 1 uM hemin, 10 mM LiCaco pH 7.2
and the respective NaCl concentration. No Cu" was added.
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Figure 35. CD spectra of a) L'SGs and d) LRG3 in absence of transition metal cations (black), in
presence of CuSOas (red) and NiSOs (blue). Time resolved CD spectroscopy of b) L'SGs and e)
LRG3 in presence of Cu" and after addition of 10 equiv. EDTA (with respect to Cu'"). Melting
profiles of ¢) L¥SGs and f) LRGz in presence of 1 equiv. Cu". Conditions: 3.75 pM DNA, 0.98 uM
transition metal cation, 100 mM NaCl, 10 mM LiCaco pH 7.2.
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Figure 36. ABTS assay in presence of a) LGz and b) L'RGa. ¢) Schematic representation of the
Cu'-switchable formation of the hemin-DNAzyme complex. Conditions: 625 nm G-quadruplex,
625 nm transition metal salt, 50 mM NaCl, 5 mM HEPES pH 8, 500 nm Hemin, 1 % v/v DMSO,
2 mM ABTS, 0.5 mM H202. Reproduced and adapted from Ref.[?®l Copyright © 2019 The Royal
Society of Chemistry.

When the ABTS assay was now performed with L'SG3 in presence of hemin, no change
of the absorption at 414 nm was observed, showing that hemin was not inducing a
G-quadruplex formation. Only when Cu' was added, L*G3 formed a G-quadruplex and
consequently could bind to hemin. This complex was then showing a strong catalytic
activity (Figure 36) in the ABTS assay (Vo = 615 nM s). The DNAzyme was also stable
in presence of EDTA (Vo = 353 nM s?), although a decreased activity was observed,
which was ascribed to the previously discussed kinetically inert G-quadruplex-Cu"
complex. Further time resolved CD spectroscopy showed after addition of EDTA to L1SG3
and LRG3 no denaturation of the G-quadruplex structures (Figure 35b,e). When
considering this system as a sensor for Cu'" ions it is important to show a selectivity for
Cu" ions and that it works in complex mixtures with other competing transition metal
cations. To show this, several transition metal cations where tested if they could trigger
the formation of the DNAzyme out of which only Ni"" showed an activity, although it was
less efficient (Vo = 369 nM s ). This was explained with an incomplete G-quadruplex
formation in presence of Ni' as it was indicated by the CD spectrum showing
characteristics of unfolded ssDNA and of a parallel G-quadruplex (Figure 35). When the
ABTS assay was performed in a complex mixture with other competing metal cations
including zn", Fe"", Mn", and Co'", the reaction rate was almost unaffected (Vo = 641 nM
s 1), showing a high tolerance towards complex mixtures of transition metal cations. The

stereo configuration of the imidazole ligandosides showed only a neglectable influence
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on the activity and consequently LGz and LRG3 showed in the ABTS assay very similar

activities (Figure 36).

After establishment of the ABTS-assay, ESI-MS studies were performed to further
investigate the DNAzyme and to proof that hemin binds to the G-quadruplex. Since the
G-quadruplex formed from LRG3 was rather unstable, for native ESI-MS studies LRG,4
was used instead as it was shown to stay intact in presence of Cu" during ionization
(Figure 26). As expected, in presence of hemin and Cu" the species
[(L¥RG4)a+3K+Cu+hemin-10H]* was observed corresponding to a folded G-quadruplex
with one Cu" and one hemin adduct. This was supporting the hypothesis that hemin could
only bind at the 3'-end and that the Cu' complex at the 5’-end was preventing hemin from
binding. Interestingly, for [(L'RG4)s+3K+Cu+hemin-10H]* a distinct increase of the CCS
to 860 A2 compared to [(L*RGa4)s+3K+Cu-9H]* (793 A?) was observed, almost exactly
matching the increase of an additional G-tetrad in [(L*RGs)s+4K+Cu+10H]* (858 A?).
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Figure 37. Native ESI-timsTOF MS of LRG4 in presence of Cu'' and hemin. a) lon mobility trace
shows two sharp ion mobility distributions corresponding to [(L'RGa4)s+3K+Cu-9H]* (793 A2) and
[(L™RGa4)4+3K+Cu+hemin-10H]4 (860 A2). b) Full mass spectrum, c) and d) lon mobility-extracted
mass spectrum corresponding to [(LRG4)4+3K+Cu-9H]* and [(LRG4)4+3K+Cu+hemin-10H]*.
Conditions: 50 puM ssDNA, 0.5 mM KCI and 50 mM TMAA pH 6.8, 12.5 uyM CuSOQa4, 12.5 uM
hemin, H20:ACN, 1:1. Reproduced from Ref.?91 Copyright © 2019 The Royal Society of
Chemistry.
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3.3 Summary

In this chapter, the incorporation of three nature-inspired imidazole ligandosides L2 in
both enantiomeric forms (R/S) into tetramolecular G-quadruplex structures was reported.
All three ligandosides allowed the formation of tetramolecular G-quadruplexes in a
parallel topology with thermal stabilities, that were increasing with the linker length from
L! to L3. This was explained by better T-1r stacking interactions between the imidazole
ligandosides and the 5-G-tetrad due to the longer linker. For the modified
G-quadruplexes a series of transition metal cations was found to be complexed including
Cu", Ni", zn" and Co'", as it was indicated by strong thermal stabilizations. Interestingly,
now for Lt with the shortest linker the highest thermal stabilisation was found. This was
— in accordance with literature — explained by the 1r-11 stacking interactions that had to
break up to facilitate a metal coordination resulting in a stronger energetic penalty for
L3.271 Cu" addition to L'RG, resulted in an unprecedented high thermal stabilization of
ATn =+ 51 °C and highly accelerated G-quadruplex association kinetics by two orders
of magnitude. These enhanced properties culminated in the design of a Cu'"-switchable
and hemin-dependent DNAzyme with a peroxidase-like activity, that catalysed the
oxidation of ABTS in presence of H.O2. Further ESI-tims-TOF experiments could show
the formation of complexes in a 1:1 ratio between the G-quadruplex and hemin.
Interestingly, binding of hemin to the G-quadruplex resulted in a size increase, that
exactly matched the increase of an additional G-tetrad. Together, these results open new
possibilities for the design of transition metal-dependent DNAzymes and future
applications in DNA nanotechnology are thinkable. Nevertheless, this was just a starting

point and future research will show the applicability of this concept.
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4 |IMIDAZOLE BASED LIGANDOSIDES IN

UNIMOLECULAR G-QUADRUPLEXES

4.1 Introduction
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Figure 38. Synthetic route to access the phosphoramidite building blocks (R/S)-7 and (R/S)-8.
(1) DMT-protection of (R/S)-1 (glycidol) with DMT-CI and NEtsz in CH2Cl: at rt (2) Nucleophilic ring
opening with imidazole in dioxane at 70 °C (X = X1) or with N-hydroxyethyl-imidazole and NaH in
DMF at 40 °C (X = X2) (3) Phosphitylation of (R/S)-5 and (R/S)-6 with CEDIP-CI and DIPEA in
CH2Cl: at rt (5) DNA-solid-phase synthesis. DMT = 4,4'-Dimethoxytrityl, CEDIP-CI = 2-Cyanoethyl
N,N-diisopropylchlorophosphoramidite, DIPEA = Diisopropylethylamine.[29:31]

The work shown in this chapter was published in the journals Chemistry — A European

Journal and Chemical Science.2%31

After L* and L? were established in tetramolecular G-quadruplexes, the next step was
the incorporation in unimolecular G-quadruplexes. While in tetramolecular G-
quadruplexes L! and L2 were only incorporated at the 5’-terminal positions, unimolecular
G-quadruplexes allow to incorporate L! and L?in varying numbers and positions in the
sequence. However, this comes at the price of a higher structural complexity, making the
structure determination of unimolecular G-quadruplexes more challenging. Compared to
tetramolecular G-quadruplexes, which elusively form a parallel topology, unless a special
sequence design was chosen, unimolecular G-quadruplexes can fold into a wide variety
of different topologies.2258.2%0.291 More detailed information’s on the different

unimolecular topologies of can be found in Chapter 1.2.
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a)

htelL"",a htel,LP¥",b @ -rax

Figure 39. a) Synthesis of the pyridine phosphoramidite building block suitable for DNA-solid-
phase synthesis. Schematic representation of b) htelL™"sa and c) htelL™"sb in presence and
absence of Cu'. Binding of Cu'' was found to be reversible upon EDTA addition. Reprinted and
adapted with permission from ref.[24l Copyright © 2017 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim Inc.

As for the tetramolecular system the pioneering studies on metal-mediated unimolecular
G-quadruplexes were based on the work of David M Engelhard. He established a
pyridine ligandoside in unimolecular G-quadruplexes, here called LP", (Figure 39).[24
LPY" was incorporated into the well characterized G-quadruplex forming sequence htel
(human telomeric repeat, A (GGG TTA)s G3) by either replacing four bases from the loop
regions (htelL™'4a) or by replacement of one G-tetrad (htelL™'sb) with four pyridine
ligandosides. Although both modified G-quadruplex structures were shown to fold in an
antiparallel topology, only the latter one, with a ligandoside replaced G-tetrad was able
to complex Cu'" and Ni", as it was indicated by increased thermal stabilities (Figure 39).
This complexation was reversible upon addition of equimolar amounts of EDTA.
Incorporation of pyridine ligandosides into the Tetrahymena telomeric repeat
(TTGGGG), made the Cu" responsive switching from a mixture to an antiparallel
topology possible.?42%2 |nterestingly, when Cu'" was removed with EDTA, the topology
was not switched back to the initial mixture of topologies, but was trapped in a metastable
state. After denaturation and reannealing the sample could be transferred back to the
initial state. Also, it was shown, that the incorporation of L™ in the thrombin binding
aptamer (tba), allowed a Cu" switchable formation of the aptamer structure. This could
be exploited for the Cu" mediated inhibition of the thrombin catalysed proteolysis of

fibrinogen (Figure 40).124293-295]
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4.2 Results
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Figure 40. Clotting assay with thrombin and tba. Cu'" addition resulted in a significant slowdown
of the clotting reaction. Reprinted with permission from ref.[24 Copyright © 2017 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim Inc.

Similarly, one G-tetrad in htel was herein replaced with the imidazole based ligandosides
L! and L? leading to the design of htelL'?, and htel,L'S,. Thermal denaturation
experiments showed much higher thermal stabilities for htelL'S, (ATm = 37 °C) (Figure
41) in compared to htelL™"4b (Tm = 12 °C).24 The lower stability of the pyridine structure
compared to the analogous imidazole system, is probably caused by less favourable
interactions between the pyridine ligandosides and the G-quadruplex loops. Further, CD
spectroscopy could clearly show the formation of an antiparallel G-quadruplex (Figure
41). Surprisingly, addition of various transition metal cations showed no signs of
complexation in thermal denaturation experiments (Figure 41) or by CD spectroscopy.
Since tetramolecular G-quadruplexes with four L showed strong complexations for a
series of transition metal cations, the question was, why for htelL'S, no interactions were
observed, and the only reasonable explanation was the very short linker in L.

Table 2. Melting temperatures Tm and metal-mediated thermal stabilizations (ATm) of

unimolecular G-quadruplex forming sequences. Conditions: 1.88 uM ssDNA, 100 mM KClI,
10 mM LiCaco pH 7.2 and 1.88 uM transition metal cation. *NaCl was used as electrolyte.

Name Sequence - CuSOq4 NiSOa4 Znlz Co(NO3)2

htelL?S,B* | AGG GTL TGG GTT AGG GTL TGG G 53 55 (+2) 53 (+0) 54 (+1) 53 (+0)
htelL?S3B* | AGG GTL TGG GTT AGG GLT LGG G 50 56 (+6) 51 (+1) 52 (+2) 50 (+0)

htelL?S4 AGG LTT ALG GTT AGG LTTALG G 33 56 (+23) 45(+12) 36 (+3) 35 (+2)
htelL?5;B | AGG TLT LGG TTA GGL TLA GG 37 60 (+23) n.d. 56 (+19) n.d.
htelL?5,C | AGG TLT LGG TTA GGT LTL GG 42 63 (+21) n.d. 63 (+21) n.d.
htelL?Ss AGG LTL TLG GTTAGG LTT ALG G 33 54 (+21) 55(+22) 37 (+4) 37 (+4)
htelL 2S¢ AGG LTL TLG GTT AGG LTL TLG G 36 54 (+18) 59 (+23) 44 (+8) 44 (+8)

htelL?>S;A | AGGLTL LTL GGT TAG GLT LTL GG 28 43 (+15) 46 (+18) 36 (+8) 36 (+8)
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Figure 41. CD spectra, melting profiles and TDS of a-c) htelL'Ss and d-f) htelL'Rs. Conditions:

1.88 uM ssDNA, 100 mM KCI, 10 mM LiCaco pH 7.2 and if present 1.88 uM transition metal
cation.
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Figure 42. Thermal denaturation profiles, CD spectra and TDS of a-c) htelL?S4 and d-f) htelL2Ra.

Conditions: 1.88 pM ssDNA, 100 mM KCI, 10 mM LiCaco pH 7.2 and if present 1.88 pM transition
metal cation.

For this reason, L? — containing a longer linker — was incorporated into htelL?5; and
htelL2R,. Again, CD spectroscopy was consistent with the formation of a clear antiparallel
topology as it was indicated by a positive Cotton effect at ~ 293 nm (Figure 42). Thermal
denaturation experiments showed similar melting temperatures (htelL?5;, Tm = 33 °C,
htelL?R,, Tm = 34 °C) compared to htelL'S; (Tm = 37 °C) and htelLR; (Tm = 29 °C). In

contrast to L?, this time addition of Cu" and Ni" resulted in strong thermal stabilizations
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for both sequences htelL?, (ATm Cu'' = 23 °C, AT Ni' = + 12 °C) and htelL?R, (AT Cu
= 22 °C, ATm Ni'" = + 11 °C), while the presence of Zn" and Co" caused only weak
stabilizations (Table 2). CD spectroscopy (Figure 42) confirmed the clear formation of
an antiparallel topology. Native ESI-MS experiments could further proof the formation of
a 1:1 complex with Cu" or Ni'", showing in each case the main species
[htelL2R,+K+Cu-7H]* and [htelL?R,+K+Ni-7H]* accompanied by additional unspecific
potassium adducts (Figure 43), consistent with folded G-quadruplexes in complex with
Cu" or Ni". As a reminder, a folded G-quadruplex shows in the mass spectrum always
n-1 (n = number of G-tetrads) potassium adducts followed by additional unspecific

potassium adducts. 26426529
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Figure 43. Native ESI-MS spectra of htelL?R4 in presence of a) Cu" and b) Ni'". Conditions:
12.5 pM DNA, 12.5 pM CuSO4, 0.5 mM KCI and 50 mM TMAA pH 6.8, H20:ACN, 1:1.
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In case of Zn" or Co' the mass spectra were more complex. While [htelL?R,+K+Zn-7H]*
or [htelL?R4+K+Co-7H]* were observed as the main species in both cases, the species
[htelL?R,-4H]* showed a much higher intensity, as well. This led to the conclusion that
Zn" or Co'" stabilized the G-quadruplex structure not enough to survive the ionization
process during the ESI-MS experiments and therefore a mixture of folded
G-quadruplexes and ssDNA was observed. If no stabilizing transition metal cation was
present, the mass spectrum was clearly corresponding to a fully denatured
G-quadruplex, showing as main species [htelL?R;-4H]* followed by additional unspecific

potassium adducts (Figure 89).

a) c)
1.01 htelL2s, -
2 osH — no metal £0.04
2 E
2 3
067 £0.02
S <
G 0.4
© =¢ 0.00
0.21 \/
-0.02
0.01 . . : - 2 . i , . . . : . . . . i
20 40 R 60 80 220 260 300 340 220 260 300 340
Ti°C Alnm Alnm
d) €) f)
1.0/ htelL?s, 4 i .
— no metal 30.04
§ 0.81 —Cu' o 3
5 —Ni" @ 2 3
=061 —2Zn" g £0.02
5 — o E < ]
5041 So ey 0.00
0.21 1 v
. -0.02+
0.01 : —— -~ s
20 40 60 80 220 260 300 340 220 260 300 340
Ti°C Alnm Al nm

Figure 44. Thermal denaturation profiles, CD spectra and TDS of a-c) htell.?S; and d-f) htell.?Ss.
Conditions: 1.88 pM ssDNA, 100 mM KCI, 10 mM LiCaco pH 7.2 and if present 1.88 pM transition
metal cation.

Since the differences between L and L2R were minor in htelL?5, and htelL?R, and very
similar observations were made, the following paragraph focuses on the observations
for L5 containing G-quadruplexes. The melting temperatures Tr, for the L2R containing
sequences can be found in 9.3.2. After L2 was incorporated four times into htel by
replacing one G-tetrad with L5, the next step was to change number and positions of
the ligandosides and to explore, how this would affect the coordination chemistry. For
the beginning, the amount of L2 was reduced from four to two or three L?° per G-
quadruplex, resulting in an unsaturated coordination environment. Latter is crucial for
catalytic applications, since unsaturated coordination environments are required to allow
a substrate binding to the metal centre. The two sequences htelL?5, and htellL.?S; with
two or three L25, respectively, were synthesized with additional thymine bases, replacing

ligandoside positions. TDS and thermal denaturation experiments were in accordance
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with previous findings and confirmed the formation of G-quadruplexes for both
sequences. However, CD spectroscopy provided inconclusive results giving rise to the
assumption of mixed coexisting topologies, causing low signal intensities due to
overlapping spectra with opposite Cotton effects (Figure 44). After addition of different
transition metal cations, the CD spectra were not changing, although for htelL?5; a weak
thermal stabilization of ATn = + 3°C after Cu" addition was observed. Since CD
spectroscopy was inconclusive, two new sequences were designed, called htelL?S;B and
htelL?5;B, where all three G-tetrads from htel were left intact. Instead, adenine and
thymine in the loop regions were replaced with LS (Figure 38). Initially, CD spectroscopy
showed again no clear antiparallel topology with potassium chloride as electrolyte.
Interestingly, upon addition of Cu", the CD spectra changed towards a more pronounced
antiparallel topology (Figure 45). This is most likely caused by a templating effect of Cu",

which could only be coordinated by all three L2, if an antiparallel topology was adopted.

Native ESI-MS further proofed the complexation of Cu" for both sequences htelL?5;B
(Figure 101) and htelL?5;B (Figure 99). Compared to the experiments in presence of
KCI, with NaCl CD spectroscopy showed a clear antiparallel topology for both
sequences, in absence and presence of Cu" (Figure 45). This electrolyte dependent
topology change is well known for G-quadruplexes and especially for htel different
topologies in different electrolytes were reported.63:6483.297.2%] Since only in presence of
NaCl a clear antiparallel topology was formed from htelL?5;B and htelL?5;B, further
investigations were performed with NaCl as electrolyte. Thermal denaturation
experiments could only show a complexation for Cu" and Zn", indicated by weak thermal
stabilizations (htelL?5;B (Cu') ATm =+ 2°C, htelL?5;B (Cu") ATm =+ 6°C (Figure 45b),
htelL25;B (Zn") ATm = + 2°C).
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Figure 45. CD spectra, melting profiles and TDS of htelL?53B. a) CD spectra in NaCl and KCI, b)
melting profiles in NaCl and c) TDS in NaCl. Conditions: 1.88 uM ssDNA, 100 mM electrolyte,
10 mM LiCaco pH 7.2 and if present 1.88 uM Cu".

After reducing the amount of L2S within G-quadruplexes, sequences with increasing
numbers of L2° (>4) were investigated. The amount of L2 ranged from five to seven in a

single sequence. Additional L?® were either incorporated by replacing one G-tetrad
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and/or by replacing further bases in the loop regions. In the case of the htelL?S/A
containing seven L25, one ligandoside was incorporated without the replacement of an
existing base, extending the sequence to 23 bases. The new sequences htelL?5s,
htelL25; and htelL?S-/A all showed a clear formation of G-quadruplexes in an antiparallel
topology, indicated by a positive Cotton-effect at ~ 293 nm in the CD spectra. Addition of
Cu" to htelL?5s showed a strong thermal stabilization of AT = + 21 °C, but lower
compared to htelL?, (ATm = +23°C). In contrast, for Ni" the opposite effect was
observed, showing a higher stabilization for htelL?5s (AT = + 22 °C) compared to htelL?S,
(ATm = + 12 °C). With htelL?5s this trend continued showing for Cu" a further reduced
thermal stabilization (ATm = + 18 °C) and for Ni" a further increase to (ATm = + 23 °C). In
contrast to LG, the metal-mediated thermal stabilization of htelL?5; was found to be
reversible upon EDTA addition (Figure 48), illustrating the reversibility of the system
upon alternating additions of transition metal cations and EDTA. When seven LS were
incorporated in htelL25;A for Cu" (ATm =+ 15 °C) and Ni" (AT = + 18 °C) a lower thermal

stabilization was observed compared to htelL2Ss.
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Figure 46. Fine tuning of metal affinities. The bar diagrams show the thermal stabilization after
addition of 1 equiv. a) Cu" and b) Ni". ¢) Schematic representations of G-quadruplexes with 4 — 6
ligandosides. Crystal structure of d) dichlorotetrakis(4-methylimidazole)copper(ll). and e)
hexakis(1-methyl-1H-imidazole-[kappa]N3)nickel(ll) dichloride dihydrate. The counter ions were
omitted for clarity.?732741 Reprinted and adapted from ref.31 Published under the terms of the
Creative Commons CC BY license.
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Figure 47. Crystal structure of the Metallochaperone SlyD from thermus thermophilus (pdb:
3CGM). One histidine residue (HIS 153) on the right side is from a neighbouring SlyD protein in
the crystal structure.[2%]

To explain these tendencies a closer look at the coordination chemistry of Cu" and Ni" is
advisable. Cu" is typically found coordinated in a square planar fashion with additional
weakly coordinating Jahn-Teller distorted axial ligands and crystal structures of square
planar Cu'-imidazole complexes (Figure 46d) are well known.% The coordination
environment is perfectly preorganized in htelL?S,, but as soon as the number of LS is
increased from five to seven, an overcrowded system is created, offering more
ligandosides than needed, in which different coordination geometries can be adopted.
This might be the reason for the decreasing thermal stabilization with additional L2S. In
contrast Ni'" has a much more divers coordination chemistry and can form complexes
with four to six ligands, but especially in case of Ni-imidazole complexes an octahedral
crystal structure is known.?”4l Even a crystal structure of the Metallochaperone SlyD from
thermus thermophilus is known, where nickel is coordinated by six histidine residues,
although one histidine comes from a second SlyD protein.?®® We therefore see a
stepwise increase of the thermal stability from four to six L2 in case of Ni", although the
difference between five L2 in htelL?Ss (ATm = + 22 °C) and six L2 in htelL?5s (ATm =
+ 23 °C) was rather small. These findings are summarized in the bar diagrams in Figure
46, nicely illustrating the highest thermal stabilization for Cu' with four L2 followed by a

stepwise decrease with additional L2, while for Ni" the opposite effect is observed.

507 50
55 sCul +CU
451 +Zn" +Zn" 45 +Co +Co'
&) O @]
< 45 < 40 ~ 40
E |_._E I—..E
351 35
351 +EDTA  +EDTA +EDTA  +EDTA +EDTA  +EDTA

o 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
cycle cycle cycle
Figure 48. Iterative rounds of Cu'/Zn"/Co" and EDTA addition with htelL?5s. The metal complexes

were shown to be highly reversible after EDTA addition. Conditions: 1.88 uM ssDNA, 100 mM
KCI, 10 mM LiCaco pH 7.2 and 1.88 pM transition metal salt or EDTA per addition.
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Figure 49. a-c) Schematic representation of htelL4, htelLe and htelL4C, crystal structure of d)
tetrakis(1-methyl-1Himidazole-uN3)zinc(Il) bis(tetrafluoridoborate) and e) dichlorotetrakis(4-
methylimidazole)copper(11).[300301 The counter ions were omitted for clarity.

For zn" and Co" similar observations were made. While for htelL2S, only weak
stabilizations (ATm (Zn") =+ 3 °C, ATm (Co") =+ 2 °C) were observed, this stepwise
increased with more incorporated L2 in htelL?5s (ATm (Zn") =+ 4 °C, ATm (C0") = + 4 °C)
and htelL?5s (ATm (Zn") = + 8 °C, ATm (Co") = + 8 °C). For Ca', this was explained with a
possible oxidation to Co", preferring an octahedral coordination. For Zn'" this was not as
simple, since the coordination chemistry is very dynamic and complexes with
coordination numbers ranging from 4 — 6 are well known. Also, a crystal structure of a
Zn'-imidazole complex with a tetrahedral geometry is known (Figure 49).F%U The
question was if the increased thermal stabilization in htelL?5s was due to the six L5 or
due to a better preorganization. To answer this question two new sequences htell.?5,B
and htelL?5,C were synthesized. In these two sequences two LS were lifted from the
former G-tetrad to offer a preorganized tetrahedral coordination environment for Zn'.
Indeed, this small change caused a drastic increase of the metal-mediated thermal
stabilization after Zn" addition to ATm (htelL?5,B) = + 19 °C and ATm (htelL?5,C) =+ 21 °C
compared to only ATm =+ 3 °C for htelL?5,. Compared to that addition of Cu' to htelL?5,B
and htelL25,C showed stabilizations of ATm = + 23 °C and ATm = + 21 °C, respectively.
This means, that for htelL?5,C the Zn" mediated thermal stabilisation was now as strong
as for Cu". This was remarkable, considering that Cu" forms according to the
Irving-Williams series usually much more stable complexes than Zn'" and that this was
achieved by simply rearranging the position L25.% This also led to the conclusion that

the increased thermal stabilization observed for htelL?5s (ATm (Zn") = + 8 °C) compared
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to htelL?5, (ATm (Zn") = + 3 °C) was most likely due to a better preorganization of the two

L2 in the loop regions.
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Figure 50. Representative Snapshots from the MD simulations of htelL25,C in complex with Cu"
and Zn". The respective RMSD plots are shown below each snapshot. Reprinted from ref.[31
Published under the terms of the Creative Commons CC BY license.

Native ESI-MS could further proof the complexation of Zn" by htelL?5,C as the main
species observed [htelL?5,C+K+Zn-7H]* was corresponding to the folded G-quadruplex
in complex with zn" (Figure 51b). Interestingly, htelL?5,C was even in absence of Zn"
stable enough not to unfold during ionization and [htelL?5,C+K-5H]* was observed as
the main species (Figure 51a). This was in contrast to htell.2S4, for which only denatured
ssDNA was observed in the mass spectrum. The reason was the higher thermal stability
of htelL?5,C (Tm = 42 °C) compared to htelL?5, (Tm = 33 °C), although the reason for the
higher thermal stability remained unclear. Nevertheless, for G-quadruplexes it is well
known, that seemingly small changes in the sequence can cause strong changes of the
thermal stability e.g. due to the formation of additional base pairs in the loop regions. For
further structural insights, MD simulations were performed using the bonded model
approach. Although in this approach the coordination environment is fixed by the chosen
parameters, it can be useful for a better understanding of the investigated systems. In

Figure 50 snapshots from the MD simulations of htelL?5,C are represented in complex
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with Cu" or Zn". Interestingly, in the case of Zn", a thymine base, located at the loops,
was found to participate in coordination.
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Figure 51. Native ESI-MS spectra of a) htelL?54C and b) in presence of Zn'. Conditions: 12.5 uM
G-quadruplex, 12.5 uM Znlz, 0.5 mM KCI and 50 mM TMAA pH 6.8, H20:ACN, 1:1. Reprinted
from ref.1273.2741 pyblished under the terms of the Creative Commons CC BY license.

Another interesting observation was made for htelL?5;A after Cu'" addition (ATm = +

15°C). A second equivalent Cu" resulted in a second small thermal stabilization (ATm =
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+ 3 °C). This finding prompted the idea, that a dinuclear Cu" complex could have formed.
To elucidate this assumption, native ESI-MS experiments were performed and indeed a

main species, assignable to a dinuclear Cu" complex [htelL?R;+K+2Cu-9H]* was

observed.
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Figure 52. Native ESI-MS of htelL2R;A in presence of two equiv. Cu". Conditions: 12.5 uM ssDNA,
25 UM CuS0O4 0.5 mM KCl and 50 mM TMAA pH 6.8 and, H20:ACN, 1:1.

This was interesting, since in nature proteins with dimeric Cu" centres are well known.
Copper proteins are classified in three types, blue copper proteins (Type |), non-blue
copper proteins (type 1) and dimeric copper proteins (Type 111).E% Type Il copper
proteins are involved in the transport (hemocyanin) and activation of molecular oxygen
e.g. in tyrosinases or catechol oxidases.F° The active sites of both, the oxygen
transporting or the oxygen activating protein, share of a very similar coordination
environment around the dinuclear copper centre. Each Cu" is coordinated by three
histidine’s and the copper centres are bridged by oxygen in a py-n?n? mode. Due to the
antiferromagnetic coupling of electron spins within the dinuclear Cu" centre, the protein
is EPR silent.[%:3%¢1 Whether molecular oxygen is activated for an oxidative process or
just bound for transportation purposes, depends on small differences in the coordination

environment including the secondary coordination sphere.%

To probe whether htelL?5;A in complex with two Cu" was able to activate molecular
oxygen, the oxidation reaction of D- or L-DOPA to dopachrome was investigated. In a
first step, DOPA is oxidized to dopaquinone, followed by a quick cyclization reaction

resulting in dopachrome, which has a strong absorption at 475 nm, easily detectable by
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UV/Vis spectroscopy.7308 Dopachrome then spontaneously decarboxylates and
polymerizes to melanin, which is indicated by brown precipitates in the test tubes (Figure
54).B09]

Aerobic oxidation of D-Dopa
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Figure 53. Aerobic oxidation of D-Dopa. Conditions: 0.25 mM DNA, 0.5 mM CuSOs, 10 mM
MOPS pH 6.5, 100 mM KClI, 2.5 mM D-Dopa.
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Figure 54. a) Types of copper proteins. b) Reaction pathway from the amino acid tyrosine to
melanin. Tyrosine is hydroxylated in meta position by tyrosinases, which is then further oxidized
by a tyrosinase or a catechol oxidase to dopaquinone. This spontaneously cyclizes to
dopachrome which has a strong absorption at 475nm. Dopachrome spontaneously
decarboxylates and polymerizes to melanin.[310.311]
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As illustrated in Figure 53, the presence of two equiv. Cu" htelL2R;A showed a significant
oxidation of D-DOPA, indicated by an increase of the absorbance at 475 nm. When the
sample was flushed with pure O2 an even faster oxidation was observed, proving the
necessity of oxygen for the investigated reaction step. For sequences with less than
seven L2 or only with Cu" no oxidation was observable. When L-DOPA was used
instead, the same increase of absorption at 475 nm was observed, indicating that

reaction kinetics are independent of the used Dopa stereoisomer.

From literature many model complexes are known, which mimic catechol oxidases, with
mixed donor functionalities.®2-314l For this reason, a series of new sequences with mixed
donor sites was synthesized, containing six and seven ligandosides with varying ratios
of L2 and L™'S. Both ligandosides were incorporated as the S-enantiomer. In Figure 55
the results of the D-Dopamine oxidation are presented. The newly designed sequences
showed no improved oxidation rates compared to the htelL?S;A, thereof, it remains one

of the best performing sequences along with htelL;C, providing nearly the same oxidation

rates.

— htelL E
htellbA  AGG L2TL? LTL® GGT TAG GLET LTL® GG 044 mz:::g
htell;B AGG LETLPM L2TLPYS GGT TAG GLET LETL® GG  htelL
htell,C  AGG LTLPYS LBTLPYS GGT TAG GLZT LPWTLE GG 031 — htelL'B /
htell,D  AGG L®TL™ L®TL GGT TAG GLT L™TL® GG $ htell.,C .
htelLE  AGG GL®T LTL* GGG TT AGG GL®T L*TL® GGG~ 021
htelLF  AGG GLPT L2TLZ GGG TT AGG GLT LPTL GGG
htell,G  AGG GTL® LZL®T GGG TT AGG GTLS LBLBT GGG 011
htelLH  AGG GTL2 LPYSLST GGG TT AGG GTLZ LPSLT GGG /

T aso " b0 1600

timels

Figure 55. Oxidation of D-Dopa under oxygen atmosphere. Conditions: 0.1 mM DNA, 0.2 mM
CuSOg4, 10 mM MOPS pH 6.5, 100 mM KCI, 2.5 mM D-Dopa.

4.3 Summary

In this chapter two imidazole-based ligandosides, L* and L?, were incorporated in both
of their enantiomeric forms (R/S) into various unimolecular G-quadruplexes. A metal
complexation could only be observed for G-quadruplexes containing L2, which was
assumed to be the reason of the longer linker. As for the tetramolecular G-quadruplex
L25Gy, htelL?S, was shown to form stable complexes with Cu", Ni", Zn" and Co". The
formation of specific 1:1 complexes between htelL?5, and transition metal cation was
confirmed by thermal denaturation and native ESI-MS experiments. The highly

predictable folding pattern of unimolecular G-quadruplexes was then exploited for the
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design of tailored coordination environments with improved metal affinities, indicated by
higher thermal stabilizations. In this respect for Cu" a preference for G-quadruplexes
offering four L2® in a square planar arrangement (htelL25,) was found while Ni' showed
a tendency to prefer G-quadruplexes with five to six L2® (htelL2s and htelL25). Further
for Zn" highly improved coordination environments were designed by prearranging LS in
a tetrahedral coordination environment in htelL?5,C. Addition of Cu" and Zn'" to htelL?5,C
led to equal thermal stabilizations. This was remarkable, considering that Cu" forms
according to the Irving-Williams series in general much more stable complexes than
Zn"B%2 Also, the concept allowed the design G-quadruplexes with unsaturated
coordination environments for Cu", potentially allowing a coordination of substrates to
the Cu'" centre. This was interesting, when considering catalytic applications and indeed

the proof of concept will be discussed in Chapter 6.

Finally, the design culminated in the development of a series of sequences with dimeric
Cu'" centres, as it is often found in oxygen activating enzymes such as catechol oxidases.
Inspired by that it was found that these G-quadruplexes were able to catalyse the
oxidation of DOPA under an oxygen atmosphere, although the reaction rates were rather
slow compared to their natural counterparts. Nevertheless, this approach represents a

promising starting point for to design DNAzymes inspired by their natural counterparts.
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5 HETEROLEPTIC COORDINATION
ENVIRONMENTS IN UNIMOLECULAR G-

QUADRUPLEXES

5.1 Introduction

N
7
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H|5t;d|ne Cysteine Serme Aspartic acid Glutamic acid

Figure 56. Examples of selected metalloproteins. a) Urease with a dimeric Ni' centre, pdb: 5g4h,
b) Peptidase with a Zn' centre, pdb: 5e33, c) Single electron shuttle protein Plastocyanin with a
Cu'M centre, pdb: 4dp0 and e) amino acids that are mostly involved in metal coordination.

The work shown in this chapter was published in the journal Frontiers in Chemistry and

is also part of the dissertation of Lukas M. Stratmann.¥

In the previous chapter, it was discussed how the histidine-inspired ligandoside L? was
incorporated in unimolecular G-quadruplexes and how it was used to design tailored
coordination environments for various transition metal cations.% Naturally, the next step
was to expand the concept to other ligands with new functionalities and to design novel
heteroleptic coordination environments. A combination of amino acids found in many
metallo-proteins is histidine and the carboxylic acids aspartate and glutamate. Examples
include ureases with a dimeric Ni" centre or the human dipeptidyl peptidase 11l (DPP3)
where the catalytically active Zn" is coordinated by two histidine and one glutamate
residue (Figure 56).24524%1 |nspired by glutamate a benzoate-based ligandoside LB was
designed and synthesized by Lukas M. Stratmann (Figure 57).B% The reason for
introducing a benzoic acid instead of an aliphatic carboxylic acid was dedicated to an

simpler synthetic access.
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5.2 Results
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Figure 57. Synthetic route to access the phosphoramidite building block of LB 1) NaH, dry ACN,
rt 2) THF/acetic acid/H20, 2/1/1, rt 3) DMT-CI, DMAP, DIPEA in THF, rt 4) DIPEA and CEDIP-CI
in CH2Cl2 5) DNA solid-phase synthesis. The scheme below shows the schematic formation of
the G-quadruplex htelLB:L25;. Reprinted from ref.2% Published under the terms of the Creative
Commons CC BY license.

The following experiments were performed in equal parts by Lukas M. Stratmann.E% Both
ligandosides L?® and LB contain a single stereo centre and can be accessed as the S
and R enantiomer. Nevertheless, in this chapter only the S enantiomers of both
ligandosides were investigated. This is because — although in the previous studies
(Chapter 3.2) differences between L?° and L2R were observed — the general effects and
tendencies were the same for the S and R enantiomer. Also, mixing both enantiomers in
unimolecular G-quadruplexes would have resulted in such a large number of possible
sequences that could not be investigated. All investigated sequences and melting
temperatures can be found in (Table 3). Before starting with unimolecular sequences,
LB was investigated in the tetramolecular G-quadruplexes L8Gs, LBGs and LBGs. In
absence of transition metal cations, CD spectroscopy could show for LEGs the formation
of a tetramolecular G-quadruplex with a positive Cotton-effect at ~261 nm, while the CD
spectrum of LBG, indicated only a partial G-quadruplex formation and in case of LBGs,
only single-stranded DNA was observed (Figure 58). The melting temperature of LEG,4
at Ty, = 27 °C was significantly lower compared to L?G, (T2 = 36 °C), which was
explained with a repulsion of the negatively charged benzoate L® (Figure 58b). Since
CD spectroscopy could show for LBG4 a G-quadruplex formation with a parallel topology,
next the interactions with a series of transition metal cations, including Cu", Ni" and zZn"
were investigated, however in contrast to L?G4, no signs of a complexation were
observed, neither by CD spectroscopy nor by thermal denaturation experiments (Figure

58d-f). As the benzoate is a hard Lewis base like water and cacodylate and on the other
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hand, imidazole is a softer Lewis base, this was explained with a strong competition
between the benzoate ligandoside with cacodylate, water and chloride ions. For this
reason, more oxophilic metal cations such as Ce'' and Gd"' were investigated but still no

signs for a complexation were observed.
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Figure 58. a) CD spectroscopy of LBGs, LBGas and LBGs, b) Schematic representation of the
repulsing negative charges from LB, c¢) Correlation of the melting temperature Trm, with the number
of incorporated LB, d-f) Melting profiles of LEGs, LBG4 and LBGs with varying amounts of Cu'.
Conditions: 4 uM ss DNA, 100 mM NacCl, 10 mM LiCaco pH 7.2.

Although no metal complexation was found in tetramolecular G-quadruplexes, LB was
incorporated in unimolecular G-quadruplexes. At first, the sequence htelL®, was
synthesized, where four LB were incorporated in the former G-tetrad of htel. As for
htelL254, the formation of a clear antiparallel G-quadruplex was observed indicated by a
positive Cotton effect at ~294 nm in the CD spectrum. Again, incorporation of L8 resulted
in a strong destabilization of htelL®s (Tm = 12 °C) compared to htelL?, (33 °C) and no
interactions with a series of transition metal cations (Cu", Ni", Zn", Co") were observed.
Then LB was successively replaced with L5 in htelL®;L2S, htelL®,L?S,, htelLBL?S; and
htelL.25,. While for all sequence’s CD spectroscopy showed a clear antiparallel topology,
an interesting trend of the thermal stabilities was observed. With each replacement of
LB, a linear increase of the thermal stability by ~ 5°C was observed (Figure 58c). This
was dedicated to the reduction of negative charges from LB. As for htelL®s, the
sequences htelLB;3L25, htelL®,L?S, showed no signs for the complexation of Cu", Ni", Zn"
and Co" but for htelLBL?S;, a weak but distinct stabilization of AT, = +4 °C after addition
of 1 equiv. Cu" was observed (Figure 59). Additional equivalents of Cu'" resulted in no

further stabilization, consistent with a specific Cu" complexation. Open remains the
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guestion whether LB was involved in Cu" coordination. Further investigations by EPR

spectroscopy might help to answer this question but are not part of this dissertation.
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Figure 59. Thermal denaturation profiles normalized to fractions folded of a) htelLBL2?S; and b)
htelLB2L 2, in absence and presence of 1 equiv. Cu', Ni, Zn' and Co" ¢) CD spectra of htelLB2L254
in absence and presence of 1 equiv. Cu', Ni", Zn' and Co'". Conditions: 1.88 uM ssDNA, 100 mM
KCI, 10 mM LiCaco pH 7.2 and 1.88 transition metal cation.

Table 3. Melting temperatures T, in absence of transition metal cations and thermal stabilizations
(ATm) of unimolecular G-quadruplex forming sequences. Conditions: 1.88 (unimolecular) or 4
(tetramolecular) uM ssDNA, 100 mM NacCl (tetramolecular) or KCI (unimolecular), 10 mM LiCaco

pH 7.2 and 1.88 or 1 pM transition metal cation.

Name Sequence - CuSOs4 NiSO4 Znl Co(NO3)2
L2SGn L?SG, 36 76 (+40) 73 (+37) 52(+16) 63 (+27)
LBGn LBG, 27 27(0) 27 (0) 27 (0) 27 (0)
htelL2S,A AGG L25TT AL2G GTT AGG LSTT AL®SG G 33 56(+23) 45(+12) 36 (+3) 35 (+2)
htelL B, AGG LBTT ALBG GTT AGG LBTT ALBG G 12 12(0) 12 (0) 12 (0) 12 (0)
htelL25,D AGG L®TT TL?G GTT AGG L*TT TL®G G 40 60 (+20) 46 (+6) 40 (0) 40 (0)
htelLBsL2S | AGG L®TT ALBG GTT AGG LBTT AL®G G 17 17 (0) 17 (0) 17 (0) 17 (0)
htelLB2L2S; | AGG L25TT ALBG GTT AGG L?TT ALBG G 23 24(+1) 23(+0)  23(0) 23 (0)
htelLBL2S; | AGG L25TT AL2G GTT AGG L®TT ALEG G 28 32(+4) 28(+0)  28(0) 28 (0)
htelL.2Ss AGG LSTL2 TL25G GTTAGG LBSTLS TLSG G | 36 54 (+18) 59 (+23) 44 (+8) 44 (+8)
htelLBsL25, | AGG LBTL? TLBG GTT AGG LBTL*® TLBG G 17  23(+6) 18 (+1) 18 (+1) 17 (0)
htelLBsL25; | AGG LBTL?® TL?SG GTT AGG LBTLBTL>GG [ 26 35(+9) 26 (+0) 31 (+5) 25 (-1)
htelLB2L25; | AGG L®TLB TL?SG GTT AGG LBSTLBTLSG G | 26 60 (+34) 48 (+22) 32 (+6) 27 (+1)
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Figure 60. Native ESI-MS spectra of htelLB2L25;in presence of Cu'" (upper spectrum) and Ni"
(lower spectrum). Conditions: 12.5 uM ssDNA, 12.5 uM CuSOs or NiSQOs, 0.5 mM KCI, 50 mM
TMAA pH 6.8, H20:ACN, 1:1. Reprinted from ref.3% Published under the terms of the Creative
Commons CC BY license.

After showing that at least three L2 were required for metal complexation, next DNA
sequences with six ligandosides were investigated. For htelL®,L25;, htelLB3L25;, and
htelLB,L25,, again CD spectroscopy could show the same antiparallel topology as for
htelLB,. Pleasingly, now a series of transition metal cations was shown to form stable
complexes (Table 3). Interestingly, even for htelLB4L25, addition of 1 equiv. Cu" resulted
in a distinct thermal stabilization of AT, = +6 °C. Considering that previously it was found,
that at least three L2 were necessary to complex Cu' it was concluded that in htelL84L 25,
at least one benzoate ligandoside was involved in coordination. In htelLB;L2%;, addition
of Cu" resulted in a slightly higher thermal stabilization (ATx = +9 °C) due to the additional
L2S. More interesting was that now Zn" was found to induce a stabilization of ATy, = +5 °C,
while Ni'" showed no stabilization at all, which was the first time that Zn" showed a higher
stabilization. This becomes especially interesting in combination with another sequence
called htelL?5,D. It was initially designed as a control sequence as it will be discussed

later. But for htelL?5,D only a stabilization was observed after Ni'" addition (ATm = +6 °C),
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while after addition of Zn" (AT = +0 °C), no effect was observed. This means that the
pair of sequences htelLB;L25; and htelL?5,D offers potential as an orthogonal system in
which zZn'" and Ni" selectively bind to one G-quadruplex over the other. But this could not

be proofed yet and further studies, which include native ESI-MS will be necessary.

The last sequence investigated was htellL®,L25,, which showed an unprecedented high
thermal stabilization after addition of Cu" (ATm = +34 °C). The question was if this was
the result of LB being involved in coordination or if other effects were underlying. To
answer this question a new sequence was designed in which the two L® were replaced
with two thymine, called htelL?5,D. Addition of Cu' resulted in a significantly lower thermal
stabilization of AT, = +20 °C, but the absolute melting temperature was T, = 60 °C and
therefore exactly the same as observed for htelLB,L25, (Tm(Cu'")= 60 °C). For this reason,
it was concluded that the very high thermal stabilization observed for htelL8,L25, after
addition of Cu" (ATm = +34 °C) was a compensation of the destabilizing electrostatic
repulsion from LB. Similarly, for the addition of Ni" to htelL®,L?S, a very high thermal
stabilization (ATm = +22 °C) was observed. However, addition of Ni" to htelL?5,D (ATm =
+6 °C) resulted again in a much lower thermal stabilization but the absolute melting
temperature (Tm(Ni'")= 46 °C) was almost the same. Therefore, as for Cu", this was
explained with a compensation of the negative charges. The complexation of Cu" and
Ni" by htellL®,L25, was further confirmed by native ESI-MS (Figure 60) showing for both
metals a clear main species [htelLB;L25,+Cu+K-7H]* and [htelLB,L2S,+Ni+K-7H]*
corresponding to folded G-quadruplexes in complex with Cu'" and Ni", respectively. In
case of zZn'" for htelLB,L25,, no significant increase of ATm compared to htelLB;L25; was
observed indicating that the coordination environment of zZn" is already saturated in
htelLB3L25;, which would in turn speak for an involvement of LB in the coordination.
Interestingly for Co", none of the G-quadruplexes containing L® showed any signs of

complexation.

5.3 Summary

As a conclusion, it is summarised that an imidazole-based ligandoside L?® and a
benzoate-based ligandoside LB were incorporated into a series of G-quadruplex forming
sequences to create heteroleptic coordination environments. Interestingly, incorporation
of LB showed a strongly destabilizing effect which linearly increased with the number of
LB and was therefore dedicated to a repulsion of the accumulating negative charges.
When the interactions with a series of transition metal cations were investigated, it was
found that sequences containing only L® showed no signs of metal complexation. A

minimum of two L2 in htelL®4L25, was required to complex Cu'". It was further found that
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the incorporation of LB allowed a further fine-tuning of metal affinities in which respect a
pair of orthogonal sequences (htelL?5,D and htelL®;L2%;) was found, that selectively
complexed Ni'" over Zn" and vice versa.*% Conclusively, the design of heteroleptic
coordination environments adds a third layer to fine-tune metal affinities besides the
previously established concepts of varying ligandoside numbers as well as positions.B
This represents another important step towards the overall goal to use this concept for
the rational design of metallo-DNAzymes and will be further developed in the future. The
results of this chapter were published in a scientific article and will also be part of the

dissertation of Lukas M. Stratmann.3"
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6 G-QUADRUPLEX BASED ASYMMETRIC

CATALYSIS

6.1 Sequence Design

aq. buffer

k @
CUHO

Figure 61. Schematic representation of the G-quadruplex formation and proposed mechanism of
a Cu'-catalysed Michael-Addition. On the right side a snapshot from a MD simulation of htelL?S3sD
with Michael-acceptor imidazole chalcone and Cu" is shown.

The concept of metal-mediated G-quadruplexes was systematically studied in the
previous chapters and here the concept is utilized to design G-quadruplexes for
asymmetric catalysis. The field was established by the early works of Roelfes and
Feringa in 2005. They used Cu" complexes, that bound to undefined salmon testis DNA
via non covalent interactions to catalyse an asymmetric Diels-Alder reaction in high
enantiomeric ratios.??” Later, they expanded the approach for enantioselective Friedel-
Crafts reactions and Michael-Additions.[?4215217 Whijle the advantage of this approach
was, that cheap salmon testis DNA with simple intercalating Cu" complexes could be
used, the nature of the undefined DNA sequence was impeding detailed atomistic
studies. Therefore, novel systems with defined sequences were developed, using
covalent approaches, where the metal chelating ligand was attached via a linker to the
DNA. Although this was synthetically more demanding, advantage of these systems was,
that the exact position of the chelating unit within the sequence was known, allowing to
mutate the neighbouring nucleobases to optimize the efficiency and
enantioselectivity.B15-3181 As the first examples mostly used duplex DNA, later the
concept was expanded to DNA G-quadruplexes, allowing the asymmetric oxidation of
sulfides, Friedel-Crafts reactions, Michael-Additions and even cyclopropanation
reactions.[213:219.234.235 Eyen if the ligands were covalently attached, a common drawback
was a lack of knowledge about exact coordination environment, since the ligands were

attached via long flexible linkers, allowing them to move into different positions. Also,
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apart from a single recently published example,®® the ligand moieties were always bi-
or tridentate to ensure a strong Cu' coordination, but it also restricted the possibilities to
fine-tune the ligand arrangement. This is different in the here established system, in
which the use of monodentate imidazole ligandosides allows much more control in the
design of sequences. This way it was possible to optimize in iterative rounds of sequence
design and screening highly efficient G-quadruplexes, that catalyse Michael-Additions in

high enantiomeric ratios.
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Figure 62. Synthetic route to access the phosphoramidite building blocks (R/S)-7, (R/S)-8 and
(R/S)-32. (1) DMT-protection of (R/S)-1 with DMT-CI and NEtsz in CH2Cl: at rt (2) Nucleophilic ring
opening with imidazole in dioxane at 70 °C (L) or with N-hydroxyethyl-imidazole (L?), NaH in
DMF at 40 °C (3) Phosphitylation of (R/S)-5 and (R/S)-6 with CEDIP-CI and DIPEA in CH2Cl2 at
rt. (4) DNA solid phase synthesis and schematic representations of G-quadruplexes where the
imidazole ligandosides were either incorporated in the loop regions or by replacement of a G-
tetrad. DMT = 4,4'-Dimethoxytrityl, DMF = dimethylformamide, CEDIP-C| = 2-Cyanoethyl N,N-
diisopropylchlorophosphoramidite, DIPEA = Diisopropylethylamine.

Here the proof of concept is shown, that our approach of metal-mediated
G-quadruplexes can be used in asymmetric catalysis. As benchmark reaction, a
Cu'-catalysed Michael-Addition of a Michael-acceptor, here imidazole chalcone MA1,
(Table 4) with DMM (dimethyl malonate) was investigated. In these systems, Cu'"
activates as Lewis-acid the substrate for the attack of a nucleophile (Figure 61) and
depending on the DNA secondary coordination sphere, the nucleophilic attack is
preferred from either the si or re site, leading to an enantiomeric excess. For the
sequence design of G-quadruplexes, two considerations were made. First, a
coordinationally unsaturated Cu' centre is mandatory to allow a substrate coordination,
limiting the number of L2 to < 3, and second, the ligandosides must be arranged in a
certain proximity to allow a chelation of Cu". For this purpose, the imidazole ligandoside
L2 was incorporated into the loops of htel by replacement of either adenine or thymine,

leading to sequences of the type A GGG TTA GGG TTA GGG TTA GGG, where the
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bold residues were replaced with L2, Sequences were synthesized, as previously
described (Chapter 3 and 9.1), by DNA solid phase synthesis. At the end of this chapter
in Table 11 all investigated sequences can be found. Phosphoramidites of L2 were

accessed in a four steps synthesis (Figure 62).

6.2 Catalytic studies

The first two sequences designed were htelL?5;A and htelL?5;A. For catalytic studies,
samples were prepared with 100 mM KCI, 10 mM HEPES pH 8, 1 mM substrate,
100 mM DMM, 1 % v/v DMSO, 120 uM DNA and 100 uM CuSOa. This corresponded to
a catalyst loading of 10 % with respect to Cu". An excess of DNA was used to ensure
that no free Cu" was left in solution, which could catalyse the Michael-Addition in a
racemic fashion resulting in lower enantioselectivities. The slightly basic pH of 8 was
important to allow a deprotonation of DMM. After G-quadruplexes were annealed (85 °C
for 10 minutes, then cooling to 4°C with 0.5 °C min‘!), the substrates were added, and
the reactions were incubated at 5 °C for 3 d. Samples were extracted with Et,O, dried
over MgSO. and the solvent was evaporated using a vacuum concentrator. Conversion
and ee (enantiomeric excess) were analysed by chiral HPLC (Figure 63). For more
details it is referred to 9.4. Thee absolute stereo configuration of the Michael-adduct was
determined with the optical activity [a] of the enantiopure product. Comparison with
literature led to the conclusion, that the enantiomer eluting at ~ 14 min was the (S)

enantiomer and at ~20 min the (R) enantiomer (Figure 63).242

Table 4. Initial screening of different G-quadruplex-forming sequences with 0-7 counts of L25,
Conditions: 120 pM G-quadruplex, 100 uM CuSO4, 10 MM HEPES pH 8, 100 mM KCI, 100 mM
DMM, 1 mM substrate and 1 % v/v DMSO, 5° C, 3d. All experiments were performed in duplicate.
The error was defined as the difference of two experiments and is within £ 5 %.

N O
[\
\
MA1

Entry  Sequence L Conversion ee

0 - - 23 1(S)
1 cMyc 0 12 1(R)
2 htel 0 10 5(8S)
3 htelLS:A 2 28 33(9)
4 htelLS3A 3 23 29 (R)
5 htelLSiA 4 10 25 (R)
6 htelLSe 6 0 0

7 htelL S; 7 17 27 (R)
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Figure 63. HPLC traces of a) imidazole chalcone MA1, b) the DMM Michael-adduct and c, d) the
crude reaction mixtures of entry 16 (htelL?RsD) and 18 (htelL2R3G). HPLC Conditions: Agilent
Technologies 1260 Infinity HPLC equipped with a chiral phase CHIRALPAK IA-3 column
(Amylose tris(3,5-dimethylphenylcarbamate) immobilized on 3 uM silica-gel) using a solvent
mixture of nHexane:isoPropanol, 80:20 with a flow rate of 1 mL min’, detection at 254 nm,
bandwidth 8 nm.

After analysing the reactions, it became clear that htelL?5;A (28 % conversion, 33 % (S)
and htelL.?S;A (23 % conversion, 29 % (R)) significantly improved the reaction compared
to unmodified htel (10 % conversion, 5% (S)). Pleasingly, htelL?5;A and htelL?S;A
enriched the opposite enantiomers showing the potential to design DNAzymes for both
enantiomers without the need to invert the complete stereochemistry of the DNA
backbone. To show that indeed < 3 L2 were needed a series of sequences containing =
4 L% was screened and indeed they were shown to poorly perform in the
Michael-Addition, as for all poor conversions were observed (< 17 %). As previously
explained, this was the reason of a saturated Cu' coordination environment, which
prevents the substrate from coordination and therefore the substrate is not activated for
the Michael-Addition.

69



G-Quadruplex Based Asymmetric Catalysis

Table 5. Conversions and enantioselectivities of different G-quadruplex forming sequences with
2 and 3 L2 in presence of KCI and NaCl. Conditions:120 uM G-quadruplex, 100 pM CuSOsa,
10 mM HEPES pH 8, 100 mM KCI/NaCl, 100 mM DMM, 1 mM substrate and 1 % v/v DMSO. All
experiments were performed in duplicate. The error was defined as the difference of two
experiments and is within + 5 %.

Entry  Seq. LS, Loop1l LS Loop2 Salt Conversion ee[ %]
8 htelL S,F 2 0 KCl 75 46 (S)
9 htelLS;H 2 0 KCl 73 4 (S)

10 htelLS;F 2 0 NaCl 78 71 (S)
11 htelLS;H 2 0 NaCl 67 61 (S)
12 htelLS3J 1 2 KCl 97 91 (R)
13 htelLS3B 1 2 KCl 92 96 (R)
14 htelLS3J 1 2 NaCl 25 46 (R)
15 htellS:B 1 2 NaCl 45 61 (R)

Encouraged by the results, a new series of sequences was synthesized all containing
two and three L2° incorporated in loop 1 and 3, while retaining a constant loop length of
three bases. Catalytic studies with the new set of sequences unveiled crucial structure-
function relationships leading to highly efficient sequences. One group of sequences
(htelL?53B, htelL?S;H-M) was found to efficiently catalyse the reaction with conversions
>80 % and enantioselectivities of up to 96 % ee (R). Common for this group of
sequences was that L2 was incorporated three times, one in loop 1 and two in loop 3,
separated by one base. Out of this group of sequences, the best performing sequence
htelL?S;B (92 % conversion, 96 % (R)) contained besides L?° only thymine in loop 1 and
3, whereas the others contained at least one adenine. This was suggesting, that the
formation of A-T base pairs in the loop regions had a detrimental influence on the
enantioselectivity. It was also found, that apparently small changes in the sequence
could have a drastic influence on the catalysis. For example, after T18 and L2519 in Loop
3 (htelL?53B (92 % conversion, 96 % (R)) were swapped to L2518 and T19 (htelL?5;C,
40 % conversion, 57 % (S)) an inversion of the enantioselectivity was observed, while
changing T18 and L2°17 in Loop 3 (htelL?3B) to L2518 and T17 in htelL?53D (80 %,

conversion, 91 % ee (R)) had almost no influence.
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Table 6. Melting temperatures of selected sequences with KCI and NaCl as electrolyte.
Conditions: 1.88 um DNA, 1.88 uM CuSO4, 100 mM electrolyte, 10 mM HEPES pH 8.

Name KCI NacCl KClI, Cu" NacCl, Cu"
htelL2S;B 62 48 66 (+4) 53 (+5)
htelL25:D 62 46 71 (+9) 55 (+9)
htell2S,F 67 52 68 (-1) 52 (0)
htelL25,G 58 46 58 (0) 46 (0)
htelL2RsD 63 - 68 (+5) -
htelL2RsH 68 - 68 (0) -
htelL2R,F - 49 - 50 (+1)
htelL2R,G 47 47 (0)

More systematic was the effect, when L2 was incorporated two times in loop 1 and once
in loop 3 (htelL?53A, htelL25;E and htelL253F), which resulted in a strong corrosion of both
conversion < 30 % and ee < 30 %. Also, sequences in which L2® was incorporated two
times, generally showed poor enantioselectivities, although for some very good
conversions of up to 97 % were observed. Interestingly, this completely changed when
NacCl instead of KCl was used as the electrolyte. Now, for the previously good performing
sequences htelL?5;B, htelL?5;D and htelL?5>;H-M a drastic drop of both, conversion (s
65 %) and ee (< 68 % (R)) was observed, but therefore another group of sequences
(htelL25;F-H) containing only two L2% in loop 1 showed improved enantioselectivities of
the opposite enantiomer of up to 71 % ee (S). An inversion of the enantioselectivity
depending on the coordination number was previously described in a similar study, which
used bi- and tridentate chelate ligands in a Diels-Alder reaction. DFT calculations
suggested that two different chiral pockets were created from the bi- and tridentate
ligands together with the DNA, although it could not be proofed.®'% However in this case,
with the number of imidazole ligandosides it was not possible to explain the dependency

of the enantioselectivity on the chosen electrolytes NaCl and KCI.

6.3 Structural Analysis

To investigate this question, htelL?5,G and htelL?5,D were investigated by UV/Vis and
CD spectroscopy. As expected, TDS for both sequences in KCI and NaCl containing
buffers were consistent with the formation of G-quadruplexes, indicated by a maximum
at ~ 272 nm and a minimum at ~295 nm. Below 250 nm the spectra were dominated by
the absorption of the HEPES buffer and could not be interpreted. Addition of Cu" had
only minor effects on the TDS. CD spectroscopy could proof for both htelL?5,G and
htelL?5;D the formation of clear antiparallel topologies, when NaCl was used as

electrolyte. Addition of Cu" showed only minor effects on the CD spectra. With KCI as
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electrolyte this picture changed. In absence of Cu'" the CD spectra appeared similar to a
(3+1) hybrid topology but could also correspond to a mixture of topologies.#23201 Addition
of Cu" induced a change towards an antiparallel topology. Although this effect was
observed for both htelL?5,G and htelL?5;D, it was much stronger in case of htelL?53;D,
which could be explained with a better templating effect. For htelL?5;D, only in case of
an antiparallel topology all three L?° are able to coordinate to Cu'. In contrast, for
htelL25,G both LS are next to each other in the sequence and can always simultaneously

coordinate to Cu", independent of the given topology.

a)

-4
220 260 300 340 220 260 300 340

0 20 40 60 80 0 20 40 60 80

T/i°C TI°C
— KClI — KCI, Cu" ---- NaCl  ---- NaCl, Cu"

Figure 64. CD spectra and melting profiles of a, c) htelL?53D and b, d) htelL?5:G with KCI (solid
lines) and NaCl (dashed lines) in absence (black lines) and presence of Cu" (red lines).
Conditions: 1.88 uM DNA, 1.88 pM CuSOa4, 100 mM electrolyte, 10 mM HEPES pH 8.

Even more interesting was the finding that Cu" still induced in htelL>5,G a topology
change towards an antiparallel topology, highlighting once again, how sensible the
topology of DNA G-quadruplexes reacts to external stimuli. Although CD spectroscopy
of htelL?5;D (in KCI) and htelL?5,G (in NaCl) in presence of Cu" could show for both
sequences an antiparallel topology, the CD spectra still appeared slightly different. For
htelL25;D a very intense maximum at 292 nm but a very weak minimum at 263 nm was
observed and for htelL?5,G the maximum at 297 nm was slightly shifted and showed a
comparable intensity to the minimum at 265 nm. These differences in the CD spectra
might be a hint to two different antiparallel topologies, in one case the basket-type and
in the other case the chair-type.[636683 These different types would result in different

strand orientations of loop 1 and 3. For the basket-type this would result in a parallel
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orientation of loop 1 and 3 and for the chair-type in an antiparallel arrangement. As these
different strand polarities could be the key to explain the different enantioselectivities of
htelL25;D (91 % (R)) and htelL?5,G (67 % (S)), at this stage it remains a hypothesis and

further studies will be necessary to collect more evidence.

Thermal denaturation experiments of htelL?5;D showed in NaCl one clear transition with
a corresponding melting temperature of T, = 46 °C, indicating the formation of a single
topology. In contrast with KCI, the melting profile indicated two transitions with a
corresponding melting temperature of T, = ~62 °C. Addition of Cu" showed with both
electrolytes a clear stabilization of AT, =+ 9 °C (NaCl) and ATm = + 9 °C (KCI). Also, the
melting profile in KCI showed after Cu" addition only one transition indictive for a Cu"
induced shift towards a single topology (Figure 64c). For htelL25,G with both electrolytes
NaCl (Tm = ~46 °C) and KCI (Tm = ~58 °C) only one transition was observed. In contrast
to htelL?5;D addition of Cu" lead to no thermal stabilization, which was explained with
two reasons. First, only two L2S in htelL?S,G were available for Cu" coordination, resulting
in a weaker complexation, and second, in htelL?;D the ligandoside L?® is arranged in
two opposite loops, once in loop 1 and twice in loop 3. For this reason, Cu'" coordination
leads to a crosslink between loop 1 and 3 resulting in a stabilization of the G-quadruplex.
In htelL?5,G however, both L?S are incorporated next to each other in loop 1 and
accordingly Cu" coordination is not leading to a stabilizing crosslink between the loops.
The weaker Cu'" coordination of G-quadruplexes containing only two ligandosides was
further supported by native ESI-MS with htelL?R;D and htelL??;F (Figure 66 and Figure
68). As a short reminder in case of folded G-quadruplexes a main species with n-1
potassium adducts would be observed, where n = number of G-tetrads, followed by a

statistical distribution of additional unspecific potassium adducts.
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— htelL?®,D — htelL?R D, Cu" ---- htelL?*?,G ---- htelL??,G, Cu"

Figure 65. CD spectra and melting profiles of a, c) htelL?RsD and b, d) htelL2R>G with KCI (solid
lines) and NaCl (dashed lines) in absence (black lines) and presence of Cu" (red lines).
Conditions: 2 uM DNA, 2 pM CuSOg4, 100 mM electrolyte, 10 mM HEPES pH 8.
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While in absence of Cu" for both sequences the species [htelL?R;D+2K-6H]* and
[htelL?R,F+2K-6H]* were observed as main signals, corresponding to folded G-
qguadruplexes with three G-tetrads, in presence of Cu' the spectra became more
complex. For htelL?®;D as main species [htelL?R;D+Cu+2K-8H]* was observed, in
agreement with a folded G-quadruplex in complex with Cu". But with roughly half the
intensity, another species [htelL?R?3D+Cu+K-7H]* could be observed with only one
potassium ion bound. One possibility would be, that one potassium ion was lost during
ionization, but this was rather unlikely since the potassium ions are usually strongly
bound between the G-tetrads and can't be easily lost during ionization. Also, in absence
of Cu'" the species htelL?R;D with only one bound potassium was a minor species. For
this reason, another explanation was considered, in which Cu" induced a structural
change towards a topology with only two G-tetrads. Although two different G-quadruplex
topologies were observed, both were mainly found in complex with Cu". This changed
for htelL>R,F. In presence of Cu" two main species [htelL?R,F+Cu+2K-8H]* and
[htelL2R,F+2K-6H]* with almost identical intensities were observed. This was indicating,
that htelL?R;F was losing Cu" during the ionization process, pointing towards weaker
interactions, in agreement with the thermal denaturation experiments previously
discussed. The last open question was to what extent the stereo-configuration of L? was

affecting the catalysis, as until now only L2 was incorporated.

Table 7. Influence of ligandoside stereo-configuration on conversion and enantioselectivity.
120 pM G-quadruplex, 100 uM CuSOa, 10 mM HEPES pH 8, 100 mM electrolyte, 100 mM DMM,
1 mM substrate and 1 % v/v DMSO. The experiments were performed in duplicate. The error was
defined as the difference of two experiments and is within £ 5 %.

Entry Seq. L  electrolyte  conversion ee
16 htelLR.G 2 NaCl 92 90 (S)
17 htelLR:H 2 NaCl 93 56 (S)
18 htelLRsD 3 KCI 94 299 (R)
19 htelLRsB 3 KCI 97 84 (R)
20 htelLRsJ 3 KCI 96 85 (R)
21 htelLRsK 3 KCI 94 67 (R)
22 htelLRsL 3 KCI 96 83 (R)

Therefore, a selection of the best performing sequences was resynthesized containing
L2R. Studies of the L?R containing sequences could not show any systematic difference,
i.e. sequences containing two L2R in loop 1 enriched the (S) enantiomer while sequences
containing one L?R in loop 1 and twice in loop 3 enriched the (R) enantiomer. Although
the stereo-configuration of L? seemed to have only a minor influence, the two sequences
htelLRsD (= 99 % (R) ee) and htelLR,G (90 % (S) ee) were identified with improved
enantioselectivities as compared to htelLS;D (91 % (R) ee) and htelLS,G (67 % (S) ee).
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From MD simulations of htelL?R;D (Figure 70) it is suggested, that neighbouring
nucleobases were blocking the Re site for a nucleophilic attack, resulting in an exclusive
nucleophilic attack from the Si site, giving rise to the high enantioselectivity.?*> Thermal
denaturation experiments of htelLRsD and htelLR,G showed only for htelLR;D a thermal
stabilization after Cu" addition and CD spectroscopy proofed for both sequences in
presence of Cu'" the formation of an antiparallel topology (Figure 65, Table 6). Compared
to htelLS;D and htelLS,G these results were very similar, showing that the stereo-

configuration had no significant effects on the topology and thermal stability.

a) 1722.61+K

measured [htelL*?, D+2K-6H]*

i

calculated for: C, H, N, O P K

2147 267 86300 102

K

+K

[htelL2% D+2K-7H*
1370.21

1712.5 1713.5 1714.5 miz

[htelL?® D+2K-5HJ*
2297.01

600 800 1000 1200 1400 1600 1800 2000 2200  2400miz

b)
measured [htelL*? D+Cu+2K-8H}* 1728.50

calculated for: C, H,..N. O, P, KCu

[htelL?® D+Cu+K-TH]:

1728.0 17290 1730.0m/z [htelL??,D+Cu+2K-gH]*
1382.60

[htelL** D+Cu+2K-TH]*
2317.32

[htelL*? D+Cu+2K-10H]*
1145.50

600 800 1000 1200 1400 1600 1800 2000 2200 2400 m/'z

Figure 66. Native ESI-MS spectra of htelL?R3D in a) absence and b) presence of 1 equiv. Cu".
Conditions: 12.5 uyM G-quadruplex, 15 ypM CuSO4 0.5 mM KCI and 50 mM TMAA pH 6.8,
H20:ACN, 1:1.
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Figure 67. Optimization of the DNA concentration and reaction time with htelLR:D. a) The
concentration of Cu' is plotted against the conversion after two days at 5 °C. b) Aliquots from the
reaction mixture with 120 uM htelLRsD and Cu'" were taken at different time steps. Conditions:
100 mM KCI, 10 mM HEPES pH 8, 1 mM substrate, 100 mM DMM, 1 % v/v DMSO.
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Figure 68. Native ESI-MS spectra of htelL?R:F in a) absence and b) presence of 1 equiv. Cu".

Conditions: 12.5 uM G-quadruplex, 15 uM CuSO4 0.5 mM KCI and 50 mM TMAA pH 6.8,
H20:ACN, 1:1.
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6.4 Substrate scope

After the concept was established for the Michael-Addition, a substrate scope was
investigated, to show the limits of the system. For this purpose, a series of substrates
was synthesised with different substituents in para position of the phenyl ring. Also, one

substrate was synthesized where N-methyl imidazole was replaced with pyridine.

N 2 MA1 = R" = N-methyl imidazole, R? = H
~br imi MA2 = R' = N-methyl imidazole, R? = -NO
N-methyl | , ]

<\’N\ methylimidazole MA3 = R' = N-methyl imidazole, R? = -OCH,

MA4 = R' = N-methyl imidazole, R? = -tbutyl
Xy o MAS = R' = N-methyl imidazole, R* = -CF,
@ pyridine MA6 = R' = N-methyl imidazole, R? = -CH,
MAY = R' = pyridine, R? = H

Figure 69. Substrate scope investigated for the Cu' catalyzed Michael-Addition with the
sequences htelL?R>;G and htelL2R3D.

Stock solutions of all substrates were prepared as 100 mM stock solutions leading to 1%
v/v DMSO in the sample mixture. Only exception was the nitro-substituted substrate
MAZ2, which had a low solubility in DMSO. For this reason, a 25 mM stock solution in
DMSO leading to a DMSO content of 4 % v/v in the sample. As shown later a
concentration of up to 10 % v/v was not to interfering with the Michael-Addition. The
absolute stereoconfiguration for the substrates was not assigned and the (+) refers to

the earlier and (-) to the later eluting enantiomer.

For the substrate scope the two best sequences — in terms of the enantioselectivity —
htelLR,G and htelLR;D were investigated. Substrate MA2 with a nitro group in para
position was shown to poorly react and only conversion of htelLR.G: 10 %,
htelLR3D: 12 were observed compared to of 92 % (htelLR,G) and 94 % (htelLRsD) for the
unsubstituted substrate MA1. The poor reactivity was attributed to the very low solubility
of substrate MA2. Also, the electron withdrawing effect of the -NO; group could have a
deactivating effect. This was supported from substrate MA5 with an electron withdrawing
-CF3 group. Similarly, a lower conversion of only 49 % (htelLR,G) and 59 % (htelLR;D)
was observed, but in very good enantioselectivities of 93 % (+) (htelLR.G) and 98 % (-)
(htelLR3D). In agreement with these results for the substrates MA3 (4-OCHs) and MAG

(4-CHs) with electron donating groups higher conversions were observed, especially
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substrate MAG6 with a conversion of 99 % for both sequences and 91 (+) (htelLR,G) and
99 (-) %(htelLR3D) ee. A bulky tert butyl group in MA4 showed a lower reactivity
compared to MAL1, but interestingly for htelLR,G a better enantioselectivity of 95 % (+)
was observed. This was probably due to the bulky tert butyl group, which caused a
stronger induction from the chiral DNA. For MA7, where the N-methyl imidazole was
replaced with pyridine very good conversions of 99 % for both sequences were
observed, but this came with a strong decrease of the enantioselectivity 71 % (+)
(htelLR,G) and 91 % (-) (htelLR3D). As a short summary, all investigated substrates, apart
from MA2, showed very high enantioselectivities of 2 90 % ee and moderate to excellent
conversion between 49 and 99 %. Interestingly, for all investigated substrates, again
except for the poorly soluble substrate MA2, htelLR,G enriched the (+) enantiomer, while
htelLRs;D enriched the (-) enantiomer. Although the absolute stereo configuration was not
determined, this might suggest, that the G-quadruplex properties leading to the (R) or
(S) enantiomer of substrate MA1, were also valid for all substrates in the here

investigated substrate scope.

Table 8. Conversion and enantioselectivities of the investigated Michael-acceptors 1 — 7.
Conditions: 120 uM DNA, 100 puM CuSO4, 10 mM HEPES pH 8, 100 mM electrolyte, 100 mM
DMM, 1 mM substrate and 1 % v/iv DMSO. 3 d incubation at 5°C. The experiments were
performed in duplicate. The error was defined as the difference of two experiments. * 4 % v/v
DMSO.

Seq. electrolyte LR Substrate  conversion ee
htelLR.G NacCl 2 MA1 92+5 20091
htelLR.G NacCl 2 MA2 10+1 6(-)x1
htelLR.G NacCl 2 MA3 63131 84 (+)+1
htelLR,G NaCl 2 MA4 69 +3 95 (+) £ 1
htelLR.G NacCl 2 MAS5 49t 4 93 (+)+1
htelLR,G NaCl 2 MAG 97+3 90 (+) £ 1
htelLR.G NacCl 2 MA7 99+1 71(+) 1
htelLRsD KCl 3 MA1 94+5 99 (R) 1
htelLRsD KCI 3 MA2 172 88(-)+10
htelLRsD KCl 3 MA3 79+ 4 98 (-)
htelLRsD KCI 3 MA4 774 95(-)+1
htelLRsD KCl 3 MAS5 59+6 98 (-) +1
htelLRsD KCI 3 MAG 99+1 9(-)x1
htelLRsD KCI 3 MA7 99+1 91(-)+1

6.5 Optimization of the Reaction Conditions

Table 9. Influence of the DNA and Cu" concentration on conversion and ee. Conditions: DNA and
CuSO04 concentrations as mentioned, 10 mM HEPES pH 8, 100 mM electrolyte, 100 mM DMM,
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1 mM substrate and 1 % v/iv DMSO. 2 d incubation at 5°C. The experiments were performed in
duplicate. The error was defined as the difference of two experiments and is within + 5 %.

Seq. DNA Cu" L2R Electrolyte Conversion ee
htelLR.G 120 100 2 NaCl 92+5 (91
htelLR.G 60 50 2 NaCl 93+3 922(S)x1
htelLR.G 30 25 2 NaCl 652 91(S)x1
htelL?G 12 10 2 NaCl 46+ 1 89 (S)+1
htelLRsD 120 100 3 KCl 94 +5 >99 (R) + 1
htelLRsD 60 50 3 KCl 95 + 2 >99 (R) + 1
htelLRsD 30 25 3 KCI 86 + 10 29 (R)x1
htelLRsD 12 10 3 KCI 621 296 (R)+2

After the proof of concept was established, further optimizations of the reaction
conditions were anticipated. First the reaction time was optimized with htelLRsD (Figure
67). Therefore, aliquots were taken from the reaction mixture after different time steps,
showing that the reaction was already completed after 1 d instead of 3 d (Figure 67b)
and after only 8 h already ~80 % of the substrate were consumed. Much more important
than a shorter reaction time, was to reduce the DNA concentration to save as much
precious DNA as possible. So far concentrations of 120 uM DNA and 100 uM Cu" were
used, corresponding to a catalyst loading of 10 %. Considering the high molecular weight
of the DNA of about ~6,000 g mol* vs 212.3 g mol? of the substrate, with 10 % catalyst
loading roughly three times the mass of DNA was consumed compared to starting
material. For this reason, the DNA concentration was stepwise reduced from 120 uM to
12 uM and the samples were incubated for 2 d at 5°C (Figure 67 a). For htelLR,G and
htelLR:D no significant change of conversion and ee was observed, when the
concentration was halved to 60 uM DNA. This changed after the concentration was
further reduced to 30 uM DNA, showing a decreased conversion of 65 % for htelLR.G
and 86 % for htelLR;D, while the enantioselectivity was unchanged. At 12 uM the
conversion further decreased to 46 % for htelLR,G and 62 % for htelLR;D. Now, also the

enantioselectivity became slightly worse (Table 9).

Table 10. Influence of cosolvents and molecular crowders on the conversion and
enantioselectivity. 15 pM DNA, 12.5 pM CuSOs4, 10 mM HEPES pH 8, 100 mM KCI, 2d at 5 °C,
1 mM substrate, 100 mM DMM. The experiments were performed in duplicate. *'60 uM DNA,
50 pM CuSO04,*? not reproduced.

Seq. Cosolvent Crowding agent Conversion ee
htelLR3D - - 64 =8 98 (R)£2
htelLR3D*12 - PEG 8000 (5 % v/v) 0 0
htelLRsD*12 - PEG 400 (5 % v/v) 40 89 (R)
htelLRsD ACN (10 % viv) - 7x1 0x1
htelLRsD DMSO (10 % v/v) - 56+5 7R £1
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htelLRsD*2  MeOH (10 % V/v) - 64 97 (R)
htelLRsD EtOH (10 % v/v) - 45+ 3 >99 (R) + 1
htelLRsD THF (10 % v/v) - 59 + 6 >99 (R) + 1
htelLR3D Acetone (10 % v/v) - 6+1 24 (R)+1
htelLRsD*12  Et:0 (50 % V/v) - 0 0
htelLRsD TMAO (0.5 M) - 46+1 95 (R) 1
htelLRsD TMAO (1.0 M) - 22+1 87 (R) + 2
htelLRsD Urea (0.5 M) - 70+1 299 (R)+1
htelLRsD Urea (1.0 M) - 76 + 10 >99 (R) + 1

For further optimization studies a concentration of 12 uM DNA and 10 uM Cu" was
chosen at an incubation time of 2 d. Since under these conditions no complete
conversion was observed, it was ideal to evaluate new reaction conditions. A screening
with different buffers and pH values clearly showed, that the slightly basic pH of 8 was
highly beneficial for the reaction. When using a LiCaco buffer at a pH of 5.5, no
conversion was observed and the optimal pH was found to be 8 (HEPES) or 7.5 (MOPS).
Decreasing the buffer concentration to 1 mM resulted in a drastic decrease of the
conversion. Presumably, the low buffer concentration was no sufficient to keep the pH
at 8. A higher concentration of 50 mM resulted in a slightly higher conversion but also in

a lower enantioselectivity.

After the reaction conditions were optimized, the effects of molecular crowders and
organic co-solvents were investigated. They are known to exhibit strong effects on the
structure and function of proteins and G-quadruplexes.®2%:3221 Also, co-solvents were
successfully employed to strongly enhance the activity of different DNAzymes, e.g. a
peroxidase like DNAzyme was strongly enhanced by addition of methanol or in a different
study a DNAzyme showed strong RNA ligase activities in DMSO containing
buffers.23%2411 More importantly, co-solvents were used in DNA based asymmetric
catalysis and could significantly improve the yields, when reactions were scaled up from

mg to g scales, dedicated to better substrate solubilities.?®!

Here a series of molecular crowders and co-solvents was investigated (Table 10), using
imidazole chalcone as the substrate and htelL?R;D. Addition of the molecular crowders
PEG400 or PEG8000 in 5 % v/v resulted in a drop of the conversion to 40 % and 89 %
ee (PEG400) and in case of PEG8000 no product formation was observed. The reason
was not further investigated, but it could depend on structural changes or to a Cu"
chelation. Since molecular crowders were not improving the reaction, the effects of
organic co-solvents were investigated next. The idea was to increase the low solubility
of imidazole chalcone in water to make it more accessible for the reaction. To test this a

series of water miscible solvents namely ACN, MeOH, EtOH, DMSO, THF and acetone
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were added at 10 % v/v. Addition of ACN, MeOH, EtOH, and acetone resulted in a strong
decrease of the conversion and enantioselectivity. In contrast, addition of THF (59 %,
99 % ee) and DMSO (56 %, 97 % ee) showed only minor effects on the conversion and
enantioselectivity, but none of the investigated co-solvents showed improved
conversions. When plotting the dielectric constant of the co-solvents against the
conversions no correlation between polarity and conversion was observed. THF with the
lowest dielectric constant and DMSO with the highest showed the best conversions
within the investigated cosolvents. Since the addition of classic organic co-solvents was
unsuccessful, the effects of the osmolytes TMAO (Trimethylamine N-oxide) and urea
were analysed. Both are known to strongly influence the stability of DNA G-quadruplexes
and while Urea is a destabilizer, TMAO stabilizes G-quadruplex structures.[322324-326] |n
case of TMAO addition of 0.5 M resulted in a decrease of both, conversion (46 %) and
enantioselectivity (95 % (R)) and at 1.0 M a further decrease was observed (22 %, 87 %
(R)). Interestingly, when urea was added at a concentration of 0.5 M, a conversion of
70 % with a high enantioselectivity (99 % (R)) and at 1.0 M and further increase to 76 %
conversion was observed. This was contradicting the assumption that TMAO would
stabilize the G-quadruplex structure and therefore improve the conversion, while urea
would do the opposite. An explanation might be, that htelL??;D folds into different
topologies, which coexist in solution in an equilibrium. Addition of TMAO is shifting this
equilibrium towards a catalytic inactive topology and urea to the active topology.
Although this might sound reasonable, to verify this hypothesis further structural
investigations by CD and UV/Vis spectroscopy are currently ongoing, but not discussed

here.

6.6 Summary

The proof of concept was established, showing that monodentate imidazole ligandosides
in DNA G-quadruplexes, can be used for asymmetric catalysis. Using the Cu' catalysed
Michael-Addition of imidazole chalcone as benchmark reaction, in iterative rounds of
sequence design and screening highly efficient G-quadruplex structures were designed,
catalysing the Michael-Addition in high conversion and up to 99 % ee. From these studies
important structure activity relationships could be extracted, that will guide the further
development of novel sequences. Accordingly, it was found, that < 3 L? in a certain
proximity were important to allow a chelation of Cu" with an unsaturated coordination
environment to allow a coordination of the substrate. In addition, it was found, that
sequences enriching the (S) enantiomer required only two L2 in the first loop and NaCl

as electrolyte. In contrast, an enrichment of the (R) enantiomer was favoured, if one L2
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was in loop 1 and two L2 in loop 3 with KCl as electrolyte. The reason for this finding was
not elucidated but it was assumed, that two different antiparallel topologies could form,
in one case the basket-type and in the other case the chair-type, resulting in opposite

strand polarities of loop 1 and 3.

a)

7

two ligands

c)
one ligand

no ligand

Figure 70. a and b) Snapshot from the MD of htelL?R3D in presence of Cu" and the Michael-
acceptor imidazole chalcone. ¢) Schematic representation of properties that lead to an enrichment
of either the S or R enantiomer.

To further improve the reaction, the effects of molecular crowders and organic co-
solvents were investigated. While molecular crowders (PEG400 and PEG8000) and
water miscible solvents showed no improvement, addition of the osmolyte urea at 1.0 M
significantly improved the reaction in presence of htellL?®3D from 64 % to 76 %
conversion with a high ee (98 % R). It is assumed, that addition of urea shifted an
equilibrium of coexisting topologies towards the more active topology, but this question
was not answered and further studies might shed light into this question. In the future,
the concept is planned to be expanded to other reactions such as cyclopropanations and
Friedel-Crafts reactions or sulfoxidations to show a wider applicability of the system. In
preliminary results it was already found that the Diels-Alder reaction between imidazole
chalcone 1 and cyclopentadiene was efficiently catalysed by G-quadruplexes in complex
with Cu". Further improved sequences will be designed aided by computational studies,
that are currently ongoing in a collaboration with the group of Prof. Sanchez-Garcia from

the university of Duisburg-Essen.
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Table 11. G-quadruplex forming sequences used for the catalytic studies.

htelL2A
htelL2B
htelL2C
htelL2D
htelL2E
htelL2F
htelL2G
htelL2H
htelL2l
htelL2J
htelL2K
htelL oL
htelLsA
htelLsB
htelLsC
htelLsD
htelLsE
htelLsF
htelLsG
htelLsH
htelLsl
htelLsJ
htelLsK
htelLsL
htelLsM
htelLsN
htelLsO
htelLsA
htelL4B
htelL4C
htelLs
htelL7
htel2z

c-myc

AGG GTL TGG GTT AGG GLTTGG G
AGG GTL TGG GTT AGG GTLTGG G
AGG GTT LGG GTT AGG GTLTGG G
AGG GLT TGG GTT AGG GTLTGG G
AGG GTL TGG GTT AGG GTT LGG G
AGG GLL TGG GTT AGG GTT AGG G
AGG GTL LGG GTT AGG GTT AGG G
AGG GLT LGG GTT AGG GTT AGG G
AGG GTT AGG GTT AGG GTLLGG G
AGG GTT AGG GTT AGG GLL TGG G
AGG GTL AGG GTT AGG GTLTGG G
AGG TTALGG TTAGGL TTA GG
AGG GLT LGG GTT AGG GTLTGG G
AGG GTL TGG GTT AGG GLT LGG G
AGG GTL TGG GTT AGG GLL TGG G
AGG GTL TGG GTT AGG GTLLGG G
AGG GLL TGG GTT AGG GTLTGG G
AGG GTL LGG GTT AGG GTLTGG G
AGG GTT LGG GTT AGG GLL TGG G
AGG GTL AGG GTT AGG GLT LGG G
AGG GAL TGG GTT AGG GLT LGG G
AGG GTL TGG GTT AGG GLALGG G
AGG GTL AGG GTT AGG GLT LGG G
AGG GAL TGG GTT AGG GLT LGG G
AGG GTL TGG GTT AGG GLALGG G
AGG LTT ALG GTT AGG LTT AGG
AGG LTT ALG GTT AGG TTA LGG
AGG LTT ALG GTT AGG LTT ALG G
AGG TLT LGG TTA GGL TLA GG
AGG TLT LGG TTA GGT LTL GG
AGGLTL TLG GTT AGG LTLTLG G
AGG LTL LTL GGT TAG GLT LTL GG

AGG GTT AGG GTT AGG GTT AGG G
TGG GAG GGT GGG GAG GGT GGG
GAAG G
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/ NMR SPECTROSCOPY OF METAL-
MEDIATED G-QUADRUPLEX

STRUCTURES

In the previous chapters the development of metal-mediated G-quadruplex structures
and early applications thereof were described. The structures of the modified
G-quadruplexes were mainly investigated by CD spectroscopy and compared to the CD
spectra of G-quadruplexes with a known structure. Although this procedure is widely
accepted in the field of structural biology, it is only an indirect approach and can be easily
misinterpreted. Furthermore, to understand the properties and functions of biomolecules,
structural data on the atomic level is required. For this purpose, different techniques are
utilized including X-ray crystallography, solution and solid-state NMR spectroscopy
(Nuclear magnetic resonance spectroscopy).64294.327-3311 For the G-quadruplex forming
human telomeric repeat (htel), from which the here investigated sequence htelL?5,C was
derived, only recently a novel topology was described by NMR spectroscopy. It could be
shown, that a single mutation from adenine to thymine turned a mixture of G-quadruplex
topologies to the formation of a previously undescribed chair-type antiparallel
topology. (6383

c

k=43:06s"
P —

k,=88:08s"

Figure 71. Major (left) and minor (right) duplex structure containing a Hg" mediated base pairs.
The rate constants were calculated based on cross-peaks and exchange-mediated NOE
cross-peaks. Reprinted from Nature Communications.[332 Published under the terms of the
Creative Commons CC BY license.

In the field metal-mediated base pairs, structures based on NMR spectroscopy or X-ray
crystallography are very scarce. A first example of an Ag' mediated base pair was
reported in 2010 by Johannsen and Sigel et. al. using NMR spectroscopy.
Interestingly a similar ligandoside based on imidazole, as it used here, was investigated,

although with a ribose backbone instead of glycol. Only recently another example by the
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same group was reported on concerted dynamics in a Hg" mediated T-Hg-T metallo-
base pair, which was shown to adopt two distinct conformations (Figure 71).2%2 NMR
based studies on DNA structures containing GNA (glycol nucleic acids) are up to date
unknown, but a crystal structure involving a GNA backbone and two hydroxypyridone-
Cu" (HP-Cu'"-HP) metallo base pairs was reported in 2008. While the ribose was
completely replaced with glycol, the formed duplex DNA showed remarkable high
thermal stabilities (Tm = 78 °C) compared to the metal free duplex (Tm = 40 °C).E34
Structural analysis of the glycol backbone could provide valuable geometric information
for the structure calculation of htelL?5,C, in which the ligandoside L2® was introduced with

the same glycol modification.
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Figure 72. a) CD spectroscopy of htelL?5,C, showing a clear antiparallel topology. b) Schematic
representation of the expected antiparallel chair-type topology. c) Numbering of the investigated
imidazole ligandoside L25.

In this chapter, the NMR solution structure of the G-quadruplex forming sequence
htelL25,C (5-AGG TL?ST L?°GG TTA GGT L?°TL? GG-3’) in absence and presence of
Zn'" is investigated as benchmark to establish the procedure of NMR spectroscopy on
metal-mediated G-quadruplexes. Later, this should be expanded to other likely more
complex structures. For this purpose, the sequence htelL?5,C was chosen, because it
folds, according to CD spectroscopy (Figure 72), into a clean antiparallel topology and
shows very high thermal stabilizations after addition of 1 equiv. Zn" (Tm = 63 °C, AT =
+21 °C), indicating a strong complexation. The high thermal stabilization was attributed
to a tetrahedral prearrangement of four LS inside the loop regions to facilitate an ideal

coordination geometry for Zn".
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Figure 73. Schematic representation of a G-tetrad, showing the amino (-NH2) and imino (-NH)
protons involved in the Hoogsteen base pairing. b) and c¢) Dependence of the NOE contacts on
the syn- and anti-glycosidic angle of guanine.[33%

Initial *H NMR experiments were performed using a very low electrolyte concentration of
2 mM KClI, to avoid a loss of sensitivity from a high conductivity of the solvent.[336-338 The
pH value was adjusted to 7 with a deuterated solution of KOD in DO, while the use of
an additional buffer was omitted, again to reduce the electrolyte concentration. Samples
were measured in 9:1, H,O:D,O using excitation sculpting with gradients as water
suppression.3 Pleasingly, the very low electrolyte concentration was sufficient for a G-
quadruplex formation, as it was proofed by CD spectroscopy (Figure 72) and *H NMR
spectroscopy. To judge, whether a secondary structure forms, the imino-region (10 — 14
ppm) is indicative. Signals in the imino-region originate from the -NH protons of guanine
and thymine, if they are involved in base pairing. While Watson-Crick base pairs (A-T
and G-C) are typically found between 13 — 14 ppm, the imino-protons of a G-tetrad are
found within 10 — 12 ppm.[335:340-342 According to that, for a G-quadruplex composed of
two G-tetrads (Figure 73) with four guanine residues each, a total of eight imino-protons
would be expected and indeed in the imino-region eight proton signals were observed
(Figure 74), consistent with a folded G-quadruplex. To check, whether 2 mM KCI were
sufficient, the KCI concentration was increased to 10 mM, showing no changes in the
imino-region, concluding that 2 mM KCI were sufficient. Unfortunately, in the *H NMR
spectrum two very intense signals at 1.18 and 3.10 ppm were observed, corresponding
to triethylammonium (TEA). From integration of the signals a concentration of almost ~
50 mM was estimated. When comparing the imino-signals in presence and absence of
triethylammonium, only small shifts were observed, concluding that TEA had only a weak
influence on the G-quadruplex structure. Nevertheless, samples were desalted two more
times using GE healthcare NAP-10 columns, to fully remove the TEA. TEA is a common
impurity in oligonucleotides and originates from the HPLC purification, where

triethylammonium acetate is commonly used in the liquid phase.
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Figure 74. 'H NMR spectrum (600 MHz, 298 K, H20:D20, 9:1) of htelL?5,C. a) Full spectrum and
b) zoom into the imino-region of the G-quartets. Conditions: 0.5 mM htelL?54C, 2 mM KCI, pH
adjusted to pH 7, 300 pL.
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Figure 75. a) VT H NMR (600 MHz, H20:D20, 9:1) of htelL?54C. Spectra were recorded from
298 K (bottom) to 323 K (top). b) The integrals of the imino-protons at 11.50 and 12.20 were
plotted against the temperature and fitted using a sigmoidal function (y = a/(1 + exp(-k*(x-xc)))).
Conditions: 0.52 mM htelL?5,C, 9 mM KzHPO4/KH2PO4, 2 mM KOH, pH adjusted to pH 7.0,
300 pL.

VT (Various Temperatures) experiments (Figure 75a) of htelL>,C could show a
stepwise decrease of the imino-protons, that completely disappeared at 50 °C, indicative
for a denaturation of the G-quadruplex structure. The integrals of the imino-protons at
11.50 and 12.50 ppm were plotted against the temperature and fitted using a sigmoidal
function (Figure 75b). From this a melting temperature T, = 37 °C was determined,

which was only slightly lower compared to the T, determined by UV/Vis spectroscopy
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(Tm = 42 °C), showing that the reduced salt concentration (2 vs 100 mM KCI) had only a

small influence on the thermal stability.
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Figure 76. 'H NMR (600 MHz, D20, 298 K) based pH titration of htelL?5,C. The pH was adjusted
with diluted DCI (10 mM) and KOD (10 mM). Conditions: 0.625 mM htell.?54C, 12.5 mM KClI,
240 L.

To identify the imidazole protons a pH titration from 4.6 to 9 was performed (Figure 76).
From literature it is known that the pK, of imidazole is around 7.343344 For this reason, at
a neutral pH an exchange of protonation and deprotonation on the NMR timescale can
cause a broadening of the imidazole protons. Indeed, when stepwise acidifying the
solution two broad signals at 8.46 and 8.55 ppm were downfield shifting and becoming
much sharper, that were assigned to the H2 protons of imidazole. At a pH of 5.69 the

peaks were very sharp and reached the maximum downfield shift at 8.66 and 8.56,
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respectively. This was explained with a quantitative protonation of the imidazole N1 at
acidic pH values. The H4 and H5 protons were not observed, as they were overlaying
with other aromatic protons. Therefore, in another titration the pH value was stepwise
increased (Figure 76). The H2 peaks became with lower pH values very broad and high
field shifted until they overlaid with other aromatic protons. At a pH of 7.4 a broad peak
appeared at 7.1 ppm which high field shifted with increasing pH values. At a pH of 9 it
became relatively sharp and split into two peaks at 7.10 and 7.00 ppm. It is assumed
that these signals were possibly the H4 or H5 protons from imidazole, however, it could

not be confirmed from the *H NMR spectra alone.

323 K, htelL?,C* J«MJJLU‘ ‘ |
323 K, htelL?s,C + Zn" u \““M
N M

298 K,Lhte:”p +Zn' J WMJUJM

298 K, htelL?s,C J

T T | T T T | T T [ T T T | T

12 10 8 6 ppm

Figure 77. 'H NMR (600/700 MHz, 95:5, H20:D20) of htelL?5,C in presence and absence of Zn'"
at 298 and 323 K. Conditions: 0.5 mM htelL?5:C, 0.5 mM ZnClz, 10 mM KzHPO4/KH2PO4 pH 7.14,
H20:D20, 95:5. *0.52 mM htelL?5:C, 9 mM KoHPO4/KH2PO4 pH 7.04, H20:D20, 9:1 .

Similarly, to acidifying the pH value, it was assumed, that addition of the Lewis-acid Zn"
would result in downfield shifted and sharper imidazole protons, since after zn"
coordination a protonation of imidazole is not possible. In fact, this was not the case and
after addition of Zn" to htelL2%,C no imidazole protons could be identified in the *H NMR
spectra. This could be explained with an exchange of the imidazole ligandosides with
water or even the nucleobases. If this exchange was on the NMR timescale it would
cause a broadening of the imidazole proton signals. Besides the broad imidazole
protons, also for the imino-protons a slight broadening and a worse signal to noise ratio
was observed. Surprisingly, integration showed only seven imino-protons instead of the
expected eight, which could be a result of the broadening. Nevertheless, presence of the
imino-protons was still indicative for a G-quadruplex formation, which was later
supported by 'H-'H NOESY experiments. The stabilizing effect of Zn" was proofed by

VT 'H NMR experiments. While in absence of Zn'" at 323 K no imino-protons were
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observable, in presence Zn" the imino-protons were still observed, showing the

stabilizing effect of Zn" (Figure 77).

Apart from the isolated imino-region the *H NMR spectra were strongly overlapping and
not allowing to differentiate between the different protons. To dissect the *H NMR spectra
1H-13C Heteronuclear Single Quantum Coherence (HSQC) experiments were carried out
to assign the strongly overlapping proton resonances to certain groups, e.g. the H4’ (3.8
— 4.3 ppm) and H5/H5" (3.8 — 4.3 ppm) protons share very similar shifts, but the
corresponding C4’ (82 — 86 ppm) and C5’ (63 — 68) carbons have very distinct chemical
shifts, allowing to differentiate between the H4’ and H5'/H5” protons. According to the
chemical shifts Table 17 and Figure 78, proton resonances were assigned in the *H-13C
HSQC spectrum (Figure 80).[345:346]
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Figure 78. Numbering of the four canonical nucleobases in DNA, Guanine, Adenine, Thymine
and Cytosine.
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Figure 79. JR-HMBC (600 MHz, 90:10, H20:D20, 298 K) spectrum of htelL25,C. Conditions:
0.5 mM htelL25,C, 10 mM KCI, pH 7.0, 300 pL.
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Figure 80. 'H-13C HSQC (700 MHz, D20, 298 K) of htelL?5,C and the assigned cluster for the
aromatic base and aliphatic sugar protons. Conditions: 0.625 mM of htelL?S4C, 10 mM KCI, pH

7.0, D20, 240 pL.
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Figure 81. H6/8-H1’ region of the H-1H NOESY NMR spectrum (700 MHz, D20, 298 K, 250 ms
mixing time) of htelL?54C. The lines indicate the sequential walk which is interrupted by the
imidazole ligandosides. Conditions: 0.625 mM htelL?54C, 10 mM KClI, pH 7.0, 240 pL.
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After assigning the *H resonances to chemical groups in the *H-13C HSQC spectrum, the
proton chemical shifts were assigned to their nucleobases. For this purpose, a JR-HMBC
experiment was recorded, allowing to correlate the imino-protons of the G-tetrads to the
H8 protons of the respective guanine residue (Figure 79).B471 This also allowed to
differentiate overlapping imino-protons. Using the H8 protons of guanine as the starting
point the sequential walk (Figure 81) of the H6/H8-H1' region was assigned by 'H-'H
Nuclear Overhauser Enhancement Spectroscopy (NOESY). It was interrupted by the
imidazole ligandosides due to a lack of the ribose backbone and missing cross-peaks
between the aromatic imidazole protons and aliphatic glycol protons. The sequential walk
was further approved from as second H8-H2' sequential walk region. Besides the
sequential walk, from the H6/H8-H1’ region also the glycosidic angle of the guanine
residues was assigned. According to literature, in case of a syn-glycosidic angle very
strong NOE cross-peaks between the H1'-H8 protons are observed, while in the anti-
configuration weaker H1'-H8 cross-peaks are expected.% The reason is a closer
distance of H1'-H8 protons in case of an syn glycosidic angle compared to anti (Figure
73).133% From the H8-H1’ cross-peaks the glycosidic angle of G2, G8, G13 and G19 was
assigned as syn and for G3, G9, G14 and G20 as anti. Interestingly, the H8 protons of
the guanine residues with a syn-glycosidic angle were upfield-shifted compared to the
ones with an anti-glycosidic angle and always two neighbouring guanine residues had
the opposite glycosidic angle. This alternating arrangement of syn-anti glycosidic angles
is typical for antiparallel G-quadruplexes. Together with the sequence derived from the
sequential walk it could be concluded that an antiparallel G-quadruplex of the chair-type

had formed.

The protons of the imidazole ligandosides were extremely difficult to assign since they
appeared at neutral pH values very broad due to the previously mentioned
interconverting protonation states and due to the very high flexibility of the linker and
glycol backbone. The H2 imidazole protons were highfield shifted, which is in accordance
with literature and not overlaying with the H6/H8 protons.*3 In contrast the H4 and H5
protons showed very similar shifts and were overlaying with the H6/H8 protons.
Interestingly, the aromatic protons of the imidazole ligandosides 15 and 116 as well as 17
and 118 showed almost identical chemical shifts. This was due to the mirror like
appearance of the loops 1 and 3 where the imidazole ligandosides are located. Only a
few and weak inter residue cross-peaks between the aromatic imidazole protons and the
nucleobases were observed. The *H-'H NOESY in presence of Zn" showed a lower
resolution compared to the spectrum in absence of Zn", but in general the same cross-

peaks were observed. This was expected, since Zn" was not inducing structural changes
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apart from the imidazole coordination. Also, the guanines with an anti-glycosidic angle
were again downfield shifted compared to the guanines with a syn-glycosidic angle.
Pleasingly, cross-peaks corresponding to the aromatic imidazole protons were much
better resolved. It is assumed, this was reason of a fixation of the imidazole ligandosides
after Zn" coordination. Even more important, several inter residue cross-peaks between
the imidazole ligandosides and the nucleobases were observed. Again, this was

explained with the higher rigidity of the imidazole ligandosides after Zn" coordination.
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Figure 82. H6/8-H1' region of the 'H-'H NOESY (600 MHz, D20, 298 K, 250 ms mixing
time) NMR spectrum of htelL254C in presence of Zn". The lines indicate the sequential walk which
is interrupted by the imidazole ligandosides. Conditions: 0.71 mM htelL254C, 0.71 mM ZnClz,
2 mM KOH, 9 mM KH2PO4/KzHPO4, pH 7.0, 280 pL.

7.1 Structure calculation

Based on the data from the NMR experiments the solution structure of hteL?5,C was
calculated. For structure calculations the software xplor-NIH 3.1 was used, which
employed the simulated annealing protocol.?*8-35% |n simulated annealing a single
stranded sequence is heated to 3500°C and cooled to 25°C to simulate the annealing
process of the secondary structure based on the experimental data. Partial charges were
adopted from MD simulations, atom types, bonds, angles, and dihedrals were assigned
in analogy to existing parameters.*3® Constraints were applied to maintain planar G-

tetrads and hydrogen bond length involved in the Hoogsteen-base pairing.B*% If an anti
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or syn glycosidic angle was unambiguously assigned an angle of 60° + 70 (syn) or 240°
+70 (anti) was applied.?*% Distance restraints were calculated based on the integration
of the NOE cross-peaks and were calibrated against the intramolecular H5-H6 distance
in thymine. An overview of the applied restraints can be found in table Table 12. In total
400 structures were calculated using the simulated annealing protocol. The 40 lowest
energy structures were used for the statistics in Table 12. From a total number of 2782
applied restraints an average number of 180 was violated, corresponding to a violation
rate of 6 %. Espeacially the NOE distance restraints and angles show high numbers of

violations, which must be carefully analysed and changed, if neccecary.

Table 12. Statistics of the restraints used in the structure calculation. The violations are based on
the 40 lowest energy structure out of a total of 400 calculated structures.

Restraint Average Violations Number restraints
Total 180 2782

NOE distance 52 312
Torsion 4 77

Angle 46 1222

Bond 2 676
Impropers 6 439
Hydrogen

bond restraints 32

To analyse the preliminary structures, the ten lowest energy structures were used. An
overlay of these structures showed, that eight out of ten structures were folded in the
same chair-type antiparallel topology (Figure 83a,b). Two structures seemed from
chemical intuition unreasonable and were omitted in the alignment. Even more important,
the G-tetrads nicely show an arrangement in two layers and from a top view, the ion
pocket between the G-tetrads, where potassium is located, is visible (Figure 83). The
central cation is missing, since it cannot be detected by NMR spectroscopy. Finally, the
postion of the central cation will be calculated but first the G-quadruplex structures need
a refinement. All in all the calcualted G-quadruplex structures look very reasonable, but
still show some obviuos distortions e.g. the G-tetrad at the 5-end shows obvious
distortions (Figure 83f) and together with the violated restraints (180 on average) it
becomes clear, that further optimizations will be necessary. The optimization process will
involve a checkup of all NOE cross-peaks to validate the distance restraints. Espeacially
strongly overlaying and weak cross-peaks need to be reassesed. Also, the number of
interresidue NOE-contacts was comparably low and to find more would help to improve
the structure calculation. After the number of violations is reduced to a minimum the next
steps will involve the refinement of the lowest energy structures and the determination

of the coordination geometry of the Zn" cation. This will be challening, since no direct
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evidence of Zn" coordinaton could be derived from the NMR-experiments. The geometry
has to be calculated from the NOE cross-peaks between the imidazole ligandosides,

which suffer from a bad resolution.

Figure 83. Preliminary calculated NMR solution structures of htelL?5,C. a,b) merged backbones
of the 8 lowest energy structures, b) overlay of the G-tetrads and c) the best calculated structure
in terms of NOE violations.

7.2 Summary

NMR based studies of htelL?,C in solution could confirm the formation of a G-
quadruplex in absence and presence of Zn'". VT-NMR experiments showed a melting
temperature of the G-quadruplex at T, = 37 °C, which is in agreement with previous
UV/Vis based thermal denaturation experiments. Also, the stabilizing effect of Zn" could
be confirmed by VT-NMR experiments. From *H-'H NOESY experiments the formation
of the proposed chair-type antiparallel topolgy was confirmed in absence and presence
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of zZn". While the NOESY spectra were generally well resolved, the crosspeaks
corresponding to the protons of the imidazole ligandsosides were very broad and badly
resolved. This was dedicated to exchanging protonations states and the very flexible
linkers of the imidazole ligandosides. Addition of Zn" showed a silghtly improved
resolution due to the fixation of the imidazole ligandsosides around the Zn" centre. More
important, additional interesidual NOE cross-peaks between the imidazole ligandosides
and the nucleobases appeared, which will be mandatory for the calculation of the Zn"
coordination. For the structure calulations a total of 2782 restraints was applied, including
312 distance restraints. From the calculated 400 structure the 40 lowest energy
structures showed an average of 180 violations, out of which 52 were NOE distance
restraints. Further optimizations will be necesarry to reduce the number of violations to
0. Although still a high number of violations was observed, analysis of the calculated
structures showed that 8 out of 10 structures showed the expected chair-type antiparallel
topology. An overlay of the G-tetrads further showed the correct formation of planar G-
tetrads with a central cavity that accomodates the cation, in this case K*, although some

of the G-tetrads still showed heavy distortions.
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8 CONCLUSION AND OUTLOOK

In this dissertation the concept of metal-mediated DNA G-quadruplex structures was
established in the field of DNAzymes and for asymmetric catalysis. Based on the
pioneering work of David M. Engelhard, who incorporated pyridine ligandosides in tetra-
and unimolecular G-quadruplexes, a new series of nature inspired imidazole
ligandosides L®S, L2RS and L3®S was designed and synthesized.(?42629-81 |n
tetramolecular G-quadruplexes, the incorporation of L'¥’S allowed the complexation of a
series of transition metal cations, including Cu", Ni", Zn" and Co". Especially addition of
Cu" to the tetramolecular G-quadruplex LRG4 showed unprecedented high thermal
stabilizations of up to ATi2 = 51 °C and strongly accelerated association kinetics by two
orders of magnitude. These enhanced properties led to the design of the tetramolecular
G-quadruplex LRGsz, which could be used as a Cu" activated DNAzyme with a
peroxidase like activity. While in absence of Cu" L®G; was to unstable, addition of
equimolar amounts Cu" strongly increased the stability and resulted in the formation of
a tetramolecular G-quadruplex, catalysing after hemin addition the oxidation of ABTS in
presence of H,O,. Further mass spectrometric experiments could clearly show the

formation of the G-quadruplex/hemin complex.?®

After established in tetramolecular G-quadruplexes, L* and L? were incorporated in
unimolecular sequences. As it was found, that the linker in L* was too short to allow a
metal chelation, the L2 modified G-quadruplex htellL?, could complex a series of transition
metal cations. Varying the number and position of L2 in the sequences led to the design
of tailored coordination environments for different transition metal cations with respect to
their preferred coordination geometry. In this respect, Cu" preferred square planar
arrangements, while for Ni" coordination numbers between five and six were found ideal
and in case of Zn" the prearrangement of L? in a tetrahedral geometry was highly
beneficial. Interestingly, the incorporation of seven L? allowed the complexation of a
dinuclear Cu" complex, which was proofed by native ESI-MS. It was found, that it
catalysed in presence of O; the oxidation of D-Dopa, although compared to catechol
oxidases with much slower reaction kinetics. Nevertheless, this might be an interesting
starting point for the design of G-quadruplexes, mimicking catechol oxidases or even

tyrosinases.

After L2 was established in unimolecular G-quadruplexes, it was mixed with a benzoate
ligandoside LB to create heteroleptic coordination environments. This could be exploited

to further fine tune metal affinities, leading to sequences selectively binding Zn" or Ni"',
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according to the observed thermal stabilizations. This is an important step towards G-

quadruplex structures, that bind selectively metal cations in complex systems.

The concept also allowed the design of G-quadruplexes with unsaturated coordination
environments for Cu', potentially allowing the coordination of substrates for catalytic
applications. Indeed, using a Cu'" catalysed Michael-Addition as benchmark reaction, in
iterative rounds of sequence design and screening highly efficient G-quadruplexes were
designed, catalysing the Michael-Addition between imidazole chalcone and dimethyl
malonate in high conversions and enantioselectivities of up to 99 % ee. More importantly
the concept allowed the design of G-quadruplexes for the enrichment of both
enantiomers, without completely inverting the chirality of the DNA itself. From the
iterative rounds of sequence design important structure activity relationships could be
derived. This way, G-quadruplexes with one L2 in loop 1 and two L? in loop 3 were in
presence of KClI enriching the (R) enantiomer, while G-quadruplexes with two L? in loop

1 in presence of NacCl led to an enrichment of the (S) enantiomer.

As a future prospect the work will continue to further develop and understand the system.
Obviously, after only a single type of reaction was explored, it is planned to screen
different types of reactions, like Friedel-Crafts reactions, sulfoxidations or even
cyclopropanations. Early results of a Diels-Alder reaction showed already promising
results in terms of conversion and enantioselectivity and will certainly be further
investigated. Also, we are interested to find reactions, which are completely new in the
context of DNA based catalysis and to extend the system to substrates, which we are so
far not accessible. One idea is to incorporate hydrophobic phenyl or indole modifications
into the loop regions to create discreate hydrophobic pockets for a substrate binding.

Initial studies with a phenyl modification were already showing interesting results.

Besides the scope of reactions another interest is to further optimize the G-quadruplexes
in terms of efficiency. In this respect we see a great potential to further investigate the
co-solvent effects. As we already observed significant improvements after addition of 1M
urea the next step will be to investigate the molecular reasons for the improvement by
CD and NMR spectroscopy and other biophysical techniques. A detailed experimental
knowledge about the molecular mechanisms will be the basis for the development of a
computer aided sequence design in collaboration theoretical working groups. Currently
QM/MM studies are planned to unveil the involvement of the neighbouring nucleobases
in the catalytic mechanism. On a long term this should then allow in iterative rounds of
computer aided sequence design and screening the identification of highly effective DNA
G-quadruplexes, that can be applied for a broad range of reactions.

98



Experimental Section

O EXPERIMENTAL SECTION

9.1 Oligonucleotide Synthesis and
Purification

Oligonucleotide synthesis, purification and spectroscopic experiments were performed

as published previously. The protocols were adapted from the respective publications.?*-

31]

9.1.1 Oligonucleotide Synthesis

All oligonucleotides were synthesized on a K&A Laborgeraete GbR H-8 synthesizer on
a 1 uMol scale using the standard phosphoramidite method and were following
previously published procedures.?°2% Standard phosphoramidites (DMT-dT-CEP, DMT-
dA(Bz)-CEP and DMT-dG(iBu)-CEP) were used with cartridges containing controlled
pore glass (CPG) solid supports (1000 A, 25-35 uMol/g, DMT-dG(iBu)-CPG). The build
in programs from the DNA synthesizer was used, following the standard protocols. The
only difference was an extended coupling time for modified phosphoramidites. The
composition of the used reagents is shown in Table 13. In a first step the cartridges were
treated with DCA in CHCl; to release the 5-OH groups, followed by a washing step with
ACN and argon. Subsequently the next phosphoramidite was coupled by mixing (0.1 M
in ACN) with ACT (1:1, v/v). The coupling time was ~0.5 min for standard
phosphoramidites and extended to ~3.5 min for the ligand-modified phosphoramidites.
Then, the cartridge was treated with a 1:1 (v/v) mixture of Cap A and Cap B to deactivate
unreacted 5’-OH groups and the synthesis cycle was finished by the oxidation with OXI.
An additional washing step with ACN was introduced compared to the standard routine.
After each individual step of the cycle, the cartridge was washed with ACN followed by
a drying step with argon. The DNA solid phase cycle was repeated until the desired

oligonucleotide was synthesized.[?*-31
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Table 13. Reagents for DNA synthesis. Reprinted from Frontiers in Chemistry 2020.[30

name reagent composition

DCA detritylation 3% (v/v) dichloroacetic acid in anhydrous dichloromethane

ACT activator 0.3 M 5-(benzylthio)-1H-tetrazole in anhydrous acetonitrile

Cap A capping A 10% (v/v) N-methyl imidazole in anhydrous tetrahydrofurane

Cap B capping B 2,6-lutidine / acetic anhydride / anhydrous tetrahydrofurane
1:1:8 (viviv)

OXI Oxidizer 0.02 Miodine in tetrahydrofurane / pyridine / water 7:2:1 (viv/v)

ACN anhydrous acetonitrile

9.1.2 Oligonucleotide Purification

After DNA synthesis, the solid supports were removed from the cartridges and treated
with 0.5 mL of concentrated ammonia at 55 °C for 16 h. The supernatant solution was
filtered (VWR centrifugal filters) and the solid support was washed with 100 pL H2O. To
remove ammonia the sample volume was reduced to 300 pL using a H. Saur
Laborbedarf S-Concentrator BA-VC-300H vacuum concentrator. Then oligonucleotides
were purified using semipreparative reversed phase HPLC (Table 14) on an Agilent
Technologies 1260 Infinity Il HPLC system equipped with an autosampler, column oven,
DAD detector and a Macherey-Nagel VP 250/10 NUCLEODUR 100-5 C18ec column
(oven temperature: 40/60 °C, flow rate: 2/3 mL/min). Samples were lyophilized with a
Christ Alpha 2-4 LSCbasic and redissolved in TEAA pH 7.2. The 5-OH DMT protecting
group was removed with 2 % TFA and oligonucleotides were desalted using Waters Sep-
Pak C18 cartridges. The cartridges were equilibrated with 2 x 2 mL ACN, 2 x 2 mL
ACN:TEAA 100 mM pH 7.2, 1:1 and 2 x 2mL 100 mM TEAA pH 7.2. Then the
redissolved oligonucleotides were passed through two times, followed by a washing step
with 2 x 2 mL 100 mM TEAA pH 7.2. Then 2 mL TFA (2 % ag.) were added followed by
2 mL 100 mM TEAA pH 9.2. To remove the salts, samples were then washed with 2 x
2 mL desalted H,O and eluted with 2 mL H2O:ACN, 1:1. The oligonucleotides were then
lyophilized and stored as a solid or as 0.2—1 mM stock solution in water at —20 °C. The
concentrations of all oligonucleotide stock solutions were determined via the absorbance

at 260 nm at 25 °C with a Thermo Scientific Nanodrop One instrument.[2%-31
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Table 14. Solvent gradient used for analytical (0.75/1 mL min1) and semipreparative
(2/3 mL min-1). A: 50 mM TEAA pH 7, B: 70:30 ACN/50 mM TEAA pH 7, C: H20, D: water.

Time / min Al % B/% Cl% D/%
0 100 0 0 0
30 20 80 0 0
35 0 100 0 0
40 0 100 0 0
41 100 0 0 0
45 100 0 0 0

9.2 Oligonucleotide analytics

Oligonucleotides were analysed as previously published.?°-31

9.2.1 Analytical RP-HPLC

After DNA synthesis and purification oligonucleotides were analysed by RP-HPLC.
Therefore 5 pL samples were mixed 1:1 with TEAA 100 mM pH 7. RP-HPLC was
performed on an Agilent Technologies 1260 Infinity 1l system equipped with an
autosampler, column oven, DAD detector and a Macherey-Nagel EC 250/4.6
NUCLEODUR 100-5 C18ec column (oven temperature: 60 °C, flow rate: 0.75 mL/min or
1.00 mL/min, solvent A: 50 mM TEAA pH 7, solvent B: 70:30 ACN/50 mM TEAA pH 7).

The RP-HPLC traces including the used solvent gradient are shown in the appendix.

9.2.2 Analytic ESI-MS

After DNA synthesis and purification oligonucleotides were analysed by ESI-MS.
Therefore 5 pL samples were mixed 1:1 with TEAA 100 mM pH 7. Mass spectra were
recorded on a Bruker ESI-timsTOF mass spectrometer (negative mode), which was
calibrated using the Agilent ESI-Low Concentration Tuning Mix. Samples were
automatically injected using the autosampler of an Agilent Technologies 1260 Infinity
system (flow rate: 0.3 mL/min, solvent: ACN/H,0 1:1).

9.2.3 MALDI-TOF

Oligonucleotides were analysed on a Bruker ultrafleXtreme MALDI-MS system in the
negative mode. 0.5 pL of the HPA matrix solution (saturated solution with 3-HPA,

10 mg mL* diammonium hydrogen citrate, H,O:ACN, 1:1) were deposition on a ground
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steel MALDI target plate and allowed to dry. Then 0.5 pL of the sample solution were
deposited on the matrix spot and allowed to dry. Prepared samples were then analysed

using a laser intensity of 80 %.

9.3 UV/Vis and CD spectroscopy

Sample preparations and spectroscopic studies followed previously published protocols

and were only adapted here.[?*-31

9.3.1 Sample preparation

For all UV-based thermal denaturation studies, tetramolecular G-quadruplex samples
contained 3.75 (tetramolecular) or 1.88 (unimolecular) uM single-stranded DNA, 100 mM
NaCl/KCIl, 10 mM buffer and, if present, 0.98 uM transition metal salt. For all
experiments, samples were prepared with ultrapure water (type I, 18.2 MQ cm), obtained
with a VWR Puranity TU 3 UV. Samples were heated to 85 °C for 10 min, slowly cooled
to 4 °C with a cooling rate of 0.5 °C/min and then left at this temperature for several hours
(typically overnight). To ensure full formation of tetramolecular G-quadruplexes, the

respective samples were frozen at —20 °C for 1 h and thawed again to 4 °C.[2%-31

9.3.2 UV/Vis spectroscopy

UV spectra were recorded on a Jasco V-650 or Jasco V-750 UV-Visible
Spectrophotometer equipped with a PAC-743 6-cell thermostat for temperature control.
The temperature was controlled using a water filled reference cuvette. All UV
experiments were performed in Hellma Analytics114-QS quartz glass cuvettes (1 cm
path length). For thermal denaturation experiments always five samples were measured
simultaneously to maintain constant heating rates between the experiments. In thermal
denaturation experiments the temperature was increased with 0.5 °C min?, while the
change of absorbance was recorded at 295 nm, indicative for a G-quadruplex
denaturation. As a control the change of absorbance at 350 nm was recorded, which
was subtracted to remove unspecific changes of the absorbance. Spectra were then
normalized to fraction folded values between 1 and 0, corresponding to completely folded
and unfolded G-quadruplexes, respectively. The melting temperature was graphically
determined at the fraction folded value of 0.5 or by calculation of the first derivative from
the melting curve, where the minimum was corresponding to the melting temperature.

Note that for tetramolecular G-quadruplexes a non-equilibrium melting temperature T2
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is determined, while for unimolecular G-quadruplexes the equilibrium melting

temperature Tr, was determined.[29-31

For Thermal difference spectra (TDS) a low temperature spectrum from 220 to 350 nm
(data interval: 1 nm, bandwidth: 2.0 nm, response time: 0.96 sec, scan rate:
200 nm min) was recorded at 0 or 4 °C, corresponding to a folded G-quadruplex. Then
a high temperature spectrum was recorded at 85 or 95 °C, corresponding to a fully
denatured G-quadruplex solution. From the high temperature spectrum, the low
temperature spectrum was then subtracted to receive the TDS. The absorption at 350
nm was set to 0. A minimum in the TDS at 295+2 nm and maxima at 243+2 nm and

273+2 are indicative for the formation of G-quadruplexes.?-31

Table 15. Melting temperatures T, in absence of transition metal cations and thermal
stabilizations (ATm) of unimolecular G-quadruplex forming sequences. Conditions: 1.88 uM
ssDNA, 100 mM KCI, 10 mM LiCaco pH 7.2 and if present 1.88 or 3.75 uM transition metal
cation.[29:31

No
Sequence transition CuSOq4 NiSO4 Znl2 Co(NO3)2
metal

htelL1S, 37 36 (-1) 36 (-1) 36 (-1) 37 (+0)
htelL1R, 29 29 (+0) 28 (-1) 29 (+0) 29 (+0)
htelL2S, 27 28 (+1) 27 (+0) 27 (+0) 26 (-1)
htelL25,B in Na! 53 55 (+2) 53 (+0) 54 (+1) 53 (+0)
htelL 2R 29 29 (+0) 29 (+0) 29 (+0) 28 (-1)
htelL2RB in Na' 52 52 (+0) 49 (-3) 52 (+0) 52 (+0)
htelL.2S3 28 31 (+3) 28 (+0) 28 (+0) 27 (-1)
htelL253B in Na' 50 56 (+6) 51 (+1) 52 (+2) 50 (+0)
htelL2R; 29 31 (+2) 28 (-1) 29 (+0) 30 (+1)
htelL2R3B in Na! 45 49 (+4) 46 (+1) 49 (+4) 46 (+1)
htell.2S, 33 56 (+23) 45 (+12) 36 (+3) 35 (+2)
htelL25; 2 equiv. metal 33 53 (+20) 45 (+12) 35 (+2) 35 (+2)
htelL 25,8 37 60 (+23) n.d. 56 (+19) n.d.
htelL25,C 42 63 (+21) n.d. 63 (+21) n.d.
htell2R, 34 56 (+22) 45 (+11) 36 (+2) 36 (+2)
htelL4?R 2 equiv. metal 34 51 (+17) 45 (+11) 37 (+3) 32 (-2)
htelL2R4B 36 62 (+26) n.d. 52 (+16) n.d.
htelL2R4C 43 66 (+23) n.d. 55 (+12) n.d.
htelL2Ss 33 54 (+21) 55 (+22) 37 (+4) 37 (+4)
htelL2Ss 2 equiv. metall 33 46 (+13) 55 (+22) 38 (+5) 36 (+3)
htelL?Rs 34 50 (+16) 47 (+13) 36 (+2) 35 (+1)
htelL2Rs 2 equiv. metal 34 47 (+13) 46 (+12) 37 (+3) 36 (+2)
htell2Ss 36 54 (+18) 59 (+23) 44 (+8) 44 (+8)
htelL25¢ 2 equiv. metal 34 52 (+ 18) 52 (+ 18) 42 (+ 8) 36 (+2)
htelL2Rg 35 50 (+15) 51 (+16) 42 (+7) 41 (+6)
htelL?R¢ 2 equiv. metal 35 51 (+16) 50 (+15) 44 (+9) 43 (+8)
htelL.2S; 28 43 (+15) 46 (+18) 36 (+8) 36 (+8)
htelL2S; 2 equiv. metal 28 46 (+18) 46 (+18) 38 (+10) 39 (+11)
htelL2R; 29 43 (+14) 44 (+15) 36 (+7) 30 (+1)
htelL2R; 2 equiv. metal 29 46 (+17) 44 (+15) 39 (+10) 32 (+3)
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9.3.3 CD spectroscopy

CD spectra were recorded on an Applied Photophysics Chirascan qCD
spectropolarimeter (350 — 205 nm, 0.5 s time-per-point, step size 1 nm, bandwidth
0.5 nm, 3 repeats) at 7 °C. Temperature was controlled using a Quantum Northwest
temperature control attached to a sample probe. A constant flow of dry N, was applied
to avoid water condensation. To remove unspecific CD effects from the cuvettes, always
background spectra with the same cuvette containing only buffer were recorded and
subtracted. Spectra were generally smoothed with the build in software using Savitzky-
Golay (5). The background was very noisy and was therefore smoothed with a factor of
10. The CD effect at 350 nm was set to 0.[2%-31

9.3.4 G-quadruplex association kinetics

Kinetic measurements following the G-quadruplex formation were performed as follows.
Prepared sample solutions were heated to 95 °C for 10 min and transferred still hot to a
cuvette. The cuvettes were cooled inside the spectrometer (UV or CD) to 7 °C and
equilibrated for 120 s, before the measurement was started, following the change of the

CD effect at 295 nm or the absorption at 295 nm.

The calculation of ko, was solely based on the CD spectroscopic measurements, since
it was less influenced by water condensation and temperature dependent effects. The
CD effect at 295 nm was converted to the G-quadruplex concentration with respect to
the CD effect of a completely formed G-quadruplex solution. Using Equation 3 kon was
calculated according to literature, where [A4] is the G-quadruplex and [A] the single

strand concentration.[29-31.260.275]

Table 16. Association kinetics kon calculated from the CD based experiments with 8 and 16 pM
ssDNA (Figure 85).

Kon/M3s1
|_1RG4 LlSG4
no metal 2.5x10° 1.4 x 10°
1 equiv. Cu" 4.2 x 101! 3.2x 101
10 equiv. Cu" 1.9x 10" 1.3 x 10%
1 equiv. Zn" 1.9x 10% 3.3x10°
dlA d|A
Equation 3. % = —4% = —k,, * [A]*
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G,Lf+1equiv.Cu

G,L°+ 1 equiv.Cu

G,L7+ 10 equiv. Cu

G,L¥+ 10 equiv. Cu
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Figure 84. Kinetic G-quadruplex association studies with 8 uM ssDNA in presence of 1 (red) and
10 (black) equiv. Cu'". Conditions: 8 pM ssDNA, 8 uM CuSOs, 10 mM LiCaco pH 7.2, 100 mM
NacCl.
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Figure 85. Kinetic G-quadruplex association studies of L'RG4 (a-c) L*SG. (d-f) with 8 (red, green)
and 16 (blue) uM ssDNA in absence and presence of 1 equiv. Zn" and Cu" or 10 equiv. (green)
Cu'. Conditions: 8 or 16 uM ssDNA, 10 mM LiCaco pH 7.2, 100 mM NacCl.

9.4 Catalytic studies

9.4.1 Enantioselective Michael-Addition

Samples were prepared as described in 9.3.1. After the G-quadruplex samples were
prepared the Michael-acceptor was added followed by dimethyl malonate (DMM) and
incubated for three days at 5 °C unless otherwise stated. After three days the samples
were extracted with Et.O and the organic phase was dried over MgSQO.,. Given that the
sample volumes were very small this was done by adding MgSO. (tip of a spatula) to a
centrifugal filter vial. On top was added the organic phase which was then filtered to
remove the MgSO.. The organic solvent was then removed using a Saur Laborbedarf S-
Concentrator BA-VC-300H vacuum concentrator. The remaining solid was dissolved in

Hexane/iPOH, 70/30 and filtered again using a centrifugal filter vial. Conversion and
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enantioselectivity were analysed by chiral normal phase HPLC using a CHIRALPAK IA-3
column (Amylose tris(3,5-dimethylphenylcarbamate) immobilized on 3 uM silica-gel) and
a CHIRALPAK IC guard column with a nHexane/iPOH, 80/20 solvent mixture and a flow
rate of 1 mL min. The signals corresponding to starting material and product were
calibrated by injection of increasing volumes of 1 mM stock solution in DMSO (Figure
86).

9.4.2 Conversion and enantioselectivity

Table 3: Conversion and enantioselectivity of htelL®;A-htelL%:0. Conditions: 120 uM DNA, 100 uM CuSQs,
100 mM KCl, 10 mM HEPES pH 8, 100 mM DMM, 1 mM Michael-acceptor 1, DMSO (1 % v/v) at 5 °C for

3d.

Sequence Lin Loop 1 LinLoop3 conversion [ %] ee [ %]
htelLS3A 2 1 23 -29
htelLS;E 2 1 16 27
htelL’sF 2 1 8 11
htelL%sD 1 2 80 91
htelL%sC 1 2 40 57
htell%;G 1 2 66 44
htelL%:B 1 2 92 -96
htelL%:H 1 2 94 -83
htelLSs! 1 2 87 91
htelLSs) 1 2 97 91
htelL%:K 1 2 93 -86
htelLSsL 1 2 83 -93
htelL5sM 1 2 96 -90
htelL%:N 2 1 47 -32
htelL%30 2 1 9 -37
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Table 4: Conversion and enantioselectivity of htelL®3A-htelL%:0. Conditions: 120 uM DNA, 100 uM CuSQs,
100 mM NaCl, 10 mM HEPES pH 8, 100 mM DMM, 1 mM Michael-acceptor 1, DMSO (1 % v/v) at 5 °C for

3d.

Sequence Lin Loop 1 LinLoop3 conversion [ %] ee [ %]
htelLS;A 2 1 12 3
htelL%sE 2 1 23 69
htelL%sF 2 1 3 14
htelL%sD 1 2 20 -68
htelL%sC 1 2 25 32
htelL%sG 1 2 11 48
htelL®sB 1 2 45 -55
htelL%:H 1 2 8 3
htelL%sl 1 2 22 -53
htelL®s) 1 2 36 -50
htelLS:K 1 2 10 -18
htelLS;L 1 2 61 -52
htelL>sM 1 2 12 -32
htelLS:N 2 1 12 -37
htelLl%:0 2 1 8 -35

Table 5: Conversion and enantioselectivity of htelL®;A-htelL;M. Conditions: 120 uM DNA, 100 uM CuSQs,
100 mM NaCl, 10 mM HEPES pH 8, 100 mM DMM, 1 mM Michael-acceptor 1, DMSO (1 % v/v) at 5 °C for

3d.

Sequence Lin Loop 1 LinLoop3 conversion [ %] ee [ %]
htelL5;B 1 1 23 15
htelL%,C 1 1 56 -7
htelL%;D 1 1 16 4
htelLS;A 1 1 21 33
htelL%:E 1 1 16 14
htelL%:K 1 1 16 -11
htelLS:F 2 0 78 71
htell5;G 2 0 61 67
htelL%;H 2 0 67 61
htelLS,l 0 2 43 44
htelL,) 0 2 40 20
htelL%,L 1 1 14 -46
htell>;M 1 1 6 -21
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Table 6: Conversion and enantioselectivity of htelL%;A-htelL;M. Conditions: 120 uM DNA, 100 uM CuSQs,
100 mM KCl, 10 mM HEPES pH 8, 100 mM DMM, 1 mM Michael-acceptor 1, DMSO (1 % v/v) at 5 °C for

3d.

Sequence Lin Loop 1 LinLoop3 conversion [ %] ee [ %]
htell%;B 1 1 35 13
htell5,C 1 1 61 -28
htell%;D 1 1 52 -11
htellA 1 1 28 31
htellS:E 1 1 33 28
htelL5:K 1 1 68 -40
htelLS:F 2 0 75 46
htell%,G 2 0 69 -29
htelL%;H 2 0 73 4
htellS.l 0 2 97 -71
htelLS,) 0 2 92 44
htelLSL 1 1 53 6
htell>;M 1 1 18 -15

Table 7: Conversion and enantioselectivity of selected G-quadruplexes containing the L? enantiomer.
Conditions: 120 UM DNA, 100 uM CuSQs, 100 mM electrolyte, 10 mM HEPES pH 8, 100 mM DMM, 1 mM
Michael-acceptor 1, DMSO (1 % v/v) at 5 °C for 3d.

conversion
Sequence Number L electrolyte [ %] ee [ %]
htell?,G 2 KCl 90 54
htelL?| 2 KCl 92 -85
htelL?sG 3 KCl 60 4
htelL?sB 3 KCl 97 -84
htell®sD 3 KCl 94 299 (-)
htelL®;F 2 KCl 94 30
htelL?;H 2 KCl 93 40
htelL?sH 3 KCl 95 -68
htelL® 3 KCl 98 -83
htelL?s) 3 KCl 96 -85
htelLRsK 3 KCl 94 -67
htelL®sL 3 KCl 96 -83
htelL®sM 3 KCl 98 -83
htellL?,G 2 NaCl 92 90
htelL?,l 2 NaCl 95 -7
htelL®:F 2 NaCl 93 86
htelL?;H 2 NaCl 93 56
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Table 8: Conversion and enantioselectivity of selected G-quadruplexes containing no L or > 4 times L.
Conditions: 120 UM DNA, 100 uM CuSQs, 100 mM electrolyte, 10 mM HEPES pH 8, 100 mM DMM, 1 mM
Michael-acceptor 1, DMSO (1 % v/v) at 5 °C for 3d.

Sequence Number L electrolyte conversion [ %] ee [ %]
- - NacCl 15 0

- - KCl 23 0
c-Myc 0 KClI 12 -1
htelz 0 KCl 10 5
c-Myc 0 NacCl 5 6
htel22 0 NaCl 7 0
htelLS:A 4 KCl 10 -25
htelL5:B 4 KClI 4 14
htelL%C 4 KCl 7 -28
htell*sB 4 NaCl 2 53
htelL®sC 4 NaCl 0 0
htelLS 6 KCl 0 0
htelLS; 7 KClI 17 -27

Table 9: Conversion and enantioselectivity of htelL?sD and htelL?,G in absence of transition metals and in
presence of Znl,. Conditions: 120 uM DNA, 100 uM Znl2, 100 mM electrolyte, 10 mM HEPES pH 8, 100 mM
DMM, 1 mM Michael-acceptor 1, DMSO (1 % v/v) at 5 °C for 3d.

conversion
Sequence Number L electrolyte transition metal salt [ %] ee [ %]
htelL®;D 3 KCl Znl2 - -
htell®,G 2 NaCl Znl2 - -
htelL?sD 3 KCl - - -
htelL?,G 2 Nacl - - -
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9.5 Native ESI-MS

Native ESI-MS experiments followed the identical published protocol and the procedure
was here adapted.?*3U In native ESI-MS, mild conditions are applied during the
ionization process to keep the secondary structure folded. To distinguish whether a G-
quadruplex remains folded during ionization, two intrinsic properties are exploited. First,
in case of tetramolecular G-quadruplexes is that they are only intact if signals
corresponding to a tetramer are observed while single-stranded DNA corresponds to
denatured G-quadruplexes. Second, in their native state G-quadruplexes always bind n-
1 monovalent cations (n = number of G-tetrads) in their central pockets followed by a
statistical distribution of additional unspecific adducts. For a denatured species, a

statistical distribution of adducts would be expected, starting with zero cations. [264-266]

Native ESI-MS and Trapped Ion mobility measurements were performed on a Bruker
timsTOF instrument combining a trapped ion mobility spectrometer (TIMS) with a time-

of-flight (TOF) mass spectrometer in one instrument.

Measurement: TIMS and TOF were calibrated, using the commercial Agilent ESI tuning
mix. The instrument was calibrated prior to each measurement. lons were generated
using electrospray ionization (ESI, analyte concentration: 12.5 uM G-quadruplex,
0.5 mM KCl and 50 mM TMAA (trimethyl ammonium acetate pH 6.8, solvent: acetonitrile-
water, 1:1, capillary voltage: 4500 V, end plate offset voltage: 500 nebulizer gas
pressure: 0.4/0.6 bar, dry gas flow rate: 6/9 | min-1, dry temperature: 303 K). The
generated ions were then deflected into the entrance funnel and TIMS analyser (carrier
gas: N2, temperature: 305 K, entrance pressure: 2.55 mbar, exit pressure: 0.89 mbar,
IMS imeX ramp end: 1.66 1/KO, IMS imeX ramp start: 0.51 1/K0). In the TIMS analyser
the ions were stationary trapped and accumulated for 70 or200 ms, before the electric
field strength was stepwise reduced, leading to a release of ions, separated by their ion
mobility. After release the ions were refoccussed and transferred to the TOF
analyser.?79-2721 Using the equation below, the ion mobility K was calculated from the

electric field strength E and the velocity of the N; carrier gas stream vg.

R R — 1)

E Uretease—Uout

A: calibration constant, Uwease: VOItage at which the ions are released, Uou: voltage

applied to the exit of the tube. The ion mobility is corrected to standard gas density via

P 237K

Ko =K 1013hPa T (2)
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to obtain the reduced mobility Ko, where P is the pressure and T is the temperature.

Using the Mason-Schamp equation, the collisional cross-section Q can be calculated:

1 1
0= (18m)2z ze [1]Eii
16 Ko No

u

3)

1
(kgT)z

ze: ion charge, kg: Boltzmann constant, | reduced mass of analyte and carrier gas, No:

number density of the neutral gas.[2%-31.270-272]
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Figure 87. Native ESI-MS of L?RG4 in presence of Cu'. Conditions: 12.5 uM G-quadruplex,
0.5 mM KCl and 50 mM TMAA pH 6.8, solvent: acetonitrile-water, 1:1
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Figure 88. Native ESI-MS of L?5Gs in presence of Cu'. Conditions: 12.5 uM G-quadruplex,
12.5 pM CuSOg4, 0.5 mM KCl and 50 mM TMAA pH 6.8, solvent: acetonitrile-water, 1:1.
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Figure 89. Native ESI-MS of htelL2R4 in absence of transition metal cations. Conditions: 12.5 uM
G-quadruplex, 0.5 mM KCI and 50 mM TMAA pH 6.8, solvent: acetonitrile-water, 1:1.
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Figure 90. Native ESI-MS of htelL?R4 in presence of 1 equiv. Zn'. Conditions: 12.5 pM DNA,
12.5 pM Znlz, 0.5 mM KCI, 50 mM TMAA, H20:ACN, 1:1.
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Figure 91. Native ESI-MS of htelL?Rs in presence of 1 equiv. Co". Conditions: 12.5 uM DNA,
12.5 pM Co(NOs)2, 0.5 mM KCI, 50 mM TMAA, H20:ACN, 1:1.
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Figure 92. Native ESI-MS of htelL?Rs in presence of 1 equiv. Zn'. Conditions: 12.5 pM DNA,
12.5 pM Znlz, 0.5 mM KCI, 50 mM TMAA, H20:ACN, 1:1.
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Figure 93. Native ESI-MS of htelL?Rs in presence of 1 equiv. Ni'. Conditions: 12.5 uM DNA,
12.5 uM NiSOQOs4, 0.5 mM KCI, 50 mM TMAA, H20:ACN, 1:1.
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Figure 94. Native ESI-MS of htelL?Rs in presence of 1 equiv. Cu". Conditions: 12.5 uM DNA,
12.5 pM CuSOg4, 0.5 mM KCI, 50 mM TMAA, H20:ACN, 1:1.
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Figure 95. Native ESI-MS of htelL?Rs in presence of 1 equiv. Co". Conditions: 12.5 uM DNA,
12.5 pM Co(NOs3)2, 0.5 mM KCI, 50 mM TMAA, H20:ACN, 1:1.
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Figure 96. Native ESI-MS of htelL?5,B in absence of transition metal cations. Conditions: 12.5 uM
DNA, 0.5 mM KCI, 50 mM TMAA, H20:ACN, 1:1.
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Figure 97. Native ESI-MS of htelL?5,B in presence of 1 equiv. Zn". Conditions: 12.5 uM DNA,
12.5 pM Znlz, 0.5 mM KCI, 50 mM TMAA, H20:ACN, 1:1.
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Figure 98. Native ESI-MS of htelL?53B in absence of transition metal cations. Conditions: 12.5 uM
DNA, 0.5 mM KCI, 50 mM TMAA, H20:ACN, 1:1.
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Figure 99. Native ESI-MS of htelL?53:B in presence of 1 equiv. Cu'. Conditions: 12.5 uM DNA,
12.5 uM CuSO04, 0.5 mM KCI, 50 mM TMAA, H20:ACN, 1:1.
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Figure 100. Native ESI-MS of htelL?5;B in absence of transition metal cations. Conditions:
12.5 pM DNA, 0.5 mM KCI, 50 mM TMAA, H20:ACN, 1:1.
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Figure 101. Native ESI-MS of htelL?5;B in presence of 1 equiv. Cu". Conditions: 12.5 pM DNA,
12.5 pM CuSOg4, 0.5 mM KCI, 50 mM TMAA, H20:ACN, 1:1.
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9.6 MD simulations

Simulations were performed using GROMACS 2016.1/2020.54-3¢% The AMBER force
field ff99bscl was modified with new force field parameters for the imidazole
ligandosides based on analogy to existing force field parameters.*3¢2 For both
enantiomers, the same set of parameters was used. Parameters regarding the Cu" and
Zn'" complex were estimated based on literature or calculated using MCPB.py and
VFFDT (Visual Force Field Derivation Toolkit) with geometry optimized structures.[63-367]
Adjacent ligands were named differently, to avoid ambiguity in the parameterization.
Improper dihedrals were used to maintain coplanarity between the imidazole plane and
the imidazole — metal plane. The respective parameters for Cu' and zZn" were estimated
based on literature values.F®3671 The crystal structure of a tetramolecular parallel
stranded (pdb: 204F) and unimolecular antiparallel basket- and chair-type (pdb: 143D,
1C35) G-quadruplex were madified with the Imidazole ligandosides to obtain the starting
structure. 663683691 The modified starting structures were placed in a periodic rhombic
bounding box and energy minimized for 2000 steps using steepest descent
(600 kJ mol* nm? tolerance). The system was solvated using a TIP3P water model and
negative charges on the phosphates were neutralized with Na* or K* and the electrolyte

concentration was set to 100 mM.

After neutralization, the structure was energy minimized using at first 500 steps of
steepest descent with a tolerance of 500 kJ mol®! nm*, followed by 3000 steps of
conjugate gradient minimization with a tolerance of 300 kJ mol* nm™. A cut-off of the
non-bonded Lennard Jones Potential was set to 1.3 nm. Coulombic interactions were
treated using a Particle-mesh Ewald summation. Prior to the MD simulation, the starting
structure was subjected to three rounds of energy minimization. In a first round using an
NVT ensemble (NVT ensemble, constraints 1000 kJ mol™* A2 | time step 2 fs;
Temperature coupling modified Berendsen, 298 K) and positional constraints on heavy
atoms was simulated for 100 ps, followed by 100 ps with additional pressure coupling
(isotropic, Berendsen, 1 bar, time constant for coupling 0.1 ps, compressibility 4.5 107°)
and in a last run 100 ps were simulated with lower applied positional constraints (100 kJ
mol™ A2 Nose-Hoover temperature coupling 2 ps coupling, Parinello-Rahman isotropic
pressure coupling, 2 ps coupling time). Prior to the production run a short MD simulation
was run for 200 ps using the same settings as for the production run. The final simulation
was simulated for 50/100 ns, writing coordinates after every 10 ps. After the production
run, trajectories were centred and aligned. After clustering of the MD trajectory with
Chimera, a representative snapshot was taken from one of the most abundant clusters.

In the rmsd plots, the first frame was used as the reference.
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9.6.1 RESP-charges

Partial point charges were calculated by RESP charge fitting, as described in ref.[2429

from geometry optimized fragments (DFT B3LYP/6-31Gd). Using the capping scheme

below, files were submitted to the REDServer-Development.®7%=373 Inter- and intra-

molecular charge constraints were applied to keep the correct total charge of the ligand.

Exception was the L2-Zn" complex, for which the RESP charges were calculated using

the antechamber and respgen package.

Ligand fragment 5-end

Inter-MCC =0
- CHj HSC/T\OH
=/ Inter-MCC = 0 O"D 0
H-C -

Intra-MCC =-0.6921

Figure 102. Applied Capping Scheme for L*.
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Figure 103. Applied Capping Scheme for L2.

Metal complex
Intra-MCC

— 12+ /7 N~ ICH35
@N —m—N\; Intra-MCC

b (3
Intra-MCC \——CH3

Intra-MCC

Metal complex

H,CO

Intra-Mccz

T &
Intra-MCC \’_\

Intra-MCC

CXXi



Experimental Section

Figure 104. Geometry optimized complex of 1-ethyl-1H-imidazole with Cu'. Gaussian09, DFT
B3LYP/6-31Gd.

Figure 105. Geometry optimized complex of 1-(2-methoxyethyl)-1H-imidazole with Cu'.
Gaussian09, DFT B3LYP/6-31Gd.

Figure 106. Geometry optimized complex of 1-ethyl-1H-imidazole with Zn". Gaussian09, DFT
B3LYP/6-31Gd.
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Figure 107. Geometry optimized complex of 1-(2-methoxyethyl)-1H-imidazole with Zn'".
Gaussian09, HF/6-31+G*.

Figure 108. Geometry optimized complex of imidazole chalcone and N-ethyl-1H-imidazole with
Cu'. Gaussian16, DFT B3LYP/6-31Gd.
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9.6.2 Simulations

— ligand | —— ligand —— ligand
~— backbone ' — backbone —— backbone
— dG .. —dG — do

0 25 50 0 25 50 4] 25 50
time / ns time / ns time /ns

Figure 109. Representative Snapshots from the MD simulation of L'SGa in absence of transition
metal cations and in solution. The corresponding RMSD graphs of the guanine residues, L*S and
the DNA backbone.
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— ligand — ligand
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time / ns time / ns time / ns

Figure 110. Representative Snapshots from the MD simulation of L!RG4 in absence of transition
metal cations and in solution. The corresponding RMSD graphs of the guanine residues, L'® and
the DNA backbone.
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Figure 111. Representative Snapshots from the MD simulation of L2RGs in absence of transition
metal cations and in solution. The corresponding RMSD graphs of the guanine residues, L2} and
the DNA backbone.
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Figure 112. Representative Snapshots from the MD simulation of L?RGs in absence of Cu' in the
gas phase. Four negative charges were equally distributed along the phosphate backbone. The
corresponding RMSD graphs of the guanine residues, LRS and the DNA backbone.
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Guanine
—— Ligand

RMSD/A

o 2000 4000 6000 8000 10000
time /0.01 ns

Figure 113. Representative Snapshots from the MD simulation of L2RGs in complex with Cu" in
solution. The corresponding RMSD graphs of the guanine residues, LRS and the DNA backbone.
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Figure 114. Representative Snapshots from the MD simulation of L2RGs in complex with Cu" in
the gas phase. Four negative charges were equally distributed along the phosphate backbone.
The corresponding RMSD graphs of the guanine residues, L2R and the DNA backbone.
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Figure 115. Representative Snapshots from the MD simulation of htelL.?S4 in absence of transition
metal cations and the corresponding RMSD graphs of the guanine residues, L?S and the DNA
backbone.
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Figure 116. Representative Snapshots from the MD simulation of htelL2S4 in absence of transition
metal cations and the corresponding RMSD graphs of the guanine residues, L?S and the DNA
backbone.
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Figure 117. Representative Snapshots from the MD simulation of htelL?5; in complex with Zn"
and the corresponding RMSD graphs of the guanine residues, L2 and the DNA backbone.
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Figure 118. Representative Snapshots from the MD simulation of htelL.?Ss and the corresponding
RMSD graphs of the guanine residues, L?° and the DNA backbone.
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Guanine
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Figure 119. Representative Snapshots from the MD simulation of htelL2Ss in complex with Cu"
and the corresponding RMSD graphs of the guanine residues, L2 and the DNA backbone.
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Figure 120. Representative Snapshots from the MD simulation of htelL?Ss in complex with Zn'"
and the corresponding RMSD graphs of the guanine residues, L5 and the DNA backbone.
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Figure 121. Representative Snapshots from the MD simulation of htelL?>4C and the
corresponding RMSD graphs of the guanine residues, L2 and the DNA backbone.
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Figure 122. Representative Snapshots from the MD simulation of htelL25:C in complex with Cu'"
and the corresponding RMSD graphs of the guanine residues, L5 and the DNA backbone.
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Guanine |
Ligand
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Figure 123. Representative Snapshots from the MD simulation of htelL254C in complex with Zn"
and the corresponding RMSD graphs of the guanine residues, L2 and the DNA backbone.

9.7 NMR spectroscopy of DNA G-
gquadruplexes

9.7.1 Sample preparation

The lyophilized oligonucleotides were dissolved in 1 mL of water and desalted using size
exclusion NAP-10 columns from GE Healthcare to remove remaining triethyl ammonium
acetate from solid phase synthesis. After desalting samples were lyophilized again and
dissolved again in D,O or H,O for the sample preparation. G-quadruplex samples were
prepared as described in 9.3.1. The annealing step (85°C for 5 min, then cooling to 4°C
with 0.5 °C min™) could be omitted since the NMR spectra seemed to be identical with
and without annealing. The pH was adjusted using 10 mM HCI (DCI) or KOH (KOD).

9.7.2 NMR spectroscopy

Prepared samples were transferred into Shigemi-tubes with a matched magnetic
susceptibility for D-O. *H NMR spectra were recorded on a Bruker Avance 600 MHz
spectrometer equipped with a TCI z-axis gradient CryoProbe or on a Bruker Avance 700
MHz spectrometer equipped with TXI z-axis gradient CryoProbe using excitation
sculpting as water suppression.*! For the structure determination non-exchangeable
proton resonances were assigned by *H-'H NOESY spectroscopy in DO (298 K, 60 or
250 ms mixing time). Exchangeable proton resonances were assigned by *H-'H NOESY
spectroscopy in H.0:D-0, 95:5/90:10 (298 K, 250 ms mixing time).
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9.7.3 Structure calculation

From the assigned *H-'H NOESY (250 ms mixing time, 298 K) spectra the peak volumes
were determined by integration and calibrated to distances using a build in macro in
DYANA.B7 Structure calculations were performed using the program XPLOR-NIH 3.0
using the standard forcefield parameters.33349 parameters regarding the imidazole
ligandosides were assigned in analogy to existing parameters from literature.**® Starting
from a stretched single strand, based on the sequence, using a simulated annealing
protocol 400 structures were calculated. The calculation was based on NOE-, dihedral-,
planarity-, and H-bond distance restraints. From the 400 calculated structures, the 40

lowest energy structures were used for the statistics.

Table 17. Proton and Carbon chemical shifts used to assign the four canonical DNA nucleobases
thymidine, cytosine, adenine and guanine.

Name Thymidine Cytosine Adenine Guanine
H1 5-6 5-6 5-6 5-6
H2’' 1.7-23 1.7-23 23-29 23-29
H2” 21-27 21-27 24-3.1 24-31
H3' 44-5.0 44-50 44-52 44-52
H4’ 3.8-4.3 3.8-43 3.8-43 3.8-4.3
H5'/H5” 3.8-4.3 3.8-43 3.8-43 3.8-4.3
H6/8 6.8-7.9 6.8-7.9 7.7-85 75-8.3
H5 1.0-19 - - -

NH 13-14 - 12 -13.6
NH2 - - 5-6 5-6
c1 83 -89 83 -89 83 -89 83 -89
c2 35-38 35-38 35-38 35-38
c3 70-78 70-78 70-78 70-78
c4 82 - 86 82 - 86 82 - 86 82 - 86
Cs5' 63 — 68 63 — 68 63 — 68 63 — 68
Cc2 154 159 152 — 156 156
C4 169 166 — 168 149 - 151 152 — 154
C5 15-20 94 — 99 119-121 117 -119
C6 137 — 142 136 — 144 157 — 158 161
c8 - - 137 — 142 131 -138
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9.8 Synthesis

9.8.1 Synthesis of DMT-Glycidol

R Sy SN oW
CH2C|2 ‘
rt, 16
(S) ‘ % (R)
O

O ~N
~

To a solution of (S)-glycidol (0.5 mL, 7.5 mM, 1.09 equiv.) and EtsN (2.7 mL, 19.4 mM,
2.8 equiv.) in CH2Cl, (17 mL) was added DMT-chloride (2.35 g, 6.9 mM, 1 equiv.) and
stirred at rt for 16 h. The reaction mixture was washed with half saturated ag. NaHCOs3
(50 mL) and extracted with CH>Cl, (3 x 30 mL). The combined organic layers were dried
over MgSO. and the solvent was removed under reduced pressure to afford a dark red
oil. The product was purified by column chromatography (cyclohexane/EtOAc, 98/2 —
cyclohexane/EtOAc, 90/10) to afford DMT-(R)-glycidol as a viscous colourless oil (2.05
g, 5.4 mM, 79 %). The stereocentre is formally inverted due to the higher priority of the
DMT-group.The synthesis of DMT-(S)-glycidol was identical. The 'H NMR was in

accordance with literature.?53!

IH NMR (600 MHz, 298 K, CDCls): & (ppm): 7.46 — 7.48 (m, 2H, CH), 7.34 — 7.37 (m,
4H, CH), 7.28 — 7. 31 (m, 2H, CH), 7.20 — 7.23 (m, 1H, CH), 6.82 — 6.85 (m, 4H, CH),
3.79 (s, 6H, -OCH3), 3.32 (dd, 1H, CH2), 3.13 (dd, 2H, CH2), 2.78 (dd, 1H, CH2), 2.63
(dd, 1H, CH2).

9.8.2 Glycol-based imidazole nucleoside 5

-
~0 O

l>—\) O C{ '\”/\) 70 °C, 21h 3 \) O

66 % 5 !

O
~N
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To a solution of imidazole 3 (0.54 g, 8 mM, 2 equiv.) in 1,4-dioxane (7.5 mL) a solution
of DMT-glycidol in 1,4-dioxane (2.5 mL) was added. The reaction was stirred at 80 °C
for 21 h until all starting material was consumed. The reaction mixture was washed with
half saturated aq. NaHCO3 (40 mL) and extracted with CH2Cl; (2 x 30 mL). The combined
organic layers were dried over MgS0O, and the solvent was removed under reduced
pressure to afford a yellow oil. The product was purified by flash chromatography
(CH:Cl/MeOH, 100/0 — CH:Cl,/MeOH, 90/10) followed by gel permeation
chromatography (CHCIs) to give the product (5) as a white foamy solid (1.16 g, 2.61 mM,
66 %). The synthetic procedure for (S)-7 is identical.l??!

Chemical formula: Cz7H28N204
Molecular weight: 444.53 g mol*

HRMS (ESI, pos., Calc. [M+H]+ : 445.2122 ACN/water, 1/1, 0.1 % TFA) Found: m/z =
303.1365 [DMT]+ , 445.2109 [M+H]+

IH NMR (600 MHz, 298 K, CDCls): & (ppm): 7.43 — 7.41 (m, 2H, Hy), 7.35 (s, 1H, Ha) 7.32
—7.29 (M, 6H, H,Hg), 7.24 — 7.22 (m, 1H, Hy), 6.88 (s, 1H, Hc), 6.85 — 6.82 (m, 5H, Hn,
Hb), 4.07 (dd, 3 = 13.7, 3.3, 1H, Ha), 3.99 — 3.94 (m, 1H, Hq), 3.96 — 3.91 (m, 1H, He),
3.79 (s, 6H, -OCHs), 3.21 (dd, 3J = 9.6, 5.4, 1H, Hy), 3.14 (dd, %J = 9.6, 5.4, 1H, H).

13C NMR (150 MHz, 298 K, CDCls): & (ppm): 159.0, 144.8, 138.0, 136.0, 130.3, 129.3,
128.4, 128.3, 127.3, 120.0, 113.6, 68.8, 70.5, 64.8, 55.6, 50.6.

u » 1N o .
i T ey 7
5538 88 BRI 88

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
ppm

Figure 124. 'H NMR (150 MHz, 298 K, CDClIs) of Glycol-based imidazole nucleoside 5.
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Figure 125. 13C NMR (150 MHz, 298 K, CDCIs) of Glycol-based imidazole nucleoside 5.

9.8.3 Synthesis of phosphoramidite 7

o~ CN o~
I DIPEA § l
HO © + Cl,. - N:P—Q o) O
% CH,CI P ?
f\N_/J 4 won (P2
N/ : I 80 % ;
oN B
O <\N P

The synthesis was done in a glovebox under nitrogen atmosphere to exclude water and
oxygen. To a stirring solution of (S)-5 (355 mg, 0.8 mM, 1 equiv.) in CH.Cl, (6.2 mL) was
added at rt DIPEA (620 mg, 836 L, 4.8 mM, 6 equiv.). To the solution CEDIP-CI (189
mg, 178 pL, 0.8 mM, 1 equiv.) was added and the reaction was stirred for 90 minutes.
After completion the solvent was removed under vacuum and the resulting crude
phosphoramidite (S)-7 was used for DNA synthesis, assuming a yield of 80 %. The

synthetic procedure for (R)-7 is identical.l?®

3P NMR (122 MHz, 298 K, CDCls): d (ppm): 149.8, 149.0.
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\J
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Figure 126. 3'P NMR (122 MHz, 298 K, CDCIs) of phosphoramidite (S)-7.

9.84 Glycol-based imidazole nucleoside 6

o

L O OH
<f—<] DMF o] Q c/_§ (/\N

0°C—>r1t /

’ 16h, 74 % 6 O s/

To a stirring suspension of NaH (200 mg, 60 w/w %, 5.31 mM, 4 equiv.) in DMF (2 mL)
was added a solution of imidazole 4 (298 mg, 2.66 mM, 2 equiv.) in DMF (4mL) at 0°C.
The reaction allowed to reach rt and was stirred for 60 min until no H> formation was
observed. Then a solution of DMT-(S)-glycidol (500 mg, 1.33 mM, 1 equiv) in DMF (4

mL) was dropwise added and the reaction was stirred at 40 °C for 16 h.

After full conversion of the starting material a solution of half saturated ag. NaHCO; was
added and the aqueous layer was extracted with CH2Cl; (3 x 50 mL). The solvent was
removed under reduced pressure and remaining yellow oil was purified by column
chromatography (CHCIls/MeOH, 100/0 -> CHCIls/MeOH, 90/10) followed by gel
permeation chromatography to afford the Glycol-based imidazole nucleoside 6 as a
foamy solid (480 mg, 0.98 mM, 74 %).4

Chemical formula: Cz9H32N20s
Molecular weight: 488.58 g mol?

HRMS (ESI, pos., Calc. [M+H]+: 489.2384 ACN/water, 1/1, 0.1 % TFA): Found: m/z =
303.136 [DMT]+, 489.2381 [M+H]+

IH NMR (700 MHz, 298 K, CDCls): & (ppm): 7.46 (s, 1H, Ha), 7.42 — 7.41 (m, 2H, H)),
7.31—7.29 (m, 4H, H), 7.30 — 7.28 (m, 2H, H), 7.23 — 7.20 (m, 1H, Hy), 7.01 (s, 1H, Hy),
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6.89 (s, 1H, Hc), 6.84 — 6.82 (M, 4H, Hm), 4.06 (t, 3J = 5.1 Hz, 2H, Ha), 3.93 — 3.90 (m,
1H, Hy), 3.79 (s, 6H, -OCHs) 3.69 (t, 3] = 5.2 Hz, 2H, He), 3.51 — 3.53 (dd, 3J = 4.1, 9.9,
1H, Hy), 3.47 (dd, 2J = 6.2, 9.8, 1H, Hy), 3.19 — 3.15 (m, 2H, Hy), 2.23 (s, 1H, OH).

13C NMR (175 MHz, 298 K, CDCls): & (ppm): 158.9, 145.0, 137.7, 136.2, 130.4, 129.6,
128.4,128.2, 127.2, 119.7, 113.5, 86.5, 73.1, 71.0, 70.2, 64.7, 55.6, 47.3.
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Figure 127. 'H NMR (700 MHz, 298 K, CDCIs) of Glycol-based imidazole nucleoside 6.
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Figure 128. 13C NMR (175 MHz, 298 K, CDCls) of Glycol-based imidazole nucleoside 6. Note that
the signals corresponding to the imidazole carbons are extremely small.

CXXXV



Experimental Section

9.8.5 Synthesis of phosphoramidite 8

y -

O D|PEA
Q Gy eem O CE S
O \l\CN 80% O O

\

The synthesis was done in a glovebox under nitrogen atmosphere to exclude water and
oxygen. To a stirring solution of (R)-6 (650 mg, 1.33 mM, 1 equiv.) in CH2ClI, (10 mL)
was added at rt DIPEA (1.03 mg, 1.39 mL, 7.98 mM, 6 equiv.). To the solution CEDIP-
Cl (315 mg, 297 pL, 1.33 mM, 1 equiv.) was added and the reaction was stirred for 90
minutes. After completion, the solvent was removed under vacuum and the resulting
crude phosphoramidite (R)-8 was used for DNA synthesis, assuming a yield of 80 %.

The synthetic procedure for (S)-8 is identical.Y

HRMS (ESI, pos., Calc. [M+H]+: 689.3462, ACN): Found: m/z = 130.1624 [DIPEA]+,
303.1385 [DMT]+, 689.3466 [M+H]+

31p NMR (202 MHz, 298 K, CDCls): & (ppm): 149.4, 149.2.

149.5 149.0

Js

1200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20
ppm

Figure 129. 31P NMR (202 MHz, 298 K, CDCIz) of phosphoramidite 8.
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9.8.6 Glycol-based imidazole nucleoside 1

O 0 % O oH
/OC/_Q 1%?% % Q\_/_ @

To a stirring suspension of NaH (200 mg, 60 w/w %, 5.31 mM, 4 equiv.) in DMF (2 mL)
was added a solution of imidazole (336 mg, 2.66 mM, 2 equiv.) in DMF (4mL) at 0°C.
The reaction allowed to reach rt and was stirred for 60 min until no H, formation was
observed. Then a solution of DMT-(R)-glycidol (500 mg, 1.33 mM, 1 equiv) in DMF (4

mL) was dropwise added and the reaction was stirred at 40 °C for 16 h.

After full conversion of the starting material a solution of half saturated ag. NaHCO; was
added and the aqueous layer was extracted with CH2Cl; (3 x 50 mL). The solvent was
removed under reduced pressure and remaining yellow oil was purified by column
chromatography (CHCIls/MeOH, 100/0 -> CHCIls/MeOH, 90/10) followed by gel
permeation chromatography to afford the Glycol-based imidazole nucleoside (R)-1 as a

foamy solid (473 mg, 0.94 mM, 71 %). The synthetic procedure for (S)-1 is identical.

Chemical formula: C3Hz4N205

Molecular weight: 502.61 g mol*

HRMS (ESI, pos., Calc. [M+H]+: 503.6110, ACN/water, 1/1, 0.1 % TFA): Found: m/z =
303.14 [DMT]+, 503.2542 [M+H]+

'H NMR (600 MHz, 298 K, CDCls): & (ppm): 7.45 (s, 1H, H,), 7.44 — 7.41 (m, 2H, H,),
7.33—-7.29 (m, 4H, H)), 7.30 — 7.27 (m, 2H, H;), 7.23 — 7.19 (m, 1H, Hy), 7.05 (s, 1H, Hy),
6.88 (s, 1H, Hc), 6.84 — 6.81 (M, 4H, Hm), 3.97 (t, 3J = 6.9 Hz, 2H, Hg), 3.96 — 3.92 (m,
1H, Hy), 3.78 (s, 6H, -OCH3s), 3.51 — 3.45 (m, 2H, Hg), 3.41 — 3.34 (m, 2H, Hy), 3.22 —
3.17 (m, 2H, Hi), 1.99 — 1.94 (m, 2H, He).

13C NMR (150 MHz, 298 K, CDCls): & (ppm): 158.9, 145.1, 137.7, 136.2, 130.4, 129.7,
128.4, 128.2, 127.2, 119.4, 113.5, 86.8, 72.7, 70.2, 67.6, 64.7, 55.6, 44.0, 31.4.
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Figure 130. 'H NMR (600 MHz, 298 K, CDClIs) of glycol-based imidazole nucleoside 1.

| 1‘1

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
ppm

Figure 131. 13C NMR (150 MHz, 298 K, CDCls) of glycol-based imidazole nucleoside 1. Note that

the signals corresponding to the imidazole carbons are extremely small.
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9.8.7 Synthesis of phosphoramidite 2
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The synthesis was done in a glovebox under nitrogen atmosphere to exclude water and
oxygen. To a stirring solution of (S)-1 (402 mg, 0.8 mM, 1 equiv.) in CH.Cl, (6.2 mL) was
added at rt DIPEA (620 mg, 836 pL, 4.8 mM, 6 equiv.). To the solution CEDIP-CI (189
mg, 178 pL, 0.8 mM, 1 equiv.) was added and the reaction was stirred for 90 minutes.
After completion the solvent was removed under vacuum and the resulting crude
phosphoramidite (S)-2 was used for DNA synthesis, assuming a yield of 80 %. The

synthetic procedure for (R)-2 is identical.
Chemical formula: CzgHs1N4OeP
Molare Masse: 702.83 g mol-1

3P NMR (162 MHz, 298 K, CDCl): d (ppm): 149.2, 149.4.

9.8.8 Synthesis of 38

07Q ACN
rt, 16 h
Br 61 % 0"
o7g

To a suspension of sodium hydride (60 % in mineral oil; 0.36 g, 8.42 mM, 1.1 equiv.) in
dry acetonitrile (35 mL) (S)-(2,2-dimethyl-1,3-dioxolan-4-yl)methanol ((S)-37, 1.00 mL,
8.02 mM, 1.0 equiv.) was slowly added. The suspension was stirred at rt for 30 min and
then cooled down to 0 °C before 4-(bromomethyl)benzoate (36, 1.84 g, 8.02 mM, 1.0
equiv.) was added. The reaction was allowed to reacht rt and was stirred overnight. After
completion the solvent was removed under reduced pressure. The remaining solid was

taken up in EtOAc (50 mL) and filtered. The filtrate was washed with water (50 mL). The
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aqueous phase was extracted with EtOAc (3x 30 mL) and the combined organic layers
were dried over MgS0O4. The solvent was removed under reduced pressure and the
remaining oil was purified by column chromatography (n-pentane/ethyl acetate, 5:1) to
afford (S)-38 as a colourless oil (1.38 g, 4.93 mM, 61 %).B%

H NMR (700 MHz, 298 K, CDCls): & (ppm): (d, J = 8.4 Hz, 2H, 3-H and 7-H ), 7.38 (d,
J=8.5Hz, 2H, 4-H and 6-H), 4.62 (d, J = 12.9 Hz, 1H, 8-H.), 4.59 (d, J = 12.8 Hz, 1H,
8-Hy), 4.32 — 4.27 (m, 1H, 2’-H), 4.05 (dd, J = 8.3 Hz, J = 6.5 Hz, 1H, 3"-H,), 3.89 (s, 3H,
CO2CHs), 3.73 (dd, J = 8.3 Hz, J = 6.3 Hz, 1H, 3’-Hy), 3.55 (dd, J =9.9 Hz, J = 5.7 Hz,
1H, 1'-Ha), 3.49 (dd, J = 9.9 Hz, J = 5.3 Hz, 1H, 1'-Hy), 1.40 (s, 3H, C(CHs)2), 1.35 (s, 3H,
C(CHa)2).

13C NMR (175 MHz, 298 K, CDCls): & (ppm): 166.9 (C1), 143.4 (C5), 129.8 (C3 and C7),
129.5 (C2), 127.3 (C4 and C6), 109.6 (C(CHs),), 74.8 (C2"), 72.9 (C8), 71.5 (C1’), 66.8
(C3"), 52.1 (CO,CHs), 26.8 (C(CHs)z), 25.5 (C(CHs)o).

HRMS (ESI, pos., Calc. [M+H]+: 303.1203, ACN): Found: m/z = 303.1198 [M+Na]+

Elemental analysis ( %): Calc. for C1sH200s: C 64.3, H 7.2; found: C 64.0, H 7.3.

9.8.9 Synthesis of 39

o) O\ o) O\

CH3COOH
—_—
THF/H,0

O O OH
(5)-38 (R)-39

Compound 38 was dissolved in THF before a mixture of acetic acid/water, 1/1, was
added. The solution was heated to 60 °C and stirred overnight. The solvent was removed
under reduced pressure and the remaining crude product was purified by column
chromatography (dichloromethane/methanol, 10:1) to afford (R)-39 as a white crystalline
material (0.86 g, 3.60 mM, 96 %).E%

H NMR (400 MHz, 298 K, CDCls): & (ppm): 8.02 (d, J = 8.3 Hz, 2H, 3-H and 7-H), 7.38
(d,J =8.2 Hz, 2H, 4-H and 6-H), 4.60 (s, 2H, 8-H), 3.96 — 3.88 (m, 4H, 2’-H and CO,CHy3),
3.72(dd,J=11.4Hz,J = 3.9 Hz, 1H, 3'-Ha,), 3.64 (dd, J = 11.4 Hz, J = 5.6 Hz, 1H, 3’-Hy),
3.61 —3.53 (m, 2H, 1’-Ha and 1'-Hy), 2.46 (br s, 2H, 2’-OH and 3’-OH).
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13C NMR (100 MHz, 298 K, CDCls): & (ppm): 167.0 (C1), 143.1 (C5), 129.9 (C3 and C7),
129.7 (C2), 127.4 (C4 and C6), 73.1 (C8), 72.2 (C1’), 70.8 (C2), 64.1 (C3"), 52.3
(CO,CHs).

HRMS (ESI, pos., Calc. [M+H]+: 263.0890, ACN): Found: m/z = 263.0885 [M+Na]+
Elemental analysis ( %): Calc. for C12H160s: C 60.0, H 6.7; found: C 59.9, H 6.7.

IR (ATR): V= 3264, 2942, 2864, 1719, 1431, 1415, 1389, 1276, 1207, 1194, 1179, 1103,
1070, 1048, 1025, 1014, 954, 933, 866, 851, 763,712,529 cm™.

9.8.10 Synthesis of 40

(0] O\ o) O\
—_—
07 oH o> opuT
OH (540 OH
(R)-39

To a solution of (R)-39 (1.18 g, 4.93 mM, 1.0 equiv.), N,N-diisopropylethylamine
(1.68 mL, 9.86 mM, 2.0equiv.) and 4-dimethylaminopyridine (0.04 g, 0.30 mM,
0.06 equiv.) in dry tetrahydrofuran (20 mL) at 0 °C a solution of 4,4'-dimethoxytrityl
chloride (2.01 g, 5.92 mM, 1.2 equiv.) in dry tetrahydrofuran (10 mL) was added. The
solution was allowed to warm to rt and was stirred overnight. The formed solid was
filtered of and the solvent was removed under reduced pressure to obtain the crude
product as a yellow oil. The product was purified by column chromatography (n-
pentane/ethyl acetate, 5:1 + 0.5 % triethylamine to 2:1 + 0.5 % triethylamine) to afford
(S)-40 as a yellow oil (1.95 g, 3.59 mM, 73 %).2%

IH NMR (600 MHz, 298 K, CD2Cl,): & (ppm): 8.00 — 7.96 (m, 2H, 3-H and 7-H), 7.44 —
7.41 (m, 2H, DMT-Ha,), 7.38 — 7.34 (m, 2H, 4-H and 6-H), 7.32 — 7.26 (m, 6H, DMT-Ha,),
7.24 — 7.20 (M, 1H, DMT-H.), 6.85 — 6.80 (m, 4H, DMT-Hay), 4.57 (s, 2H, 8-H), 3.99 —
3.93 (m, 1H, 2"-H), 3.89 (s, 3H, CO.CHs), 3.77 (s, 6H, DMT-OCHs), 3.60 (dd, J = 9.6 Hz,
4.4, 1H, 1-Ha), 3.57 (dd, J = 9.6 Hz, 6.0, 1H, 1'-Hb), 3.18 (d, J = 5.4 Hz, 2H, 3*-H), 2.36
(d, J = 5.1 Hz, 1H, 2'-OH).

13C NMR (150 MHz, 298 K, CD,Cl,): & (ppm): 167.2 (C1), 159.2 (DMT-Ca;), 145.6 (DMT-
Ca), 144.2 (C5), 136.5 (DMT-Ca), 130.6 (DMT-Ca), 130.0 (C3 and C7), 130.0 (C2),
128.6 (DMT-Cay), 128.3 (DMT-Ca), 127.7 (C4 and C6), 127.3 (DMT-Ca), 113.6 (DMT-
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Ca), 86.6 (DMT-C(Ar)3), 73.1 (C8), 72.5 (C1’), 70.5 (C2), 65.0 (C3'), 55.7 (DMT-OCHs),
52.5 (CO,CHs).

HRMS (ESI, pos., ACN): m/z calc. for C21H1902 303.1380 [DMT]*, CssH3407Na 565.2197
[M+Na]*, Cs3H3:0-K 581.1936 [M+K]*; found 303.1373, 565.2196, 581.1936.

Elemental analysis ( %): Calc. for Cs3H3.07: C 73.1, H 6.3; found: C 73.1, H 6.7.

9.8.11 Synthesis of phosphoramidite 41

OO
)\ J\ DIPEA
N —_— O/Y\ODMT
+ NC l!, CH,Cl, o_._O
N
O/Y\ODMT \|/
OH
(S)-40

(S)-41

The synthesis was done in a glovebox under nitrogen atmosphere to exclude water and
oxygen. To a stirring solution of (S)-40 (255 mg, 0.470 mM, 1.0 equiv.) in CH,ClI, (10 mL)
was added at rt DIPEA (112 pL, 0.705 mM, 1.5 equiv.). To the solution CEDIP-CI
(126 pL, 0.564 mM, 1.2 equiv.) was added and the reaction was stirred for 90 minutes.
After completion the solvent was removed under vacuum and the resulting crude

phosphoramidite (S)-41 was used for DNA synthesis, assuming a yield of 80 %.5%
Chemical formula: C10H1003S

Molecular weight: 210.25 g mol?

31P NMR (162 MHz, 298 K, CD,Cl,): d (ppm):149.4, 149.3.

HR-ESI MS (positive mode, MeCN): m/z calc. for CyHis0, 303.1380 [DMT]Y,
Ca2Hs52N-0OgP 743.3456 [M+H]+, CasHs7N30sP 844.4660 [M+C6H15N+H]+; found 303.1378,
743.3453, 844.4657.
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9.8.12 Michael-Acceptor MA1

Q)K é i Q)\/\Q

4°C 8 h
85 %
The synthesis of Michael-acceptor MA1 was adapted from a literature procedure.?%% 1-
(1-methyl-1H-imidazol-2-yl)ethan-1-one (340 mg, 2.74mM, 1.1 equiv.) and
benzaldehyde (264 mg, 2.49 mM, 1 equiv.) were added to distilled water (25 mL) and
cooled to 4 °C. The mixture was shaken thoroughly to afford a fine emulsion. Then 10
mL of a 10 % aqueous NaOH solution was added and the mixture was shaken for ~30
seconds. The reaction was then left at 4 °C for 8 h. The resulting white solid was filtered,
dried and the residue was recrystallized in 4 mL Ethanol to afford the product MA1 as
colorless needles (447 mg, 2.11 mM, 85 %). The *H NMR was in accordance with

literature.[7®
Chemical Formula: Ci3H12N20O
Molecular weight: 212.25 g mol*

HRMS (ESI, pos., Calc. [M+H]+: 213.1022, ACN): Found: m/z = 213.1030 [M+H]+,
[2M+H]+.

IH NMR (500 MHz, 298 K, CDCls): & (ppm): 8.15 (d, 2J = 15.9.0, 1H), 7.84 (d, 3J = 15.9
Hz, 1H), 7.75 - 7.71 (m, 2H), 7.42 - 7.39 (m, 3H), 7.26 (d, 3] = 2.4 Hz, 1H), 7.10 (s, 1H),
4.12 (s, 3H).
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Figure 132. TH NMR (500 MHz, 298 K, CDCIz) of Michael-acceptor MAL.
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9.8.13 Michael-Acceptor MA2

O o) o)
’
N\H]\ NaOH N S
r —
N N MA2
H,O
N 2

4°C,8h N NG,

NO, 50 %

The synthesis of Michael-acceptor MA2 was the same procedure as for Michael-
acceptor MA1 (47 mg, 0.18 mmol, 50 %)

Chemical Formula: Ci3H11N3O3
Molecular weight: 257.25 g mol*
HRMS (ESI, pos., Calc. [M+H]+: 258.0873 ACN): Found: m/z = 258.0873 [M+H]+.

IH NMR (500 MHz, 298 K, DMSO-d®): 5 (ppm): 8.29 — 8.26 (m, 2H), 8.18 (d, J = 16.2
Hz, 1H), 8.08 — 8.05 (m, 2H), 7.82 (d, J = 16.1 Hz, 1H), 7.62 (s, 1H), 7.24 (s, 1H), 4.02
(s, 3H).

2.96 =
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Figure 133. 'H NMR (500 MHz, 298 K, DMSO-d®) of Michael-acceptor MA2.

9.8.14 Michael-Acceptor MA3

@] 0] O
’d
Nj)]\ NaOH N =
©r )
.

\ N_ H,0 \ N_  MA3 o
4°C, 8 h
58 %

The synthesis of Michael-acceptor MA2 was the same procedure as for Michael-
acceptor MA1 (52 mg, 0.21 mmol, 58 %)

Chemical Formula: C14H14N20>

Molecular weight: 242.27 g mol?
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HRMS (ESI, pos., Calc. [M+H]+: 243.1128 ACN): Found: m/z = 243.1123 [M+H]+,
243.1123 [2M+H]+

IH NMR (500 MHz, 298 K, DMSO-d®): & (ppm): 7.92 (d, J = 15.9 Hz, 1H), 7.71 (d, J =
15.9 Hz, 1H), 7.73 (d, J = 8.7 Hz, 2H), 7.58 (s, 1H), 7.24 (s, 1H), 7.02 (d, J = 8.4, 2H),
4.00 (s, 3H), 3.82 (s, 3H).
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Figure 134. 'H NMR (500 MHz, 298 K, DMSO-d®) of Michael-acceptor MA3.

9.8.15 Michael-Acceptor MA4

0] 0] 0]
’

Nj)l\ NaOH N 7

Wr —

\_N
H,0 NG MAg
4°C, 16 h
82 %

The synthesis of Michael-acceptor MA4 was adapted from a literature procedure. 1-(1-
methyl-1H-imidazol-2-yl)ethan-1-one (50 mg, 44 puL, 0.40 mM, 1.1 equiv.) and
4-tert-butylbenzaldehyde (59 mg, 57 pL, 0.37 mM, 1 equiv.) were added to distilled water
(3.6 mL) and cooled to 4 °C. The mixture was shaken thoroughly to afford a fine
emulsion. Then 1.4 mL of a 10 % aqueous NaOH solution was added and the mixture
was shaken for ~30 seconds. The reaction was then left at 4 °C for 16 h. The emulsion
was extracted with EtOAc (3 x 5 mL), the combined organic layers were dried over
MgSO, and the solvent was removed under reduced pressure. The resulting yellow oil
was purified by column chromatography (nPentane/EtOAc, 90/10 - nPentane/EtOAc,
70/30) to afford the product MA4 as a colorless oil (81 mg, 0.30 mM, 82 %).

Chemical Formula: C17H20N2O

Molecular weight: 268.36 g mol*
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HRMS (ESI, pos., Calc. [M+H]+: 269.1648 ACN): Found: m/z = 269.1648 [M+H]+,
537.3225 [2M+H]+, 599.1442 [2M+Cu]+.

IH NMR (600 MHz, 298 K, CDCls): & (ppm): 8.05 (d, J = 16 Hz, 1H), 7.82 (d, J = 16 Hz,
1H), 7.65 — 7.62 (m, 2H), 7.43 — 7.40 (m, 2H), 7.21 (s, 1H), 7.06 (s, 1H), 4.08 (s, 3H),
1.33 (s, 9H).

13C NMR (150 MHz, 298 K, CDCls): & (ppm): 180.9, 154.4, 144.4, 143.8, 132.5, 129.5,
129.0, 127.5, 126.2, 122.2, 36.7, 35.3, 31.5.
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Figure 135. 'H NMR (600 MHz, 298 K, CDCIs) of Michael-acceptor MA4.
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Figure 136. 13¢ NMR (150 MHz, 298 K, CDCIz) of Michael-acceptor MA4.
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9.8.16 Michael-Acceptor MA5S

) _O o)
Nj)]\ NaOH N —
r — 4,
N N MA5
H,0
\ 2

4°C, 16 h N CFs

£ 78%

3

The synthesis of Michael-acceptor MA5 was adapted from a literature procedure. 1-(1-
methyl-1H-imidazol-2-yl)ethan-1-one (50 mg, 44 puL, 0.40 mM, 1.1 equiv.) and
4-(trifluoromethyl)benzaldehyde (64 mg, 61 pL, 0.37 mM, 1 equiv.) were added to
distilled water (3.6 mL) and cooled to 4 °C. The mixture was shaken thoroughly to afford
a fine emulsion. Then 1.4 mL of a 10 % aqueous NaOH solution was added and the
mixture was shaken for ~30 seconds. The reaction was then left at 4 °C for 16 h. The
resulting white solid was filtered, washed with water and dried To remove small impurities
the product was in addition purified by column chromatography (nPentane/EtOAc, 90/10
- nPentane/EtOAc, 70/30) to afford the product MA5 as a white solid (80 mg, 0.29 mM,
78 %).

Chemical Formula: Ci4H11F3N2O
Molecular weight: 280.25 g mol*

HRMS (ESI, pos., Calc. [M+H]+: 281.0896 ACN): Found: m/z = 281.0896 [M+H]+,
561.1722 [2M+H]+, 561.1722 [2M+Cu]+ 623.0939.

IH NMR (600 MHz, 298 K, CDCls): & (ppm): 8.16 (d, J = 16.0 Hz, 1H), 7.82 (d, J = 16.0
Hz, 1H), 7.8 — 7.78 (m, 2H), 7.67 — 7.64 (m, 2H), 7.25 (s, 1H), 7.11 (s, 1H), 4.11 (s, 3H).
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Figure 137. 'H NMR (600 MHz, 298 K, CDCIz) of Michael-acceptor MAS.
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Figure 138. 'H NMR (150 MHz, 298 K, CDCIz) of Michael-acceptor MAS.

9.8.17 Michael-Acceptor MAG6

e
Nj)k NaOH NN~
= s =\
N H,0 N_ MAG
4°C, 16 h
72 %

The synthesis of Michael-acceptor MA6 was adapted from a literature procedure. 1-(1-
methyl-1H-imidazol-2-yl)ethan-1-one (50 mg, 44 pL, 0.40 mM, 1.1 equiv.) and
4-methylbenzaldehyde (44 mg, 42 pL, 0.37 mM, 1 equiv.) were added to distilled water

(3.6 mL) and cooled to 4 °C. The mixture was shaken thoroughly to afford a fine

emulsion. Then 1.4 mL of a 10 % aqueous NaOH solution was added and the mixture

was shaken for ~30 seconds. The reaction was then left at 4 °C for 16 h. The resulting

white solid was filtered, washed with water and dried to afford the product MA6 as white

solid (60 mg, 0.27 mM, 72 %).
Chemical Formula: C14H14N>O

Molecular weight: 226.28 g mol*

HRMS (ESI, pos., Calc. [M+H]+: 227.1179 ACN): Found: m/z = 227.1178 [M+H]+,

453.228 [2M+H]+, 515.1503 [M+Cu]+.

IH NMR (500 MHz, 298 K, CDCls): & (ppm): 8.04 (d, J = 16 Hz, 1H), 7.81 (d, J = 16 Hz,
1H), 7.62 — 7.58 (m, 2H), 7.22 — 7.19 (m, 3H), 7.08 (s, 1H), 4.09 (s, 3H), 2.38 (s, 3H).
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Figure 139. TH NMR (500 MHz, 298 K, CDCIs) of Michael-acceptor MAG.

9.8.18 MichaeI-Acceptor MA7

o)
NaOCH3 N NF
CH3OH Z MA7

rt, 20h

86 %

The synthesis of Michael-acceptor MA7 was adapted from a literature procedure.??53
acetyl pyridine (332 mg, 2.75 mM, 1.1 equiv.) and benzaldehyde (265 mg, 2.50 mM, 1
equiv.) were added to distilled water (25 mL) and cooled to 4 °C. The mixture was shaken
thoroughly to afford a fine emulsion. Then 10 mL of a 10 % aqueous NaOH solution was
added and the mixture was shaken for ~30 seconds. The reaction was then left at 4 °C
for 8 h. The resulting white solid was filtered, dried and the residue was recrystallized in
4 mL Ethanol to afford the product MA7 as colourless needles (450 mg, 2.15 mM, 86 %).

The *H NMR was in accordance with literature.
Chemical Formula: C14H1:NO
Molecular weight: 209.25 g mol?

HRMS (ESI, pos., Calc. [M+H]+: 210.0913, ACN): Found: m/z = 210.0912 [M+H]+,
[2M+H]+.

IH NMR (700 MHz, 298 K, CDCls): & (ppm): 8.77 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H), 8.34 (d,
J = 16.0 Hz, 1H), 8.22 (dt, J = 7.8, 1.1 Hz, 1H), 7.96 (d, J = 16.0 Hz, 1H), 7.92 (td, J =
7.7, 1.7 Hz, 1H), 7.77 — 7.73 (m, 2H), 7.52 (ddd, J = 7.6, 4.8, 1.3 Hz, 1H), 7.46 — 7.39
(m, 3H).
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Figure 140. 'H NMR (700 MHz, 298 K, CDCIs) of Michael-acceptor MA7.

9.8.19 Michael-adduct A1

~No o
o) o)
Ng pZ O O NaOCHj
+ —_—
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<\/N\ MA1 OJ]\/U\O CH3OH N
~N
rt, 20h <\/
85 % NG A1

To a solution of dimethylmalonate (100 mg, 0.5 mM, 1 equiv.) and Michael-acceptor MA1
(62 mg, 0.5 mM, 1 equiv.) in methanol (5 mL), sodium methoxide (0.05 mM, tip of a
spatula) was added. The mixture was stirred at room temperature for 20 h. The solvent
was removed and the remaining solid was purified by column chromatography (CH-Cl,
- CH:Clx/MeOH, 90/5) to afford the Michael-adduct A1 as a white solid (117 mg,

0.40 mM, 85 %). The *H NMR was in accordance with literature.*"
Chemical Formula: C1gH20N20s5
Molecular weight: 344.37 g mol*

HRMS (ESI, pos., Calc. [M+H]+: 345.1445 ACN): Found: m/z = 313.1180 [M+H-MeOH]+
345.1442 [M+H]+, 367.1261 [M+Na]+, 407.0660 [M+Cu]+, 751.2029 [2M+Cul+.

IH NMR (500 MHz, 298 K, CDCls): & (ppm): 7.31 - 7.29 (m, 2H), 7.26 - 7.22 (m, 2H),
7.18 - 7.14 (m, 1H), 7.10 (s, 1H), 6.95 (s, 1H), 4.16 (td, 3J = 10.0 Hz, 4.4 Hz, 1H), 3.87
(s, 3H), 3.88 - 3.80 (M, 2H), 3.72 (s, 3H), 3.50 - 3.45 (m, 1H), 3.45 (s, 3H).
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Figure 141. ™H NMR (500 MHz, 298 K, CDCIs) of Michael-adduct A1l.

9.8.20 Michael-adduct A2

o)
N = o O NaOCHj,
+ _—
<\,N MA2 \OJ\/U\O/ CH,OH N
rt, 20h <\/
45 % NG A2

To a solution of dimethylmalonate (10.3 mg, 0.08 mM, 1 equiv.) and Michael-acceptor
MAZ2 (20 mg, 0.08 mM, 1 equiv.) in methanol (2 mL), sodium methoxide (0.05 mM, tip of

a spatula) was added. The mixture was stirred at room temperature for 20 h. The solvent
was removed and the remaining solid was purified by column chromatography (CH.Cl,
- CH.CIl/MeOH, 90/5) to afford the Michael-adduct A2 as a white solid (14 mg,
0.035 mM, 46 %).

Chemical Formula: CisH19N3O7
Molecular weight: 389.36 g mol?

HRMS (ESI, pos., Calc. [M+H]+: 390.1296, ACN): Found: m/z = 358.0310 [M+H-
MeOH]+, 390.1293 [M+H]+, 841.1736 [2M+Cu]+

IH NMR (500 MHz, 298 K, DMSO-d®): & (ppm): 8.12 — 8.09 (m, 2H), 7.63 — 7.60 (m, 2H),
7.45 (s, 1H), 7.08 (s, 1H), 4.21 (d, J = 10.1 Hz, 1H), 4.06 (td, J = 10.2, 3.8 Hz, 1H), 3.88
(dd, J = 17.5, 10.3 Hz, 1H), 3.78 (s, 3H), 3.67 (s, 3H), 3.41 (s, 3H), 3.36 — 3.33 (m, 1H).
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Figure 142. 'H NMR (500 MHz, 298 K, DMSO-d6) of Michael-adduct A2.

9.8.21 Michael-adduct A3

NO O
o} o)
Ny = O O NaOCH,
+ —
<\/N \OJ\/U\O/ CH3OH N
\ MA3 OMe 3 S OMe
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48 % NO A3

Michael-adduct A3 was prepared as described in 9.8.20 to afford the product as
colourless solid (15 mg, 0.04 mM, 48 %).

Chemical Formula: Ci9H22N206
Molecular weight: 374.39 g mol?

HRMS (ESI, pos., Calc. [M+H]+: 375.1551, ACN): Found: m/z = 375.1547 [M+H]+,
397.1367 [M+Na]+

IH NMR (500 MHz, 298 K, DMSO-d®): & (ppm): 7.42 (s, 1H), 7.19 -7.16 (m, 2H), 7.07 (s,
1H), 6.78 — 6.75 (m, 2H), 3.97 (d, J = 10.0 Hz, 1H), 3.90 (td, J = 10.0, 3.5 Hz, 1H), 3.84
—3.78 (m, 1H), 3.77 (s, 3H), 3.67 (s, 3H), 3.63 (s, 3H), 3.39 (s, 3H), 3.16 (dd, J = 16.8,
3.7 Hz, 1H).
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Figure 143. ™H NMR (500 MHz, 298 K, DMSO-d6) of Michael-adduct A3.
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Figure 144: 1H NMR (178 MHz, 298 K, CDCls) of Michael-adduct A3.

9.8.22 Michael-adduct A5

0
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59 % NG A5

Michael-adduct A5 was prepared as described in 9.8.20 to afford the product as
colourless solid (17.5 mg, 0.04 mM, 59 %).

Chemical Formula: CigH19F3N20s
Molecular weight: 412.37 g mol*

HRMS (ESI, pos., Calc. [M+H]+: 413.1319, ACN): Found: m/z = 413.1315 [M+H]+,
435.1134 [M+Na]+
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IH NMR (700 MHz, 298 K, CDCls): & (ppm): 7.5 (d, J = 8.0 Hz, 2H), 7.44 (d, J = 8.0 Hz,
2H), 7.10 (s, 1H), 6.97 (s, 1H), 4.23 (td, J = 10.0, 4.2 Hz, 1H), 3.89 — 3.82 (m, 2H), 3.88
(s, 3H), 3.74 (s, 3H), 3.50 — 3.47 (m, 1H), 3.47 (s, 3H).
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Figure 145. TH NMR (700 MHz, 298 K, CDCIs) of Michael-adduct A5.
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Figure 146. 13C NMR (178 MHz, 298 K, CDCls) of Michael-adduct A5.

9.8.23 Michael-adduct A6
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Michael-adduct A6 was prepared as described in 9.8.20 to afford the product as
colourless solid (17.5 mg, 0.06 mM, 73 %).

Chemical Formula: C1gH22N>0s
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Experimental Section

Molecular weight: 358.39 g mol?

HRMS (ESI, pos., Calc. [M+H]+: 359.1601, ACN): Found: m/z = 359.1597 [M+H]+,
381.1416 [M+Na]+

IH NMR (700 MHz, 298 K, CDCls): & (ppm): 7.18 (d, J = 8.0 Hz, 2H), 7.12 (s, 1H), 7.04
(d, J = 8.0 Hz, 2H), 6.95 (s, 1H), 4.16 — 4.08 (td, J = 10, 4.3 Hz, 1H), 3.96 — 3.80 (m, 2H),
3.89 (s, 3H), 3.71 (s, 3H), 3.51 — 3.46 (m, 1H), 3.47 (s, 3H), 2.25 (s, 3H).

~So 0

=
-
=

1
8
S

s Py f
2885 g "y g g
Nor < - [L a0 ol [
8.0 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 05 00 05
ppm

Figure 147. 'H NMR (700 MHz, 298 K, CDCIs) of Michael-adduct A6.

-l i

220 210 200 190 180 170 160 150 140 130 120 ‘110“‘200)90 8 70 60 &0 40 330 20 10 0 -1 -20
[opm,

Figure 148. 'H NMR (178 MHz, 298 K, CDClIz) of Michael-adduct A6.

9.8.24 Michael-adduct A7

(0]
O O
N + e
| _ /\OJ\/U\O/\ methanol
MA7 rt, 20h
55 %

Michael-acceptor A7 prepared as described in 9.8.20 to afford the product as colourless
solid (101 mg, 0.27 mM, 55 %).
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Experimental Section

Chemical Formula: Ci9H19NOs
Molecular weight: 341.13 g mol?

HRMS (ESI, pos., Calc. [M+H]+: 342.1336 ACN): Found: m/z = 342.1322 [M+H]+,
364.1155 [M+Na]+

IH NMR (700 MHz, 298 K, CDCls): & (ppm): 8.65 (d, J = 4.7 Hz, 1H), 7.91 (d, J = 7.8 Hz,
1H), 7.76 (td, J = 7.7, 1.7 Hz, 1H), 7.46 — 7.39 (m, 1H), 7.33 — 7.29 (m, 2H), 7.26 — 7.22
(m, 2H), 7.17 — 7.13 (m, 1H), 4.22 (td, J = 9.7, 4.3 Hz, 1H), 3.93 (dd, J = 17.9, 9.3 Hz,
1H), 3.86 (d, J = 10.2 Hz, 1H), 3.72 (s, 3H), 3.60 (dd, J = 18.0 Hz, 1H), 3.47 (s, 3H).

.k LLAJ_A’\A J’L Jv_‘k»_) o
¥ [EE fhatyene
oW OMm—O D M~OOMMN~

)]
C” Qe oo . TO00®
o

B - —omen

10.09.5 9.0 85 80 7.5 7.0 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0 -05
ppm

Figure 149. 'H NMR (500 MHz, 298 K, CDCls) of Michael-acceptor A7.

9.8.25 Michael-adduct A8

Michael-acceptor A8 prepared as described in 9.8.20, but with ethanol as the solvent to

afford the product as colourless solid (130 mg, 0.35 mM, 71 %).
Chemical Formula: C21H23NOs
Molecular weight: 369.42 g mol*

HRMS (ESI, pos., Calc. [M+H]+: 370.1649 ACN): Found: m/z = 370.1634 [M+H]+,
392.1454 [M+Na]+.

IH NMR (500 MHz, 298 K, CDCls): & (ppm): 8.65 — 8.63 (m, 1H), 7.92 — 7.89 (m, 1H),
7.76 (td, J = 7.7, 1.7 Hz, 1H), 7.42 (ddd, J = 7.5, 4.8, 1.3 Hz, 1H), 7.33 — 7.30 (m, 2H),
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Experimental Section

7.24 —7.20 (m, 2H), 7.16 — 7.12 (m, 1H), 4.24 — 4.12 (m, 3H), 3.95 — 3.89 (m, 3H), 3.82
(d, J = 10.5 Hz, 1H), 3.60 (dd, J = 17.9, 4.2 Hz, 1H), 1.24 (t, J = 7.2 Hz, 3H), 0.98 (t, J =

7.1 Hz, 3H).

o~

T T T
. . 6.0 5.5 5.0 45 4.0
ppm

Figure 150. 'H NMR (500 MHz, 298 K, CDCIz) of Michael-acceptor A8.
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Appendix

10 APPENDIX

10.1 Additional spectroscopic data

] LG, ] L'RG,
0.0904
0.080
o 0.080-
00701 <&
0.070
0.0601
0.060. //_r——“’-\
0.050 T 1 T ) L) T T T T M T T T M T
0 20 40 60 80 100 0 20 40 60 80 100
T/°C TI°C

Figure 151. A strong hysteresis was observed for the melting (black) and renaturation (red)
profiles of LG4 and L¥RG4 in presence of Cu'. Samples were heated or cooled with 0.5 °C min-L.
Conditions: 8 pM ssDNA, 8 uM CuSOa, 10 mM LiCaco pH 7.2, 100 mM NacCl.

a)

fraction folded

Figure 152. Melting profiles of a) L1*G4 and b) L'SG4 in presence of 10 equiv. EDTA. Conditions:
3.75 pM ssDNA, 0.94 pM transition metal salt, 10 uM EDTA, 100 mM NaCl, 10 mM LiCaco pH
7.2.

a) b)
10— 104~
L1RG3 L|SG_‘1
0.8 0.8
£ 0s- £ os-
ke 36 °C s ag°C
g g \.
B 0.44 g 04 -,
8 g
0.2 02
0.0 e 0.0 R
0 20 40 60 80 0 20 40 60 80

T/i°C T/°C

Figure 153. Melting profiles of a) LRG3 and b) L'SGs in presence of Cu'' and of 10 equiv. EDTA.
Conditions: 3.75 pM ssDNA, 0.94 pM CuSOg4, 10 uM EDTA, 100 mM NaCl, 10 mM LiCaco pH
7.2.
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Appendix

10.2 Oligonucleotide Analytics

Name: Sequence (5'— 3°):
LG, L°GGG

Analytical RP-HPLC

%

Sig=260,8 Ref=400,50 Solvent Ratio B | %
100 4 100
80 - 80
60 L 60
40 4 40
20 L 20
0 ’ - - - - - - - 0
5 10 15 20 25 30 35 40 min
Maldi-Tof MS
100 [M-H]
2 80 1212.4
-~
iy
2 80
a mass (deconv.) =1213.4
< 404 mass (calc.)  =1213.2 for C_H,N, O, P, [ZM-H]
§ 2426.9
‘s 20
0 ad A
600 800 1000 1200 1400 1600 1800 2000 2200 2400 m/z
Melting curve CD spectrsocopy
0.075+ 10+
0.0704
| 8
0.065-
] 6
= 0.060_ . o
— No meta
§ 0'055'_ ——2eqCu' -g 4 -
0.050 Q
&
-4 2 .
0.0454
0.040 M 0
o] \/
] 24
0.030 — 1 - T T 1 1 ' 1T 1T T T T T T T T T T T T T T T 1
0 10 20 30 40 5 60 70 80 220 240 260 280 300 320 340
Ti°c Al nm

Figure 154. Analytic data of LBGs. Samples for thermal denaturation experiments and CD
spectroscopy were prepared containing 4 uM ssDNA, 100 mM NacCl, 10 mM LiCaco pH 7.2.
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Appendix

Name: Seguence (5'—3°):
LG, L®GGGG

Analytical RP-HPLC

% Sig=260,8 Ref=400,50

Solvent RatioB | %
1004 - 100
&8 |
804 a 80
604 -60
40 L 40
204 -ZD
O T T T T T T T T [ 0
5 10 15 20 25 30 35 40 min
Maldi-Tof MS
1004 (M-H]
1541.4
Ei 80- mass (deconv.) = 1542.4
Z 60l mass (calc.)  =1542.3 for C,H N, 0,.P,
g
5 40/
>
&
» 204
0 , N
600 800 1000 1200 1400 1600 1800 2000 2200 2400mz
Melting curve TDS
104 = 0.020~
0.8 1 0.015
E 4
o no metal 3 —— no metal
£ 0.6 - —— 1 equiv. Cu" £ 0.0104 —— 1 equiv. Cu"
& —— 2 equiv. Cu' 3 —— 2 equiv. Cu"
B 3 equiv. Cu" e — 3 equiv Cu::
.E 0.4 —— 5 equiv. Cu" < 0.0054 | : ——5equiv. Cu
02 T, =26-28°C 1 \ Vi *.
W 0.000 > W—f‘ i
0.0 DBy P Tt |
0 1I0 2ID 3IO 4I0 5IO GIO TIO BID -0.005 Coxn AR oRA . ARR AR adn
77°C 220 240 260 280 300 320 340
Afnm
1.0 gy 0.020
0.8 4 0.015
—— ho metal —— no metal
B —— 1 equiv. Ni" 2 — 1 equiv. Ni"
% 06 4 —— 1 equiv. Zn" 2 0.0104 — 1 equiv. Zn"
= — 1 equiv. Gd" 2 — 1 equiv. Gd"
% —— 1 equiv. Ce" ?é —— 1 equiv. Ce"
£ 04 < 0.005-
T,,=2628°C /
02 0.0004
N W ans
00 e -0.005+—————————————————
0 10 20 30 40 50 60 70 80 220 240 260 280 300 320 340
Ti°C Afnm

Figure 155. Analytic data of LBGs. Samples for thermal denaturation experiments and CD
spectroscopy were prepared containing 4 uM ssDNA, 100 mM NacCl, 10 mM LiCaco pH 7.2.
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Name: Sequence (5'—3):
LG, L°GG GGG

Analytical RP-HPLC

% Sig=260,8 Ref=400,50 Sclvent RatioB | %
100 4 ~ - 100
(s}
<
804 [ - 80
60 60
404 L 40
204 20
O T T T T T T T T 0
5 10 15 20 25 30 35 40 min
Maldi-Tof MS
100+ [M-HJ
. 1870.8
3\‘ 80+
=z mass (deconv.) = 1871.8
E 60 mass (calc.) = 1871.3 for C,H,N,.0,P,
@
£
o 40
>
=]
T
© 204
0 l | S " J1.0%
600 800 1000 1200 1400 1600 1800 2000 2200 2400 m/z
Melting curve TDS
0.0304
10 i
0.025
0.8 0,020
— no metal 3 _ —— no metal
% 064 ——1 equiv. CU" < 0015 ] ——1 equiv. CU"
=2 — 2 equiv. CU' '§ 0010 —— 2 equiv. CU'
s —— 3 equiv. CU" : ] —— 3 equiv. Cu'
g 04 —— 5 equiv. CU" < 0_005: —— 5 equiv. Cu'
T,=71-72°C 0.000
024 1
-0.005 -
0.0 - -0.010 T T T T T T
T T T T T T T T
o o 20 0 P 0 20 A 20 220 240 260 280 300 320 340
TI°C Alnm

Figure 156. Analytic data of LEGs. Samples for thermal denaturation experiments and CD
spectroscopy were prepared containing 4 UM ssDNA, 100 mM NacCl, 10 mM LiCaco pH 7.2.
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Name:
htelL®,

Sequence (5'—3°):
AGG LBTT ALBG GTT AGG LBTT ALEG G

Analytical RP-HPLC

% Sig=260,8 Ref=400,50 Solvent RaticB | %
100 - 100
80 - 80
60+ - 60
40 - 40
20+ - 20
0 = T T T T T T T T ? U
5 10 15 20 25 30 35 40 min
ESI-MS
100+ "
mass (deconv.) = 6799.1368 1é§;4;369
i 80 mass (calc.)  =6799.1306 for C,,,H,N_0O P :
>
2 60
L
= 40lM-11H)™  [M-9H]* [M-7H]™
>
=
- M-10H]** [ [M-8H]*
e 207 | e | ] [M-5H]* [M-3H]>
_6HI*
O L L " 1 [M ?H] L A " L Ao
600 800 1000 1200 1400 1600 1800 2000 2200 2400m/z
Melting curves
0.075+ 0.000 0.080 4 _ 0.000
E—’ 0.075 o
0.070+ = ' ] %
< 0.001 0.070+ = -0.001
0.0654 I T =12°C 5
0.060 00651
Eo ] 0.002 & 0060 -0.002
8 0.055- 0 20 40 80 80 < 0 20 40 60 80
= T 0.055 TIC
0.0504 no metal — 1 equiv cu" 0.050- —noe me_tal — 1 equiv. vVO
—— 1 eqguiv. Co' —— 2 equiv. Cu" ' — 1equiv. Zn'
0.0454 1 equiv. Ni 0.045 1
0.040+ 0.040 1
0035 T T T T T T T T 0035 T T T T T T T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 &0
T/°C T/°C
TDS CcD
0.04 -
8 -
0.03 A no metal 51
1 equiv. Co'"
o 1 1 equiv. Ni"
ﬁ 0.02 J — 1 equiv. Cu" %4 )
1 equiv. Zn" o
% 0.01 1 equiv. VYO £21
c Qg
< 0.00 &)
2 no metal
-0.01 4 1 equiv. Co'
-4 4 1 equiv. Ni"
-0.02 A 1 equiv. Cu"
64 1 equiv. Zn"
_0.03 T T T T T T
220 24 260 280 300 320 340

Afnm

220 240 260 280 300 320 340
Al nm

Figure 157. Analytic data of htelLB4. Samples for thermal denaturation experiments, TDS and CD
spectroscopy were prepared containing 1.875 uM ssDNA, 100 mM KCI, 10 mM LiCaco pH 7.2.
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Name:
htelL8,L2s

Sequence (5'—3'):
AGG L*TT AL®G GTT AGG LBTT ALBG G

Analytical RP-HPLC

18/00 Sig=260,8 Ref=400,50 Sclvent RatioB | %
80-
60-
40
20-
o
ESI-MS
1004 [M-4H]*
" mass (deconv.) = 6759.1500 1688.7802
& 804 mass (calc.) = 6759.1469for C, H, N 0O, P,
>
‘2 60
o
= 40{[M-11H] [M-9H]* [M-7H]"
>
‘B
T _ 10- _aH1s-
G 20 [M-10H]"/ [M-8H] (M-SH]* (M-3H]>
0 l A Ij [M-‘GH]S I. i L
600 800 1000 1200 1400 1600 1800 2000 2200 2400 vz
Melting curves
0.070-
0.070 ;. 0.000
0.065- e
0.065 =
0.060 < -0.001
E g 0.060 3
§ 0.0551 . § 0.0551 0002
< 0.050- 0 20 4.8 8 = 4050] 0 20 40 60 80
no metal 1 equiv. Cu" Tiec .
0.0454 X 1 equiv. Co" 2 equiv. Cu" 0.045 no mF‘TtaI —1 equiv. VYO
\—— 1 equiv. Ni' 1 equiv. Zn"
0.040 < 0.0404
0.0357 0.035
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
TI°C T/°C
TDS CD
0.04 -
8
0.03 4 —— no metal
1 equiv. Co" 6
0.02 —— 1 equiv. Ni" 4
' 1 equiv. Cu" > |
g — 1 equiv. Zn" 2
2 0.011 1equiv.VVO  E 2
£0.00 80
<T
-2 — no metal
-0.01 1 1 equiv. Co"
-4 | 1 equiv. Ni"
-0.02 1 —— 1 equiv. Cu"
-6 4 1 equiv. Zn"
-0.03 T T T T T T 1 T T T T T T T T T 1
220 240 260 280 300 320 340 220 240 260 280 300 320 340
Al nm Alnm

Figure 158. Analytic data of htelLBsL25. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 1.875 pM ssDNA, 100 mM KCI, 10 mM LiCaco

pH 7.2.

clxiii



Appendix

Name:
htelL® L2,

Sequence (5'— 3°):
AGG L2TT ALBG GTT AGG L>*TT ALBG G

Analytical RP-HPLC

% Sig=260,8 Ref=400,50

Solvent Ratio B

1004 100
80- -—80
60—- ;60
40 L 40
20- -—20
O: F 7 r F = - - T I 0
5 10 15 20 25 30 35 40 min
ESI-MS
100/ M2
< mass (deconv.) = 6719.1616 1678.7831
< 801 mass (cale) = 6719.1632 for C, H N O P
Z 60,
g
S 40|[M-11HP*  [M-9H> [M-7H]"
2
@ 20{ \IM-10H]*/ [M-8H]* [M-3H]>
= [M-5H]>
o | / [M-6H)* ] L \
600 800 1000 1200 1400 1600 1800 2000 2200 2400miz
Melting curves
1.0+4 1.0
no metal
0.84 0.8 —— 1 equiv. Cu"
e} ° iv. Cu"
© no metal 2z 2 equiv. Cu
“!é 0.6 —1 equiv. C_o” £ o6
- — 1 equiv. Ni" 5 T.=24°C
2 — Tequiv. Zn' = T =23°C T =25°C
g 0.4 1 equiv. VYO ;:6) 0.4 " "
T =2223°C
0.2- 0.21
0.0 s Yoy i O'O'lll'lllll'lv"l'-_‘l'
0 10 20 30 40 50 60 70 80 © 10 20 30 40 50 €0 70 &0
TI°C T/*c
TDS CD
0.04
8
0.03 no metal
—— 1 equiv. Co" 6
0.02 1 equiv. Ni"
‘ —— 1 equiv. CU" cn4_
% 1 equiv. Zn" o)
;z 0.0 1 1 equiv. VYO E 24
q‘?é 0.00 So >
1 \] 24 no metal
-0.01 4 1 equiv. Co"
1 -4 1 equiv. NI
-0.02 1 1 equiv. Cu"
1 -6 1 equiv. Zn"
_0.03 T T T T T T T T T T T T 1 T T T T T T T T T T T T 1
220 240 260 280 300 320 340 220 240 260 280 300 320 340
Alnm Alnm

Figure 159. Analytic data of htell.B2L2S;. Samples

for thermal denaturation experiments, TDS and

CD spectroscopy were prepared containing 1.875 uM ssDNA, 100 mM KCI, 10 mM LiCaco

pH 7.2.
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Name:
hteILEL233

Sequence (5—3'):
AGG LTT AL*G GTT AGG L®TT ALBG G

Analytical RP-HPLC

% Sig=260,8 Ref=400,50 Solvent RatioB | %
100 4 100
80 - [ 6o
60 - L 60
40 L 40
20 - [20
0 == T ; T 7 7 T T T —__'-—-—-O

5 10 15 20 25 30 35 40 min
ESI-MS
100 (M-aH]*
" mass (deconv.) = 6679.1780 1668.7872
:; 804 mass (calc.)  =6679.1795 for C,, H, N O P,
Z 60
g
= 40{[M-LIH™  [M-OH]* [M-7H]"
=
=
< 201 [M-10H]"®/  [M-8H]* [M-3H]*
= | / ~ [M-5H]*
. ; [M-6H]® ]
N L L L A A I ‘i
600 800 1000 1200 1400 1600 1800 2000 2200 2400m'z
Melting curves
1.04% 1.04
no metal
0.8 0.8 —— 1 equiv. Cu'
3 no metal B 2 equiv. Cu'
he] —— 1 equiv. Co" kel
L 0.61 — equiv. Ni'' L 0.6
5 —— 1 equiv. Zn' & T, =32°C
5 —— 1 equiv. VVO 5 T =28°C T =32°C
g 0.4 £ 0.4
T =28°C
0.4 0.2
0.0 T T T T ;“.L' = : T . 0.0 1 T 1T 1 ‘- — T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
T/°C T/°C
TDS CD
0.04
0.03 no metal
1 equiv. Co"
0.02 1 equ!v. Ni"
] —— 1 equiv. CU"
3 1 equiv. Zn'
£ 0.014 1 equiv. VVO
E -
£0.00 —
< 1V ]
24 no metal
-0.014 ] —— 1 equiv. Co"
1 -4 1 equiv. Ni'
-0.02 ] 1 equiv. Cu"
E -6 1 eequiv. Zn"
220 240 260 280 300 320 340 220 240 260 280 300 320 340
Alnm Al nm

Figure 160. Analytic data of htelLBL?S3. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 1.875 uM ssDNA, 100 mM KCI, 10 mM LiCaco
pH 7.2.
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Name:
htelL® L2S,

Sequence (5'—3'):

Analytical RP-HPLC

% Sig=260,8 Ref=400,50

AGG L**TLE TL?G GTT AGG L*TLE TL*G G

Solvent Ratio B | %

100 - 100
80 180
60 60
404 I 40
20 20
0 T T T T T T T T O
5 10 15 20 25 30 35 40 min
ESI-MS
100+ !
mass (deconv.) = 6589.1476 16[3T64;7];6
§ 804 mass (calc.)  =6589.1604 for C, H, N_ O P, '
=
‘2 604
3
- 11- i 9- _ 7-
g 40 M-LTH™ [M-9H) [M-7H]
@ 20{ \IM-10H[** [M-8H]S'/ [M-3H]
= J‘ [M-6H]& [M-5H]*
0 " i L TR N o sad iy i ok
600 800 1000 1200 1400 1600 1800 2000 2200 2400m/z
Melting curves
1.0 1.04
1 equiv. Ni"'
— 2 equiv. Ni"
0.5 — 1 equliv. Co" 0.8
o 2 equiv. Co" -
g no metal 8
2 06 D 06
5 8
8 i3]
8 04 g o
1 equiv. Zn'
0.2 0.24—— 2 equiv. Zn"
] 1 equiv. Cu"
——2 equiv. Cu"
0.0 — T T T L s W 0.0 — T T T T T . —
0O 10 20 30 40 50 B0 70 80 0 10 20 30 40 50 80 70 80
TI°C TI°C
TDS CcD
0.03 —— o metal 81
1 equiv. Co" 1
0.02 1 equiv. Ni" 6
1 — 1 equiv. Cu"
0.011 1 equiv. Zn" 47
o J g 1
k-] T 9
‘é 0.00 E“ |
g 30
< -0.01 © ]
1 24 no metal
-0.024 i 1 equiv. Co"
1 44 1 equiv. Ni"
-0.037 p — 1 equiv. Cu"
] 6 — 1 equiv. Zn"
'0(}4 T T T T T T T T T T T T
220 240 260 280 300 320 340 220 240 260 280 300 320 340
Alnm Alnm

Figure 161. Analytic data of htelLB2L 2S4. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 1.875 pM ssDNA, 100 mM KCI, 10 mM LiCaco

pH 7.2.
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Name:
htellL® 4L232

Sequence (5'— 3°):
AGG LBTL?* TLBG GTT AGG LBTLS TLEG G

Analytical RP-HPLC

% Sig=260,8 Ref=400,50 Solvent Ratio B | %
100 100
80 80
60 4 80
40 I-40
204 20
0 T T T T T T T T 0
5 10 15 20 25 30 35 40 min
ESI-MS
100 Aue
mass (deconv.) = 6669,1168 12264;7]'19
f\i 804 mass (calc.)  =6669.1278 forC,H, N O P, ’
Z
‘2 60
2
S o] IMF1IHI [M-SH [M-7H]"
g 40;
=
@ 20 [M-lDH]m' [M-SH]S' [M-3H]3'
g —
| / veHe M SlH] L
0 " i N L Ld " A " .I‘ n_ik ’ o« A ‘k i
600 800 1000 1200 1400 1600 1800 2000 2200 2400 m/z
Melting curves
1.04 0.0854 - 5
0.080] 2 .
g 0.8 0.075] 2 s
3 3 7,=17-18°C
3 —1 equiv. Cu" L% 0.0701 - . "
= 0.64 —2 equiv. Cu" § 0.065]
o
3 0.060- 0 20 40 60 60
T =23°C e
£ 04 " 0.055; no metal TeaNi 0,050 ;"’e:‘jf'Znu
0.24 0.050 :; :3 ggn Zeqhi 0.045 2 equiv. Zn
0.0454 0.040]
0.0 Ry N ——— e Y1 E—
0 10 20 30 740 50 60 70 80 0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
TI°C T/°C TI*C
TDS CD
0.037 no metal 84
1 —— 1 equiv. Co'" 1
0.0+ 1 equiv. Nil 6+
] —— 1 equiv. Cu" 1
_0.01 —— 1 equiv. Zn" m4 1
N £
< 0.0 £ 27
3 1 3 ] "
<-0.0H o 07 N
] v no metal
-0.04 ] — 1 equiv. Co"
1 4 1 equiv. Ni"
-0.034 i —— 1 equiv. Cu"
E -6 1 equiv. Zn"
'0.04 T T T T T T T T T T T T
220 240 260 280 300 320 340 220 240 260 280 300 320 340
Alnm Alnm

Figure 162. Analytic data of htelLB4L2S;. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 1.875 pM ssDNA, 100 mM KCI, 10 mM LiCaco

pH 7.2.
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Name:
htelL®,L*,

Sequence (5'—+3'):

Analytical RP-HPLC

% Sig=260,8 Ref=400,50

AGG LETL* TL*G GTT AGG LB*TLE TL®G G

Sclvent Ratio B | %

100 4 100
80: 80
60: 60
40: =40
?l]- - 20
0 | T T T T T T T T U
5 10 15 20 25 30 35 40 min
ESI-MS
100 2
mass (deconv.) = 6629.1300 [M_fq'H]
® 80 mass (calc) = 6629.1441for C, H, N0, P, 1656.2752
£
2 60
&
S 40]M-11H]  [M-9H)* [M-7H]™
2 \ f [M-3H]*
< 20 [M-10H]**/ [M-sH]B-/
L] meHye (MSHP
N e b A il N " ) L_ -, k I\
600 800 1000 1200 1400 1600 1800 2000 2200 2400m'z
Melting curves
1.0 1.0+
no metal no metal
0.8 —— 1 equiv. Cu' 0.8+ 1 equiv. Zn!
8 —— 2 equiv. Cu" g — 2 equiv. Zn"
=) o
£ 0.6 £ 0.6
c c
k=] s}
© il
g 0.4 8 0.4
0.2 0.2
0.0 rape 0.0 e
— T T T T~ 1 1 1 1T 1T 1 — T T T T~ T T T T T T T T T T oa=A
0 10 20 30 40 50 60 70 &80 0 10 20 30 40 50 60 70 &0
Ti°c TI*C
TDS CD
0.034, no metal 8 1
— 1 equiv. Co" 1 |
0.02-] 1 equiv. Ni"
— 1 equiv. Cu"
0.014|l 1 equiv. Zn"
3
% 0.00
g Q?,ﬁdz
< -0.011
no metal
-0.02 | —— 1 equiv. Co"
4 1 equiv. Ni'
0.0 ] —— 1 equiv. CuU"
6 1 equiv. Zn"
—OG“' T T T T T T T T T T T T 1 T T T T T T T T T T T T T
220 240 260 280 300 320 340 220 240 260 280 300 320 340
Al nim Alnm

Figure 163 Analytic data of htelLBsL?Ss. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 1.875 pM ssDNA, 100 mM KCI, 10 mM LiCaco

pH 7.2.
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Name: LR
. K f I 1 ] 1
L'*G, d 1 equiv. | - | Cu | Ni | Zn | Co
T - n.d.
Seguence (5'— 3" = N—)_\o 2 ‘ ‘ 38 | nd | nd d
L'RGG G N/ s AT,
Analytical RP-HPLC
S8ig=260,20 Ref=400,50 Solvent ratio B
% [ %
1004 100
80 E 80
60 F60
40 40
204 E20
04 0
T T T T T T T T
0 5 10 15 20 25 30 35 a0 min
Maldi-Tof MS
mass (deconv.) = 112305
mass (calc)  =1129.8 forC(,H, N O, P,
100 -1
11285
80
R
£ 60
g
£ -1 (dimer)
v 2261.4
=
£ 40
I
20
g Som—— cale e . JLLLAN vt e i et o il b e b Ltk L u‘ WTRTPR I { .
600 800 1000 1200 1400 1600 1800 2000 2200 2400 m/z
Melting curves CD spectrsocopy
1.0 4
0.8 5 ——no metal
_Cull
— N
e g
§ 0.4+ a
L A\ -
024 —Cu', EDTA Y/ \/
0.0
0 20 40 60 80 220 240 260 280 300 320 340
T/°C Alnm

Figure 164. Analytic data of L'RGas. Samples for thermal denaturation experiments and CD
spectroscopy were prepared containing 3.75 UM ssDNA, 0.98 uM transition metal salt, 100 mM
NaCl, 10 mM LiCaco pH 7.2.
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Name: L's . .
LSG s lequiv.| - | Cu' | Ni' | Zn" | Co"
3 0
T - 40 n.d.
Sequence (5'~3'): = N_,}_\O /2 | | n.d [ nd
L'SGG G N/ $ AT,
Analytical RP-HPLC
Sig=260,20 Ref=400,50 Solvent ratio B
% E %
100 100
80 F 80
60 E 60
40 40
20 F20
1 T T T T T T T T -
0 5 10 15 20 25 30 35 40 min

Maldi-Tof MS

mass (deconv.} = 1130.5
mass (calc)  =1129.8 forC _H,N._O P -1

36 46 177200 3

1129.5

100

80
®
>

£ 60
c
z
£
@
2

& 40
g

20

[0 r + v+ 1+ 1 v 1 v 1 v v v v v v T T | v v v v [ ¥t 1 T T [ v ¥t v T [ T T T T [ T T T T
600 700 800 900 1000 1100 1200 1300 1400 1600 miz
Melting curves CD spectrsocopy
1.0 1
4
0.8 —no metal
—— 1 equiv. Cu"
—1 equiv. Ni"
ENYE g7
2 E
5 3
S 044
B H © o
0.2 {—Cu'. EDTA
0.0 2
o 20 0 0 a0 220 240 260 280 300 320 340
TI°C Alnm

Figure 165. Analytic data of L'SGs. Samples for thermal denaturation experiments and CD
spectroscopy were prepared containing 3.75 UM ssDNA, 0.98 uM transition metal salt, 100 mM
NaCl, 10 mM LiCaco pH 7.2.
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Name:
L'*G,

Sequence (5'—3°):
L'"GG GG

Analytical RP-HPLC

LiR s
o]

’4)_\
O »

T _ ) F%
] Sig=260,20 Ref=400,50 Solventratio B [
100 100
80 ;—30
60 2—50
407 ?40
20 E20
0 F o
T T T U T T T T T T T T N
0 5 10 15 20 25 30 35 40 min
Maldi-Tof MS
100 { mMass (deconv.) = 1460.0
mass (calc.) =1459.0 for C,,H_N,,0,.P, -1
80 1459.0
=®
Z 60
2
Z
E a0
[
2
T 20
. e "
600 800 1000 1200 1400 1600 1800 2000 2200 2400 miz
Melting curves CD spectrsocopy TDS
124 10+ 0.04 -
1.0 87 0.03]
6,
0.8
E o g0.02 1
o ° g
EU_G, £2 10.01 4
= Q s
g 04+ RN < 0.00
— '&‘:L’l,{"eta‘ =21 — no metal — Eo metal
024 __ i 44 - ﬁ,‘d 001w
In —zn" - zn"
00— : : : . —C e
20 40 60 80 220 240 260 280 300 320 340 220 240 260 280 300 320 340
TI°C Afnm Alnm

Figure 166. Analytic data of L'RG4. Samples for thermal denaturation experiments, TDS and CD
spectroscopy were prepared containing 3.75 UM ssDNA, 0.98 uM transition metal salt, 100 mM

NaCl, 10 mM LiCaco pH 7.2.
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Name: L's ; I o I I
L1SG ¢ 1equiv.| - | Cu' | Ni'| Zn" | Co
4 o]
T
Sequence (5'—3'): F\N—'S.H 2 31 79 77 54 64
L'SGG GG N/ L AT, - | +48 | +46 | +23 | +33
Analytical RP-HPLC
% E Sig=260,20 Ref=400,50 Salvent ratic B
100 100
803 80
so—i 60
40 40
20 20
04 0
0 5 10 15 20 25 30 35 40 min
Maldi-Tof MS
100
80 mass (deconv.) = 1460.1
& mass (calc)  =1459.0forC H, N O,P,
Z 60
W
B
£ 4
2
T 20
|.‘L.‘ L ‘\ + L okt \l‘l - . . ¢ - Ly n N " IL.. Nt b ' " L " "
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 m/z
Melting curves CD spectrsocopy TDS
ol _ 107
g
0.8 —— no metal
5 o
3 —ni } Py
S 06 T4 i \ }
o o 5 i # b
c £ f0.0107
=] = 24 £
k] 04 4 Q 5 )
g —— no metal o 3 0.00
—cu 0 — no metal
02— Ni" __cu
— 2 \j 001{ — Ni' v
— Co _Zn"
0.0 “— el . . ; ;
20 40 60 80 220 240 260 280 300 320 340 220 240 260 280 300 320 340
TI°C Afnm Afnm

Figure 167. Analytic data of L*SG4. Samples for thermal denaturation experiments, TDS and CD
spectroscopy were prepared containing 3.75 pM ssDNA, 0.98 puM transition metal salt, 100 mM
NacCl, 10 mM LiCaco pH 7.2.
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Name: 1R
LG, L= g lequiv.| - | Cu' | Ni' | zn' | Co
T > 05 > > 05
Sequence (5'—=3'): |¢\N—)_\o vz ‘ 7 95 fg
L'"GG GGG N=/ ¢ a7,
Analytical RP-HPLC
Sig=260,20 Ref=400,50 Solvent ratio B
% 7 %
100 100
80 80
60 60
40-] 40
204 20
0 ¥
——— T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 min
Maldi-Tof MS
10041 mass (deconv.) = 1789.3 ]
| mass (calc.) =1788.2 for CSGHWNNOnF’5 1788.3
80+
aQ
~
>
»*é 60
o]
£
W
=
B 404
<
201
0 L l \. l Ll i
600 800 1000 1200 1400 1600 1800 2000 2200 2400 iz
Melting curves CD spectrsocopy TDS
1.09 15 0.04-
0.8 i?i&”ﬁf"c;uu 0.03)
104 — 1 equiv. Ni'
3 — 1equiv. Zn" £ 0.02+
= 0.6 _E‘ —— 1 equiv. Co" ]
2 E 5 1001
£ 0.4 8 H
8 0 3 0.00 /\
= ——no metal AV
0.21 —— 1 equiv. Zn" 0.01{ — no metal
5 . —— 1 equiv. Zn"
0.07 ; T . 0.02 ' , : : T .
40 60 g0 220 240 260 280 300 320 340 220 240 260 280 300 320 340
TG Al nm Afnm

Figure 168. Analytic data of L*RGs. Samples for thermal denaturation experiments, TDS and CD
spectroscopy were prepared containing 3.75 UM ssDNA, 0.98 uM transition metal salt, 100 mM

NaCl, 10 mM LiCaco pH 7.2.
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Name: LS ; I o i i
L'SG, 4 lequiv.| - | Cu" | Ni' | Zn' | Co
o T, =95 [ > > 95
Sequence (5~ 3°): P s Y 2 ‘ 8 95 87
L1SGG GGG N/ # AT, +9
Analytical RP-HPLC
Sig=260,20 Ref=400,50 Solvent ratio B
% 3 F %
100 103 £ 100
g0 £ 80
60 F 60
407 E 40
20 £ 20
0 0
1 T T T T T T T T -
0 5 10 15 20 25 30 35 40 min
Maldi-Tof MS
100{ mass(deconv)=1788.4 1
mass (calc.) =17882forC H N O P, 1787.4
80
2
-~
>
-’é 60
L
£
[}
=
3 40
[
20
ol gl L i i ‘ I I I ‘ I ‘"I J i (TN I
0 T T T T T T T T T
600 800 1000 1200 1400 1600 1800 2000 2200 2400 m/z
Melting curves CD spectrsocopy TDS
1.0 154 0.04
081 0.0+
2 10+
e el
= 06 E 30021
E 8 51 001
5 0.4 (if ‘
£ 0 < 000
0.2 1 —no metal
——1equiv. Zn" 0.014{ — no metal v
5 — 1 equiv. Zn"
0.0
T T T T T T T T T T £0.02 T T T T T T
40 T??C 80 220 240 280 280 300 320 340 220 240 280 280 300 320 340

Al nm Alnm

Figure 169. Analytic data of L*SGs. Samples for thermal denaturation experiments, TDS and CD

spectroscopy were prepared containing 3.75 UM ssDNA, 0.98 uM transition metal salt, 100 mM
NaCl, 10 mM LiCaco pH 7.2.
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Name Lo %0,
2R 2 H - 11} il I} (]
htelL2%, " o%  1equiv. | | Cu" | Ni"| Zn" | Co
) T, ‘ 29[ 29 ‘ 29 | 29 ‘ 28
N -
Sequence (5'— 39 AT, +0 +0 +0 1
AGG TTT AL%RG GTT AGG L*RTTATG G
Analytical RP-HPLC
Sig=260,20 Ref=400,50 Solvent ratio B
% F%
100 I £100
80 | o | 80
] Py ) L
60 T ' 60
40 P | C40
204 I\ £20
0= l‘ -0
0 ; 1‘0 1|5 ZIO 25 3IO 35 4|0 C min
Maldi-Tof MS
100 mass (deconv.) = 6753.0
-1 mass (cale)  =6751.2forC, H, N O P,
67520
80
X
>
£ 60
[ =
[
E
g -2
E 40 33723
&
20
" m Py " 4 Ty A i Aok,
4000 6000 8000 10000 12000 14000 m/z
Melting curves CD spectrsocopy TDS
1.0 89 0.04-
gan.a- 4
lg 0.02
5™ 2 3
0.4 S 53
Q = 0.
0z o v
2 P @ 0 20 20 20 20 a0 @ s o T 2% a0 20 w0 | 3o 3w
e A7nm Alnm

Figure 170. Analytic data of htelL?R;. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 1.875 pM ssDNA, 1.875 uM transition metal salt,
100 mM KCI, 10 mM LiCaco pH 7.2.
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Name

0
htelL2s L= ok 1equiv.| - | Cu' | Ni" | Zn" | Co"
2 N
[”,) T, ‘27 28‘27 27|26
Sequence (5'— 3') N AT, +1 +0 +0 -1
AGG TTT AL*G GTT AGG L*TT ATG G
Analytical RP-HPLC
Sig=260,20 Ref=400,50 Solvent ratio B
%
100
80
60
40
20
0
0 fL 10 1‘5 2‘0 2‘5 3IO BIS 4‘0 min
Maldi-Tof MS
100 mass (deconv.) = 6755.6
1 mass (cale)  =6751.2forC, H, N O P
6754.6
80
D\D
Z 60
g
£
L
>
= 40
v
-2
33727
20
4000 6000 ' 8060 ‘ 10(|J(}0 12600 14600 m/z
Melting curves CD spectrsocopy TDS
1.01 htelL?*,
gl — no metal
g 0.81 cu!
L
- 0.61
bS]
504
®
0.01 . . ; . .
20 40 60 260 300

TI°C

Figure 171. Analytic data of htelL25:. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 1.875 uM ssDNA, 1.875 uM transition metal salt,

100 mM KCI, 10 mM LiCaco pH 7.2.

Alnm
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Name:
hteILzszB

Sequence (5'—3'):
AGG GTL* TGG GTT AGG GTL* TGG G

Analytical RP-HPLC

% Sig=260,8 Ref=400,50 Solvent RatioB | %
100 + - 100
80 L 80
60 - 60
40 40
20 - - 20
O T T T T T T T T 0
5 10 15 20 25 30 35 40 min
ESI-MS
1001
a
mass (deconv.) = 6833.12 E;’lj;g
¥ 80 mass (calc)  =6833.18 forC, H,.N O P, :
>
G 601
ol
=
‘o 401
2
© 201 [M-8H]* [M-5H]*>
[MSHI|  [M7H (mgH)* J L [M-3H]*
0 L 1 I L I N 1 il [
600 800 1000 1200 1400 1600 1800 2000 2200 2400mvz
TDS Melting Curves
8 1.0
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i 0.8
0.02 b
1 T 0.6
P :
3 0.00 43 8
£ 5 041
b b = —— no metal
1— —Cu!
—0.02—- g?jﬁne'[ﬂl 0.2 Njt
4—Nit —Zn"
{—— 2z —Co
0044 ol 0.04
220 240 260 260 300 320 310 0 20 4 ' 80 ' 80
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[&]
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300

T
320
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340

Figure 172. Analytic data of htelL?5:B. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 1.875 pM ssDNA, 1.875 uM transition metal salt,

100 mM NacCl, 10 mM LiCaco pH 7.2.

clxxvii



Appendix

Name: Sequence (5= 3°):
htelL?*,B AGG GTL*® TGG GTT AGG GTL®R TGG G

Analytical RP-HPLC

Sig=260,20 Ref=400,50 Solvent ratio B
% F %
100 100
80 80
60 60
40 40
20 20
0 A L0
L I e e e
o] 5 10 15 20 25 30 35 40 min
ESI-MS

Sum fermula: C, H, N, 0, .P,

218 Taya e 1wt

0 % g 7 6 ﬂ.l.. 3
L L L L L . e k " hds

o00 800 1000 1200 1400 1600 1800 2000 2200 2400 m'z
TDS Melting Curves
1.0d.d e
0.04
0.8
] 3
0,02 2
= 35 0.6
2 ] L
5
g oo 5 oa
= ] £
< = ——no metal
002 no metal 02 —Cu
— Cu" “ Nilt
T—— Ni" - 7n'
0.044{— Zn" 00 ——Co"
— Co" , . . . . . : ‘
T T T T T T T T T T T 1 0 20 40 80 80
220 240 260 280 300 320 340
Alnm TI/°C
CD

CD / mdeg

Figure 173. Analytic data of htelL?R;B. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 1.875 pM ssDNA, 1.875 uM transition metal salt,
100 mM NacCl, 10 mM LiCaco pH 7.2.
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Name Lo %0,
2R 2 H I il I} I
htelL2?, " o%¥ lequiv.| - | Cu' | N' | Zn" | Co
i) T ‘29 31 ‘ 28 | 29 | 30
Sequence (5'—39) N AT, +2 +0 1
AGG LRTT ALRG GTTAGG LRTTATG G
Analytical RP-HPLC
Sig=260,20 Ref=400,50 Solvent ratio B
% F%
100 I £100
80 T { 80
60 T 1‘_ 60
20+ T ‘L 40
20—; | £20
0 | Fo
0 ; 1‘(} 1|5 2I0 25 3IO 35 40 min
Maldi-Tof MS
100 mass (deconv.) = 6753.0
-1 mass (calc) =67512forC_H _N O _P
67520 216 275 80 132 1
80
®
£ 60
g
£
3 -2
£ 40 3372.3
v
20
4000 6000 8000 10000 12000 14000 m/z
Melting curves CD spectrsocopy TDS

fraction folded
< =4
= 5
CD/ mdeg

=]
Y]
L

=
=
L

v

Alnm

0

T
240

20

280
Alnm

T T T
200 320 240

Figure 174. Analytic data of htelL?Rs. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 1.875 pM ssDNA, 1.875 uM transition metal salt,

100 mM KCI, 10 mM LiCaco pH 7.2.
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Name %0
htelL2s, L ¥ % fequiv.| - | Cu' | Nt | zn' | Co!
o
[”/> T, 28| 3 28 28 27
. . N +3 +0 +0 -1
Sequence (5'—3°) ar,,
AGG L®TTAL®*G GTTAGG L¥TTATG G
Analytical RP-HPLC
Sig=260,20 Ref=400,50 Solvent ratio B
% E %
100 | " 100
80 ] :—80
60 - 60
40 _—40
zoé 20
05 0
a 5 I‘O 1‘5 2‘0 ZIS 3ID 3‘5 4‘0 min
Maldi-Tof MS
1004 mass (deconv.) = 66696.5
-1 mass (calc)  =66952forC, H N O P
6696.5
80
£
2 60/
g
£
g
£ 401
iz
20
" T, T TTVIPUEE NETT T i L ) "
4000 6000 8000 10000 12000 14000 m/z
Melting curves CD spectrsocopy TDS
1.0 htelL%, H .
2081 — fo metal £0.04
k] b o H]
° —N @ 2 3
"EO.G' —7n" 'g £0.02
S —Co £ <
§0'4' Sol 4 0.00
0.2- ] v
-0.021
20 40 60 80 220 260 300 340 220 260 300 340
TI°C Al nm

Alnm

Figure 175. Analytic data of htelL?53. Samples for thermal denaturation experiments, TDS and

CD spectroscopy were prepared containing 1.875 uM ssDNA, 1.875 uM transition metal salt,
100 mM KCI, 10 mM LiCaco pH 7.2.
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Name:
hteILz"’aB

Sequence (5'—3'):
AGG GTL*® TGG GTT AGG GL*T L**GG G

Analytical RP-HPLC

% Sig=260,8 Ref=400,50
100

80-
60—-
40
20

0

Solvent Ratio B

%
100

L 80
)
L 40
L 20

ESI-MS

1001
mass (deconv.) = 6777.17
80 mass (calc.) =6777.19forC_H _N_O P

214 273 "86 130 21

60+

404

relatve intensity / %

201 [M-5H]>

0 ! ] j I |

25

30 35

[M-4H]*
1694.04

I

40

[M-3H]

L

min

1200 1400

TDS

1.0

0.8+

o
[
1

fraction folded
o
i

——no metal

1600

1800 2000

Melting Curves

2200

2400m/z

CD / mdeg
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Figure 176. Analytic data of htelL?RsB. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 1.875 pM ssDNA, 1.875 uM transition metal salt,

100 mM NacCl, 10 mM LiCaco pH 7.2.
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Name:

htelL2s,

Sequence (5= 3'):
B

Analytical RP-HPLC

AGG GTL* TGG GTT AGG GL*T L*GG G

% Sig=260,8 Ref=400,50 Solvent RatioB | %
100 — 100
80—- - 80
60- - 60
404 L 40
20 - 20
0 T T T T T T T T O
5 10 15 20 25 30 35 40 min
ESI-MS
100 [M-4H]*
mass (deconv.) = 6777.16 1694.04
_ci 80+ mass (calc.)  =6777.19 for C, H,.N O P,
=
G 60
£
‘o 404
=
w
@ 20 [M-8H]* [M-5H]> [M-3H]*
MoHP | (M7Hp [M-6H]® L |
0 L J 1 1 | |
600 800 1000 1200 1400 1600 1800 2000 2200 2400m/z
TDS Melting Curves
] 1.0
0.04 1 NaCl
0.8
0.02 3
] 3 06
d S 06+
2 -
3 0.00 2
s 1 E 0.4
g . = ——no metal
1 —Cu"
tal ;
0 02—_ gzlume 2 0.2 Ni*
1N —7n"
——Co'
do_ Zn\l
-0.04 4 Co' 0.0+ SED R ety
220 2:1-0 ZéO Zéﬂ 360 Eélj 3:10 0 2I0 4IO GIO C;O
Alnm T/°C
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84 ——no metal
] —Cu"
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Q
O 2
°
2
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Figure 177. Analytic data of htelL?53B. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 1.875 uM ssDNA, 1.875 uM transition metal salt,
100 mM NacCl, 10 mM LiCaco pH 7.2.
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1R
Name: L ¢ 1 equiv. | - | cu" | Ni | Zn" | Co'
htelL'® _)—\
‘ F\N :‘O L ‘ 29 ‘ 29 ‘ 28 ‘ 29 29
Sequence (5'—~3): = AT, +0 -1 +0 +0
AGG L'®"TT AL'®G GTT AGG L'*TT AL'*G G
Analytical RP-HPLC
Sig=260,20 Ref=400,50 Solvent ratio B
% 3 F%
100] | 100
80 F80
60 £60
40 40
20 20
0] Fo
: : e R T T -
Maldi-Tof MS
100 4
6464.7
mass (deconv.) = 6465.7
go  mass (calc)  =6463.1forC H N, O P,
e
=
£ 60
c
b
§ 4
[
=
B 40
&
204
-2
1 3234.2 k
1' ‘Ll \L T T T T ‘Il ﬂv l‘v T . T T T T T T T T T ™ T T T T u ‘l T T T T T T
2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 M/Z
Melting curves CD spectrsocopy TDS
1.0, 104 -
\ —— no metal 8 —no metal 0.041
0.8 — 1equiv. Cu" 6 —— 1 equiv. Cu" i
E \ — 1 equiv. E'll“H — 1 equiv. Ni”H
Soe ~ 1 equiv. Gor 24 1S4 & 5002
5 22 i
Bo4 go — £o00
27 § 1— tal
0.2 4 -0.02- 7?(’&?\? Cu
——1 equiv. Ni"
-6 1——1 equiv. Zn"
o0 T T T T 8 004 ——1 equiv. Ca"
0 20 40 80 80 220 240 260 280 300 320 340 T 20 240 260 280 300 320 340
Ti°C Alnm /nm

Figure 178. Analytic data of htelLR4. Samples for thermal denatur

CD spectroscopy were prepared containing 1.875 pM ssDNA, 1.8
100 mM KCI, 10 mM LiCaco pH 7.2.

ation experiments, TDS and
75 UM transition metal salt,
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L1S ’f

Name: o 1 equiv. | - | cu" | NI | Zn! | Co'"
18
htelL™, N@N_s‘ \ T, ‘ 37 | 36 | 36 ‘ % | 37
Sequence (5'— 3): ¢ AT, -1 -1 -1 +0
AGG L'STT AL'SG GTT AGG L'STT AL'SG G
Analytical RP-HPLC
Sig=260,20 Ref=400,50 Solvent ratio B
% 3 %
100 ;—100
80 " 80
60— ~60
40 40
20 220
0- )
0 o s T R
Maldi-Tof MS
100. Mmass {deconv.) =6468.3 1
mass (calc.) =6463.1 for CooaMasoNeoO1aPsy 6467.3
80
R
2 60
=
[
E
2]
=
B 40
&
20
-2
32344
2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 M/z
Melting curves CD spectrsocopy TDS
1.0 .
16: 0.80
08 121 0.06 -
s 81 0.04
LYY o .
5 g4 Loz ]
804 §°] £ 000
h — nometal C 4 o E
— 1 equiv. Cu' 1 ——nometal £ -0.02
— 1 equiv. Ni" 8 1 equiv. Cu £ ——no metal
029 4 equiv. Zn" E — Tequiv. NI %T -0.044——1 equiv. Cu"
—— 1equiv. Co" 124 — lequiv. Z”‘, ——1 equiv. Ni'
4 — 1 equiv. Co -0.061—1 equiv. Zn"
0.0 i ; -164 008 ——1 equiv. Co'
0 20 4b 60 80 220 240 260 280 300 320 340 220 240 260 280 300 320 340
Ti°C Alnm /nm
Figure 179. Analytic data of htelL'Ss. Samples for thermal denaturation experiments, TDS and

CD spectroscopy were prepared containing 1.875 uM ssDNA, 1.875 uM transition metal salt,
100 mM KCI, 10 mM LiCaco pH 7.2.
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Name

%50
2R L2R 3. ; I o 0 i
htelL2%, Nr\of\o’ﬁ lequiv.| - | Cu' | Ni'| Zn"| Co
(2 T ‘ 34‘ 56 ‘ 45 | 36 | 36
Sequence (5'— 3) AT, +22 +11 +2 +2
AGG LRTT AL?*RG GTT AGG L2*TT AL*RG G
Analytical RP-HPLC
Sig=260,20 Ref=400,50 Solvent ratio B
% F %
100 *: - e £ 100
80 o 80
60 P - 60
40% . P ) “' ~40
20 i _/’, ‘\ r20
0;/"!“ N —— — —
0 .;a 1‘0 1‘5 2|0 2|5 30 35 40 min
Maldi-Tof MS
mass (deconv.) = 6641.8
1007 mass (calc) =6639.2forC, H, N, O P 6640.8
804
£
2 601
8
f=
!
& 49 3319.7
g
201

wiiliily L.

7000

000 3000 4000 5000 6000

8000 9000 miz
Melting curves CD spectrsocopy TDS
104 104
— no metal 0.05 4
84 — 1 equiv. Ctd”
i — 1 equiv. Ni 0.04
L o —— lequiv.Znt
% §= ] — 1 equiv. Co 0.03
< 08 E g ooz
2 a4 E
8 & £ oo
= 049 no metal 5
— 1 equiv. Cu" % oo
— 1 equiv. Ni' 2 —— no metal
024 —— 1 equiv. Zn" 0014 1 equiv. Cu'
—— 1 equiv. Co" -4+ — 1equiv. Ni"
0024 1 equiv. Zn"
0.0 5 1 equiv. Co'
T T T T T T T T T T T ©.03 T T T T T T
0 20 a0 60 80 20 0 0 0 X0 30 M0 220 240 260 %0 W0 30 340
TI°c Afnm Afnm

Figure 180. Analytic data of htelL?R4. Samples for thermal denaturation experiments, TDS and

CD spectroscopy were prepared containing 1.875 uM ssDNA, 1.875 uM transition metal salt,
100 mM KCI, 10 mM LiCaco pH 7.2.
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Appendix

Name L ’E'O\_.—\ %
htelL2s, o= ° lequiv. | - | Cu' | Ni" | Zn' | Co'
W T, | 33 ‘ 56 ‘ 45 | 36 | 35
Sequence (5~ 39 AT, +23 +12] 43 +2
AGG L>TT AL?G GTT AGG L*TTAL*SG G
Analytical RP-HPLC
Sig=260,20 Ref=400,50 Solvent ratio B
% ] %
100 T 100
80 /_,,_,/"' \ f 80
T | E
60 T " L 60
T 1 [
404 T L] 40
20 T \ F 20
ol \ o
0 g 'IIO 15 20 2‘5 3‘0 3‘5 4IO min
Maldi-Tof MS
10p] mass (deconv.) = 6641.8
mass (cale)  =6639.2forC, H, N, O P 66:0 .
80
X
2 60
g
E
¢
S 40
T
20

2000 3000 4000 5000 6000 7000 8000 2000 m/z

Melting curves CD spectrsocopy TDS
10l 104
— no metal 0.05
— 1 equiv. Cu"
0.8 — 1 equiv. N 0.04-]
— 1 equiv. Zn"
3 \W\— Teauv Co' B 0]
o k<]
£ 0.64 3
- 3 0.021
< 2
Bo4 g o
£ b
— no metal - 0
— 1equiv. Cu' — no metal
024 — 1 equiv. Ni" 0014 — 1equiv. Cu'
— 1 equiv. Zn' — 1 equiv. Ni"
— 1 equiv. Co" o2 — 1equiv.zn!
— 1 equiv. Co"
0.0
T T T T T T T T T T T 04 T T T T T T
20 4 60 80 20 240 260 280 300 30 340 220 240 280 280 300 20 40
Tive Afnm Afnm

Figure 181. Analytic data of htelL25;. Samples for thermal denaturation experiments, TDS and

CD spectroscopy were prepared containing 1.875 uM ssDNA, 1.875 uM transition metal salt,
100 mM KCI, 10 mM LiCaco pH 7.2.
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Appendix

Name
htelL?? B

Sequence (5'—3')

Analytical RP-HPLC

Sig=260,20 Ref=400,50
%

100
80
60
40
20

0

AGG TL2RT L*RGG TTA GGL*® TL2RA GG

Solvent ratio B
[ %

E 100
E 80
E 60
E 40
F 20

o

20 25 30 35 40 min
ESI-MS
4-
3.
5-
o 8- 7. 6-
A R | | | T Vi — M .
600 800 1000 1200 1400 1600 1800 2000 2200 2400 m/z
Melting curves CD spectrsocopy
1.0 12
0.8 8-
3 ]
5 no metal E .
Bp4] —— 1equiv. Cu" _—
£ — 1 equiv. Zn" (Q_J 0
0.2 44
0.0 s-‘
0 20 40 60 80 220 240 260 280 300 320 340
T/nm Alnm

Figure 182. Analytic data of htelL?R4B. Samples for thermal denaturation experiments and CD
spectroscopy were prepared containing 1.875 uM ssDNA, 1.875 uM transition metal salt, 100 mM

KCI, 10 mM LiCaco pH 7.2.
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Appendix

Name L® J”'O\_.,\ 4
htelL?s B :

Sequence (5'—+3°)
AGG TL?*T L»GG TTA GGL?S TL*®A GG

Analytical RP-HPLC
Sig=260,20 Ref=400,50
% 3
100—2
803
60—;
403
20

Solvent ratio B

%
100
1
F 60
E 40

[20

g & 7- 6-

L

25 30 35 40 min

600 800 1000 1200 1400

Melting curves

1600

1.0
0.8
o
et
° 0.6
c
2 no metal
g 0.4 — 1 equiv. Cu
= — 1 equiv. Zn"
0.2
0.0+
0 20 40 60 80
T/°C

1800 2000 2200 2400m/z

CD spectrsocopy

127

220 240 260 280 300 320 340

A/ nm

Figure 183. Analytic data of htelL?5;B. Samples for thermal denaturation experiments and CD
spectroscopy were prepared containing 1.875 pM ssDNA, 1.875 pM transition metal salt, 100 mM

KCI, 10 mM LiCaco pH 7.2.
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Appendix

Name Sequence (5'—3)
htelL??,C AGG TL?RT L?’GG TTA GGT L?RTL?*R GG

Analytical RP-HPLC

Sig=260,20 Ref=400,50 Solvent ratio B
% F %
100 =100

80 80
60 60
40 F 40
20 E20

0 ) L_ ) e —— 0

0 T T 1 1 T T 1 T
5 10 15 20 25 30 35 40 min
ESI-MS

- 7. . < h
1 1

I [ i
600 800 1000 1200 1400 1600 1800 2000 2200 2400m/z
Melting curves CD spectrsocopy
1.0
12+
0.81 ]
8 -
T
(0] -
2 0.6- no metal o
£ . | O 4
- —— 1 equiv. Cu he]
2 04 1 equiv. Zn" E 1
g 0.4
8 8o —
0.2 |
4
0.0 8'
0 20 40 60 80 220 240 260 280 300 320 340
T/°C Alnm

Figure 184. Analytic data of htelL??4C. Samples for thermal denaturation experiments and CD
spectroscopy were prepared containing 1.875 uM ssDNA, 1.875 uM transition metal salt, 100 mM
KCI, 10 mM LiCaco pH 7.2.
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Appendix

Name L
htelL?s,C o~

N
"
Sequence (5'— 39)
AGG TL?T L*GG TTA GGT L»TL® GG

v
o]
mj

o¥

Analytical RP-HPLC

Sig=260,20 Ref=400,50 Solvent ratio B
% %
100 100
80 80
40 40
20 20
0 4]
I T T T T T T T T
0 5 10 15 20 25 30 35 40 min
ESI-MS
4-
8 ; 5 ',]:
o .
10-
I t |. [. | I_ b 1 e
600 800 1000 1200 1400 1600 1800 2000 2200 2400 m/z
Melting curves CD spectrsocopy
104 12 -
50.8 81
2 no metal o
2 S
50.6— E 4
° no metal ) ]
@ &
E041 equiv. Cu" 0
—— 1 equiv. Zn" ] V
0.2 4
0.0
0 20 40 60 80 220 240 260 280 300 320 340
T/°C Al nm

Figure 185. Analytic data of htelL?54C. Samples for thermal denaturation experiments and CD
spectroscopy were prepared containing 1.875 uM ssDNA, 1.875 uM transition metal salt, 100 mM
KCI, 10 mM LiCaco pH 7.2.
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Name Lok %0
2R o H 1} Hl n (]
htelL27, Nr\of\oi 1 equiv. | - | Cu | Ni | Zn | Co
[ T, 34 ‘ 50 | 47 | 36 ‘ 35
Sequence (5'— 3) N AT, 16| +13| +2 +1
AGG L2RTL?*R TL2*G GTT AGG L**TTAL**G G
Analytical RP-HPLC
3ig=260,20 Ref=400,50 Solvent ratio B
% F%
100 1100
801 80
607 :—60
40 ] 40
20 ] I 20
o; 0
o s 0 s T 0 S i
Maldi-Tof MS
100+ 4 mass (deconv.) = 6576.6
6575.6 mass (calc)  =6574.2forC, H N O P
801
®
Z 601
g
E
@
=
=
[
Losieimebobl 5 4 . 1 el
8000 10000 12000 14000 m/z

Melting curves CD spectrsocopy TDS

0.8 004
2
s o 00z
Lo g : 4
% E g 0.00
© a H
Eo.4 o ;,]5
A 00z
E — no metal
— no metal " — no metal 1 — 1equiv. Cu"
02 — 1equiv. Cu" —— 1 equiv. Cu' 0044 —— 1equiv. NI"
— 1 equiv. Ni" 1 — 1 equiv. Ni' — 1equiv. Zn"
—— 1 equiv. Zn" BN — 1 equiv. Zn" T — 1equiv. Co"
oo — 1equiv. Co' — 1 equiv. Co' -0.05
-1
2 4 %0 80 20 o0 | o0 | 20 | a0 B0 3 x a0 | 20 280 E ) 0
TIee Alnm Alnm

Figure 186. Analytic data of htelL?Rs. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 1.875 uM ssDNA, 1.875 pM transition metal salt,
100 mM KCI, 10 mM LiCaco pH 7.2.
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Name 2 %0
htelL2s, L I_\O,}’\O?; lequiv.| - | Cu' | Ni' | Zn' | Co
["‘,> T, ‘ 33 ‘ 54 ‘ 55 37 37
Sequence (5°— 3') N AT, +21 22| +4 +4
AGG L#TL® TL3G GTTAGG LETTALEG G
Analytical RP-HPLC
8ig=260,20 Ref=400,50 Solvent ratio B
% F %
100+ 100
80— 80
60— =60
40 |40
20,: 20
0l 0
T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 min
Maldi-Tof MS
100] mass (deconv.) = 6576.2 4
mass (calc)  =6574.2forC, H, N O P 6575.2
80
®
Z 60
<
i
£
@
=
B 40
o
20 -2
32889
3000 4000 5000 6000 7000 8000 9000 m/z
Melting curves CD spectrsocopy TDS
1.04 104
0.05 4
8
0.5 .
i o
Bos 4
s E 24
2 E
Lo Qo
2]
0.2+
2]
0.0+ £
2 P &0 % 20 w0 20 | 280 a0 W % 20
Ti*C Alnm Alnm

Figure 187. Analytic data of htelL25s. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 1.875 uM ssDNA, 1.875 pM transition metal salt,

100 mM KCI, 10 mM LiCaco pH 7.2.
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Appendix

Name JE
htell2%, L~ J Yo% tequiv.| - | Cu'| N | Zn' | Co’
N
[r\% T, 35 50 51 42 41
Sequence (5= 3°) AT, +15 +16 | +7 +6
AGG L?RTL2R TL2RG GTT AGG L?*ATL2R TLRG G
Analytical RP-HPLC
Sig=260,20 Ref=400 50 Solvent ratio B
% b
] ! 100
100 - o ‘ E
80- o — | 80
60- \ T | 60
40- " e | |40
4 1
20= T ! 20
0 D A Fo
0 s 10 15 0 25 30 35 40 min
Maldi-Tof MS
100 1 mass (deconv.) =6511.4
65104 Mass (calc.) =6509.2forC, H, N O P
80
R
2 60
c
[
£
(]
2
2 40
e
20
s Wl il P Y = ki TP l' e il by Il
4000 6000 8000 10000 12000 14000 m/z
Melting curves CD spectrsocopy TDS
1.04 104
84 —— no metal
—cu
08 al __ N
B _7Zn"
EDE 2 4] — Co
£
s E 24
E‘“ 8o
—— no metal
—cu —— no metal
N 21— cu
024 T g N
— Co “ - é'::u 0.04
001 1 T T T T T T
) @ & %0 2o 20 20 | 20 | a0 20 20 M0 X W X 0
TI°c Afnm Afnm

Figure 188. Analytic data of htelL?Rs. Samples for thermal denaturation experiments, TDS and

CD spectroscopy were prepared containing 1.875 uM ssDNA, 1.875 uM transition metal salt,
100 mM KCI, 10 mM LiCaco pH 7.2.
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Name »s 30,
htell2s, L r,\o’}’\o.a« fequiv. | - | Cu' | Ni" | Zn' | Co"
[y Ty 36| 54 | 59 | 44 | 44
Sequence (5'— 39 N AT, +18 +23 | +8 +8
AGG LBTLB TL®G GTTAGG L®TL2 TLSG G
Analytical RP-HPLC
Sig=260,20 Ref=400,50 Solvent ratio B
% F%
100 100
80 ] 80
60 60
40 40
20 k20
0] 0
o 5 0 15 20 25 30 5 40 min
Maldi-Tof MS
100 -1 mass (deconv.) = 6510.9
6509.9 mass (calc)  =6509.2forC, H N O P,
80
S
~—
>
£ 60
c
@
E
[
2
= 40
[
20
4000 6000 8000 10000 12000 14000 m/z
Melting curves CD spectrsocopy TDS
1.0 104 C) | \‘
84 — nonetaI
| = =
i | _7n
2 4 § — %‘,B”
2% 2 N % 02]
‘%m— 8 0 “E \
= J— Ec:]ﬂmeta\ 2] — no metal 2 oo
(XS . —
- E?)n ] - EZ'!\ 0.024
0.0 6
20 40 ) 50 20 20 20 20 a0 @0 3 20 20 0 20 300 320 30
Tie Alnm Afnm

Figure 189. Analytic data of htelL?5. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 1.875 uM ssDNA, 1.875 pM transition metal salt,
100 mM KCI, 10 mM LiCaco pH 7.2.
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Appendix

Name .
htelL2? L 3 iv. | . | cu' | Ni" | Zn! | Co
7 Nf\o ok 1 equiv u o
Cy T, ‘ 29 ‘ 43 ‘ 44 36 ‘ 30
‘ ‘ N + +
Sequence (5'— 3') AT, 14 5| 47 1
AGG L2RTL2R L2RTL2R GGT TAG GL*RT L*RTL* GG
Analytical RP-HPLC
Sig=260,20 Ref=400,50 Sclvent ratio B
% %
100 100
80 80
60 60
40 40
20 20
0 ]
YV 77— T [ T T T
Q 5 10 15 20 25 30 35 40 min
ESI-MS
4
Sum formula: C,, H,, N, O, P,
-3
9 8 7 5 LA
-10 -6
L | | L L | i m
600 800 1000 1200 1460 1600 1800 2000 2200 2400 vz
Melting curves CD spectrsocopy TDS
10+
1.0 &1
6] 0.4 4
g 084 4
2 g ] 02
s 08 E 2 g
8 8 foo \
E 04 0 5
— no metal ) — no metal 1 —— nometal
0l — 1 equiv. Cu' 2+ —— 1 equiv. Cu" — 1 equiv. Cu"
— 1 equiv. Ni' — 1 equiv. Ni" 021 — 1equiv. Ni"
— 1 equiv. Zn‘:‘ 4 — 1 equiv. Zn" 1 — 1equiv. Zn"
ool — 1 equiv. Co' —— 1 equiv. Co" —— 1 equiv. Co"
i} " ‘ T T T T T T T 04 T T T T T T
o “EC & 220 240 280 280 X0 320 M0 20 20 260 280 300 30 30
T Afnm Alnm

Figure 190. Analytic data of htelL?R;. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 1.875 uM ssDNA, 1.875 pM transition metal salt,
100 mM KCI, 10 mM LiCaco pH 7.2.
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Name »s %0
htelL?; L — T%% 1 equiv. | - | cu" | Ni"| Zn" | Co'
o
[“L> T, ‘ 28 ‘ 43 | 46 36 36
N + +
Sequence (5'—3) AT, 15 +18 | +8 8
AGG L2STL2S L25TL?® GGT TAG GL#T L*TL* GG
Analytical RP-HPLC
Sig=260,20 Ref=400,50 Solvent ratio B
% 7 F%
100 E E 100
80 " 80
60 60
40 40
20 20
03 -0
T T T T T T T T T T
Q 5 10 15 20 25 30 35 40 min
ESI-MS
-4
Sum formula: C, H,. N, O P,
3
-5
a0 -8 -7 5
L " L‘h h \I Lb A
600 800 1000 1200 1400 1600 1800 2000 2200 2400 vz
Melting curves CD spectrsocopy TDS
1.0 10+ N
84 0.04
0.8
o 6+ ]
- 0.024
S 06 4
§ i
E 0.4 4 g 0.00-]
5’ 4 —— no metal
— no metal — no metal — 1 equiv. Cu"
024— 1 equiv. Cu" 24 — 1 equiv. Cu! 0024 — 1 equiv. Ni'
— 1 equiv. Ni' — 1 equiv. Ni' — 1 equiv. Zn'
— 1 equiv. Zn" 4 — 1equiv. Zn" b 1 equiv. Co"
oo{— 1 equiv. Co" —— 1 equiv. Co' oot ]
o o o ® B0 o @ o s @ e & de @ & %
Ti°C Al nm Alnm

Figure 191. Analytic data of htelL?S;. Samples for thermal denaturation experiments, TDS and

CD spectroscopy were prepared containing 1.875 uM ssDNA, 1.875 uM transition metal salt,
100 mM KCI, 10 mM LiCaco pH 7.2.
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Appendix

Name: Sequence (5'— 3.
htelL*®,H AGG GTL*® AGG GTT AGG GL*RTL*GG G

Analytical RP-HPLC

% Sig=260,8 Ref=400,50

Solvent Ratic B | %
1004

- 100

80 - 80

60 - 60

40 - 40
204 - 20
0 : _ : : I I 0
5 10 15 20 25 30 35 40 min
ESI-MS
4-
5- 3-
T g U — T T L T T T m T T T T T L‘l T T
600 800 1000 1200 1400 1600 1800 2000 2200 2400 m/z
TDS Melting Curves
0.104 10 ——no Cu"
) —no Cu" ] ;
— 1 equiv. Cu"
0.084 )
—1 equiv. Cu" 0.84
0.064 -
] 3
£ 0.044 5064
s 5
< 0.021 Boa
0.00 =
0.24
000 \/
-0.044 0.0+
260 280 300 320 340 0 20 40 60 80
Al nm T/°C
CD
12
P I
104 no Cu
— 1 equiv. Cu"
g | q
& 6 -
©
£
< 4
[
O
2 |
REANY
2
'4 T T T T T T
220 240 260 280 300 320 340

Alnm

Figure 192. Analytic data of htelL2RsH. Samples for thermal denaturation experiments, TDS and

CD spectroscopy were prepared containing 2 pM ssDNA, 2 pM transition metal salt, 100 mM KClI,
10 mM HEPES pH 8.
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Appendix

Name:
htelL*,B

Sequence (5'—3):

TDS
1 KCI

0.08 A
—no Cu'
—1 equiv. Cu"

0.04 1

0.00 \/

-0.04

A unfolded-folded

280 300 320 340
Alnm

260

—no Cu"
6 —1 equiv. Cu"

CD/ mdeg

T Y :

280 300 320 340

Al nm

220 240 260

Melting curve
1.0 —no Cu'
—1 equiv. Cu"

© © o
b

fraction folded

o
N
h

o
it

o

20 40T/°C 60 80

AGG GTL* TGG GTT AGG GL*T L*GG G

J NaCl
0.08 1
—no Cu"
% 1 — 1 equiv. Cu"
£0.04 1
<
0.00 \\\5///,,_
-0.04 1
260 280 300 320 340
Alnm
8_
—no Cu"
61 — 1 equiv. Cu"
2 4
pel
£
a 2]
Q
0
2
220 240 260 280 300 320 340
Alnm
1.0 —no Cu"
—1 equiv. Cu"
0.8+
o
[0}
o
© 0.6
c
=l
*g 0.4
0.21
0.0+
0 20 40 60 80

T/°C

Figure 193. Analytic data of htelL?53B. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 2 pM ssDNA, 2 uM transition metal salt, 100 mM
KCI/NaCl, 10 mM HEPES pH 8. The analytical HPLC trace and ESI-MS are shown in Figure 177.
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Appendix

Name:
htelL?¢,D

Sequence (5= 3'):
AGG GTL* TGG GTT AGG GTL* L*GG G

Analytical RP-HPLC

% | Sig=260,8 Ref=400,50 Solvent Ratio B | %
100+ =100
504 - 80
&0+ G0
40+ - 40
20 o 20
——— —
0 = =7 s - . . . 0
5 10 15 20 25 30 5 40
ESI-MS
100, [M-aH]*
mass [deconv.) = 6677.00 1694.00
® 80 mass (calc)  =6677.19 for C, H, . N, O, P,
-
% 604
= R 11- " a K 7
5 40 IMAATHES  [M-9H] |I\.}7H|
® 20 &M-llﬂHlm/ [h::-ifH]* / (MSHI [M-3H]?
-GHIE
o . . (meH] | L Le
600 800 1000 1200 1400 1600 1800 2000 2200 2400m/z
TDS
0.10 0.10
KCI NaCl —
— no Cu" no Cu'
0.081 — tequiv.cu" 008 — 1 equiv. Cu'
§ 0.064 § 0.061
% 0.04] \/ % 0.04]
a ]
{h 0.02 < 0.02+
0.00 0.00
-0.02] v’ -0.02] \/
-0.04 -0.04
260 280 300 320 340 A/nm 260 280 300 320 340 A/nm
Melting Curves
1.0 L — no Cu" 1.0 4 NaCl
i — no Cu"
B 1 equiv. Cu" . — 1 eqt]jliv, cu'
T 0.8 1 5081
2 KCl 8
Snpl Ehe ]
5 50°
§0.41 804/
0.2 4 \7 0.2
0.0 0.0 4
0 20 40 60 80 T/°C 0 20 40 60 80 T/°C
CD
g | — no Cu' 8 1 — no Cu'
kel — 1 equiv. Cu" Nacl —— 1equiv. Cu"
6 - 61
o (=]
S 4 5 41
£ E
o 2 - a 2]
o (&)
S VAR -0
-2 -2

220 240 260 280 300 320 340
Ainm

-4 - " - : : .
220 240 260 280 300 320 340

Al nm

Figure 194. Analytic data of htelL?S3sD. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 2 pM ssDNA, 2 uM transition metal salt, 100 mM

KCI/NaCl, 10 mM HEPES pH 8.
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Name: Sequence (5'—3'):
htelL?*.D AGG GTL*®* TGG GTT AGG GTL*®R L**GG G

Analytical RP-HPLC

16‘/8 Sig=260,8 Ref=400,50 Solvent RatioB | %

100

80 80

60 + 60

40 - 40

20+ 20

0

f=]

ESI-MS

—_
(=]
o

[M-4H]*"
mass (deconv.) =6777.17 1694.04

mass (calc.) =6777.19forC, H, N _O P

2147 7273 "86 T 1300 21

o]
o

[o2]
o

401

relatve intensity / %

20 [M-5H]* [M-3HT*

0 ! | I ! | ! L
600 800 1000 1200 1400 1600 1800 2000 2200 2400 vz

TDS Melting Curves

0.104 —no Cu" 1.0

0.08 — 1 equiv. Cu"
0.06-

o
™

——no Cu"

o
()

0,044 — 1 equiv. Cu"

0.02-

<
B

Aunfoldedfmded
fraction folded

0.00

202 \/

-0.04

o
hal

o
=}

o
N
o

260 280 300 320 340 40 60 80
Al nm T/°C
cD

——no Cu"

6 — 1 equiv. Cu"

Y

220 240 260 280 300 320 340
A/ nm

Figure 195. Analytic data of htelL?RsD. Samples for thermal denaturation experiments, TDS and

CD spectroscopy were prepared containing 2 pM ssDNA, 2 uM transition metal salt, 100 mM
KCI, 10 mM HEPES pH 8.
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Name: Sequence (5'—3'):
htelL2,F AGG GL*L*® TGG GTT AGG GTT AGG G

Analytical RP-HPLC

% | Sig=260,8 Ref=400,50 Solvent Ratio B | %
100 100
80 ‘ 80
60 60
40 40
20 k 20
0 T T = - = — = - 0
5 10 15 20 25 30 35 40 min
ESI-MS
100 [M-aH]*
mass (deconv.) = 6642.00 h710.25
g\i 80 mass (calc.)  =6642.19forC, H, N, O P
>
G 60
2
= M-11H]*  [M-QH]* M-7H]%
. a0l o0 ] [ ]
E R 10- _ 8- _ 3
g 20 [M-10H] / [M-8H] / (M-SHI* [M-3H]
\ | [M-6H]® 7
0 L | | | " L
600 800 1000 1200 1400 1600 1800 2000 2200 2400 mfz
TDS
0.10 0.16
KCl — no Cu" NaCl —— noCu"
0.08 ~— 1 equiv. Cu" 0.08 — 1 equiv. Cu"
s 0.08 0.06
£ 0.04 1004 N J
] H
<§ 0.02 130.02
0.00 0.00
-0.02 v -0.023
-0.04 -0.04
260 280 300 320 340 260 280 300 320 340
A nm A nm
Melting curves
1.07 — no Cu'
— 1 equiv. Cu"
o 0.8
5]
T
L 0.61
C
Ke]
504

0.0q
0 20 40
T/°C T/°C
CcD
8 8
KCI — no Cu" NaCl — no Cu'
6 — 1 equiv. Cu" 6 — 1 equiv. CU"
g 41 e 4
o o
€ €
a 2] a 2]
o (&)
T ° ’
24 -2+ v
- T T T T T T -4 T T T T T T
220 240 260 280 300 320 340 220 240 260 280 300 320 340
A nm Al nm

Figure 196. Analytic data of htelL?S;F. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 2 uM ssDNA, 2 uM transition metal salt, 100 mM
KCI/NaCl, 10 mM HEPES pH 8.
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Name:

htelL2" F

Sequence (5'—3');
AGG GL#*RL*R TGG GTT AGG GTT AGG G

Analytical RP-HPLC

% | Sig=260.8 Ref=40050 Solvent Ratio B | %
100 4 L 100
80 | L 80
60 L 50
40 40
20 20
0 T T T T T T T T 0
5 10 15 20 25 30 35 40 min
ESI-MS
100/ [M-aH]*
mass (deconv.) = 6842.16 1710.29
3\i 80+ mass (calc.)  =6842.19 for C, H, N, O, P,
>
Z 60
g
c
g 40
1+
< 20
[M-5H]* [M-3H]>
0 . L . . . " . L
600 800 1000 1200 1400 1600 1800 2000 2200 2400m/z
TDS Melting Curves
0.10- —no Cu" 10 —no Cu"
0.084 — 1 equiv. Cu" — 1 equiv. Cu"
0.8 1
0.06- 3
3 o
2 0.044 £ 0.61
§ 5
& 002 5 04
0.00 =
0,021 0.2
-0.04 0.04
260 280 300 320 340 0 20 40 60 80
Alnm T/°C
CD
8 -
—no Cu"
6 —— 1 equiv. Cu"
o 4
Q
e
£
- 2 4
o
o
0 —
2
-4 T r T r T T
220 240 260 280 300 320 340
A/ nm

Figure 197. Analytic data of htelL?R:F. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 2 uM ssDNA, 2 uM transition metal salt, 100 mM

NaCl, 10 mM HEPES pH 8.
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Name: Sequence (5'—3'):
htelL?R,G AGG GTL2R L®RGG GTT AGG GTT AGG G

Analytical RP-HPLC
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Figure 198. Analytic data of htelL2R.G. Samples for thermal denaturation experiments, TDS and

CD spectroscopy were prepared containing 2 uM ssDNA, 2 uM transition metal salt, 100 mM
NaCl, 10 mM HEPES pH 8.
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Figure 199. Analytic data of htelL?5;G. Samples for thermal denaturation experiments, TDS and
CD spectroscopy were prepared containing 2 pM ssDNA, 2 uM transition metal salt, 100 mM
KCI/NaCl, 10 mM HEPES pH 8.
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10.3 Additional analytical ESI-MS
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10.4 Additional analytical HPLC traces
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10.5
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base pair
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collisional cross section

circular dichroism

2-Cyanoethyl N,N-diisopropylchlorophosphoramidite
controlled pore glass

dichloroacetic acid

diisopropyl ethyl amine

4-dimethylamino pyridine

dimethyl formamide

dimethyl sulfoxide

4,4-dimethoxytrityl

deoxyribonucleic acid

double strand
ethylenediaminetetraacetic acid

Electron Spray lonisation Mass Spectrometry
electron paramagnetic resonance
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guanine

H-Gly-His-Lys-OH (tripeptide)
hydroxypyridone

high performance liquid chromatography
human telomeric repeat

Hertz

coupling constant

lithium cacodylate

matrix-assisted laser desorption/ionization time of flight
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metal organic framework

triethylamine

Nuclear Magnetic Resonance

parts per million

room temperature
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Systematic Evolution of Ligands by EXponential
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