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THESIS ABSTRACT

Titre : Elucidant le repliement cation-dépendant des G-
quadruplexes d’ADN et comment cibler des topologies
specifiques avec des ligands synthétiques

Résume :

Cette thése est consacrée au repliement des structures secondaires de I'ADN.
L'objectif principal est de comprendre comment les cations, la séquence et les ligands
de petites molécules influencent la topologie des G-quadruplexes. Les G-
quadruplexes sont des structures secondaires uniques qui se forment dans les brins
riches en guanine, avec quatre guanines s'associant en une tétrade (G-tetrad ; G4).
En rationalisant nos résultats, nous avons essayé d'élucider certains aspects
fondamentaux du repliement des G-quadruplex. La recherche sur les G-quadruplex
reste trés empirique, c'est pourquoi la compréhension des facteurs déterminants du
repliement et de la stabilité est nécessaire pour la prédiction de la structure et la
conception rationnelle de ligands. Nous utilisons notre expertise en chimie analytique,
en particulier la spectrométrie de masse native, pour l'analyse biophysique de la
structure de I'ADN. Nous avons étudié les effets des cations/ligands sur la topologie
de I'ADN dans trois projets distincts.

Le Projet 1 analyse l'interaction entre les lanthanides et 'ADN G-quadruplex. Etant des
cations trivalents, les lanthanides ont le plus grand potentiel pour réduire la densité de
charge, ce qui est nécessaire pour le repliement des G-quadruplexes. Nous
présentons la premiere analyse systématique porte sur (1) plusieurs ions lanthanides,
(2) des brins d'ADN de composition de base et de richesse G différentes, et (3) une
analyse structurale des complexes lanthanide-ADN. Nous déduisons des mesures de
luminescence, de CD et de MS que Eu3®* et Th® (mais ni La®" ni Yb®") ciblent
spécifiquement les guanines dans I'ADN riche en G, avec 1 Th3* pour 6 a 12 guanines.
Nos données ni valident ni infrment la formation de G-quadruplex, mais nous
proposons plusieurs structures hypothétiques.

Le Projet 2 analyse l'influence de la séquence sur la conformation des G-quadruplexes
en milieu potassium. Ce projet a été motivé par le fait que les G-quadruplexes avec
trois G-tétrades hétérostacking ont été décrits dans Na* mais jamais dans K*. Nous
avons modifié des séquences d'’ADN qui forment des G-quadruplexes antiparalleles a
deux tétrades, stabilisés par des triades de bases, en prolongeant les tracts G par des
G supplémentaires. L'objectif était d'insérer une troisieme G-tétrade, tout en
maintenant la conformation antiparallele (et I'hétérostacking). Les séquences
modifiées présentent en deux conformeres principaux : un G-quadruplex hybride a 3
tétrades et un G-quadruplex antiparallele avec un nombre incertain de tétrades. La
forme hybride est thermodynamiquement favorisée et obtenue par annealing, tandis
qgue la forme antiparallele est cinétiquement favorisée et obtenue par ajout de K* a
basse température. Notre travail permet de comprendre comment le K* détermine le
comportement biophysique de I'ADN G-quadruplex et permet de concevoir des
séquences modeles optimisées pour les structures G-quadruplex atypiques.

Le Projet 3 est une étude exhaustive sur l'interaction non covalente entre de petites
hélices oligo-aromatiques ("foldameéres") et une large gamme de structures G-
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quadruplex. Le criblage par spectrométrie de masse native révele que nos foldameres
ciblent sélectivement les G-quadruplexes paralléles et sont sensibles a l'accessibilité
stérique des G-tétrades, les boucles ou les nucléotides flanquants empéchant la
liaison des foldameres. Notre structure cristalline montre deux sous-unités de
quinoléine interagissant avec un G-tétrade externe par empilement 1. La RMN en
solution confirme que le foldamére cible les extrémités 3' et 5' du G-quadruplex. La
sélectivité conformationnelle des foldameres provient de leur forme hélicoidale
"volumineuse", qui impose des restrictions stériques a la liaison du G-quadruplex. Nos
résultats présentent les foldaméres comme des ligands sélectifs prometteurs du G-
quadruplex avec un échafaudage unique qui peut étre modifié de plusieurs maniéres
pour améliorer encore l'affinité et la sélectivité.

Keywords: spectrométrie de masse, chimie supramoléculaire, G-quadruplex
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Title: Elucidating the cation-dependent folding of G-
gquadruplexes and how to target specific topologies with
synthetic ligands

Abstract:

This thesis is dedicated to the folding of secondary DNA structures. The central goal
is to understand how cations, sequence and small molecule ligands influence G-
quadruplex topology. G-quadruplexes are unique secondary structures that form in
guanine-rich strands, with four guanines associating into a G-tetrad (G4). By
rationalizing our findings, we strive to elucidate some fundamentals aspects of G-
quadruplex folding. G-quadruplex research remains highly empirical, therefore
understanding the determinants of folding and stability is strongly needed for structure
prediction and rational ligand design. We utilize our expertise in analytical chemistry,
in particular native mass spectrometry, for the biophysical analysis of DNA structure.
We studied the cation/ligand effects on DNA topology in three separate projects.

Project 1 analyzes the interaction between lanthanides and G-quadruplex DNA. As
trivalent cations, lanthanides have the greatest potential in reducing charge density,
which is required for G-quadruplex folding. We present the first systematic analysis
that features (1) several lanthanide ions, (2) DNA strands of different base composition
and G-richness, and (3) a structural analysis of lanthanide-DNA complexes. We
deduce from luminescence, CD and MS measurements that Eu3* and Tbh** (but not
La3* or Yb3*) specifically target guanines in G-rich DNA, with 1 Tb®" per 6 to 12
guanines. Our evidence cannot validate or disprove G-quadruplex formation, but lets
us propose several hypothetical structures.

Project 2 analyzes the influence of the sequence on G-quadruplex conformation in K*.
This project was motivated by the fact that G-quadruplexes with three heterostacking
G-tetrads form with Na* and were never observed in K*. We modified DNA sequences
that form 2-tetrad antiparallel G-quadruplexes, stabilized by base triads, by extending
the G-tracts with additional Gs. The objective is the insertion of a third G-tetrad, while
maintaining the antiparallel (and heterostacking) conformation. The modified
sequences have two main conformers: a 3-tetrad hybrid G-quadruplex and an
antiparallel G-quadruplex with an uncertain number of G-tetrads. The hybrid form is
thermodynamically favored and obtained by annealing while the antiparallel form is
kinetically favored and obtained by adding K* at low temperature. Our work gives
insights for how K* determines the biophysical behavior of G-quadruplex DNA and
enables the design of optimized model sequences for atypical G-quadruplex
structures.

Project 3 is a comprehensive study on the non-covalent interaction between small
oligo-aromatic helices (‘foldamers’) and a wide range of G-quadruplex structures. The
native mass spectrometry screening reveals that our foldamers selectively target
parallel G-quadruplexes and are sensitive to the steric accessibility of G-tetrads, with
loops or flanking nucleotides preventing foldamer binding. Our crystal structure shows
two quinoline subunits interacting with an external G-tetrad through Tr-stacking.
Solution NMR confirms that the foldamer targets the 3’ and 5’ end of the G-quadruplex.
The conformational selectivity of foldamers originates from their ‘bulky’ helical shape,
which imposes steric restrictions on G-quadruplex binding. Our results introduce
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foldamers as promising selective G-quadruplex ligands with a unique scaffold that can
be modified in several ways to potentially further improve affinity and selectivity.

Keywords: mass spectrometry, supramolecular chemistry, G-quadruplex
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ARNA - Acides nucléiques : régulations naturelles et artificielles. Université de
Bordeaux, INSERM 1212, CNRS UMR 5320, 146 rue Léo Saignat, 33000 Bordeaux.
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INTRODUCTION

Preamble

My PhD work encompasses three main projects, which are presented in this thesis
manuscript. The manuscript does not feature my contribution to a review article
published by the team (Mass Spectrometry of Nucleic Acid Noncovalent Complexes,
Largy et al., Chem. Rev. 2022, 122 (8), 7720-7839). Neither does it feature the talks
and posters | had presented at the G4thering, IMSC and ‘GQs made in France’
conferences or the IntSMS and MSBM summer schools.

«The application of analytical chemistry to study the biophysics and topology of G-
quadruplex DNA » is how | would formulate the quintessence of this thesis project. To
give every reader an equal opportunity to understand and interpret my research, the
manuscript starts with an introductory review, summarizing everything the reader
needs to know on G-quadruplex biophysics and analytical chemistry before diving into
the three main projects.

We start by distinguishing the G-quadruplex from other secondary DNA structures and
introduce its main topologies. Then, we present all the characteristic features of a G-
quadruplex: loops, flanking nucleotides, grooves, glycosidic bond angle, base stacking,
H-bond rotation, handedness, molecularity and cations. The i-motif and its relation to
the G-quadruplex is outlined, since it serves as an alternative target in the foldamer
project (chapter 3). The final section presents G-quadruplex ligands in a simplified
manner. They are only relevant to chapter 3, where they are reintroduced with greater
detail.

The second half of the introduction is dedicated to the five main analytical methods
that we used: native mass spectrometry (MS), circular dichroism (CD), UV melting, x-
ray crystallography and NMR. We focus on the application to G-quadruplex analysis,
following a practical approach of demonstrating what information can be extracted and
how it is done. We include a theoretical introduction for native MS and CD, because
these two methods will be discussed in great detail throughout every chapter. Native
MS is a key method because our team has great expertise in native MS, challenging
the limits of how much structural information can be obtained from MS alone. As for
CD, | made it my personal mission to summarize the fundamentals of CD absorption
in G-quadruplexes, because | could not find a proper review in the literature.

Methods that were used, but not featured in the introduction are 1) UV spectroscopy,
because it was used to validate stock concentrations and was therefore not involved
in biophysical analysis, and 2) luminescence spectroscopy, which is only relevant to
the lanthanide project (chapter 1) and therefore introduced within chapter 1.

The main part of the thesis is separated into three different projects, a summary of
whom is given in the thesis abstract. Chapter 1 is about lanthanides interacting with G-
rich sequences, Chapter 2 is about trying to create a 3-tetrad antiparallel G-quadruplex
in K* and Chapter 3 is a comprehensive study on foldamers as topology-selective G-
guadruplex ligands.
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The G-quadruplex
From oligonucleotides to G-quadruplexes

DNA and RNA are polymers of nucleotides. The monomeric unit is a nucleotide, with

a DNA nucleotide depicted in Figure 1.
Nucleobase (G)

Sugar (d)

Figure 1 The guanine deoxynucleotide consists of a nucleobase (quanine or G) a sugar (deoxyribose or ‘d’) and a
phosphate. Atom labels are shown, with 5’ and 3’ highlighted in red.

A nucleotide contains three structural elements: Nucleobase, sugar and phosphate.
The phosphate serves as a connector between two sugar moieties. It also carries a
negative charge, which is why oligonucleotides are polyanions. The sugar is
deoxyribose (d) for DNA and ribose (r) for RNA (which has an -OH group in the 2’
position). To differentiate sugar atoms from nucleobase atoms, the sugar atoms are
labeled with an apostrophe. The glycosidic function is always 1’ (‘one prime”), the
phosphate groups connect to the 3’ and 5 atoms. By convention, oligonucleotide
sequences are written from 5’ to 3’. The sugar/phosphate chain is commonly referred
to as the ‘oligonucleotide backbone’ or, more often, just ‘backbone’. The backbone can
be modified for analytical purposes (usually to enforce a desired conformation) or to
increase environmental resistance (e.g. for oligo-therapeutics).!? Nonetheless,
backbone modifications are not within the scope of this thesis project.

The nucleobases are adenine, cytosine, guanine and thymine (for DNA) or uracil (for
RNA). They carry the genetic information that is transcribed into the transcriptome and
translated into the proteome. They are connected to the sugar through an N-C
glycosidic bond and can associate with other nucleobases through non-covalent H-
bonds. The most common base association in vivo is the G=EC and A=T base pairing,
which is why it is referred to as “canonical base pairing” (Figure 2). Watson-Crick base
pairing promotes the formation of the well-known DNA double helix.
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Non-canonical base pairing

Canonical base pairing
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Figure 2 The canonical base pairing of Watson-Crick duplexes (left) and variations of non-canonical base pairing
found in G-quadruplexes/i-motifs (right).

However, the duplex is not the only secondary oligonucleotide structure. In G-rich
sequences, four guanines can associate with each other through Hoogsteen-type base
pairing, leading to the formation of a G-tetrad. These G-tetrads can stack onto each
other, creating a G-quadruplex (Figure 3). A cation sits between each pair of G-tetrads.

G-tetrad
g Cation
_g.o G-tetrad
S Cation
G-tetrad

Figure 3 Simplified scheme of a G-quadruplex
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Structural characteristics

Strand progression

G-quadruplexes are divided into three main topology classes: Parallel, antiparallel and
hybrid. Each class is defined by their alignment of G-tracts. The G-tracts are the four
strands that make up the quadruplex assembly. For example, the sequence 22AG
(AAGGGTTAGGGTTAGGGTTAGGG) forms a three-tetrad quadruplex in Na*, whose
G-tracts are four separate GGG repeats. In parallel topology, all G-tracts follow the
same direction relative to one another. In antiparallel topology, the direction switches
between each G-tract. Hybrid topology is a mix of the other two: three G-tracts face
the same direction, one G-tract is opposed. A visual guide is provided in Figure 4.

parallel antiparallel hybrid
5 3 5

Figure 4 Strand progressions for the three main G-quadruplex topology classes with examples from resolved
solution-phase structures shown below. PDB codes: 2LK7 (parallel),®> 143D (antiparallel),* 2GKU (hybrid).5
Guanines are tan, adenines are blue and thymines are green.

Strand progression is the standard method to assign G-quadruplex topology.
Nonetheless, an important thing to keep in mind when discussing different topologies
is that topology is not equivalent to secondary structure. Topology is just one of the
many aspects of the secondary structure of a G-Quadruplex. Therefore, the topology
alone is insufficient to describe the G-quadruplex structure and other structural
features must be taken into account.

Loops

Loops are the connecting region between two G-tracts. Based on how they loop around
the G-quadruplex core, they can be divided into four main types (Figure 5). A fifth type,
the V-loop, will not be discussed since it is a very rare form of snapback occurring
mostly in hybrid-2 G-quadruplexes.®’
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propeller

—

lateral

Figure 5 The four main types of G-quadruplex loops with real examples, where the loop is highlighted in pink. PDB
codes: 2LK7 (propeller),® 203M (snapback),® 5LQG (lateral and diagonal).® Guanines are tan, adenines are blue
and thymines are green. The G-tract split in two by the snapback loop is highlighted in gold.

Propeller loops are typically short, containing 1-2 nucleotides. Propeller loops connect
two G-tracts that are aligned in the same direction, which is why most parallel G-
guadruplexes have three propeller loops. When the G-tract of a parallel G-quadruplex
IS truncated, it might flip back on itself to replace the missing G with a G from elsewhere
in the sequence. This leads to the formation of a snapback loop. They are most likely
to form in G-rich sequences with short loops and inconsistent G-tract length.©

Longer loops (> 3 nucleotides) are typically lateral and diagonal loops. Since they
change the direction of the G-tract, they are not found in parallel G-quadruplexes.
Antiparallel G-quadruplexes have two defined sub-types based on the loop sequence:
1) Lateral-lateral-lateral (‘chair-type’) and 2) lateral-diagonal-lateral (‘basket-type’).
Hybrid G-quadruplexes are also divided into two main sub-types: 1) propeller-lateral-
lateral (‘hybrid-1’) and 2) lateral-lateral-propeller (‘hybrid-2’). The majority, but not all
antiparallel/hybrid G-quadruplexes can be assigned to one of these sub-classes.

Loops can significantly contribute to the non-covalent G-quadruplex structure.
Nucleotides in the loops can form AT base pairs or GGG/AGA triads that stack on top
of the G-tetrads.**? Long loops can form intramolecular Watson-Crick base pairs (a
so-called ‘hairpin’), creating what is called a duplex-quadruplex junction.!?
Nonetheless, the G-quadruplex stability decreases with loop length,'# so the majority
of known G-quadruplexes have loops at a length of 1-5 nucleotides.

Flanking nucleotides

While loops are located between G-tracts, the flanking nucleotides are what comes
before and after the G-quadruplex forming strand. They may seem insignificant, but
their role in G-quadruplex formation is detrimental in many cases. A 5’ flanking thymine
can template the first guanosine into a configuration that promotes parallel topology.®
The introduction of nucleotides at the 5’ end also prevents G-quadruplex dimerization
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by covering the preferred stacking interface.® Flanking adenines can interact with
nearby loops and contribute to the formation of base triads.6

In a genomic context, the flanking region spans beyond hundreds of nucleotides.
Higher-order effects come into play, for example the supercoiling of DNA. One
hypothesis is that the formation of G-quadruplexes relieves superhelical stress. To test
this hypothesis, G-quadruplex DNA was injected into negatively supercoiled plasmids.
Superhelical stress can stabilize a G-quadruplex in physiological condition,’ but not
induce G-quadruplex formation in an unfolded strand.!®

Grooves

A G-quadruplex has four grooves, each running between a pair of G-tracts. Depending
on their width, they are classified as narrow, medium or wide. As the width depends
on the arrangement of the sugar backbone, it is defined as the distance between two
phosphorus atoms of neighboring dG nucleotides of the same G-tetrad. A narrow
groove measures around 7-10 A, a medium groove 15-17 A and a wide groove 20-
23 A (Figure 6).1°

narrow medium

-'-A—--A -~

,‘—&) ’f-d

~ ~m ramaw: WOy

(S 'f?.‘::»»

v

15.9 A

Figure 6 Examples of a narrow groove (PDB: 5YEY), a medium groove (PDB: 2LK7) and a wide groove (PDB:5YEY)
with the distance measurement for the central G-tetrad showcased in lime.

Which grooves a G-quadruplex has is not up to chance. All topologies have their
characteristic groove patterns. Parallel G-quadruplexes have four medium grooves.
Antiparallel ‘chair’ type G-quadruplexes have two opposing wide and narrow grooves
(there can never be two narrow or two wide grooves next to each other). The other
topologies have one narrow, two medium and one wide groove(s). Each of them has
their characteristic sequence of grooves from 5’ to 3’, which are: wide-medium-narrow-
medium (antiparallel ‘basket’), medium-wide-narrow-medium (hybrid-1) and wide-
narrow-medium-medium (hybrid-2), respectively.

Glycosidic bond angle and base stacking

The glycosidic bond between the sugar moiety and the nucleobase can rotate, but
tends to be locked around a certain angle due to intramolecular forces, such as G-
tetrad formation, in the case of G-quadruplexes. When the glycosidic sugar proton
(H1’) and aromatic nucleobase proton (H8 for guanine) face in the same direction, the
nucleotide is in syn-configuration. When they face in opposite direction, the nucleotide
is in anti-configuration (Figure 7).
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Figure 7 Desoxyguanosine in syn and anti-configuration. The H1” and H8 protons are highlighted in blue.
The glycosidic bond angle x is measured relative to the bonds shown in red.

Parallel G-quadruplexes only have anti-guanines. Antiparallel G-quadruplexes usually
switch back and forth between syn- and anti-guanines as the strand progresses. In
hybrid G-quadruplexes, three G-tracts have the same syn/anti/anti sequence, while the
fourth G-tract has the inverse anti/syn/syn sequence (Figure 8).

parallel hybrid

antiparallel ‘chair’ antiparallel ‘basket’

£ =

Figure 8 Standard base stacking patterns for G-quadruplexes based on their topology class, independent of strand
orientation or loop patterns. syn-guanines in hot pink, anti-guanines in cyan, K* in purple.
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The vast majority of G-quadruplexes follow a base stacking pattern like shown in Figure
8. The oligonucleotide strand has different ways to move along these scaffolds, which
lets us divide G-quadruplexes into more sub-groups. Webba da Silva proposed a
system classifying G-quadruplexes into categories | to VIII, according to base stacking
and strand evolution.?®

When two G-tetrads stacked on top of each other have the same syn/anti base pattern,
it is called homo-stacking. When the syn/anti pattern is inversed, it is called hetero-
stacking. Homo-stacking is characteristic for parallel G-quadruplexes, hetero-stacking
is characteristic for antiparallel G-quadruplexes, while hybrid G-quadruplexes tend to
have a mix of both.

Homo-stacking is typical for parallel G-quadruplexes, but why is it only anti-guanines?
Why not have four syn-guanines instead, for example? Ab initio calculations showed
that only syn—anti and anti—anti base stacks have favorable free energies, whereas
anti—>syn and syn—syn base stacks have unfavorable energy contributions (Figure
9)_21

syn—anti anti—anti
5-ring partial 5/6-ring

anti—syn Syn—syn
partial 6-ring partial 5/6-ring

Figure 9 The four combinations of base stacking in G-quadruplexes (5'—3’ direction). Strands pointing in the
opposite direction are greyed out. PDB codes: 5LQG (syn—anti),? 143D (anti—syn),* 5YEY (anti—anti and
syn—syn).?? The base stacking pattern and ring overlap are two different terms found in the literature, but they
refer to the same phenomenon.

23



Therefore, G-quadruplexes are thermodynamically driven to maximize the amount of
syn—anti and anti—anti base stacks, while minimizing the other two, which is why we
have the four main G-tetrad stacking patterns shown in Figure 8.

H-bond rotation

The H-bonds in the G-tetrad can rotate clockwise or anti-clockwise. We can express
the H-bond rotation with the indices (+) and (-). Perspective is key here, so we assign
rotation patterns as follows: We look down onto the G-tetrad stacks, with the 5’ end in
the back. We then assess the rotation pattern of the G-tetrad that is the furthest in the
back and advance to the front from there (Figure 10).
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Figure 10 Top: Positive and negative H-bond rotation pattern. Bottom: Assignment of rotation patterns for the
three main topology classes.

If one were to look from the other side instead, +++ becomes ---, -+- becomes +-+ and
-++ becomes --+. Switches in polarity are equivalent to hetero-stacking and
preservation of polarity is equivalent to homo-stacking. Although H-bond rotation is
directly caused by the glycosidic bond angle succession it nevertheless offers a
different perspective on G-tetrad stacking.



Handedness

By default, G-quadruplexes are right-handed. Right-handedness for G-quadruplexes
means that the G-tracts and the G-tetrads are turning clockwise as the strand
progresses, which is illustrated in Figure 8 and can also be seen in Figure 9.

Left-handed G-quadruplexes can be created by synthesizing oligonucleotides with L-
sugars instead of p-sugars.?®2* Natural DNA sequences with ‘GG’ and ‘G’ tracts
interrupted by one ‘T’ can also fold into a left-handed G-quadruplex, such as the
sequence Z-G4 (dT(GGT)sTG(TGG)sTGTT).2> One notable difference between left-
and right-handed G-quadruplex is that in right-handed G-quadruplexes, loops and
flanking nucleotides are facing more outwards, whereas for left-handed G-
quadruplexes, loops and flanking nucleotides are more bent inwards.?®

Molecularity

Molecularity describes the number of oligonucleotide strands within a G-quadruplex
assembly. G-quadruplexes with one strand are called intramolecular. Intramolecular
G-quadruplexes can still stack onto each other, forming a dimer. G-quadruplexes
prefer to dimerize at the 5’ to 5’ interface.?’ Parallel G-quadruplexes are the most likely
to dimerize, since their G-tetrads are not covered by loops. G-quadruplexes can keep
stacking onto each other, forming higher-order aggregates.?® The human telomeric
sequence contains a high density of G-quadruplex forming regions, so there is a
possibility for the formation of multimeric G-quadruplexes in vivo.?° G-quadruplex
multimers, stabilized by chelating metal cations, are being utilized in nanotechnology
as ‘G-nanowires’.*°

Multimolecular G-quadruplexes are formed by 2-4 oligonucleotide strands (Figure 11).

bimolecular trimolecular tetramolecular

[dG,4T,G,l, [dGTTAG,]; [dTG,T],

Figure 11 Left: Solution-phase structure of [dG4T4Ga]2 in 50 mM NaCl, PDB: 156D.3! Center: Solution-phase
structure of [dAGTTAG2]z in 33 mM NasPOa (pH 6.8), PDB: 6M05.3? Right: Crystal structure of [dTG4T]s in 75 mM
NaCl and 10 mM Tris-HCI (pH 7.4), PDB: 204F 33, Guanines are tan, adenines are light blue and thymines are pale
green.

Multimolecular G-quadruplexes are less dynamically constrained by their loops
compared to intramolecular G-quadruplex and can thus form more dynamic
assemblies. The Oxytricha telomeric repeat G4T4G4 is arguably the most researched
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bimolecular G-quadruplex. It is an antiparallel four-tetrad G-quadruplex with two
diagonal loops. Two diagonal loops are uncommon in intramolecular G-quadruplexes,
but more common in the bimolecular assembly because 2 strands provide more
conformational freedom.

TGAT itself is a stable and rigid tetramolecular G-quadruplex.3* However, inserting
more guanines enables the strands to ‘slide’ along the G-quadruplex core, creating a
range of slipped-strand configurations.3®

As a final example, the sequence [dGCG2AG4AG2]2 shows that multimolecular G-
quadruplexes will not necessarily abide by the rules that apply for intramolecular G-
quadruplexes (Figure 12). The core structure contains 2 G-tetrads as well as one
AGGGGA hexad and a CGCG tetrad. The two strands mirror each other’s direction in
a very atypical pattern. It is tricky to even assign a topology although, if we go by strand
orientation and base stacking pattern, hybrid topology would be the most sensible
assignment.

Gl s G4__ a5

G3
C2

AG /A hexad

[dGCG,AG,AG,],

Figure 12 NMR-derived structure of [dGCG2AG4AG2]2 in 175 mM KCl and 10 mM KsPOas (pH 6.8), PDB: 6SX6.
Reproduced from Sket et al. NAR 2020, 48 (5), 2749-2761.36 CC-BY-NC creative commons.

Cations

One cation between each pair of G-tetrads is essential for G-quadruplex formation.
The energetic driving forces behind this are the 1) cation-1r interaction between cation
and G-tetrads 2) entropic release of solvent molecules from the cavity between the G-
tetrads and 3) reduction of charge density by balancing the negative charges at the
phosphate residues.3”:38 Only main-group cations with the right size can intercalate
between two G-tetrads (Table 1). Transition metals initiate covalent interactions with
nucleobases. Metal ions that target guanine, such as Ag®*, counteract the K*-induced
formation of G-quadruplexes by shifting the equilibrium towards other higher-order
structures such as G-G mismatches.3%-%!
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Table 1 Main-group cations and their effect on G-quadruplex formation.

Cation | lonic radius [A] Promotes G-quadruplex
(Shannon*?, formation?
coordination VIII)

Li* 0.92 N %346

Na* 1.18 Y eg43,44,46-48

K* 1.51 Yes37.48,49

Rb* 1.61 Yeg43-46

Cs* 1.74 N %346

Mg?* 0.89 N O%4.45,50-54

Ca? 1.12 Not always#*4-46.50-55

Sr 1.26 Y eg44.50,56,57

Ba2* 1.42 Yes44.50

TI* 1.59 Y es58-60

Pb2* 1.29 Yes61-63

NH4* 1.54%4 Y es35.65-74

We can derive from Table 1 that the ‘sweet spot’ for cation intercalation lies between
1.2-1.6 A. The biologically relevant cations for G-quadruplex formation are Na* and K*
in both intracellular (148 mM K*, 8 mM Na*) and extracellular (5 mM K*, 144 mM Na®)
conditions.” Because G-quadruplex formation occurs inside the cell (for the most part),
the default cation is K*. K* ions form very stable G-quadruplexes, with Ko values in the
UM to mM range,’® so that K* concentrations as little as 1 mM can be enough to form
a stable G-quadruplex.’” Cation competition experiments shows that K* displaces most
other cations from pre-folded G-quadruplexes e.g. sodium*®4’ or ammonium’®. Only
divalent cations of similar size such as Sr?* and Pb?* match with K* in terms of binding
affinity.4+>%7° Figure 13 shows the melting curves of the two same G-quadruplex
sequences in 100 mM of various cations. K* clearly forms one of the most stable G-
quadruplexes.
K* NH,* Srz Mg?*
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Figure 13 The folded fraction of 222 (GsTTGsTTG3TTGs) and 222T (TGsTTGsTTGsTTGsT) as a function of
temperature for different cations, determined by UV melting. Samples contain 10 pM DNA, 100 mM cation and
20 mM lithium cacodylate (pH 7.2). Reprinted with permission from Largy et al. JACS 2018, 138 (8), 2780-2792.46
Copyright 2016 American Chemical Society.

K* and Na* favor different topologies. 3-tetrad intramolecular G-quadruplexes in K* are
mostly parallel or hybrid, while 2- and 4-tetrad G-quadruplexes are mostly
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antiparallel.”” Na* promotes antiparallel topology - sequences that assume
parallel/hybrid topology in K* will often be antiparallel in Na*.5":8081 While we still cannot
fully explain why K* and Na* promote different G-quadruplex folds, we can point out
differences between their binding mechanisms that can help us obtain a better
understanding. First, Na* ions are much smaller and can fit inside the center of a G-
tetrad (check out the TGAT structure in Figure 11 for reference). Meanwhile, K* ions
are significantly larger and always located inbetween, but never inside G-tetrads.3"48
Thermodynamic studies revealed that Na* induced G-quadruplex formation is
enthalpy-driven, while K* induced G-quadruplex formation is entropy-driven.8283 That
could be a contributing factor for why G-quadruplexes in K* are more stable at high
temperature compared to Na*, but gives no concrete information on topology
preference.

NHa4* is not biologically relevant, but frequently used in mass spectrometry because it
is volatile and can therefore be added without limitation. NH4* is chemically similar to
K* but will form less stable G-quadruplexes (Figure 13) that are more labile in the gas
phase as they pass through the mass spectrometer due to neutral loss of NHz3.6566

G-quadruplex vs. i-motif

When a G-quadruplex forms on a G-rich strand, an i-motif can form on the opposing
C-rich strand. The core structure of the i-motif is not a stack of G-tetrads, but a stack
of CC* base pairs, where one cytosine is protonated (Figure 14).
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Figure 14 Overview showing a CC* base pair, the criss-cross stacking pattern of CC* pairs and the NMR structure
of (dAACCCC), at pH 4.5 (PDB: 1YBL).84 Cytosines are pink, adenines are blue.
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i-motifs require cytosine protonation and therefore need to be stabilized at slightly
acidic pH (5-7) for in vitro analysis. The longer the C-tracts, the more stable the i-motif
at neutral pH.®> i-motifs are stable at neutral pH in vivo,2® due to several factors that
are not accounted for in vitro such as 1) Superhelical stress!’ 2) Molecular crowding®’
3) Mg?* as a potential co-factor in i-motif folding®” 4) Stabilization through duplex-
junction.88

G-quadruplex ligands

Due to their involvement in gene expression, G-quadruplexes are attractive drug
targets. The first generation of G-quadruplex ligands was derived from duplex-
intercalating drugs (Figure 15). As a consequence, those ligands were not able to
selectively target G-quadruplex over duplex-DNA in a cellular environment.#°° Newer
G-quadruplex ligands resolved this issue with aromatic systems designed to match the
size of a G-tetrad, rather than a GC base pair. The difference in affinity between duplex
and G-quadruplex is several orders of magnitude for PhenDC3,°! leading to its
application as a biomarker to detect G-quadruplexes in cells.®? Cationic sidechains are
often added to prevent charge repulsion from DNA polyanions and improve water
solubility.%3
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Figure 15 Evolution of G-quadruplex ligands. Left: Duplex binding drug Amsacrine stacking onto a GC base pair
(PDB: 4G0U).% Center: First-generation G-quadruplex ligand BRACO-19 stacked onto a G-quadruplex (PDB:
3CE5).% Right: Second-generation G-quadruplex ligand PhenDC3. The size of the aromatic system is optimized
to stack onto a G-tetrad (PDB: 2MGN).%

Newly introduced G-quadruplex ligands usually have two characteristic features: 1) A
flat, heteroaromatic core structure that enables Tr-stacking onto the G-tetrads 2)
Extended, flexible sidechains to target sequence-dependent structures, especially the
grooves and the loop regions. Several classes of G-quadruplex ligands were
discovered from this, including bisquinolinium-dicarboxyamides,®%°7-192 acridines,03-
106 phorphyrins97-110 and diimides.''1-114 Although out of scope for this thesis project,
fluorescence is one of the main established methods to probe G-quadruplex folding
and ligand targeting. Beyond generic fluorescence dyes such as thiazole orange or

29



thioflavin T, several ligands have been developed as G-quadruplex specific fluorescent
probes.'5-117 Some notable G-quadruplex ligands are introduced in Figure 16.
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Figure 16 Introducing some of the most prominent G-quadruplex ligands. Characteristic features are 1) A flat,
heteroaromatic core structure 2) Flexible sidechains at the perimeter 3) Positive charges.

Nonetheless, current ligands still lack the necessary selectivity among different G-
quadruplexes for clinical use.'®!? Ligands discriminating certain topologies®”:12%121 or
topology-subclasses'?>-2* have already been reported but rational design efforts have
not yet yielded small molecules with significant selectivity for a specific G-quadruplex
structure.'?> Chapter 3 introduces a new ligand class that deviates from the condensed
aromatic structure paradigm, leading to improved topology selectivity.
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Biophysical methods to study G-quadruplexes

Mass spectrometry (MS)

Native MS

Native mass spectrometry is all about preserving the analyte’s non-covalently folded
structure, i.e. its native structure, during analysis. In a mass spectrometer, the ion
source is the highest risk factor for denaturing a biomolecule, because the analyte has
to be brought into the gas phase, which requires the application of external force. Some
ionization methods are harsh enough to break covalent bonds, others are soft enough
to preserve non-covalent structures. The softest ionization method is electrospray
ionization (ESI), for which a typical native MS workflow is depicted in Figure 17. Matrix-
assisted laser desorption ionization (MALDI) is another ionization method that is
compatible with native MS, however it is less common and out of scope for this thesis
project.126:127

ESI inlet P
_\ e®%e v .h; _'. )
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Figure 17 Native MS workflow for the study of G-quadruplexes using ESI-MS in negative mode. K* ions are purple,
Cl— ions are green.

To reduce the risk of denaturation, the samples are processed as little as possible and
injected directly into the MS instrument. LC-MS coupling is usually incompatible with a
native workflow due to the denaturing conditions inside the column (solvent, high
temperature, additives). Double-stranded RNA has been preserved using reverse-
phase LC with an ion pairing agent (IP-RP-LC), showing that native LC conditions can
be achieved.'?812° Nonetheless, we do not advise LC-MS coupling for native analysis.
We ourselves do not work with ex vivo DNA, but with synthetic DNA sequences of
interest, so a target separation/extraction is not required.

Our samples only contain what is needed to ensure native G-quadruplex folding. Note
that in native conditions, the analyte exists in an ensemble of different conformational
states, such as the folded and unfolded ensemble. Besides the analyte, everything in

31



the sample should be volatile. During droplet evaporation, non-volatile additives attach
themselves electrostatically to the analyte (forming an adduct) or form salt clusters.
High salt concentrations create a high ion current of something that is not the analyte,
masking its detection. For optimal sensitivity, the major portion of the ion current
reaching the detector should contain analyte ions. We therefore have to limit the
qguantity of non-volatile additives. Based on experience, we work with a limit of 1 mM
salt concentration.”” Ammonium acetate is volatile and can be thus added without
restriction, making it a standard buffer for MS. Since NH4* ions promote G-quadruplex
formation as well, ammonium acetate is our go-to buffer for native MS of G-
guadruplexes. When studying biologically relevant G-quadruplexes, we have to add at
most 1 mM of K* along with trimethylammoniumacetate (TMAA) to obtain physiological
ionic strength (ca. 100 mM). The (CHs)sNH* ion is too big to fit inside the G-quadruplex
structure and therefore not interfering with G-quadruplex folding.

lonic strength is not only important because of physiological concentration, but
because of its effect on desolvation during the electrospray process. Despite the
simple practical approach, the electrospray process is so complex in nature that it has
yet to be fully understood. What we do know is that when the solution exits the capillary,
the electric field pulls the liquid into a cone shape (‘Taylor cone’). From the tip of the
cone extends a filament that breaks up into the first set of droplets. An auxiliary gas
flow helps break up the filament. The charged droplets are pulled towards the gas-
phase inlet. Their polarity depends on the polarity of the electric field; for
oligonucleotides we operate in ‘negative mode’, i.e. the droplets carry a net negative
charge. On their way to the inlet, the droplets evaporate. A drying gas flow assists in
droplet evaporation. The evaporation keeps going until the charge density hits a critical
limit (‘Rayleigh-limit’), where a series of small droplets (‘offspring droplets’) burst from
the main droplet (‘bulk’). The distribution of charges is asymmetrical and charges will
accumulate in the offspring droplets, while the bulk droplets lose charges. As a result,
any analyte inside the bulk droplets has its charges neutralized, making it
undetectable. Response factors in ESI-MS heavily depend on how many analyte
molecules end up in the offspring droplets and how many are left in the bulk solution.
Sadly, we have little to no control over how much analyte migrates into the offspring
droplets. The consecutive cycle of evaporation and charge explosion continues until
the droplets have shrunk to a size that is close to the analyte molecule. At this point,
the droplet only contains one analyte molecule which is about to transition from solution
phase to gas phase. Several mechanisms can occur and the ionic strength of the
solution is a deciding factor whether the analyte remains folded or becomes denatured
(Figure 18).130-133

The lon Evaporation Mechanism (IEM) only occurs for small, rigid ions and is therefore
not relevant for biomolecules. It involves the ion migrating to the surface of the droplet,
from where it breaches through the droplet surface and enters the gas phase. The
energetic barrier for ion ejection is the surface tension of the solvent, while the driving
force is charge repulsion. The Charged Residue Mechanism (CRM) is the desired
mechanism for native MS. In this scenario, the analyte remains in the center of the
droplet, while the solvent and all volatile compounds evaporate. The remaining
charges and non-volatile ions are passed on to the analyte, which is now left in the gas
phase. The gas-phase charge state has no correlation to the solution-phase charge

state, but rather depends on the size of the final droplet, so it scales with molecule
Size_130,131

32



lon ejection mechanism (IEM)
Small rigid structures

Charged residue mechanism (CRM)
Native, high ionic strength

Chain ejection mechanism (CEM)
Denaturing, low ionic strength

Charges: 10-18

Bead ejection mechanism (BEM)
Intermediate, high ionic strength

= ™ Charges: 6-12

Figure 18 The four known electrospray mechanisms of ion transfer from solution into gas-phase. CRM is desirable
for native analysis, CEM is desirable for top-down analysis. BEM is an intermediate mechanism for biomolecules
that contain unstructured units. Charge states shown are in reference to a 24-mer oligonucleotide.

In low ionic strength, there are not enough charges spread across the droplet surface,
so the analyte ion is drawn to the surface to add its own charges. The Chain Ejection
Mechanism (CEM) is more or less a variation of the lon Ejection Mechanism, but for
big and flexible molecules. Both mechanisms are driven by charge repulsion, but while
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the IEM is driven by intermolecular repulsion, the CEM is driven by intramolecular
repulsion, caused by a high charge density within the analyte ion. That is because in
low ionic strength, there are not enough counterions to neutralize excess charges. The
CEM starts with one of the molecule termini (The 5’ or 3’ end for G-quadruplexes) being
ejected from the droplet. When a terminus is ejected, it drags the nearby strand with it,
which then drags out more of the strand etc. until the entire molecule has been ejected
as an elongated strand. In the elongated form, the charge density is reduced while
native folding is lost. Biomolecules with unstructured domains can undergo a mix of
CRM and CEM, which is the Bead Ejection Mechanism (BEM). Structured domains
follow the CRM, while unstructured domains undergo chain ejection. If all folded

domains are preserved, bead ejection can still be considered a native mechanism.33-
135

For native MS, we want to maximize the probability of the Charged Residue
Mechanism. This is most effectively done by maintaining high ionic strength. With
sufficient charges on the surface, the analyte ion will remain at the center of the droplet.
Chain ejection is more likely to occur when the analyte ion migrates to the surface.
This can be due to low ionic strength, but also due to hydrophobicity (not an issue for
DNA, but a big problem with lipophilic proteins, for example). Chain ejection produces
higher charge states, which have higher response factors. Therefore, denaturation by
chain ejection can be desirable for top-down methods. Another method to obtain high
charge states is the addition of supercharging agents. The exact mechanism behind
supercharging remains unknown, but depending on the supercharging agent the
process can be native or denaturing.33.136

Native MS of G-quadruplexes is a powerful tool to analyze species with a difference in
mass. One of the key mass shifts is the number of cations bound to the G-quadruplex,
from which we can track G-quadruplex folding (Figure 19). For each K* bound there is
a mass shift of 38 Da (*H detaches, 3°K attaches). K* ions bind in two ways: non-
specific and specific. Non-specific K* ions attach to phosphate groups on the DNA
backbone; their distribution follows a discrete statistical distribution (i.e. they look bell-
shaped) that can be approximated with a Poisson function.**” The sequence 24nonG4
exhibits a good example of an unspecific cation distribution. 0 K* is the most abundant
adduct and the cation distribution pattern is bell-shaped. So even if 24nonG4 contains
50% guanines we can deduce from the mass spectrum that it does not form a G-
quadruplex. Specific K* ions in G-Quadruplexes are the ones located between 2 G-
tetrads. An adduct with n K* ions is considered specific when it is significantly more
populated than its neighboring adducts n+1 and n-1. 24TTG forms a 3-tetrad G-
quadruplex, which has 2 K* ions bound within the structure. The mass spectra clearly
show 2 K* as the main adduct, with little population of 0/1 K*, proving that the sequence
indeed forms a G-quadruplex that is stable in the sample buffer.

Na* is present as a contamination and due to DNA strands being polyanions, cations
like Na* will easily attach to them. In G-quadruplex DNA, specific K* adducts bind with
a much higher affinity than unspecific Na* adducts, making Na* adduct peaks look
small in comparison. In non-quadruplex DNA, Na* and K* compete as unspecific
adducts, causing broad and difficult-to-read adduct distributions (bottom example in
Figure 19). To mitigate the uncertainty of whether an adduct is specific or non-specific,
we recommend checking the highest charge state (in native conditions). Note how in
Figure 19 the 5- charge state carries significantly less cation adducts than the 4- charge
state. Although there is no definite explanation for this, the higher charge states in
native MS will always carry less unspecific cations. Quantification of specific cations is
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possible but requires a control experiment with an unstructured sequence of similar
base composition. For example, in Figure 19, 24nonG4 (bottom) would serve as a G-
rich 24-mer control sequence to subtract unspecific adducts from 24TTG (top). Our lab
developed this approach and quantified the Kp values of K* binding to 24TTG this
way.’®
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Figure 19 Mass spectra of two 24mer G-rich DNA sequences. Top: 24TTG (dTTGsTTAGsTTAG3TTAGzA),
Bottom: 24nonG4 (dTGsATGCGACAGAGAGGACG3A). K* adducts are labeled with numbers. Na* adducts are
labeled with (*).

lon mobility

lon Mobility Spectrometry (IMS) is arguably the most powerful MS method for
secondary structure analysis. An IMS setup has two key components: 1) an electric
field accelerating the ions (higher charge state = faster acceleration) and 2) an inert
gas medium. Analyte ions decelerate by transferring their kinetic energy to the
surrounding inert gas molecules (mostly through direct collisions). The average ion
velocity (vp) is proportional to the acceleration caused by the electric field voltage (E)
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and the deceleration caused by interactions between ion and inert gas, which is
expressed by an ion-specific property called the ion mobility (K).

UD=KXE (1)

The ion mobility (dimension: cm?/Vs) correlates to the shape of the molecule, in
particular its compactness. The higher the ion mobility, the less the ion is slowed down
by inert gas interactions. Since IMS separates the ions based on ion mobility, this
unique method allows us to separate the conformational ensemble of G-quadruplexes
and isolate the mass spectra of different conformation states. Our lab works with a
Drift Tube IMS (DT-IMS) setup, which is a time-based separation method with a
constant low-field voltage (Figure 20).
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Figure 20 lllustration showing the basics of Drift Tube lon Mobility Spectrometry (DT-IMS). Compact conformers of
the same charge state will travel faster than extended conformers due to transferring less momentum to the drift
gas. lon-gas interactions are mostly collisions, but include non-covalent contacts as well.

The ions are separated based on their retention time inside the drift tube, which is
linked to the ion mobility. The resolution of DT-IMS is proportional to the length of the
drift tube. Nonetheless, increasing drift tube length is often impractical due to the
dimensions of a normal research lab. One solution is to make the drift tube cyclic;
instrumentation for cyclic IMS has very recently become commercially available.'38
Another way is increasing the retention time inside the drift tube through pulsed electric
waves that push back the ions. This method is called Travelling Wave IMS (TWIMS).

Because drift time and ion mobility are dependent on the instrumental setup, the
momentum transfer integral Q is used as a reproducible reference parameter. It is more
commonly referred to as the collision cross section (CCS) and has the dimension of a
surface. The collision cross section can be seen as a hypothetical area of contact
between analyte ion and drift gas. The majority of those contacts are collisions, but
non-covalent contacts also contribute to the momentum transfer (as depicted in Figure
20). CCS values cannot be directly measured, but have to be calculated from the ion
mobility.

Our DT-IMS instrument measures the arrival time (ta) as the time between the release
of ions from the trapping funnel until their detection at the TOF mass analyzer. The ion
spends a portion of that time in the drift tube (drift time: to) and the other portion inside
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the rest of the instrument (dead time: to). We separate those contributions by operating
the drift tube at different drift voltages. Figure 21 shows the shift of arrival time
distribution (ATD) at different drift voltages (AV) from our external calibrant, which is a
solution of 40 mM dTG4T in 150 mM ammonium acetate.

590V 490V 440V

\ H
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15 161 17.6 19.7 22.7 24.5 27
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Figure 21 Arrival time distributions of the G-quadruplex species [(dTG4T)4*3NH4*]° ~at different drift voltages.

The drift time tp is dependent on the drift voltage AV, whereas the dead time is not.
L2

D~ KXAV (2)

Where L is the length of the drift tube (78.1 cm) and K is the mobility of the ion species
(In this case: [(dTGaT)4*3NH4*]°>"). Based on this, we can formulate the correlation
between arrival time and drift voltage as a linear function.
2 1

tA—t0+tD—t0+;><E 3)
The plot is shown in Figure 22. We extract the dead time from the y-intercept and the
ion mobility from the slope. We convert the ion mobility K to the collision cross section
using the Mason-Schamp equation. Note that this equation follows the assumption of
a static drift gas and low-field conditions.

3 zXe XT 2T
CCS = ==X Po

16 = NoxK =~ pxTy Al pxkgXT

(4)

The equation features several constants: e, ks, No (Loschmidt constant), po (1 atm), To
(273.15K). The temperature T, pressure p and the reduced mass g
(1 = (Mion*Mue)/(MiontMre)) remain practically constant within the experimental
conditions. The ion mobility K and charge state z will be different for every ion species.

This method produces a single CCS value which corresponds to the peak maximum
of the arrival time distribution. For the calibrant TG4T, our CCS values are 788.7 Az for
the 5- ion (Figure 22) and 740.4 Az for the 4- ion (not shown). These values are in good
agreement with previously published experimental results (787.5 A2 [5-], 735.7 A2 [4-

])_34
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Figure 22 Left: Obtaining drift time and reduced ion mobility by linearly fitting the arrival time at different drift
voltages. Right: CCS distribution of [(dTG4T)4*3NH4*]° ;, calculated from the reduced ion mobility using the Mason-
Schamp equation.

We generate CCS distributions by converting the arrival time ta to the respective CCS
value using ‘a’ as a conversion factor and zAly as a proportionality factor required for
linear approximation. The conversion factor a is calculated from the CCS at peak
maximum (CCSmax) that was determined at the previous step.3*

z

=aX X
CCS = axtyx— (5)

CCS
q = E8max o VB ®)
tamax Z

Conceptually, any of the five ATDs shown in Figure 21 can be converted using this
method. To be as close as possible to the low-field limit, we consistently choose the
ATD at the lowest drift voltage.

Changes in CCS values can be interpreted as conformational changes. Significant
structural rearrangements, e.g. a DNA strand folding into a G-quadruplex, causes a
significant CCS shift. In chapter 1, we utilize IMS to identify cation-induced
rearrangements of G-rich DNA strand. In chapter 3, we analyze the effect of G-
quadruplex ligands on the CCS distribution. Changes in the CCS distribution allowed
us to identify ligand-induced G-quadruplex rearrangements. The separation of
conformation states let us assess the conformational selectivity of our G-quadruplex
ligands.

Although IMS cannot resolve unknown structures, experimental CCS values can be
useful to validate or disprove calculated structures.*3+13° For the verification of in silico
structures, we recommend measuring experimental CCS values in helium, since
nitrogen (which is the standard drift gas for IMS) is polarizable, so that dipole-dipole
interactions between analyte and N2 will contribute to the experimental CCS value,
making calculations more difficult and less accurate.40
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Circular dichroism spectroscopy (CD)

Circular Dichroism (CD) is a spectroscopic method that uses circular polarized light. A
chiral center will absorb either more left-handed or more right-handed circular polarized
light. The difference in absorption (A) is measured and converted to a difference in
extinction coefficient (Ag) using the Lambert-Beer law (c = concentration of chiral
species, | = path length).

. __ Aleft—Aright
Ae = €left — Eright = cxl

(7)

The asymmetric absorption of left-handed and right-handed circular polarized light
creates elliptical polarized light. Historically, the difference in absorption was derived
from the angle of ellipticity. Even though modern instruments directly measure the
difference in absorption (AA), it is commonly converted into ellipticity (8) for historical
convenience (with the unit millidegrees or mdeg).*4*

6 = 3298.2 x AA 8)

Oligonucleotides absorb circular polarized light in a range of 220-300 nm. The
excitation reaction is a HOMO-LUMO-transition between two nucleobases that interact
through Tr-stacking (m—1r* transition).*4? The chiral selectivity comes from the chiral
arrangement of the nucleobases relative to one another. The main contributing factor
is the base stacking pattern, which leads to different contact regions for 1r-stacking
(shown in Figure 9).143 The alignment of G-tetrads also affects the m-stacking interface:
The nature of G-quadruplex stacking (hetero/homo) and the angle at which two G-
tetrads are twisted relative to each other both have an effect on the CD spectrum
(unpublished data). Figure 23 summarizes all structural aspects of G-quadruplexes
that contribute to its signal in CD.

Although most intramolecular interactions originate from the G-quadruplex core,
nucleobases in the loop and flanking regions can also form H-bond networks, such as
base pairs, triads or even tetrads. These structures join the t-stacking network and
contribute to the CD signal.
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The 11-stacking interface that defines CD absorption
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Figure 23 A schematic overview summarizing the structural origins of CD signal in G-quadruplexes.

Parallel, antiparallel and hybrid G-quadruplexes have characteristic base stacking
patterns (note that the antiparallel ‘chair and ‘basket’ configurations both have
syn—anti base stacks, even if their arrangement is different), leading to characteristic
CD signatures for those three topology classes. Parallel G-quadruplexes have a strong
positive band at 260 nm. Antiparallel G-quadruplexes have a positive band at 290 nm
and a negative band at 260 nm. Hybrid G-quadruplexes have two positive bands at
260/290 nm (Figure 24).144
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Figure 24 Typical CD signatures for the three main topologies of G-quadruplexes. Sequences shown are
dTTGTGGTG3TGsTGzT (parallel, PDB: 2M4P), G4aTTAG4TTAG4TTAG4T (antiparallel),
TTAG3TTAG3TTAGSTTAGSTT (hybrid, PDB: 2JPZ). Samples contain 10 pM DNA and 100 mM KCI.

CD is a simple yet powerful method for a qualitative secondary structure analysis of G-
quadruplexes. CD is particularly useful in separating parallel from non-parallel G-
quadruplexes. Antiparallel and hybrid G-quadruplexes, however, have similar base
stacking (syn/anti), G-tetrad stacking (hetero/homo) and loop contributions (base
pairs/triads). Furthermore, they are prone to polymorphism and can have multiple
conformers hidden within a single signature. Therefore, topology assignments based
on antiparallel/hybrid CD signatures should be done with caution and ideally cross-
validation from other methods.

UV-melting

UV melting is a simple approach to probe the thermal stability of secondary DNA
structures, including the G-quadrulex.'#145146 However, deeper thermodynamic
analysis also yields AH and AS values of G-quadruplex folding/unfolding.'#’-14° The
data acquisition workflow is similar to a regular UV spectroscopy experiment, except
for the setting of a temperature range and temperature ramp.** We will use the
sequence 24TTG (dTTG3TTAGsTTAG3TTAGsA) as a model sequence throughout this
section to showcase all the steps of data processing. The underlying physical
phenomenon of UV melting is that G-quadruplex folding causes a change in UV
absorption (Figure 25). The transition between folded and unfolded G-quadruplex is
induced by a change in temperature. The G-quadruplex unfolds (denatures) at high
temperature and refolds at low temperature.
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Figure 25 Left: UV spectrum of 24TTG (dTTGsTTAG3TTAGSTTAGsA) at low and high temperature Right: Changes
in UV absorption caused by temperature-induced G-quadruplex folding. Sample matrix contains 10 uM DNA,
0.5 mM KCl and 50 mM TMAA.

We can use that change in UV absorption to track G-quadruplex (un)folding as a
function of temperature. But first, we need to find a wavelength where the change in
absorption is specific to G-quadruplex (un)folding (Figure 26).
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Figure 26 The temperature-dependent UV absorption of 24TTG at three different wavelengths. Sample matrix
contains 10 uM DNA, 0.5 mM KCI and 50 mM TMAA.

i

The change in absorption is the highest around the absorption maximum at 260 nm.
However, there appear to be multiple convoluted transitions that are correlated to
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matrix effects, making it unfeasible for data processing. Meanwhile there is a singular,
clean transition at 295 nm, indicating that the change in absorption solely originates
from G-quadruplex (un)folding. 295 nm is indeed the standard wavelength to track G-
quadruplex (un)folding, while a reference to remove instrumental artifacts is being
measured at 335 nm.*>

After subtracting the reference curve at 335 nm, the melting curve at 295 nm can be
used to determine the melting temperature, at which 50% of the G-quadruplex is
unfolded. A simple, but not fully accurate approach is to plot the first derivative of the
melting curve, which results in a bell curve that has a maximum at the melting
temperature.*® This approach can be satisfying for a simple qualitative analysis of
melting curves. For a more advanced analysis, we need to plot the fraction of folded
DNA as a function of temperature. In order to calculate the folded fraction (B), we use
the low-temperature baseline L1(T) as a reference for 6 = 1 (fully folded) and the high-
temperature baseline Lo(T) as a reference for 8 = 0 (fully unfolded). We can fit the UV
absorption A(T) on a scale of 0 to 1 with the following equation.

_ Lo(T)—A(T)
(1) = Lo(T)—Ly (T)

Figure 27 shows the conversion of UV absorption to fraction folded for 24TTG.
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Figure 27 Left: Melting curve at 295 nm with linear functions to fit the low-temperature and high-temperature
baseline. Right: Temperature-dependent folded fraction, with the melting temperature at 6 = 0.5. Sample matrix
contains 10 uM DNA, 0.5 mM KCI and 50 mM TMAA.

Note that the selection of datapoints to fit the temperature baselines is user-dependent.
Therefore, melting temperatures are never perfectly repeatable, even with the same
dataset. Our lab has developed a baseline-selection algorithm for a more consistent
approach to melting data processing.’” Also note that unexpected kinks can appear in
the melting curve, which for example in Figure 27 leads to apparent negative 6 values
around 50°C. It is once again the user’s choice whether to fit the baseline through the
data points around 50°C or those from 60-90°C. As the user in question, | decided |
would rather have negative 6 values than a folded fraction around 10% at 90°C.
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To check for slow kinetics (i.e. slower than the temperature gradient), the melting curve
Is often measured in both the heating and the cooling direction. It is advised to start
with the cooling cycle, because that includes an annealing which removes the influence
of sample storage time. When the (re)folding kinetics are slower than the temperature
ramp, there will be a hysteresis between the two melting curves. 24TTG shows no
remarkable hysteresis, but the low experimental precision of UV melting leads to small
Tm differences between cooling and heating cycle regardless.”” The melting
temperature is commonly reported as the average between the two values from each
curve.

For thermodynamic analysis the 6(T) curve is reprocessed as a van’t-Hoff plot, with
1/T (in 1/K) on the x-axis and In Ka on the y-axis. Note that this only works when there
is no significant hysteresis between heating and cooling curve (indicating slow
kinetics).
AH 1 AS

anA——?X;‘i‘? (20)
We obtain the folding enthalpy AH from the slope and the folding entropy AS from the
y-intercept. R is the universal gas constant. The association constant Ka is calculated
from the folded fraction, assuming a simplified reaction model.

unfolded DNA < folded DNA
6(T)

1-6(T)

The van’t-Hoff plot for 24TTG is shown in Figure 28. It should be noted that other

authors suggest further restricting the analysis interval (0.15 < 6 < 0.85) in order to
keep just the region where Ka values are most precise.*!

In K,

AH = —149 kJ/mol
AS = —484 J/(mol*K)

0.0632 0.0634 0.0636
1T [1/K]

Figure 28 van’t-Hoff plot of 24TTG to extract the folding enthalpy/entropy.

We obtain a folding enthalpy of -149 kJ/mol and a folding entropy of -484 J/(mol*K).
Those values are comparable to the ones Mergny/Lacroix presented for 22AG (AH = -
150 kJ/mol, AS =-485 J((mol*K)). 22AG (dAGsTTAG3TTAG3TTAGs) is a telomeric
sequence that is similar to 24TTG (dTTGsTTAG3TTAG3TTAG3A).
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X-ray crystallography

X-ray crystallography is one of the two methods used to fully resolve G-quadruplex
structures (the other one is NMR). Two main steps are required to obtain a crystal
structure: 1) crystallogenesis and 2) crystal structure determination.

The objective of crystallogenesis is to obtain single crystals of the analyte. For that the
analyte is placed in a crystallization matrix, which has three main components.

1) Buffer to adjust the pH value, which is usually kept around 6-7 for G-quadruplexes.
Standard buffers for oligonucleotides are cacodylate, Tris, HEPES or MES.'52153
Phosphate buffers (typical for NMR) are avoided due to the risk of phosphates
crystallizing.154

2) Precipitation agent. It is added to reduce water activity and thus facilitate the
transition from solution to crystal phase. Most G-quadruplex crystals used PEG, MPD

(often in combination with spermine) or ammonium sulfate as a precipitation agent.152-
154

3) Additives — For G-quadruplexes: a mix of mono- and divalent cations. The
monovalent cations are essential to G-quadruplex formation (K*, Na*, NH4*) and are
often added at >100 mM concentration. The divalent cations neutralize negative
charges at the phosphate backbone, reducing charge repulsion and promoting
aggregation. Any alkaline earth metal (Mg?*, Ca?", Sr?*, Ba?') works but most
successful matrices contain Mg?*. High concentrations of divalent cations destabilize
the G-quadruplex, so they are usually kept around 10 mM,152-154

The analyte inside the crystallization matrix is dispensed as a small droplet that slowly
evaporates over time until the analyte either precipitates (undesired outcome) or
crystallizes (desired outcome). Trial-and-error remains the main strategy to obtain
crystals and a wide range of crystallization matrices have to be tested before acquiring
crystals suited for x-ray diffraction analysis. A detailed step-by-step tutorial on how to
obtain and measure G-quadruplex crystals can be found in [*%°]. Figure 29 provides a
simplified overview on the x-ray diffraction analysis workflow.

X-rays diffraction
% pattern

moleculé
(crystallized)

electron
density map

structural
refinement

2 By PDB database
4 structure

Figure 29 A simple flow chart of x-ray crystal structure analysis, depicting the x-ray diffraction experiment, the data
processing to obtain the electron density map and the structural refinement based on the electron density map. The
structure shown is a bacterial membrane signaling protein (PDB: 6YBU).

When a single crystal is hit by an x-ray beam, the x-rays will diffract at discrete angles:
Those that meet the Bragg-condition. The resulting diffraction pattern is two-
dimensional, but since the crystal is being rotated 360° in every direction, we obtain a
three-dimensional projection. X-rays diffract off of electrons, and not atoms. The
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diffraction pattern is therefore a projection of the crystal’s electronic structure and not
its atomic structure. The electronic structure is solved from the diffraction pattern which
generates an electron density map. The atomic structure is then obtained by creating
a structural model that fits in the electron density map and refining that structure until
the best model to describe the electron density map is found.

G-quadruplexes are known to be polymorphic and flexible, so that analyzing their
crystal structure can be somewhat tricky. Flexible loops or flanking nucleotides cannot
be positioned based on the electron density map, because their electron density is
spread thin across several conformation states. The positioning of such disordered
units will entirely depend on the molecular modeling. As shown in the case of 22AG,
disordering can even be a crystal structure artifact (Figure 30). The flanking nucleotide
of the adjacent G-quadruplex clashes with the third TTA loop, causing internal disorder
and a gap in the electron density map. Removing the flanking nucleotide in 21G
restores the monomorphic loop arrangement, supported by a well-resolved electron
density map.

22AG: dAG,TTAG,TTAG,TTAG, 21G: dG,TTAG,TTAG,TTAG,

asymmetric unit 1

/ (green carbons) \

disordered
TTA loop

y A18

reordered
TTA loop

A1-A19
clash

asymmetric unit 2
(magenta carbons)

Figure 30 X-ray crystal structures of 22AG and 21G (sequences shown). One asymmetric unit shown in green, the
other one in red. Clashes between the flanking A1 and the third TTA loop cause a disordering of the TTA loop and
a gap in the electron density map for 22AG. Removing the flanking Al in 21G removes the clash and leaves a well-
resolved electron density map. Adapted with permission from Neidle et al. Curr. Protoc. Nucleic Acid Chem.2012,
50 (1), 1-22.152 Copyright 2012 Wiley.

Telomeric sequences such as 22AG are parallel in crystal structures, but
antiparallel/hybrid in solution-phase structures.*®® Molecular crowding appears to
generally promote the parallel topology.& Thus, differences between crystal structures
and solution-phase structures can occur for G-quadruplexes. That does not mean one
structure is right and one is wrong, but that either structure is the favored configuration
within its respective conditions. Which of those is a more accurate representation of
the in vivo structure is an open debate, since there is not yet any definite answer.

The application of X-ray crystallography is mostly limited to structure analysis. One
notable example beyond the scope of structure determination is racemic
crystallography, where chiral ligands are crystallized with a mixture of left- and right-
handed G-quadruplex. The crystal structure can be then used to probe enantiomeric
preferences of G-quadruplex-ligand interactions and highlight different binding
modes.??
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NMR

NMR is the go-to method to resolve G-quadruplex structures in solution phase. The
sample matrix typically contains phosphate buffer because phosphates do not have
any protons. Depending on the desired cation, one would use sodium or potassium
phosphate. If additional salt is needed, NaCl or KCI can be added. The standard
solvent is 90/10 vol-% H20/D20. The D20 is needed because NMR instruments use
the 2D signal to lock the magnetic field strength.t>’

Resolving solution-phase structures with NMR can be dissected into four key
Steps_158|159

1) Identifying H1 and H8 protons through labeling

The guanine nucleobase has three protons: The imino H1 proton, the amino H2
protons and the aromatic H8 proton. The H1/H2 protons are exchangeable. H1 protons
are detectable at a characteristic range from 10-12 ppm, because their exchange rate
is slower than the sampling rate. H2 protons are undetectable, because their exchange
rate is faster than the sampling rate. Each G-quadruplex has at least 8 sets of H1/H8
protons, so to unambiguously identify which one is which, each guanine has to be
labeled. Older methods would use chemical labels, such as 8-bromoguanine.
However, the -Br residue forces the guanosine into syn-configuration and can thus
alter the secondary structure, if not done carefully. The more common approach is
isotope labeling (Figure 31).

A O“ B N o)
%” )\

.
Al 1”“/2
% %

3
NZ SN,
H1 -
H8E b | . [ [ | ' [}
.__.-}-L-J‘VV'IVVL "\__.levn..._.
11.8 11.3 10.8 8.2 7.7 7.2

1
H (ppm)
Figure 31 Isotope labeling of A) H1 protons through '°N enrichment of the N1 atom and **N-H filtering with J-

HMQC. B) H8 protons through D8 substitution. Reproduced with permission from Phan et al. Methods 2012, 57 (1),
11-24.158 Copyright 2012 Elsevier.
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To identify H1 protons, the N1 atom is °N/**N-enriched at the labeled nucleobase.
Using J-HSQC, the spectra are filtered by '®N-'H-couplings, so that the H1 signal is
several times higher on the isotope-labeled nucleobase (In Figure 31 it should be five
times higher because it is enriched from 0.37% to 2%). The H8 protons are covalently
bound, so when one of them is switched out with deuterium, the corresponding H8
signal will vanish. In order to unambiguously assign all H1/H8 protons, this labeling
process has to be repeated for each guanine.

2) Map out the G-quadruplex core with H1-H8-H1’ resonances

NOESY is a 2D-NMR method that is sensitive to the distance between two nuclei
without the need for J-coupling. When two nuclei are close to each other (< 6 A), an
NOE correlation peak appears. When four guanines form a G-tetrad, they are close to
one another. The NOE contacts between H1 and H8 protons let us identify which four
guanines form a G-tetrad together and which guanines are next to each other (Figure
32).

Figure 32 Characteristic NOE correlations within a G-tetrad. Reproduced with permission from Phan et al.
Methods 2012, 57 (1), 11-24.1%8 Copyright 2012 Elsevier.

Now we know which guanines form tetrads and how many tetrads there are, but we
still lack information on the topology. To assess the topology, we can look at the
glycosidic bond angle, which (for guanine) is defined between the H8 proton and the
H1’ proton on the sugar residue. Since each H8 proton is assigned, the corresponding
C8 atoms can be assigned with 'H-3C-HSQC. The C8 atoms are 3J-coupled to the H1’
protons, so they can be linked by HMBC. That way each H1’ proton is unambiguously
assigned based on the H8 protons (that were previously assigned by labeling).

Even though the H1’-H8-NOE intensity is correlated to the glycosidic bond angle, the
readout is not quantitative. Instead, the sequence-adjacent guanine is used to probe
the syn/anti arrangement pattern. Each possible combination (anti—anti, syn—syn,
syn—anti, antiosyn) has a characteristic NOE pattern connecting the two pairs of
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H8/H1’ protons (Figure 33). The syn/anti stacking pattern provides strong evidence on
G-quadruplex topology.
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Figure 33 Characteristic NOE correlations between two sequence-adjacent guanines, depending on their syn/anti-
pairing. Reproduced with permission from Phan et al. Methods 2012, 57 (1), 11-24.158 Copyright 2012 Elsevier.

3) Identify every other proton and determine the NOE network

The H1, H8 and H1’ protons are already identified, leaving the remaining sugar protons
(H2', H2”, H3’, H4’, H5’, H5”). Since the sugar moiety is a singular spin system, the
sugar protons on the same nucleobase are connected by TOCSY correlation peaks.
With the H1’ already identified, the remaining sugar protons are affiliated through
TOCSY and assigned by NOESY (proximity) and/or COSY (J-coupling).

With all protons assigned, the proximity network of protons is mapped out through
NOESY contacts, like in the example shown in Figure 34.
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Figure 34 NOE contacts mapping out the proximity network of 26TTA (dTTAG3TTAGsTTAGsTTAGs3TT). syn-
guanines are highlighted in pink. Adapted with permission from Yang et al. Methods in molecular biology 2019, vol.
2035.15% Copyright 2019 Springer.

4) Use the NOE constraints to model a structure

The NOE cross-peaks provide distance constraints that are used to model a resolved
structure. Similar to X-ray crystallography, you start by building a model structure which
you then refine until the resolved structure has the best possible correlation with the
experimental data.

NMR can address questions on secondary structure at various levels of detail — one
does not have to go for a fully resolved structure right off the bat. One can count the
number of H1 protons to estimate the number of G-tetrads — or just look for H1 protons
to see if a G-quadruplex forms in the first place. One can localize the binding site of G-
quadruplex ligands and find that the binding site is different depending on the G-
quadruplex topology.t®® The development of in-cell NMR opens up new prospects of
assessing G-quadruplex folds in vivo.'%! In summary, the only limitations to structural
analysis by NMR spectroscopy are resources and expertise.
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CHAPTER 1. INVESTIGATING THE
SECONDARY STRUCTURES FORMED BY
TRIVALENT LANTHANIDE IONS AND G-
QUADRUPLEX DNA SEQUENCES.

Motivation

Cations stabilize the G-quadruplex structure in several ways: 1) coordination bonds
with O6 carbonyl atoms. The interaction is comparable to alkali metal ions being
coordinated by crown ethers. 2) reduction of charge density within the compact G-
quadruplex core.! The main factor determining whether a cation is deemed ‘fit’ or ‘unfit’
for G-quadruplex stabilization is the ionic radius. When the ion is too small, it cannot
coordinate enough guanine bases and its solvation forces are stronger. When the ion
IS too big, it does not fit in the space between two G-tetrads. Another important property
of any ion is its charge, which often remains unacknowledged in the context of G-
quadruplex cations, because high ionic strength in solution is sufficient to regulate DNA
charge density (i.e., no additional positive charges needed). And yet, the divalent
cations Sr?* and Pb?* form more stable G-quadruplexes than the monovalent cations
K* or Na*.>> We are curious whether this trend continues and trivalent cations stabilize
G-quadruplexes even more compared to Sr?* or Pb?*. lonic radius is important here,
because most trivalent cations (e.g. Fe3*) are too small to be ‘fit' for G-quadruplex
stabilization.® The most promising candidates in terms of ionic radius are the
lanthanides (Ln®*). For reference, in the VIII coordination state, Na* has an ionic radius
of 1.18 A (Shannon?), while the lanthanides range from 1.16 A (La®*) to 0.98 A (Yb3*).
Even more promising is the fact that Ln3" ions form clusters containing 8 or 12
guanines, which is consistent with a 2- or 3-tetrad G-quadruplex.l® The literature
provides some hints for specific Ln3*-guanine interactions but with little structural
investigation. We want to use our expertise in structural biophysics to investigate the
secondary structures formed by G-rich DNA sequences in the presence of Ln3* cations.
The two main objectives are 1) provide evidence that proves or disproves the formation
of G-quadruplex in the presence of trivalent cations 2) assess the stability of those
secondary structures compared to G-quadruplexes folded in a monovalent (K*) or a
divalent (Sr?*) cation.
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State of the art

Lanthanide cations and single nucleotides form clusters whose stoichiometries are
multiples of four, which is supporting evidence for the formation of G-tetrads (Figure
35).10
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Figure 35 Clusters of 2’,3’,5-triacetylguanosine and lanthanide cations were prepared ‘“using a solid-liquid
extraction method in CHCI3” [sic] and obtained as a solid after CHCIs evaporation. Left: MS spectra of clusters
containing different templating cations. Sample was dissolved in nitromethane (concentration not provided) and
measured on a Qg-TOF instrument in positive mode. Right: 'H-'H-NOE spectrum of the lanthanum-
triacetylguanosine cluster in CDCls at 268.2 K on a Bruker Advance 600 MHz instrument. Adapted with permission
from Wu et al. Chem. Comm. 2007, 41, 4286-4288.1° Copyright 2007 RSC Publishing.

The NMR was recorded in aprotic solvent (CDCI3), so with the absence of solvent
exchange, the detection of H1 protons is no proof of G-tetrad formation. The main
piece of evidence is the proximity of H1 and H8 protons, proven by the correlation
peaks that are highlighted in the NOESY spectrum. According to the mass spectra,
one lanthanide cation can coordinate 8 or 12 guanine nucleotides. The coordination
number 8 is typical for G-quadruplex formation, while 12 is too high, unless there were
one ion for every three tetrads, which has thus far never been described.

There is experimental evidence of Eu* and Th3* specifically targeting guanine over 1)
other nucleobases and 2) phosphates at the nucleotide backbone (Figure 36).1! The
addition of double-stranded DNA causes a slight decline in Tb3* emission, while it
increases by one order of magnitude with the single-stranded variant. To understand
this observation, we have to discuss how the luminescence of lanthanides is tightly
linked to their hydration state. The excited state of lanthanide ions undergoes
relaxation through the O-H vibrational states of coordinated water molecules.* Thus,
the lanthanide emission is enhanced when water molecules are removed from the
coordination sphere. The number of water molecules in the coordination sphere can
also be quantified by measuring the difference of luminescence lifetime in H20 vs. D20.
This method utilizes the fact that lanthanide ions undergo relaxation through O-H
vibrational states, but not O-D vibrational states.!?

Th®* keeps most of its hydration sphere when targeting the backbone, but loses most
of it when targeting the nucleobases.!? This hypothesis was validated by quantifying
the number of H20 molecules coordinated by Th3* using the introduced luminescence
lifetime method.*? At pH 7 and 25°C, one Tb3* ion coordinates 9 water molecules on
average. Upon adding double-stranded DNA (ca. 2000 base pairs, extracted from
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salmon), one water molecule was removed. Since the Th3* in solution can only access
the DNA backbone, the Th3* appears to lose one H20 molecule from backbone
coordination. To make the nucleobases solvent-accessible, the duplex was denatured
at 90°C and cooled down rapidly. Now the Th3* ions lost 6 water molecules, when the
single-stranded species was added.'® In conclusion, luminescence experiments can
differentiate backbone from nucleobase binding due to different degrees of Th3*
dehydration.314

—o— GMP

4l © TMP
&« AMP .

12l © CMP

Relative Emission
= +]

& w = o ﬁ.#

0 10 20 30 40 50 60 70
[Base] / uM

Figure 36 Relative emission of 25 uM Th3* as a function of deoxymonophosphate concentration. Samples contain
50 mM NaCl and 2 mM Tris buffer (pH 7.5). Excitation: 260 nm; Emission: 545 nm. Reprinted with permission from
Fu and Turro JACS 1999, 121 (1), 1-7.**Copyright 1999 JACS.

Back to Figure 36, which compares the Th3* emission with different mononucleotides.
For thymine, adenine and cytosine, the lack of change in emission indicates that Th3*,
if anything, targets the phosphate group over the nucleobase. Most importantly, GMP
is the only nucleotide where Th3* targets the nucleobase, as indicated by the shift in
luminescence when GMP is added. Tb3* and Eu®* have both been characterized as
guanine-specific probes to detect G-rich DNA.*>-17 Modifications of the N1, N2 or N7
atom resulted in partial losses of Tb3* fluorescence, indicating that the guanine N-
atoms are important -donors for the Ln®*-guanine interaction.*®

The guanine specificity and the clusters with 8/12 nucleobases are solid grounds to
suspect the formation of G-quadruplexes. In slight excess of Th3*, the telomeric
sequence 21G displays a CD signature resembling an antiparallel G-quadruplex
(Figure 37, left). DNA aggregation occurs in 10-fold or higher excess of Tb®* and has
been characterized by 1) high molecular weight bands appearing in PAGE?'® 2) loss of
CD signature?® and 3) visible Th-induced DNA precipitation?l. The most plausible
explanation is that Th3* first targets the guanines, but once the guanines are saturated,
they attach to the phosphates at the backbone. Since lanthanides carry three positive
charges, they easily neutralize the negative charges on the DNA strand, reducing
solubility and charge repulsion between DNA strands, thus promoting aggregation.
This effect is strong enough for 50 uM Th3* to disrupt 2 uM of G-quadruplex in the
presence of 50 mM Na* or 2 mM K*. Note that there are 2-3 orders of magnitude
between the Th3* and the Na*/K* concentration.?®
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This experiment was also done in reverse, trying to displace a pre-folded structure in
Tb3* (Figure 38). In low Tb®" excess, presumably before Tbh3" induces DNA
aggregation, Na* and K* can displace Th3* from the DNA strand. In high Tb®* excess,
the aggregation becomes irreversible and the effect of Na*/K* on Th3* luminescence
is comparable to Li* and thus unlikely to be related to G-quadruplex formation. Only
Mg?* was a significant competitor in both conditions, probably because Mg?* and Th3*
are similar in terms of charge-to-size ratio.

In summary, Tb3* and K*/Na* compete for guanine interaction, but the Tb-induced DNA
aggregation is an irreversible process that should be avoided by keeping the Th:DNA
ratio below 10:1. Despite several demonstrations of guanine specificity there is little
knowledge on the secondary structure formed by lanthanides and G-rich sequences
and there is no explicit proof of G-quadruplex formation.

Mass spectrometry will be effective in identifying specifically bound Ln3* ions and
determining their stoichiometry. We will be more methodological and comprehensive
in our selection of lanthanides and DNA sequences. Instead of just picking 1 or 2
random lanthanides, we will better cover the range of the f-block. Our sequences will
feature G-quadruplex sequences of different topology and molecularity, as well as
controls of varying G-richness to better assess the Ln®* binding mode.

67



control

control

254

=]

-]

2

‘w20

3 20-

RS

g 15

=] 154

L

2 10

g

= 10

g s

—

0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
M"" concentration / mM M™ concentration / mM

Figure 38 Luminescence titration of different cations onto 1 uM 21G (dGsTTAG3TTAG3TTAG3) equilibrated in left:
8 UM Tb3* Right: 32 uM Th3*. T = 25°C. Adapted with permission from Juskowiak et al. J. Inorg. Biochem. 2007,
101 (4), 678-685.2° Copyright 2007 Elsevier.

68



Materials and Methods
Selection of DNA sequences and lanthanides

The DNA sequences used in this project are summarized in Table 2. Since phosphates
and nucleobases are competing targets, we aim to keep the number of phosphates
around 20, while varying the G-richness. For that reason, TG4T and G4T4G4 received
a 5’ phosphate modification (while natural oligonucleotides normally have a phosphate

group in the 5’ position, our synthetic ones just have an -OH group in 5).
Table 2 Overview of DNA sequences used in this study

Name Sequence Bases Structure in K*1 | G-
content
24TTG dTTG3TTAG3TTAGSTTAG3A |24 hybrid-1 GQ 50%
2LBY dTAG3AG3TAG3AGsT 19 parallel GQ 63%
2LK7 dTTG3TG3TG3TGsT 18 parallel GQ 67%
GAT4G4 | (dGaT4Ga)2 24 (2x12) | antiparallel GQ | 67%
TGAT (dTG4T)4 24 (4x6) | parallel GQ 67%
DK66 (dCGCGAATTCGCG)? 24 (2x12) | ds-DNA/hairpin | 33%
24nonG4 | dTGsATGCGACAGA 24 ss-DNA 50%
GAGGACGsA
ss24 dTGCCATGCTACTG 24 ss-DNA 25%
AGATGACGCTA
T24 dT24 24 ss-DNA 0%
A24 dA24 24 ss-DNA 0%

The DNA sequences were ordered from Eurogentec and dissolved in UPLC grade
water (Biosolve). The stock solutions were annealed at 85°C and then washed 4 times
in 500 mM ammonium acetate solution, then 6 times with water using Amicon
centrifugal filter units. The DNA concentration of the desalted stock solutions was
determined on a Uvikon XS spectrophotometer, with absorption coefficients being
calculated based on nearest-neighbor method.

Lanthanide salts were ordered from Sigma Aldrich (LaCls-7H20, EuCls-6H20,
TbCls3-6H20, YbCl3-6H20) and weighed in to create 1 M stock solutions in water.

Instrumental analysis and data treatment

Circular dichroism (CD) is a spectroscopic method sensitive to chirality. CD spectra
allow us to track changes in the secondary structure of the analyte. CD samples
contain 5 or 10 uM DNA, 0-100 mM metal chloride and 50 mM trimethylammonium
acetate (TMAA, pH 6.8) electrolyte to provide ionic strength. The trimethylammonium
ion is too large to fit inside a G-quadruplex and will therefore not compete with K* for
G-quadruplex formation. The CD samples were placed in optical cuvettes (Hellma, | =
10 mm) and measured on a Jasco J-815 spectrophotometer at a range from 220 to
350 nm at 50 nm/min scanning speed, 0.2 nm data pitch, 2 nm bandwidth, 2 s data
integration time, 22°C in the sample holder, 3 acquisitions. Samples for blank
correction were prepared without DNA and measured in the same manner. For titration
experiments, cation stock solutions were added stepwise to the sample and left to
equilibrate for ca. 10 minutes.

1 GQ = G-quadruplex, ds = double-stranded. ss = single-stranded
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CD melting experiments were used to separate signal contributions of different
conformers. The melting was done in a temperature range from 4-90°C, starting at
90°C with the cooling ramp. The temperature gradient was 1°C/min, but was halted
every 1°C for spectra acquisition from 220-350 nm with a scan rate of 200 nm/min
(1 nm data pitch, 2 nm bandwidth, 2 s data integration time, 1 acquisition). The global
temperature ramp is the average of the temperature gradient (1 °C/min) and the
spectra acquisition time, during which the temperature gradient is halted (0.65 min per
spectrum) and lies between 0.20-0.25 °C/min.

MS can determine the exact number of Th3* ions bound to the DNA strand, since the
adducts are separated by mass.? We carried out an MS titration experiment to identify
specific Th3* adducts. Thb3* was chosen over Eu®* because it is monoisotopic and thus
generates less isotopic peaks, ensuring a better S/N ratio and making the mass spectra
easier to read overall. 10 uM of DNA were doped with 0/5/10/20/50 uM TbCls and
50 mM TMAA in H20 and directly injected the sample into an Exactive Orbitrap Mass
Analyzer (ESI(-)-FTMS). For ion mobility studies, we injected the sample into an
Agilent 6560 IMS-QTOF. lon mobility data processing was done as presented in the
thesis introduction.

Under the supervision of Bikash Swain and with permission from Mikayel Aznauryan,
luminescence experiments were performed on a FS5 Spectrofluorometer (Edinburgh
Instruments) equipped with an SC25 temperature-controlled sample holder. The
excitation wavelength was 290 nm (taken from Juskowiak et al.) and emission spectra
were measured in a range of 400-650 nm at 20°C with 1.5 nm slits. Samples contained
10 puM DNA (20 uM for DK66), 50 uM TbClzand 50 mM TMAA. A blank was measured
in absence of DNA.

To investigate the formation of G-tetrads, Cameron Mackereth performed an NMR
titration experiment where Tb3* is added to unfolded 24TTG and 24nonG4 strand. NMR
samples contained 200 uM DNA and 50 mM TMAA (pH 6.8) in 90/10 H20/D20 and
were measured on a Bruker Avance NEO (700 MHz) at 298 K. The experiment was
prematurely stopped after increasing the Th3* concentration from 0.5 mM to 1 mM due
to visible DNA precipitation and the inability to complete the shimming process.
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Results and Discussion
Size matters: Not all lanthanides bind equally

Similar to the experiment done by Juskowiak et al. (Figure 37), we performed CD
titrations where we added lanthanide cation to a telomeric G-quadruplex sequence
(Figure 39). For the sake of simplicity, only four titration points are shown. The full
dataset is deposited in the supporting information (Figure S1).
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Figure 39 CD titrations of 24TTG (dTTGsTTAG3TTAG3TTAGsA) with increasing cation equivalents (1 eq = 10 pM).
Samples contain 10 uM DNA, 50 mM TMAA (pH 6.8), 0-10 mM metal chloride.

Instead of just Th3*, we picked four lanthanides from different positions in the periodic
table: lanthanum (left), europium (middle), terbium (middle) and ytterbium (right). The
ionic radii of lanthanide cations significantly decrease from left to right. This
phenomenon is known as lanthanide contraction.??® Figure 39 shows that size matters,
as the four lanthanides are not behaving the same way. The results for Tb3* and Eu3*
are consistent with those that Juskowiak et al. have demonstrated previously: Upon
adding 5-10 equivalents of Tb3*/Eus*, the CD spectrum shifts to something resembling
the signature of an antiparallel G-quadruplex. At higher concentrations, the CD
signature decreases, indicating a disruption of the secondary structure, probably due
to DNA aggregation/precipitation. Trivalent cations (AIP* and Fe3') are used as
coagulation agents in water treatment, causing the aggregation of colloidal particles by
neutralizing their surface charges.?* It is reasonable to assume that lanthanide ions
would have the same effect on solubilized DNA.
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La3* and Yb** are different. Instead of a characteristic CD signature, there is only a
continuous decrease of CD signal. There could still be a secondary structure, but if the
cation affinity is too low, the required cation concentration falls into a range where DNA
aggregation takes precedence. The La3* dataset shows hints of a characteristic band
at 260-270 nm. The smallest cation among the four, Yb3*, was the most effective in
reducing CD signal. These are new, unpublished results highlighting that whatever
secondary structure forms between lanthanides and telomeric G-quadruplex DNA is
specific to Eu®* and Tb?*, but not La3* or Yb®*. Juskowiak et al. argue that judging by
the CD signature we are dealing with an antiparallel G-quadruplex. We formulate the
counter-argument that if an antiparallel G-quadruplex folds in Eu3*/Th%*, it should also
fold in La®*. G-quadruplex stabilizing cations fall in a size range somewhere from 1.10
to 1.60 A. Lanthanides are on the lower end of that scale. Yb3" (0.98 A, VIII®) is
probably too small to coordinate multiple guanines. La®* is the largest lanthanide cation
(1.16 A, VIII°) and approximately the size of Na* (1.18 A, VIII9). Therefore, the absence
of the ‘antiparallel’ CD signature in our La%*" dataset contradicts the idea that the
structure in Eu®*/Tbh** is an antiparallel G-quadruplex.

We replicated the experiment with the parallel G-quadruplex sequences 2LBY (Figure
S2) and 2LK7 (Figure S3). All titration datasets start with a defined parallel CD
signature, with Ae values of 130-150 at 260 nm. Adding 1-10 equivalents of
La3*/Eu®*/Tbh® (but not Yb3*) slightly raises the band at 260 nm, until disruption
commences at higher equivalents. We suspect that the ‘unfolded’ strand and the Ln3*-
DNA complex both have a characteristic band at 260 nm, which makes the CD spectra
convoluted. Some mass spectra of 2LBY/2LK7 in La3*/Eu3*/Tbh3* would be really helpful
to address these suspicions, but sadly that did not happen. However, we have mass
spectra that proof 2LK7 is partially folded into a G-quadruplex with 2 K* (Figure S4),
while 2LBY is not (Figure S5). We assume that the desalting procedure was not fully
effective on 2LK7, as K* ions bind to parallel G-quadruplex DNA with Kp values in the
low uM range,?® which makes it very difficult to remove K* contaminations. 2LK7 is one
of the most stable G-quadruplexes and often called T95-2T because it has a Tm above
95°C in 100 mM K*. We intentionally picked 2LBY, because it is the least stable parallel
G-quadruplex in our panel (Tm = 43°C in 1 mM K*)?6 and would therefore be the easiest
one to desalt properly.

We performed titrations in Li* as a control experiment, showing no change in CD
signature upon adding Li* (Figures S1-S3). This validates that the effects on CD
signature are correlated to the physicochemical nature of the lanthanides and not just
correlated to ionic strength.
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Tb3* targets single-stranded G-rich sequences

We discarded La®* and Yb3* to focus on the secondary structure stabilized in Eu®* and
Tb*. Since the titration datasets for Eu3*/Tbh3* look very similar, we stuck with Th3*,
because we already picked it for mass spectrometry analysis.

As described in the introduction, an increase in Tb3" luminescence signifies
nucleobase interaction, while an insignificant shift indicates backbone binding or no
binding at all. Figure 40 displays the Th3* luminescence emission spectra of 6 different
24-mer sequences (DK-66 is counted as a 2x12-mer) that vary in G-richness.
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Figure 40 Emission spectra for the Th3* luminescence with different DNA sequences. Parenthesis show the G-
richness of each sequence (DK66 has 33% but is also the only double-stranded species). Samples contain 10 uM
DNA, 50 pM TbCls and 50 mM TMAA (pH 6.8). Excitation wavelength is 290 nm. T = 20°C.

Seeing no significant change in emission for DK66 was expected, as it was already
established that lanthanides do not light up on double-stranded DNA because the
nucleobases are solvent-inaccessible.'131427 |t was also demonstrated on single
nucleotides that Th3* specifically targets guanine (Figure 36). Figure 40 validates the
guanine-specificity not just for single nucleotides, but for short single-stranded DNA.
First of all, we can disprove any specificity towards thymine or adenine, because the
emission barely changes upon adding T24 or A24 (see Figure S6 for emission spectra
with logarithmic scaling). Second, the Th3* luminescence scales with guanine content
when comparing ss24 (25% guanine) to 24TTG or 24nonG4 (50% guanine). And since
24TTG does not contain any cytosine, the luminescence effect is clearly caused by the
abundance of guanine. In 24nonG4, the Gs are randomly distributed across the
seqguence (to prevent G-quadruplex formation in K*), while they are organized into four
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GGG tracts in 24TTG. The 2-fold luminescence increase from 24nonG4 to 24TTG
suggests that the interaction with Tb3" involves some sort of intramolecular
organization of the DNA strand, otherwise the positioning of the Gs in the sequence
would not matter.
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Figure 41 CD titrations of increasing Th®* equivalents (eq) onto six different 24-mer sequences. The small panel
showcases the cation distribution at 5 equivalents, obtained from mass spectrometry (showing the 5- charge state).
Samples contain 10 uM DNA (20 pM DK66), 0-10 mM ThCls and 50 mM TMAA (pH 6.8) in H20.

We further analyze the undefined secondary structure through circular dichroism (CD)
and mass spectrometry (MS). We performed CD titrations similar to the ones done in
Figure 39 to assess Tb-induced changes in secondary structure for all sequences of
interest. Up to 5 equivalents, we recorded mass spectra in order to quantify how many
Tb3* ions are involved in this secondary structure and to make qualitative assessments
on The* affinity to the DNA sequences, because we cannot do that from CD spectra or
a single luminescence spectrum. Figure 41 shows a side-by-side comparison of CD
and mass spectra in the same Tb3* concentration. Full CD and MS titration datasets
are deposited in the supporting information (Figure S7 to S18).
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24TTG stands out from the group with a defined change in CD signature that is more
than just disruption. The mass spectrum shows 0-3 Tb3* ions bound. Based on their
relative abundance, the 1 Th3* and 2 Th** adducts appear to be specific. In the context
of G-quadruplexes, that would be consistent with a 2-tetrad and 3-tetrad G-quadruplex,
but neither this nor the antiparallel CD signature is sufficient evidence for G-quadruplex
formation. Under normal circumstances the Kp: and Kpz values of Th3* binding to
24TTG could be determined from the MS titrations and compared to K*. However, Th3*
also interacts with the acetate in the TMAA buffer, forming an organometallic bond
(Figure 42).28-30 Reducing the TMAA concentration from 100 mM to 50 mM mitigated
the issue, but TMAA has to be kept in to regulate ionic strength, as it is essential for
DNA folding. Substituting TMAA with ammonium bromide led to the formation of
bromide clusters that reduced the S/N ratio for DNA (data not shown). The most
promising electrolyte would be trimethylammonium carbonate, but since determining
Kb values is not a priority in this project, it has not been purchased for the attempt.
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Figure 42 Full MS spectrum of 24TTG (dTTG3sTTAGsTTAGsTTAGzA) and 5 eq Th3*, revealing organometallic
acetate (Ac) complexes. Sample contains 10 uM DNA (labeled ‘M’), 50 uM TbClz, 50 mM TMAA (pH 6.8) in H20.

24nonG4 makes it clear that the arrangement of Gs within the sequence does affect
Tb®* binding significantly, thus the Tb3* ions in the secondary structure must coordinate
with more than one guanine. Otherwise, the arrangement of Gs would not matter when
24TTG and 24nonG4 have the same length and G-content. Like 24TTG, 24nonG4 has
1 and 2 specifically bound Tb3* ions (at 5 eq), but also a much higher fraction of
unbound strand (0 Tb). Therefore, the association constant of Th3* binding 24nonG4
is much lower than for binding 24TTG. Note how the CD signal is still increasing for
24nonG4 from 5 to 50 eq, while it already declines for 24TTG. With lower guanine
affinity we need higher Th3* concentrations at which secondary structure formation
competes with aggregation. For that reason, changes in CD signature appear to be
less significant for 24nonG4 compared to 24TTG. For ss24, the association constant
is so low that there is no remarkable change in the CD spectrum until aggregation
commences.
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For the control sequences, adding Th3* just leads to a loss of CD signal intensity. Only
DK66 remains indifferent to the presence of Th3*, confirming yet again that Th3* cannot
rearrange double-stranded DNA.111327 At 5 equivalents Th3*, there are sparsely
populated adducts carrying 1, sometimes 2 Tbh3*. Judging by the adduct distribution
and the lack of Th3* luminescence (Figure 40), these are unspecific adducts where
Th3* attaches to the negatively charged backbone.
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G-quadruplex formation in Tb3" is unlikely, but not
disproven

We want to clarify whether Th3* promotes a G-quadruplex structure or not. NMR is the
fastest approach to validating G-quadruplex formation through the characteristic shift
of H1-protons.®! In a titration experiment, the 1H-NMR signal for 24TTG and 24nonG4
was disappearing with increasing Tb3" concentration (data not shown). This
phenomenon is known as paramagnetic relaxation enhancement, where paramagnetic
ions such as Th3" enhance the relaxation of protons in a range of 5-20 A, causing
signal suppression.3233 So while this experiment confirms that Tb3* is interacting with
the DNA strand, any sort of structural information is lost.

For G4T4G4 and TGA4T, molecularity serves as a way to confirm G-quadruplex
formation. If Tb3* promotes G-quadruplex formation with e.g. G4T4G4, there will be 2
strands of G4T4G4 associated with Th3*, instead of just one (Figure 43).
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Figure 43 Mass spectra of d(PO4)G4T4Gs and d(PO4)TG4T (M = DNA) after equilibrating in Th3* for 10 weeks.
Samples contain 20 uM G4T4G4/40 uM TG4T, 50 uM TbCls and 50 mM TMAA (pH 6.8) in H20. Note that TG4T is
too small for the desalting procedure, hence the abundance of Na* adducts.

Tb3* interacts with the single strand. No multimolecular assemblies were identified,
which is evidence against Tb®* promoting G-quadruplex formation. The quantity of Th3*
adducts is suspiciously low for TG4T. Combined with the presence of M2Tb species it
indicates that 4 guanines are not enough and Th®* prefers to coordinate at least 6
guanines. The Tb®* coordination state with single nucleotide guanines was 8 and 12
(Figure 35), so we hypothesize that Tb3* coordinates at least 6 but no more than 12
guanines.

We added Tb3 to a G-quadruplex pre-folded in K* to assess whether Th3* can
integrate into a K*-mediated G-quadruplex (Figure 44). Cations like Na* or Pb?* can
integrate by displacing K*, forming mixed specific adducts in a 3-tetrad G-
quadruplex.®3* Tb3 and K* do not mix, the low guantity of the MKTb highlights that it
is not a mixed K-Tb-quadruplex, but an unspecific K* adduct of the MTb species. It was
previously established that Th3* converts a K*-mediated G-quadruplex into a different
unknown structure.?%:3° Our results reconfirm this, while adding K* does not specifically
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bind to the Tbh3*-mediated structure, which speaks against G-quadruplex formation in
Th3*,
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Figure 44 Mass spectrum of 10 pM 24TTG (dTTGsTTAGSTTAG3TTAGsA) in 100 uM K* before and after adding
20 UM Th3*. Sample matrix contains 50 mM TMAA (pH 6.8) in H20.

Single-stranded DNA folding into a G-quadruplex comes with a change in
conformation, that can be tracked with ion mobility. In Figure 45, we compare the
change in CCS distribution for K* and Tb3* with three sequences of interest.

ss24 and 24nonG4 do not form G-quadruplexes in K*, therefore the CCS distributions
for OK and 2K are superimposed (both adduct states correspond to unfolded strand).
In 24TTG, the 2K adduct corresponds to a G-quadruplex and thus there is a significant
CCS shift compared to the unfolded strand (OK). The 2K and the 2Tb species have
matching CCS values at peak maximum (ca. 764 A2), which speaks in favor of Th3*
promoting a G-quadruplex arrangement (although it does not prove it). There is also a
slight increase in CCS value for the Th3* adducts of 24nonG4 and ss24, but the
broadness of the CCS peaks makes it difficult to determine whether these shifts
correlate to a significant conformational change.
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Figure 45 Normalized CCS distributions (4- charge state) of unfolded DNA (0 cation) and putatively specific adduct
states (1/2Th, 2K) of the three DNA sequences that form Th-G complex. CCS shifts can signify a conformational
change. Top row: K*-induced CCS changes. Bottom row: Th®*-induced CCS changes. Samples contain 10 puM
DNA, 50 mM TMAA (pH 6.8) in H20 and 500 uM KCI (top row) or 50 uM TbCls (bottom row).

Finally, Th3*, Sr>* and K* are probed for their melting behavior with 24TTG to have a
direct comparison between mono-, di- and trivalent cation. Figure 46 displays the CD
melting spectra and the melting curves taken at Amax. All cations are at the same
concentration (50 uM). Visually, Th® and Sr?* have fairly similar melting curves. But
the Twm for Th3* is closer to K* (Tm = 22°C), while Sr?* (Tm = 35°C) has the highest Tm
value. G-quadruplexes are often more thermodynamically stable in Sr2* than in K* and
24TTG is no exception.* The Twm for Th3* cannot be quantified, because the structure
is not fully folded at 4°C. The transition is very broad, compared to K*/Sr?*, meaning
that the affinity constant is less temperature dependent.3® A lower temperature
dependency could mean that the Tbh3*-guanine structure is less entropy-driven than a
standard G-quadruplex.

All in all, we presented several pieces of evidence for and against G-quadruplex
formation in the presence of Tb3*. The evidence is thus insufficient to validate or
disprove the existence of a G-quadruplex in Th3*. The absence of a tetramer in TG4T
makes me personally believe we are not dealing with a G-quadruplex, but something
completely different.
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Figure 46 CD melting transition from 4°C to 90°C of 24TTG (dTTG3TTAG3TTAG3TTAGzA) in 50 uM of mono-, di-
and trivalent cation. Samples contain 10 uM DNA, 50 pM KCI/SrAc2/TbCls and 50 mM TMAA (pH 6.8) in H20.
Melting curves were taken at the absorption maxima (288 nm for K*, 300 nm for Sr?* and 283 nm for Th3*).
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Conclusion

We investigated the interaction between G-rich DNA sequences and different
lanthanides to assess whether or not they promote G-quadruplex formation. Eu®* and
Tb®* induced the folding of G-rich DNA into a so far unknown secondary structure,
while La®* and Yb®* did not. In-depth analysis with Th3* confirmed that Th3* specifically
targets the guanine nucleobase and coordinates multiple guanines. A DNA sequence
with 12 G bases coordinates 1 or 2 Th3* ions. G-quadruplex formation is unlikely, but
cannot be disproven. Based on the number of specific Th®* ions and the confirmed
multi-coordination we propose some possible structures in Figure 47.

G-quadruplex

eyeNeYe
G G‘
Th3 | L
ele Thle o
G

G G G G G ‘
‘Tb3" ‘ | Tb1
| G G G | G
G G G &/ 6 &/

Hairpin (single/double)

GGG—GGG

Th* Thi+ S "
GIGG——G/GG
GGG——G GG GGG—GGG
GGG—GGG
GG G G, GGG—GGG
Tbh3* G ghilf Vir g
AN c T Te
GGG——GGG— 666— GGG

GGG—GGG

Figure 47 Propositions for the structure formed by 24TTG (dTTGsTTAGsTTAGsTTAG3A) and Th®*, taking into
account that there are 1-2 specifically bound Th®* ions.

We have exhausted many methods trying to determine the structure of the 24TTG-
Tb®* complex. Nonetheless, there is always room left for improvement, such as: 1)
obtain a crystal structure. Th3* evidently facilitates DNA aggregation, so it is a good
candidate for crystallization. 2) investigate specific DNA interactions with La3*, which
is diamagnetic so NMR structural analysis is possible (like in Figure 35). 3) substitute
TMAA with TMAC (trimethylammonium carbonate) to prevent Th3* from binding to the
buffer matrix. 4) measure mass spectra at a higher m/z range to look for double hairpin
formation, as proposed in Figure 47.
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CHAPTER 2: CHALLENGING THE
TOPOLOGICAL BIAS OF N-TETRAD G-
QUADRUPLEXES BY SELECTIVE
EXTENSION OF G-TRACTS.

Motivation

Intramolecular 3-tetrad G-quadruplexes are a unique case where full heterostacking
(i.e., alternating syn/anti stacks) has never been documented in K*. The most likely
explanation is that syn—anti stacking is energetically favored, while anti—syn stacking
is not.* Therefore, the heterostacking pattern is favorable in 2-tetrad (4x syn—anti) or
4-tetrad (4x syn—antiosyn—anti) quadruplexes. But 3-tetrad quadruplexes (2x
syn—anti—»syn and 2x anti»syn—anti) have an equal ratio of favorable and
unfavorable base stacks. As a result, antiparallel 3-tetrad G-quadruplexes in K* are
very rare. One of those exceptions is the G-quadruplex 5YEY (Figure 48),%> which
adopts a hybrid base stacking.

5YEY 22GT
dG,TTAG,TTAG,TTTG, dG,TTAG,TTAG,TTAG,T

Figure 48 Left: Solution NMR structure of antiparallel 3-tetrad G-quadruplex 5YEY (dGsTTAG3TTAG3TTTGs) (PDB:
5YEY).2 Right: Solution NMR structure of antiparallel 2-tetrad G-quadruplex 22GT (dGsTTAGsTTAGsTTAGsT)
(PDB: 2KF8).3

5YEY is a human telomeric repeat 21-mer sequence with an A—T mutation in the third
loop. This mutation enables the formation of an AT base pair, creating a contact
between the first and the third loop, which can only be made in an antiparallel loop
arrangement (lateral-diagonal-lateral or lateral-lateral-lateral). It appears that the
energetic contribution of the AT base pair formation is high enough to stabilize the
unusual antiparallel topology. However, 5YEY adopts a hybrid base stacking pattern,
so the unfavorable energetics of heterostacking in a 3-tetrad K* G-quadruplex do not
apply here. In fact, 5YEY possesses characteristic attributes of both antiparallel and
hybrid topology, which are summarized in Table 3.
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Table 3 Separation of antiparallel and hybrid characteristics for 5YEY.

Antiparallel attributes Hybrid attributes
Loop progression (lateral-lateral-lateral) Hybrid G-tetrad stacking (-++)
G-tetrad composition (2 syn/2 anti) Number of G-tetrads (3)

Groove width (narrow-wide-narrow-wide) | Glycosidic bond angle progression
(saa-ssa-saa-ssa, s = syn, a = anti)

The unmutated version of 5YEY (dGsTTAGsSTTAGsTTIGs), which is 21G
(dGSTTAG3TTAG3TTAGs), has no documented solution NMR structure in K* (in
absence of ligand). As a substitute, Figure 48 shows the solution NMR structure of
22GT? (dGsTTAG3TTAG3TTAGsT) which only has an additional flanking T base.
Supporting evidence for the claim that 21G and 22GT produce similar G-quadruplex
structures is that the two sequences produce similar CD spectra, NMR spectra and K*
distributions in MS.* 22GT is a 2-tetrad antiparallel G-quadruplex capped by a GGG
triad on the 5’ end and an AGA triad on the 3’ end. Disrupting the AGA triad induces a
structural conversion into a 3-tetrad hybrid G-quadruplex.®

The fact that a 2-tetrad antiparallel G-quadruplex is the preferred topology over a 3-
tetrad hybrid G-quadruplex raises our interest. The main goal of this project wass to
design a sequence that forms a 3-tetrad heterostacking G-quadruplex and validate its
existence. The best way to understand a rule is by studying the exceptions — we hope
that finding such an exception will lead towards a fundamental understanding as to
why 3-tetrad heterostacking occurs in Na*, but not in K*. Such findings could elucidate
how K* favors certain topologies.

Trying to model a sequence after 5YEY will likely lead to a hybrid stacking G-
quadruplex. The 22GT structure looks more promising. We wanted to insert a third G-
tetrad into the 22GT structure, which hopefully yields a 3-tetrad heterostacking G-
quadruplex that is energetically stabilized by the AGA/GGG triads. For more sequence
variation, we also added the RAN4 sequence (dG3sTAG3AGCG3AGAGs), which like
22GT folds into a 2-tetrad antiparallel G-quadruplex capped by AGA/GGG triads in K*
(PDB:6GZN).5
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State of the art

Our central goal is to create a 3-tetrad heterostacking G-quadruplex in K* by extending
the GGG tracts in 22GT/RAN4 into GGGG tracts. In this section we review what
topologies are adopted by G-quadruplex sequences that contain at least one GGGG
tract. Some of those examples feature 3-tetrad antiparallel G-quadruplexes and we will
elaborate why we did not choose them as model systems for this study.

Short GGGG-containing DNA strands with less than 15 nucleotides will form multi-
stranded G-quadruplexes which have fewer loops that impose dynamic constraints and
can thus form assemblies that would not be possible for intramolecular G-
quadruplexes (Figure 49). The [dTG4T]4 tetramer is a 4-tetrad parallel G-quadruplex,
even in Na*. The Oxytricha telomeric quadruplex [dG4T4Ga]2 has two diagonal loops,
which is very uncommon for intramolecular G-quadruplexes. The Gs in the
[dGCG2AG4AG2]2 dimer are unevenly distributed, creating a peculiar 4-tetrad G-
quadruplex that includes atypical secondary structures such a GCGC-tetrad (blue,

[dTG,T], [dG,T,G,], [dGCG,AG,AG,],

Figure 49 Left: Crystal structure of [dTG4T]4 in 75 mM NaCl and 10 mM Tris-HCI (pH 7.4). PDB: 204F.° Center:
NMR-resolved structure of [dGaT4Ga)2 in 50 mM NacCl. Adapted with permission from Plavec et al. JACS 2003, 125
(26), 7866-7871.1°9 Copyright 2003 ACS. Right: NMR-derived structure of [dGCG2AG4AGz]2 in 175 mM KCI and
10 mM K3POu4 (pH 6.8). Reproduced from Sket et al. NAR 2020, 48 (5), 2749-2761.8 CC-BY-NC creative commons.

Removing one guanine from [dG4T4Ga]2 limits the highest possible number of tetrads
to three. Different 3-tetrad structures were obtained depending on which Gs are being
removed (Figure 50).1° Both heterostacking ([dG4TsGs]2) and hybrid stacking
([dGsT4Gs]2) were observed in Na*. [dGsT4Ga]2 adopts hybrid stacking in K* (like
5YEY), while displaying other bizarre features, which are 1) inconsistent G-tetrad
composition (bottom tetrad is 2+2, middle and upper tetrad are 3+1 syn/anti) and 2) a
rare v-loop from G19 to G20. This goes to show how removing 1 or 2 G-bases from a
G-quadruplex forming sequence can induce significant changes in the final structure.
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[dG,T,G,] [dG;T,Gyl, [dG,T,G;], [dG;T,Gs],
Na* K* Na* Na*

Figure 50 NMR-resolved solution structure of 1) [dG4T4Ga]2 in 50 mM NacCl at pH 6.0 2) [dGsT4Ga]z in 10 mM KClI
at pH 5.5 3) [dG4T4Gs]2 in 50 mM NacCl at pH 7.2 4) [dG3T4G3z]2 in 65 mM NaCl at pH 6.7. syn-guanines are
highlighted in grey. Adapted with permission from Plavec et al. JACS 2003, 125 (26), 7866-7871.1° Copyright 2003
ACS.

[dG4T4G4l2 maintains the antiparallel topology in its intramolecular form
(dG4T4G4T4GaT4G4), which is commonly referred to as ‘oxy28 (Figure 51).11
Exchanging Na* for K* has little effect on the CD signature of oxy28, indicating that it
is a monomorphic structure (just like [dTG4T]4).*> We could have designed sequence
candidates for 3-tetrad heterostacking by conjoining two G4T4Ga derivatives into one
intramolecular stand, for example dG4T4GsT4G4T4Gs, and then vary at which position
we remove Gs. This is precisely what we ended up doing with 22GT/RAN4 anyway.
Using G4T4G4 would have left us with two disadvantages compared to 22GT/RAN4: 1)
no loop interactions (base pairs/triads) to stabilize unusual topologies and 2)
insufficient NMR solution structures in K* as a starting point.

o [dTG,T], 12 —Nall
—~ P 10 B ——
GTE’ S g dG,T,G,T,G,T,G, KCl
5 2 4
[=)] [*]
§, 34 & 2
S | mE 0
N s 2
> W/ =
] \’/ \/[dG4T4G4]2 26
3 dG,TTG,TGTG,TTG, -8 ' '
S — 200 250 300 350
220 240 260 280 300 320 Wave le ngth (n m)

Wavelength (nm)
Figure 51 Left: CD spectra obtained in 5 pM DNA, 200 mM NaCl, 10 mM NasPO4 (pH 7.0) and 0.1 mM EDTA.
Adapted with permission from Giancola et al. Biochemistry 2004, 43 (16), 4877-4884.1! Copyright 2004 ACS. Right:
CD spectra obtained in 6 pM DNA, 100 mM NaCl/KCl and 30 mM Tris-HCI (pH 7.0). Adapted with permission from
Sugimoto et al. Biochemistry 2010, 49 (21), 4554-4563.12 Copyright 2010 ACS.
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The GGGG motif is also present in the promoter regions of the human myc?*® and the
bcl2'* oncogene (Figure 52). However, since they only have one extended G-tract,
they cannot form 4-tetrad G-quadruplexes.1314

— «G22<G8
G3-G18- -
« «G24«G10

dTGAG,TG,TAG,TG,AA dCG,CGCG,AG,AAG;CG,A

Figure 52 Left: NMR-resolved structure of myc promoter G-quadruplex in 10 mM KsPOas (pH 7.0, PDB: 7KBV).
Reproduced with permission from Yang et al. NAR 2021, 49 (10), 5905-5915.13 CC-BY-NC creative commons.
Right: NMR-resolved structure of bcl2 promoter G-quadruplex in 70 mM KCl and 20 mM KzPOa (pH 7, PDB: 6ZX7).
Reproduced with permission from Plavec et al. NAR 2021, 49(4), 2346-2356.% CC-BY-NC creative commons.

The myc-promoter sequence (Figure 52, left) forms a parallel G-quadruplex with three
propeller loops which typically occur when the loop length is restricted to 1-2
nucleotides. The fourth G-base becomes a flanking nucleotide, having no effect on the
G-quadruplex core structure (although G23 does form a base pair with A25, so overall
it contributes to the stability of this structure).t31°

The bcl2 promoter sequence (right panel) has a long central loop with 6 nucleotides,
enabling the formation of a diagonal loop for a basket-type antiparallel G-quadruplex.
The 6ZX7 structure is so far the only documented instance of a heterostacking 3-tetrad
G-quadruplex in K*. However, the presence of a fourth AGCA tetrad raises the open
guestion whether the 6ZX7 structure should be considered a 3-tetrad or a 4-tetrad G-
quadruplex. The AGCA tetrad comes with unique base stacks (From 5’ to 3’: syn-
C—anti-G, syn-G—anti-A, anti-G—anti-G, syn-G—anti-A), whose energetic
contributions are unknown in 3 out of 4 cases. We did not experiment on the 6ZX7
structure, because we were unsure if it counts as a 3-tetrad G-quadruplex.
Nevertheless, it is an exceptional structure which could be of great use to analyze the
energetics of A/G and C/G base stacking.
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Materials and Methods
Sequence selection and preparation

Table 4 summarizes the DNA sequences that were analyzed in this study. The G-tracts
of the wild-type sequences contain 12 guanines, the 4444 variants contain 16 guanines
and the others contain 14/15 guanines. 22GT_4443 and 22GT_4434 had one guanine
removed to ensure they cannot form a 4-tetrad G-quadruplex. RAN4 3443 and
RAN_4334 had two guanines removed to reduce the risk of a 4-tetrad G-quadruplex
forming with the guanines in the loop regions of the RAN4 sequence.

Table 4 Overview of G-Quadruplex sequences used in this study

22GT GGG TTA GGG TTA GGG TTA GGG T
22GT 4444 GGGG TTA GGGG TTA GGGG TTA GGGG T
22GT 4443 GGGG TTA GGGG TTA GGGG TTA GGG T
22GT 4434 GGGG TTA GGGG TTA GGG TTA GGGG T

RAN4 GGG TA GGG AGC GGG AGA GGG
RAN4 4444 GGGG TA GGGG AGC GGGG AGA GGGG
RAN4 3443 GGG TA GGGG AGC GGGG AGA GGG
RAN4 4434 GGGG TA GGG AGC GGG AGA GGGG

22GT is fully folded at room temperature in MS sample conditions, while RAN4 is a
mix of folded and unfolded species (Table 5).

Table 5 Comparing the antiparallel basket-type model sequences used for this study. Melting data taken from 4.

PDB | Topology (K*) | loops | grooves | length M Tm (1 mM K*)

RAN4 | 6GZN|  2-tetrad ot | winnm |20t | 6393Da [ <25°C
22GT | 2kF8 | antiparallel | 97" | W 22 nt | 6958 Da 41°C

The DNA sequences (See Table 2) were ordered from Eurogentec and dissolved in
UPLC grade water (Biosolve). The stock solutions were annealed at 85°C and then
desalted using Amicon centrifugal filter units. Cation contaminations were purged by
washing four times with a 200 mM ammonium acetate solution and then six more times
with water. The DNA concentration of the desalted stock solutions was determined on
a Uvikon XS spectrophotometer, with absorption coefficients being calculated based
on nearest-neighbor method.

Instrumental analysis and data processing

Circular dichroism (CD) samples contain 5 or 10 uM DNA, between 0 and 100 mM KCI
and, in <50 mM K* concentration, 100 mM trimethylammonium acetate (TMAA,
pH 6.8) electrolyte to provide ionic strength. The CD samples were placed in optical
cuvettes (Hellma, d = 10 mm) and measured on a Jasco J-815 spectrophotometer at
a range from 220 to 350 nm at 50 nm/min scanning speed, 0.2 nm data pitch, 2 nm
bandwidth, 2 s data integration time, 22°C temperature in the sample holder, 3
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acquisitions. Samples for blank correction were prepared without DNA and measured
in the same manner.

CD melting experiments were used to separate signal contributions of different
conformers. Meltings were done in a temperature range from 4-90°C, starting at 90°C
with the cooling ramp. The temperature gradient was 1°C/min, but was halted every
1°C for spectra acquisition from 220-350 nm with a scan rate of 200 nm/min (1 nm data
pitch, 2 nm bandwidth, 2 s data integration time, 1 acquisition). The global temperature
ramp is the average of the temperature gradient (1°C/min) and the spectra acquisition
time, during which the temperature gradient is halted (0.65 min per spectrum) and lies
between 0.20-0.25 °C/min.

The separation of CD signatures from CD melting data was done with singular value
decomposition (SVD) by Eric Largy.1®

D=UxSxVT (12)

The data matrix D contains the y-values of our CD spectra (in our case: Ag) at each
wavelength and temperature point. The wavelength is scaled along the rows (m) and
the temperature is scaled along the columns (n) i.e., each column of D contains a CD
spectrum at a certain temperature. SVD decomposes the data matrix into a product of
three matrices. The U-matrix is the most important one. It is an mxm matrix that
contains the so-called basis spectra, which are (normalized component) CD
signatures. The experimental melting data can be modeled as a linear combination of
the basis spectra. The S-matrix contains the singular values, which can be interpreted
as the weights for each basis spectrum. The singular values are used to assess how
many components (basis spectra) are significantly contributing to the temperature-
induced variance of the CD spectrum. During data processing, we phase-corrected the
singular vectors to ensure all basis spectra would have positive bands at 290 nm. The
VT-matrix is an nxn matrix and more or less the counterpart to the U-matrix. If the U-
matrix contains the basis spectra, the VT-matrix contains the basis melting curves,
which are commonly referred to as amplitude vectors.

For MS analysis, we doped 10 pM of DNA with 50 or 500 uM KCIl and 100 mM TMAA
in H20 and directly injected the sample into an Exactive Orbitrap Mass Analyzer (ESI(-
)-FTMS).

Since MS is limited to K* concentrations below 1 mM, Cameron Mackereth recorded
the H1 proton region in *H-NMR to assess the number of G-quadruplex species and,
if possible, the number of G-tetrads in concentrated KCI solution (> 1 mM K*). NMR
samples contain 100 uM DNA and 10 mM potassium phosphate (pH 7.0) in 90/10
H20/D20 and were measured on a Bruker Avance NEO (700 MHz) at 278 K.
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Results and Discussion

A three-tetrad quadruplex forms only when the four-tetrad
quadruplex is disrupted

Figure 53 shows the CD and MS spectra of 22GT and its derivatives in 0.5 mM K*,
Each sequence is assigned a four-digit number indicating the number of guanines for
each G-tract. The results for RAN4 and its derivatives are qualitatively similar (Figure
S21), but more convoluted because the RAN4 G-quadruplex is unstable in low K*
concentration. All DNA sequences (Table 2) had their CD spectra taken at 100 mM,

0.5 mM and 0.05 mM K* (Figure S22). Mass spectra in 0.05 mM K* are deposited in
Figure S23 and Figure S24.

22GT_abcd = dG,TTAG, TTAG_TTAG,T

250 - 4444 4434 ok 4444 3K
l".“
o
S
r] 1]
— ' 3333 "
e 1104 N vl
L
S \ , 4,4,3..‘_1“_ K A 0 I 2
i \ £ ONFAALZ N S A 1585 1520 1650 L 1o
= N - i 4443 2K azas | K
w 04N LY Ttese -
‘-I ] \‘. 'I
< \’h‘-ﬁ oot :' 2
\ :
M )
' r
' r
ll + 3
|‘ : 1 D
- ; il
17%20 ZIBD ZéD 3|50 1585 m'z 1620 1385 m'z 1415

A [nm]

Figure 53 Left panel: CD spectra of the 22GT sequence motif with varying G-tract lengths Right panel: Mass

spectra corresponding to the CD signatures, showing the 5- charge state. Samples contain 10 pM DNA, 0.5 mM
KCl and 100 mM TMAA (pH 6.8).

The wild-type sequence 22GT (‘3333’) has some unfolded strand (0 K*) and 1/2
specific K* adducts. The CD signature and specific 1 K* adduct are consistent with the
2-tetrad antiparallel G-quadruplex structure resolved by NMR in 96 mM KCI (PDB:
2KF8).® The second specific K* ion is also part of the 2-tetrad G-quadruplex: it is

located between the GGG triad and the adjacent G-tetrad, where it is protected from
solvent exchange.’

22GT_4444 has a characteristic antiparallel CD signature with a maximum close to
250 MicmL. That intensity and the 3 specific K* adducts in the mass spectrum are
sufficient evidence to confirm a 4-tetrad antiparallel G-quadruplex. Thus, injecting 4
guanines into the 22GT sequence converted the structure from a 2-tetrad to a 4-tetrad
G-quadruplex, skipping over the 3-tetrad conformation. To force the formation of a 3-

tetrad G-quadruplex, the number of guanines in the G-tracts needs to be more than
12, but less than 16.

The G-tracts of 22GT_4434 and 22GT_4443 contain 15 guanines, preventing the
formation of 4-tetrad G-quadruplex. The main adduct is 2 K*, which can be either a 3-
tetrad G-quadruplex or a 2-tetrad G-quadruplex with a GGG triad. The CD spectra are
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insufficient to assign a topology, but let us deduce the following: not parallel, not
entirely antiparallel — it can be any mix of antiparallel/hybrid species. Further
investigation is needed to comment on the number of species and their respective
topologies.

Separating the two main conformers of the three-tetrad G-
guadruplexes

We recorded NMR spectra of 22GT_4434, 22GT_4443, RAN4_3443 and RAN4 4334
in excess of K*, showing the H1 proton region in Figure 54. None of these sequences
are fully monomorphic, having at least 20 distinct H1 peaks. RAN4 3443 has 12 high-
intensity H1 peaks, so the main species is likely a 3-tetrad G-quadruplex. If we limit the
number of species (significantly) contributing to the CD signature of RAN4_3443
(Figure S22) to only one, we can deduce that it is a hybrid G-quadruplex. 22GT_4434
has several high-intensity peaks, indicating there is one major species and at least one
other minor species. The peaks are not resolved enough to determine whether the
major species has 8 or 12 H1 protons. 22GT_4443 and RAN4 4334 show a high
degree of polymorphism.

1 major species (n/a tetrads)
2 1 minor species (n/a tetrads)

22GT 4434
dG,TTAG,TTAG,TTAG,T

= 3 species
22GT_4443
dG,TTAG,TTAG,TTAG,T

RAN4_3443 1 main species (3 tetrads)

dG,TAG,AGCG,AGAG,

polymorphic
RAN4_4334

dG,TAG;AGCG;AGAG,

' I ' ' 1I2 I I ' ' 1I1 I ' I ' 1|o ' I I ' sla ' I [ppr'n]
Figure 54 *H-NMR spectra of partially extended G-quadruplex sequences, showing the H1 proton region. Samples
contain 100 uM DNA and 10 mM potassium phosphate (pH 7.0, 16 mM K*) in 90/10 H20/D20. T = 278 K.

Figure 55 shows the temperature-dependent CD spectra and melting curves at
260/290 nm for 22GT_4443 in 0.5 and 100 mM K*. Full datasets for all four sequences
are deposited in the supporting information (Figure S25 to Figure S29).
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Figure 55 CD melting data for 22GT_4443 (dG4TTAG4TTAG4TTAGsT) showing temperature-dependent CD spectra
for the cooling ramp on the left and the transition curves around the two peak maxima at 260/290 nm on the right.
The experiment was done in 100 (top) and 0.5 mM K* (bottom). Sample conditions are: 10 uM DNA and either
100 mM KCI, 10 mM TMAA (pH 6.8) or 0.5 mM KCI. 100 MM TMAA (pH 6.8).

In both K* concentrations, we appear to have two species that transition in separate
temperature ranges. First transition: the signal decreases at 290 nm and does not
change at 260 nm. Ergo, this species has a positive band at 290 nm and a neutral
band at 260 nm. It is probably an antiparallel G-quadruplexes which, like the 22GT
wild-type sequence, has a weak negative band at 260 nm. The hysteresis is an
indicator of slow folding or unfolding kinetics. Second transition: signal decrease at 260
and 290 nm. Ergo, this species has two positive bands at 260 and 290 nm, it is
probably a hybrid G-quadruplex. The melting transitions are shifted by ca. 30°C
between the two K* concentrations, but look qualitatively similar. The samples in
100 mM and 0.5 mM K* thus likely contain the same conformers, but the equilibria are
not the same because of the different K* concentrations.

For a better separation of the two signatures, we performed a singular value
decomposition (SVD) on the CD melting data. Figure 56 shows the first two basis
spectra (‘components’) that were extracted from the U-matrix. From the singular values
(Figure 57, Figure S30) we assessed that the first two components are sufficient to
rationalize the temperature-dependent changes of CD spectra.
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Figure 56 Basis spectra of the first two components from the U-matrix.
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Figure 57 Singular values of the first 10 components for each CD melting dataset, taken from the S-matrix.

The CD signatures in Figure 56 are qualitative and cannot be translated into A¢ values.
Component 1 has a hybrid signature and the highest singular value, signifying that it
has the highest mean signal contribution across the entire temperature range. We
advise against guessing whether component 1 will be the most abundant species at
room temperature, because the conformational ensemble changes with temperature
and both the U- and S-matrix are temperature-independent by design. We will
therefore not use the mass spectra measured at 25°C to assess how many specific K*
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ions component 1 has. What we should have done is perform an MS melting
experiment in parallel and obtain basis component mass spectra. Based on the
singular values, we could then assign the component mass spectra to their respective
component CD spectra.

The NMR clearly showed a 3-tetrad structure for RAN4_3443, so component 1 has to
be a 3-tetrad hybrid G-quadruplex. With all instances of component 1 being hybrid
signatures and RAN4_3443 being a confirmed 3-tetrad G-quadruplex, we are going to
make an educated guess that all instances of component 1 are in fact 3-tetrad hybrid
G-quadruplexes. Another hypothesis on RAN4 3443 (dG3TAG3GAGCG4AGAG?3) is
that because its CD signature and sequence motif are similar to 2LOD
(dG3ATG3ACACAG4ACGs3), these two sequences might have a similar structure, which
is a hybrid G-quadruplex with a propeller loop, followed by a diagonal loop and a lateral
loop.18

Component 2 has an antiparallel CD signature, which does not necessarily mean
heterostacking, because 5YEY also has an antiparallel CD signature but is hybrid
stacking.* Nonetheless, component 2 seems like a promising candidate for a 3-tetrad
heterostacking G-quadruplex. Although we cannot determine the quantity of
component 2 at 25°C, the mass spectra in 0.5 mM K* (Figure 53, Figure S21) limit our
options to 1 or 2 specific K* ions. It therefore has to be a 2-tetrad or a 3-tetrad
antiparallel G-quadruplex.
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The antiparallel conformer of 22GT_4443 is metastable in
100 mM K*
We prepared and measured our G-quadruplexes at room temperature. In some

instances, the CD signature underwent significant changes after the melting
experiment (Figure 58)
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Figure 58 Comparing CD signatures of the G-quadruplexes folding in the same sample matrix at room temperature
(full line) and after cooling from 90 to 22°C at a rate of ca. 0.2 °C/min (dashed line). Sample conditions are: 10 uM
DNA and either 100 mM KCI, 10 mM TMAA (pH 6.8) or 0.5 mM KCI. 100 mM TMAA (pH 6.8). T = 22°C.

The RAN4 derivatives qualitatively retain the same CD signature after CD melting,
even if quantitative fluctuation is seen. 22GT_4443 undergoes the most significant
changes: the CD band at 260 nm has increased, while the CD band at 290 nm has
decreased. 22GT_4434 undergoes similar changes, but they are less remarkable. The
changes imply that annealing and slow cooling causes an antiparallel to hybrid
conversion. The hysteresis during the CD melting at 290 nm (Figure 55) is a sign of
slow kinetics affecting the antiparallel conformer. Were the hybrid form affected, the
hysteresis would also manifest at 260 nm, but it does not.

Antiparallel G-quadruplexes (especially those with 2 G-tetrads) are characterized by
fast folding kinetics."'® Therefore, the cause of the hysteresis must be slow unfolding
kinetics of the antiparallel conformer. The annealing and slow cooling promotes the
formation of the hybrid conformer, because it is thermodynamically favored. When K*
is added at room temperature, the antiparallel conformer folds fast and does not unfold
to allow the formation of the energetically more favorable hybrid conformer. This
phenomenon is known as kinetic trapping.

To validate our claim that the antiparallel conformer is a kinetic trap, we performed a
kinetics experiment where we added 100 mM K* to 22GT_4443 at 4°C (Figure 59).
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Figure 59 Left: Comparing the CD signatures of 22GT_4443 (dG4TTAG4TTAG4TTAG3T) without and after a CD
melting experiment. Right: CD spectra of 22GT_4443 measured before (t0) and after adding 100 mM KClI at certain
time points (dead time is 2-3 min). Sample conditions are 10 pM DNA, 100 mM KCI, 10 mM TMAA (pH 6.8). T = 4°C.

When formed at 4°C, 22GT_4443 has an authentic antiparallel CD signature. Over the
course of 2 weeks, there were no changes that would indicate an antiparallel to hybrid
conversion. So the antiparallel conformer is indeed a kinetic trap. We summarize our
findings in Figure 60 by proposing a folding pathway for the 22GT_4443 G-quadruplex.
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Figure 60 The proposed folding pathway for 22GT_4443.

Two separate folding pathways lead to either the hybrid or the antiparallel conformer,
probably through different intermediate states. Theoretical studies suggest a triplex as
the intermediate for hybrid/parallel G-quadruplexes, while antiparallel G-quadruplexes
arrange through double hairpins or slipped-strand quadruplexes.?®?! The different
intermediate states are the most likely cause as to why antiparallel G-quadruplexes
fold quicker than hybrid/parallel G-quadruplexes. The antiparallel conformer is a kinetic
trap and obtained by G-quadruplex formation at low temperature. It has one or two
specific K" ions and thus 2 or 3 G-tetrads. The hybrid conformer is energetically favored
and obtained by annealing and slow cooling. We speculate that it has 3 G-tetrads.
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Conclusion

Our model sequences, 22GT and RAN4, have G-tracts containing 12 guanines. They
form 2-tetrad antiparallel G-quadruplexes stabilized by a GGG and an AGA triad. We
injected four guanines into the G-tracts, which caused a conversion from a 2-tetrad to
a 4-tetrad antiparallel G-quadruplex. In order to obtain 3-tetrad G-quadruplexes we had
to disrupt the 4-tetrad conformation by leaving 14-15 guanines in the G-tracts.

We identified several G-quadruplex species with two specific K* ions, which can either
mean three G-tetrads or two G-tetrads and a GGG triad. We separated the CD
signatures of coexisting species by singular value decomposition of CD melting data.
We identified two main conformers, which we hypothesize are a 3-tetrad hybrid G-
quadruplex and an antiparallel G-quadruplex with an uncertain number of G-tetrads.
The hybrid form is thermodynamically favored and obtained by annealing while the
antiparallel form is kinetically favored and obtained by adding K* at low temperature.

We were unable to prove the existence of a 3-tetrad heterostacking G-quadruplex, but
learned that the cation determines which G-quadruplex conformations are possible and
which ones are not. We also learned that CD-melting is not ideal to analyze the
antiparallel species because different equilibria are formed at different temperatures.
Isothermal K* titrations and/or kinetics are more appropriate and could have been
directly compared to MS experiments. The only thing to keep in mind is that one
species is a kinetic trap, so the titrations should be repeated with and without
annealing. Kinetic experiments should involve a temperature-jump setup, to better deal
with the fast kinetics of the antiparallel conformer.

Trying to model a structure where AGA/GGG triads are supposed to stabilize
heterostacking G-tetrads made us realize how little we know on the influence of base
pairs/triads/tetrads on the arrangement of the adjacent G-tetrad. We believe that these
loop interactions are the key to creating exceptional G-quadruplex conformations, so
here are three project ideas:

1) a systematic review of solution NMR structures that feature base pairs or triads. A
few simple questions to address: are adenines (in base pairs/triads) always in anti-
configuration? Do adenines preferentially stack onto syn- or anti-guanines? Do triads
have a defined H-bond rotation? If so, are they hetero- or homostacking onto the
adjacent G-tetrad?

2) in silico experiments using 6ZX7 as a structural model to quantify the energy
contributions of A/G and C/G base stacking. Flipping the bases between syn/anti
configuration might elucidate which base stacks (syn/anti, anti/syn, anti/anti, syn/syn)
are favorable or unfavorable.

3) modifying the SYEY sequence to enable the formation of an AGA triad at the 5’ end
(dAG3TTAG3TTAG3TTTGs3G). AGA triads require antiparallel loop arrangements,
hence they promote a 2-tetrad antiparallel topology over a 3-tetrad hybrid topology.®
5YEY already has I-I-l loops, so an AGA triad should not convert the S5YEY structure
into a 2-tetrad G-quadruplex. It would be interesting to check the modified 5YEY
sequence by CD/MS to compare.
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CHAPTER 3: HELICAL FOLDAMERS AS
SELECTIVE G-QUADRUPLEX LIGANDS.
Abstract

Our lab discovered (unintentionally) that small quinoline oligoamides, which fold into
helices, bind to G-quadruplexes (GQs). Their helical structure greatly deviates from
that of a typical G-quadruplex ligand, which is usually a flat aromatic heterocycle. We
therefore decided to perform an MS ligand screening to address the following
questions: 1) are foldamers GQ-specific? 2) are foldamers selective towards certain
GQ topologies? 3) can foldamers compete with concurrent GQ ligands in terms of
binding affinity? 4) do modifications of the oligomer sequence significantly influence
GQ targeting? Our initial investigation concluded that foldamers are promising
topology-selective G-quadruplex ligands. We then carried out structural investigations
by CD and IMS to unravel what causes the topology selectivity of foldamers. We
crystallized a foldamer-GQ-complex and resolved its crystal structure to validate the
binding mode. NMR helped us sort out discrepancies between crystal structure and
solution-phase structure. Overall, this project is a comprehensive analysis on the
topology-selective interaction between foldamers and G-quadruplexes, establishing
them as a novel ligand class.

State of the art

The free energy landscape of GQ folding results in many GQs co-existing in different
folded states.®-1° The structure of a singular GQ forming DNA sequence can depend
on 1) The concentration of DNA strand 2) The type and concentration of cation10.16-18
3) The ionic strength and pH of the buffer'®2° and 4) the nature of the solvent.?%22 Over
the decades, the solution-phase structures of several GQs have been resolved, which
gives us a foundation of sequences that we can use to produce defined GQ structures
for selectivity screening. We will use a previously assembled a database of resolved
GQ structures featuring CD, MS, UV-melting and NMR data in both NMR and mass
spectrometry conditions.?3

Due to their involvement in gene expression, G-quadruplexes are attractive drug
targets. G-quadruplex ligands are generally flat, condensed heteroaromatic systems
that allow efficient m-stacking on G-tetrads while inhibiting dsDNA intercalation.?
Cationic sidechains are often added to avoid charge repulsion and improve water
solubility.?®> However, current ligands still lack the necessary selectivity among different
G-quadruplexes for clinical use.?®?7 Ligands discriminating certain topologies?®-3° or
topology-subclasses®-33 have already been reported but rational design efforts have
not yet yielded small molecules with significant selectivity for a specific G-quadruplex
structure.®* Molecular scaffolds that deviate from the condensed aromatic structure
paradigm may be required to produce ligands with improved topology selectivity.3?

Inspired by biopolymers, foldamers are synthetically constructed oligomers that self-
organize into a defined folded structure.®®> We studied quinoline-based oligoamide
foldamers that fold into a helix through varying interactions including electrostatic
repulsions, intramolecular hydrogen bonds, conjugation and extensive aromatic
stacking.36-28 In absence of any chirality inducers, helical foldamers exist as a racemic
mixture of left- and right-handed helix.®® Foldamers possess two characteristic traits of
GQ ligands: 1) A heteroaromatic core structure, which is derived from quinoline and 2)
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Extended, flexible sidechains. But unlike most GQ ligands, foldamers are not flat. Our
foldamers have a positively charged sidechain (derived from ornithine) to enhance
water solubility (Figure 61).
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Figure 61 A) Oligoquinoline foldamers used in this study, which contain quinoline (Q) and pyridine (P) subunits. B)
Intramolecular H-bonds (green) sterically prohibit a planar structure, forcing the molecule into a (racemic) helical
assembly.

The interaction between quinoline oligoamides and GQs has been studied before.
These foldamers stabilize GQs, but have no effect on DNA duplexes — based on FRET
melting studies.®6:3740 The foldamers display a remarkable selectivity among the
probed GQ sequences. Unfortunately, the different structures/topologies of those
seguences were not taken into account, so we cannot profoundly analyze the GQ
selectivity. An X-ray crystal structure of a foldamer-GQ system showed co-
crystallization with antiparallel GQ, but no specific interaction between ligand and
target.®® Negatively charged foldamers do not interact with GQs, likely due to charge
repulsion.®”#! Hence, aromatic foldamers designed as GQ ligands should carry
positive charges, which are implemented through the side chain. The effect of foldamer
helicity was probed by inducing the handedness quantitatively into a left (M) or right
(P) configuration by covalently attaching either (R) or (S)-camphanic acid, respectively.
However, introducing the camphanyl residue disrupts the foldamer-GQ interaction,
indicating that the binding region is located at the N-terminus of the foldamer.*
Helicenes derived from diazaoxatriangulenium (DAOTA) were separated using
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enantioselective precipitation. The (M) and (P) helices have similar binding affinities to
G-quadruplex, with Kp value differences less than factor 1.5, although molecular
modeling implies that the flanking nucleotides interact differently with each form.42
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Materials and Methods
Foldamer synthesis

The foldamers were synthesized and characterized by Vincent Laffliié under the
supervision of Yann Ferrand. Seven foldamer sequences (see Figure S34 and Figure
S35) were prepared according to the synthetic schemes in the supporting information
(Figure S36 to Figure S39), while also providing NMR spectra, HPLC traces and
accurate masses for each ligand (Figure S40 to Figure S53).

The aromatic oligoamides were synthesized using a microwave-assisted solid phase
synthesis approach. The matrix is a low loading CI-MPA ProTide® resin. The first
monomer unit was attached to the resin using Csl/DIEA. Subsequently, each monomer
was coupled to the oligomer chain iteratively through periodic cycles of deprotection
and then coupling the next monomer unit using PPhs/Trichloroacetonitrile. Finally,
trifluoroacetic acid was used to simultaneously cleave the oligomer from the resin and
deprotect the Boc groups of the side chains to yield ammonium salts. After filtration of
the remaining solids, TFA was evaporated leaving a residue, which was suspended in
Et2O and centrifuged. The residual solid was dissolved in water and freeze-dried.

All sequences were purified using semi-preparative HPLC on a reverse phase C18
column (mobile phase: H2O0/ACN/TFA). The purified foldamers were freeze-dried twice
more to remove TFA traces. The final product was obtained as a yellow solid with a
cotton-like texture, consisting of the foldamer with one trifluoroacetate counterion per
ammonium groups.

DNA & sample preparation

All oligonucleotide sequences were purchased from Eurogentec (Belgium) and
dissolved in UPLC/MS grade pure water (Biosolve Chimie, France) to 1 mM DNA.
Stock solutions were annealed for 3 minutes at 85°C, then any residual Na* ions were
exchanged with 500 mM NH4OAc, which we then flushed out with water using
cellulose-matrix 3K centrifugal filter units (MerckMillipore, Ireland). We validated the
desalting method by analyzing a DNA stock solution before and after desalting (Figure
S54). The concentration of each DNA stock solution was determined with a UV
spectrophotometer (Uvikon XL Secomam), utilizing extinction coefficients at 260 nm
that were calculated from the nucleotide sequence via nearest-neighbor method.*® An
overview of the sequences studied is provided in Table 6.

Foldamer stock solutions were prepared by weighing in the purified product on a
microbalance (Sartorius ME5S) and dissolving them in UPLC/MS grade pure water.

To form GQ, DNA solutions were doped with either potassium chloride from Sigma
Aldrich and Trimethylammonium acetate solution (TMAA) from ChemCruz or
ammonium acetate solution (NH4OAc) from Sigma Aldrich (Switzerland).

Table 6 Overview of the DNA sequences used for the foldamer ligand screening experiments.

Name PDB | Sequence Topology? Loops® | 6 (20°C)*
1XAV 1XAV | dTGAG3TG3TAG3TG3TAA Parallel GQ ppp 100%
222T dTG3TTG3TTG3TTGsT Polymorphic ppp 98%

GQ

2 Most abundant topology in MS sample conditions

3 p = propeller, | = lateral, d = diagonal, s = snapback, v = v-loop

4 Fraction of folded DNA at 20°C in 1 mM KCI, based on UV melting data
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222T_mA dTG3TTG3AAG3TTG3T Polymorphic ppp 92%
GQ
222T mC dTG3TTG3CCG3TTG3T Polymorphic ppp 96%
GQ
T30177TT | 2M4P | dTTGTGGTG3TG3TGsT Parallel GQ ppp 100%
26CEB 2LPW | dAAG3TG3TGTAAGTGTG3TGsT | Parallel GQ ppp 100%
26CEB-mT dAAGSTGSTTTTTTTGTG3TG3T | Parallel GQ ppp 100%
2KYP 2KYP | dCG3CG3CGCTAG3AGsT Parallel GQ ppp 93%
203M 203M | dAG3AG3CGCTG3AGGAGs Parallel GQ ppls 84%
TGAT 204F | (dTG4T)4 Parallel GQ none N/A
21G dGsTTAGSTTAG3TTAG3 Polymorphic 100%
GQ
SYEY 5YEY | dG3TTAG3TTAG3TTTG3 Antiparallel GQ | lll 100%
22GT 2KF8 | dG3TTAG3TTAG3TTAG3T Antiparallel GQ | IdI 98%
22GT 18T dG3TTAG3TTAG3STTTG3T Antiparallel GQ 100%
22CTA 2KM3 | dAG3CTAG3CTAG3CTAGs Antiparallel GQ | lll 88%
TBA 148D | dGGTTGGTGTGGTTGG Antiparallel GQ | Il 90%
GATAGA 4R4A7 | (dG4aT4Ga4)2 Antiparallel GQ | d/d N/A
26TTA 2JPZ | dTTAG3TTAG3TTAG3TTAGSTT | Hybrid GQ llp 66%
Bcl2 2F8U | dG3CGCG3sAGGAATTG3CGs Hybrid GQ llp 97%
24TTG 2GKU | dTTG3TTAG3TTAG3TTAG:A Hybrid GQ pll 99%
24TTG_20T dTTG3TTAG3TTAG3STTTG3A Hybrid GQ 98%
23TAG 2JSM | dTAG3TTAG3STTAG3TTAGs Hybrid GQ pll 94%
2KPR 2KPR | dG3TG4AAG4TG3T Hybrid GQ livp 100%
21CCC dCsTAAC3TAACSTAAC3 i-motif (pH 5.5) 100%
single strand
(pH 7)
ds26 (dCAATCGGATCGAA Duplex/Hairpin 100%
TTCGATCCGATTG)2
DK-33 (ACGTAAATTTACG): Duplex 100%
DK-66 1FQ2 | (ICGCGAATTCGCG)? Duplex 100%
DK-100 (dCGCGGGCCCGCh)2 Duplex 100%
ss24 dTGCCATGCTAC Single strand
TGAGATGACGCTA
24nonG4 dTGGGATGCGACA Single strand
GAGAGGACGGGA
T24 dT24 Single strand
A24 dA24 Single strand
T6 dTs Single strand

Circular Dichroism spectroscopy

CD measurements were performed on a JASCO J-815 spectrophotometer equipped
with a Lauda RE 305 temperature control system with the following parameters: 220-
500 nm scan range, 50 nm/min scanning speed, 0.2 nm data pitch, 2 nm bandwidth,
2 s data integration time, 22°C temperature in the sample holder, 3 accumulations. The
samples, containing 10 uM of DNA, were placed in Suprasil quartz cuvettes (Hellma)
with 2 or 10 mm pathlength.
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Raw data was blank subtracted then converted to molar ellipticity with Equation 12,
where 6 is the ellipticity (mdeg), ¢ the molar concentration of oligonucleotide (mol/l),
and [ the pathlength (cm).

0
Aeg [M‘1 X cm_l] = — (12)
3298.2 xc X 1
We provide CD spectra in MS conditions for all intramolecular GQ sequences listed in
Table 6. They have either been published previously,?® or are featured in the

supporting information (Figure S55 to Figure S62).
Thermal denaturation

Thermal denaturation was monitored by UV absorption spectroscopy on a SAFAS
UVmc2 double-beam spectrophotometer equipped with a high-performance Peltier
temperature control unit. The melting ramps were: 20—90°C (10 °C/min), 90—4°C
(0.2 °C/min), 4—90°C (0.2 °C/min); 90 s data reading interval, 0.5 s averaging time.
The samples, containing 10 uM of DNA, were placed in 10 mm pathlength Suprasil
quartz cuvettes (Hellma). The UV absorption was taken at 260, 295 and 335 nm. The
260 nm wavelength corresponds to the DNA duplex, the 295 nm one to the GQ and
the absorption at 335 nm serves as an internal reference to correct for instrumental
artifacts. In addition, the buffer alone (100 mM TMAA and 0.5/1 mM KCI) was
measured for blank correction. Raw data, at 260 nm for dsDNA and 295 nm for G4s,
was blank subtracted, and corrected with the 335 nm data, then converted to folded
fraction 8 (Equation 9).4445

We provide UV melting curves for all intramolecular GQ sequences in MS conditions
in Table 6. They have either been published previously,?® or are featured in the
supporting information (Figure S55 to Figure S60).

Native mass spectrometry: Instrumental setup

MS experiments were carried out on an Agilent 6560 IMS-QTOF. The instrumental
settings were optimized to preserve non-covalent DNA structures, albeit making a
compromise between signal intensity and softness of the ion transfer (Table S1).46
Samples were infused at 3 pl/min for 11 minutes, working ligand-by-ligand to avoid
cross-contaminations. The instrument is equipped with a drift tube for ion mobility
spectrometry (DT-IMS). The ions pass through a tube, filled with helium, and we
measure the time between ions being released into the drift tube until arriving at the
detector. This time is the arrival time ta, which we convert into the collisional cross
section (CCS) through the Mason-Schamp equation (Equation 4).

We validated our instrumental settings before each session using (dTG4T)4*3NH4* as
an external calibrant. We accepted the instrumental settings when the experimental
CCS values were within 2% of error to our previously published CCS values (787.5 A2
[5-] ion, 735.7 A2 [4-] ion).47

Ligand screening via native mass spectrometry

We designed a DNA panel for G-quadruplex ligand screening reflecting the diversity
of G-quadruplex topologies (Table 6). We selected 23 G4-forming sequences featuring
different strand stoichiometries (1, 2, 4), numbers of tetrads (2 to 4), topologies
(parallel, antiparallel, hybrid) and origins (e.g., oncogene promoter, telomeres,
aptamers). The panel features control sequences of alternative secondary DNA
structures (duplex, i-motif, single strand).
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We screened the DNA panel against 4 different foldamer sequences: QPQ, QQPQ,
QPPQ and QQQQ. Screening samples contained 10 uM DNA, 20 uM ligand, 4 uM
dTs, 0.5 mM KCI and 100 mM TMAA (pH 6.8) in water. 150 mM ammonium acetate
(pH 6.8) was used for the sequences Ts, T24, SS24, DK-66 and 21CCC. The multi-
stranded GQs TG4T and Ga4T4Gs were screened in both TMAA/KCI and ammonium
acetate.

Eric Largy processed the mass spectra by determining the concentration of any DNA
species (M*) using Equation 13, where [M]o is the total concentration of DNA in the
sample and | is the intensity of the different species, obtained by assigning a m/z
window to every species and integrating all signal inside that window. (monomeric
DNA: M, ligand: L).*® The concentration of unbound ligand is determined by equation
14, where [L]o is the total concentration of ligand in the sample. The dissociation
constants Kpi1 and Kpz values for the 1:1 and 2:1 (L:M) complexes were then
determined from Equations 15/16. The fraction of bound DNA (Equation 17) is a more
concise parameter to present ligand screening results.

M) = Mo X S amrony @9

[L] = [L]o — [L]pouna = [L]o — [ML] — 2 X [ML,] (14)
ML o M+L; Kpy = [’V[’I]WXL[]” (15)

ML, & ML+ L; Ky, = ["?;]LXZ[]” (16)
fraction of bound DNA = [Mglf[L;gA:[L;]LZ] (17)

The difference in Kpo1 and Kpz highlights ligand cooperativity. We speak of positive
cooperativity when Kp2 < 4*Kp1 and negative cooperativity when Kpz > 4*Kp1.4°

ESI-MS titrations

The six sequences 1XAV/222T/21G/5YEY/T24/ss24 were titrated against 7 foldamers:
QPQ, QPPQ, QQPQ, QQQ, QQQQ, QQQQQ, QQQQQQQQ. The latter will from now
on be called Qs, Qs4, Qs and Qs. The MS titration experiments follow two main
objectives: 1) Obtain more reliable Kp values compared to using a single spectrum and
2) Study the effect of foldamer length on GQ affinity to aid rational ligand design. We
kept the DNA concentration at 10 uM and measured at 7 different ligand
concentrations: 0/5/10/15/20/30/40 uM.

Eric Largy processed the MS titration data in three main steps: 1. Noise correction. To
quantify the noise, we picked a ‘signal-free’ area in each mass spectrum and calculated
the standard deviation of intensities. He then subtracted three times the standard
deviation from the integrated DNA signals to remove noise contributions. The ligand
screening data was noise corrected as well. 2. Response analysis. Response factors
depend on the gas-phase transmission yield during electrospray ionization which can
be different for the M/ML/ML2 species. Changes in response were quantified by adding
dTe as an internal calibrant.® The ratio of DNA to dTe intensity was monitored as a
function of ligand concentration and from changes in that ratio Eric Largy derived the
effect of ligand concentration on DNA response (Figure S63). Note that the ligands not
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interact with dTe 3. Dynamic fitting. Eric Largy used the software DynaFit which derives
a mathematical model from the chemical equilibria 15/16 and matches it to the
experimental data with minimal residual error (Figure S64). His model allows the
response factors of the complexes (ML, ML2) to vary between 0.8 to 1.1. From the
fitted data he extracted Kpi and Kpz values.

X-ray crystallography and structure determination

Crystallogenesis was performed under supervision of Stéphane Thore. We used a
sitting-drop well plate (SWISSCI MRC 2 Lens Crystallisation Plate) and obtained
droplets by mixing 200 nl of a solution containing 400 uM DNA (222T), 900 uM ligand
(QQPQ) and 20 mM potassium cacodylate (pH 7.0) with an equivalent volume of
crystallization screening solutions from various commercial kits. The original condition
was the No. 41 of the Natrix crystallizazion screen (Hampton Research) and was
composed of 100 mM KCI, 15 mM MgClz, 50 mM Tris (pH 7.5) and 10% PEG-550. We
obtained clear, cuboid crystals that were 10-20 pum in size. The crystals were
transferred into a cryoprotective solution containing 100 mM KCI, 15 mM MgClz,
50 mM Tris (pH 7.5), 20% PEG-550 and 20% ethylene glycol. Finally, the crystals were
flash frozen at -196°C and analyzed at the SOLEIL synchrotron (Saint-Aubin, France).

Several data sets were collected at the French synchrotron Soleil on the beamline
Proxima | to a maximum resolution of 2.20 A. The raw images were processed with
XDS.>! Stéphane Thore solved the crystal structure using the Phaser-Molecular
Replacement procedure from the software package Phenix.>? The structure was solved
using the GQ core from the previously solved structure of the 222T sequence (PDB:
6P45).5 He tested various models with and without the connecting nucleotide to help
remove model bias. He improved the GQ model by several rounds of manual rebuilding
and added the QQPQ ligand once the electron density from the GQ was filled. QQPQ
ligand restrains were generated using the webserver from GlobalPhasing>* and added
to the refinement procedure in Phenix. The final model included two potassium ions
located between the G-tetrads of the same GQ and one potassium ion located between
the G-tetrads of two dimerizing GQs coordinated by the guanine bases, several
magnesium ions and 18 nucleotides of the GQ sequence (missing only the first and
the last thymine nucleotide). The summary of data collection and refinement statistics
is presented in Table S5. Figures were prepared using ChimeraX.>

NMR spectroscopy

NMR samples contain 100 uM DNA, 300 puM QQPQ and 10 mM potassium phosphate
buffer (pH 7, contains 16 mM K*) in 90%/10% H20/D20. We used the similar sequence
T95-2T (dTTG3TG3TGsTGsT, PDB: 2LK7) because it is monomorphic and produces
clean NMR spectra.>® We labeled the flanking thymines through T/U switches, adding
the sequences 2LK7_1U (dUTG3TG3TG3TGsT), 2LK7_2U (dTUG3TG3sTGsTGsT) and
2LK7_18U (dTTG3sTG3sTG3TGsU).

Cameron Mackereth measured every DNA sequence with and without QQPQ. He
measured QQPQ by itself in d6-DMSO instead of H20/D20 and KP. 1D-NMR spectra
were recorded on a Bruker Avance NEO 700 MHz at 278 or 298 K. 'H-NOESY and
TOCSY measurements were recorded on a Bruker Avance-Ill 800 MHz at 278 K.
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Results and Discussion
Ligand Screening

Introduction

Mass spectrometry can directly validate the presence of a species of interest, e.g. a
DNA sequence, based on its mass. If different species have different masses, they are
separated in a mass spectrum. In the context of foldamer-GQ systems, we can
determine both the number of ligands and number of cations bound to the DNA
sequence.

For example, the m/z shift for one ligand in Figure 62 is equivalent to the mass of the
ligand (1031 Da) divided by the number of charges (4), which is ca. 258 m/z. We see
a 1:1 and 2:1 complex, so we can assume there are two accessible foldamer binding
sites on the GQ. In addition, the mass difference matches the mass of the ligand,
validating that it is the ligand binding and not an impurity or a by-product.

Next, each K* bound there causes a mass shift of 38 Da (*H detaches, *°K attaches).
K* ions bind in two ways: non-specific and specific. Non-specific K* ions interact
electrostatically with negative phosphate groups on the DNA backbone; their
distribution follows a discrete probability, which can be approximated as a Poisson
distribution.>” Specific K* ions in GQs are the ones located between 2 G-tetrads. An
adduct with n K* ions is considered specific when it is significantly more populated than
its neighboring adducts n+1 and n-1.

In Figure 62, the main adduct of the unbound DNA is 1 K* which corresponds to a 2-
tetrad antiparallel GQ.* But the 1 K* peak is not purely GQ. When the neighboring 0 K*
peak is that intense, there will be a significant portion of unfolded strand with 1
unspecific K* which contributes to that signal. The main adduct of the complex is 2 K*,
which corresponds to a 3-tetrad parallel GQ. The absence of 0/1 K* adducts indicates
ligand selectivity towards 3-tetrad parallel GQs over 2-tetrad antiparallel GQs and
unfolded DNA.

M4-
1K+

2K*

I 1
1450 m/z 2250
Figure 62 Mass spectrum of 10 pM 222T-mA (dTG3TTGsAAGsTTGsT) with 20 pM QQQQ in 0.5 mM KCI and
100 mM TMAA. Labeled species are: Unbound DNA (M), 1:1 complex (ML) and 2:1 complex (ML2), specific K*

adducts (red), non-specific K* adducts (black).
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Ligand affinity from MS

In Figure 63 we can visually compare the mass spectra of two ligands with different
binding affinities. Each ligand:DNA stoichiometry (blue/green/orange in Figure 63) is
spread across multiple charge states. Note that these charge states do not correspond
to the charge state in solution, but to the charges left in the final droplet during
electrospray ionization before the analyte enters the gas phase.

low affinity M

high affinity

1500 1750 2000 2250
m/z

Figure 63 Mass spectra for 5YEY (dG3TTAG3TTAGsTTTGs) in Top: QPPQ. Kp1 =75 pM, Kpz = 40 pM. Bottom:
QQPQ. Kp1 = 1.5 pM, Kpz = 22 pM. Sample conditions are: 10 uM DNA, 20 pM ligand, 0.5 mM KCI, 100 mM TMAA
(pH 6.8). Labeled species are: Unbound DNA (M), 1:1 complex (ML), 2:1 complex (ML2), 2K* adduct (2),
depurinated DNA (*).

Visually, little to no complex is visible for QPPQ while the 1:1 complex is the main
species with QQPQ. In fact, the Kp values we calculated from these mass spectra
(see caption) differ by 1-2 orders of magnitude. When modifications in the oligomer
sequence increase ligand affinity by this magnitude, we are optimistic that foldamers
can be rationally designed to target specific GQ structures.

The low intensity of 2:1 complex compared to 1:1 complex indicates that the 5YEY GQ
only has one accessible binding site. Meanwhile the DNA/ligand pairing from Figure
62 has two accessible binding sites. To properly grasp the foldamer/GQ interaction,
we need to screen different foldamers against a selection of GQs.

Full panel screening

Figure 64 presents the ligand screening results in the form of a heatmap. In ‘hot’ zones
the majority of DNA is bound by the complex while in ‘cold’ zones the DNA is mostly
unbound. The detailed data, including Kp values, are deposited in Table S2, mass
spectra are shown in Figure S65 to Figure S100.
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Figure 64 A) Heatmap showing the fraction of DNA bound for all DNA/foldamer combinations, calculated from mass
spectra. Sample conditions are: 10 uM DNA, 20 uM Ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8). DNA sequences
are listed in Table 6. Telomeric-related sequences are highlighted in blue. B) Titration data for 5YEY and QQPQ,
showing an extract of the raw mass spectra on top and the processed datapoints on the bottom. The dynamic fitting
curves match the experimental datapoints and return Kp1z = 0.54 £+ 0.1 pM, Kpz = 200 + 70 pM.

All four foldamers bind parallel GQs with Kp values in the low puM range. Not all parallel
GQs are equivalent. 222T_mA and 2KYP are partially unfolded in 0.5 mM K*, so the
GQ has to overcome a higher energetic barrier transitioning from unfolded strand to
complex. This is why the fraction of bound DNA is lower compared to the other (stable)
sequences. The G-tetrads of 203M and TGAT are less exposed than those of common
parallel GQs with three propeller loops. 203M has a lateral and a snapback loop that

ss24

24nonG4

ss-DNA T24
A24

21CCC (ss)

T6

species conc. [uM]
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can cover the G-tetrads. TGAT has eight flanking thymines that can form a sparsely
populated T4-tetramer, which also protects the GQ from 5’-5’-dimerization.® We
therefore hypothesize that foldamers bind to the external G-tetrads, but with steric
restrictions, so that loops/bases covering the tetrads will impede ligand binding.

We can split the ligands into two groups: QPQ and QPPQ, within our panel, are highly
selective to parallel GQs with three propellor loops. We suspect that these ligands are
more likely crescent-shaped than helical, because the oligomer chain is not long
enough (it takes 5 Q units for 2 helical turns). QQPQ and QQQQ are stable helices;
we validated the network of intramolecular H-bonds by NOESY (see NMR section).
Their affinity to parallel GQs is 3-4 times higher compared to QPQ and QPPQ. Apart
from parallel GQs, the ligand QQPQ remarkably interacts with 5YEY (Kp1 = 1.5 pM),
but also TGA4T, 22GT_18T and 26TTA (Kpi1=5 uM). 5YEY and 22GT_18T are
telomeric mutants with a TTA—TTT mutation in the third loop, which induces a switch
from a 2-tetrad to a 3-tetrad antiparallel GQ.* QQPQ and QQQQ are sensitive to this
structural switch: The affinities to the mutants is 5-10 times higher than to the ‘wild-
type’ sequences (compare: 21G/SYEY, 22GT/22GT_18T, 24TTG/24TTG_20T).
26TTA is a hybrid-2 GQ that is targeted by QQPQ but no other foldamer in this panel.
Nonetheless, we cannot assess whether QQPQ is selective towards hybrid-2 over
hybrid-1 topology.

None of the ligands interact well with most antiparallel GQs, where the G-tetrads are
usually covered by base triads and/or diagonal loops (21G, 22GT, 22CTA, TBA,
G4T4G4). This is further evidence that foldamers selectively target GQs whose
configuration allows exposed G-tetrads. The low affinity towards alternative DNA
structures (i-motif, duplex, single strand) underlines the GQ specificity of foldamers.
The helical shape of foldamers prevents duplex intercalation, as they are too bulky to
lodge in between base pairs.*> Among the controls, the foldamers were irresponsive to
changes in G-richness, molecularity or strand length.

ESI-MS titrations

We selected six DNA sequences from the ligand screening panel and titrated them
against seven ligands: QPQ, QQPQ, QPPQ, Qs, Q4, Qs and Qs. The two main
objectives are 1) Get more reproducible Kp values for sequences of interest 2) Study
the effect of foldamer length (Qs to Qs) on ligand affinity. Figure 64 features an extract
of the titration data for 5YEY and QQPQ. All Kp values are listed in ESI-MS titrations:
KD values and response factor estimates

Table S3. Estimated response factors of each DNA:Ligand complex are listed in Table
S4. The full titration datasets are in Figure S101 to Figure S141.

The control sequence ss24 is a single-stranded 24mer with 25% of each nucleobase.
None of the foldamers target this sequence (Kpi1 > 100 uM) save for Qs, which has
significant populations of 1:1 complex, 2:1 complex and 3:1 complex (Figure S129).
QQAQ is thus not GQ specific and we do not have an explanation for this observation.

T24 is another single-stranded control sequence that does not interact with QPQ,
QQPQ or QPPQ (Kp > 100 uM). However, it forms high-affinity 2:1 complex with Qs to
Qs (Kpz < 1 uM), including a 4:1 complex with Q3 (Kp4 =0.01 £ 4 uM). Although our
ligands are racemic, there is an induced CD in the presence of T24 that matches the
CD signature of a right-handed foldamer helix (Figure S142). Our hypothesis is that
T24 and Qn foldamers associate into a right-handed double helix, wherein the foldamer
is dimerized in order to accommodate the full length of the T24 strand. We attempted
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to reproduce our results on U24 (Figure S143), because U-rich motifs play a role in
RNA expression,®®¢! Alas, there is no induced CD switching from dT to rU.

21G and 5YEY are the same telomeric repeat sequence save for one A—T base
switch, which triggers a topology switch from polymorphic (21G) to antiparallel (5YEY).
QQPQ, Q4 and Qs are sensitive to this switch and form stable 1:1 complex with 5YEY
(Kp1 < 10 pM). Qa is the most sensitive ligand, with a 20x change in Kp1 between 21G
and 5YEY.

1XAV and 222T showed the highest fraction of bound ligand in the foldamer screening
(96%). All foldamers form high-affinity 1:1 complex with 222T (Kp1 <10 pM). The
strongest binding partner for 1XAV is Qa (Kp1 = 75 + 59 nM), the weakest one is Qs
(Kp1 = 28 + 6.7 uM). All foldamers form 2:1 complex (Kpz = 1 uM), except for Qs and
QPQ. Qs is the only ligand to form a 3:1 complex, but based on our results with control
sequence ss24, the interaction might not be GQ specific.

Thanks to the titration data, we can place the affinity of foldamers in the low pM range
for parallel GQs, as well with a few other specific sequences (5YEY, T24). Foldamer
length is important and there seems to be a ‘sweet spot’ at about 4-5 monomers.
Having only 3 units comes with a decline in affinity (QPQ) or GQ specificity (QQQ).
Having more than 5 monomers leads to no affinity increase. In fact, the DNA signal
loses intensity when ligand is added — and the rate at which it drops is proportional to
the number of Q units (Figure S63). The reason is that each Q unit adds a positive
charge to the ligand, which help reduce charge repulsion among DNA polyanions,
leading to DNA aggregation. We confirm this hypothesis from 1) seeing precipitation
in solutions with > 100 uM DNA concentration in excess of ligand and 2) loss of CD
signature for a stable (i.e. resistant to disruption) parallel GQ when Qs is added (Figure
S144).

Investigating the foldamer-GQ interaction

We picked the foldamer QQPQ for structural investigation because 1) It was the
foldamer with the highest ligand affinity and 2) It selectively targeted certain telomeric
repeat sequences, among which we picked 5YEY and 26TTA. We picked T30177TT
as a stable parallel GQ. 222T and 222T-mA are polymorphic in 0.5 mM K* with a mix
of 3-tetrad parallel and 2-tetrad antiparallel GQ.* The equilibrium of 222T in our
experimental conditions is shifted towards the parallel form, while 222T-mA is shifted
towards the antiparallel form (ref. Figure 65).

Figure 6 shows the interaction of foldamer QQPQ with the five aforementioned DNA
sequences by four different methods. 1) Mass spectrometry. Mass spectra provide a
quick readout on ligand stoichiometry and the quantity of each species. The number
of specific K* ions indicates the number of G-tetrads. 2) lon mobility spectrometry
(IMS). This technique lets us track changes in structure even when there is no change
in mass. The ions’ collisional cross section (CCS) depends on its ion mobility and
charge state (within constant experimental settings). Significant conformational
changes are expected to lead to significant shifts in ion mobility, resulting in separate
CCS distributions.  Thus, the shape of the CCS distribution for each ligand
stoichiometry indicates how many folded species are present at minimum. 3) Circular
dichroism (CD). We follow how the ligand affects GQ topology by comparing CD
signatures with and without adding ligand. 4) UV-melting. The difference in melting
temperature with and without ligand (AT) is a common reference to quantify how potent
a ligand is at stabilizing the GQ structure. When there are sufficiently populated
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species with significantly different melting temperatures, multiple

melting transitions

will be visible.
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Figure 65 The effect of foldamer QQPQ on five different GQs. Samples contain 10 uM DNA, 20 uM QQPQ (unless
specified otherwise), 0.5 mM KCI, 100 mM TMAA (pH 6.8). 15t column: Mass spectra showing the 4- charge state
(5- for 26TTA). 2" column: CCS distributions extracted from the 2K* adduct of each species, shown in red in the
corresponding mass spectrum. 39 column: CD spectra of the complex (red) and control spectra with only DNA
(black) and only ligand (purple). 4" column: UV-melting curves with ligand (heating: orange; cooling: cyan) and
without ligand (heating: crimson, cooling: navy).

For T30177TT we see: 2 K* is the dominant adduct in the mass spectra, a parallel CD
signature and a fraction folded of 1 at 25°C. We are thus dealing with a stable, 3-tetrad
parallel GQ. Adding ligand does not change the K* adduct distribution, the shape of
the CCS distribution or the CD signature, meaning that ligand binding does not change
the folded GQ structure. The slight drop in CD intensity is likely due to ligand-induced
DNA aggregation (Figure S144). The melting temperature increases by 17 K, but two
distinct melting transitions appear. We know from previous temperature-controlled MS
studies on GQ ligands that the 1:1 complex usually melts before the 2:1 complex.® It
could be the same here.

222T and 222T-mA are polymorphic in 0.5 mM K*; the CCS distributions of the
unbound DNA are therefore the sum of multiple Gaussian functions, each representing
a different set of conformers. Upon ligand binding, the CCS distributions are less
convoluted (i.e. they look more like a single Gaussian distribution), which means that
the ligand selectively targets certain conformers within the ensemble of our
polymorphic sequences. We know that the complex is a 3-tetrad parallel GQ, because
adding ligand shifts the K* adduct distribution towards the 2K* species (also shown in
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Figure 2) and shifts the CD spectra towards a parallel signature (222T-mA has a
remarkable signature switch). The ligand targets parallel GQ and stabilizes it: We
report ATwm values of ca. +25 K. Similar to T30177TT, the DNA/ligand system has two
separated, broadened melting transitions which likely correspond to the 1:1 and 2:1
complex.

5YEY only has one accessible binding site, judging by the ratio of 1:1 to 2:1 complex
in the mass spectrum (see also the titration in Figure S118). The ligand affects GQ
folding, causing a CD band at 260 nm to increase. The CD signature looks like the 1:1
complex could be a hybrid GQ, but the CCS distributions give no conclusive evidence
whether there is only one hybrid species or multiple species with different topologies.
The affinity of the 1:1 complex between 5YEY and QQPQ (Kp1=0.54 £ 0.1 uM) is
comparable to parallel GQs. Nonetheless, the melting curve is steeper and shifts less
(ATwm = +8.2 K) in comparison. That implies that the complex formation with 5YEY is
more enthalpy-driven than with parallel GQs.*

26TTA mirrors the behavior of 222T/222T-mA: The K* adduct distribution shifts
towards 2K*, a parallel CD signature emerges and the UV melting transition broadens
in the presence of QQPQ. The ligand promotes a structural rearrangement of 26 TTA,
probably from hybrid to parallel topology.
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X-ray crystallography

We then used X-ray crystallography to test the end-stacking hypothesis built from the
CD and native MS results. Molecular crowding induces a bias for the parallel
topology,** so we picked the parallel GQ sequences 1XAV and 222T in order to 1)
Maintain the solution-phase topology and 2) Facilitate crystallization. We attempted to
crystallize both sequences with QQPQ or QQQQ, as well was 5YEY/QQPQ and
T24/QQQQ. We only obtained crystals for the 222T/QQPQ complex, whose crystal
structure is depicted in Figure 66. Crystal and structure refinement information is
deposited in Table S5. Electron density maps are shown in Figure S145 to Figure
S147.

Figure 66 X-ray crystal structure of GQ 222T (dTG3TTGsTTG3TTGsT) and foldamer QQPQ from the side (top) and
from above (bottom). Color coding: QQPQ in red, guanine in tan, thymine in green, potassium in purple.
The crystallization matrix contains 100 mM KCI, 15 mM MgClz, 50 mM Tris (pH 7.5), 10% PEG-550 and a 9:4 ratio
of ligand:DNA.

The structure validates our previous deductions: Two quinolines are Tr-stacking onto
the G-tetrad at the 3’ end. The helix appears to flatten out at the binding side to better
accommodate itself. We suspect that the P unit reduces tension caused by the
flattening process by enhancing structural flexibility, which comes from introducing an
extra methylene group into the helix chain. That is why QQPQ is the ligand with the
highest binding affinity: It has two Qs for 1r-stacking, followed by a P at which the
molecule can bend back into its helical shape. The top view illustrates how the diameter
of the foldamer helix matches with the size of a G-tetrad. The propellor loops are not
limiting the ligand’s access to the G-tetrads and therefore do not interfere with ligand
binding.

According to our ESI-MS titrations, the complex is saturated in a 3-fold excess of
ligand, where it forms a 2:1 complex (Figure S111). We expected to have one ligand
on each end of the GQ, however, one ligand is seen stacking onto a thymine base
(Figure 66). To understand this observation, we have to take a look beyond the single

119



unit cell and take crystal packing artifacts into account. The 5’ G-tetrad is occupied by
another GQ (Figure S148), blocking off a potential ligand binding site. Parallel GQs in
particular dimerize in concentrated solution because of their exposed G-tetrads. The
preferred interface for dimerization is 5’ to 5’ end.®>% The foldamer sitting atop the
thymine establishes a contact with a neighboring unit cell. Such crystal contacts are
needed to promote crystal formation and growth, but they can only persist in solid
phase.

The electron density map of the GQ is well-resolved (Figure S145), but the electron
density of the foldamer is spread more thinly within the binding site (Figure S147),
implying that the ligand has a dynamic structure within the binding site. Several factors
can contribute to these dynamics: 1) Rotational freedom along the helical axis 2)
Exchanges between left- and right-handed helix, since the foldamer is racemic 3) The
foldamer latching onto the G-tetrad from its C-terminus or N-terminus 4)
Conformational freedom of the foldamer side chains. We tested models where either
the C- or N-terminus faces the G-tetrad (Figure S149) and found no significant change
in refinement statistics that would suggest any of those four arrangements is more
favorable than the others. So even though the crystal structure depicts a static image
of the ligand, there are a series of dynamic exchanges in solution that we cannot see
in solid phase.

In summary, we have validated the first ligand binding site and the binding mode, but
need supporting evidence for the second binding site and the ligand orientation.

NMR spectroscopy for crystal structure refinement

NMR enables us to better interpret the crystal structure by identifying deviations
between solid-phase and solution-phase structure. We are unable to produce well-
resolved NMR spectra with 222T, probably due to its structural polymorphism. Hence,
we substituted 222T (dTG3TTG3sTTGsTTGsT) with 2LK7 (dTTGsTGsTGsTGsT), whose
structure is very similar to 222T but more dynamically constrained (1 nt loops) and
protected from dimerization (TT motif at 5’).°® We validated that QQPQ targets 2LK7
with sub-pM affinity (Figure S150, ESI-MS titrations: KD values and response factor
estimates

Table S3). All 1D and 2D NMR spectra of 2LK7/QQPQ are deposited in the supporting
information (Figure S151 to Figure S165).

Our key findings are summarized in Figure 67. Panel A shows a 'H-'H NOESY
spectrum of the 2LK7/QQPQ complex. We observe two networks of NOE contacts that
correspond to the amide protons of the foldamer (designated NH1 to NH4 in panel D).
The amide protons are in close contact with each other through the H-bond network
that enables the helical foldamer arrangement (Figure 61). The detection of
(exchangeable) amide protons in the 1D spectrum (panel C) further indicates that
these protons are protected from solvent exchange. These factors are supporting
evidence for the helical folding of QQPQ in solution phase.

Panel A shows there are two distinct NOE networks of the same amide protons (lime
green and blue). Consequently, there are two significantly different chemical
environments for the foldamer, which must be the first and second binding site, since
we detected 2:1 complex in the mass spectra. One binding site is the G-tetrad on the
3’ end, as seen in the crystal structure. A second ligand is shown stacking onto a
thymine in the loop region, but the NMR data show no chemical shift in the loop region
upon adding ligand to the sample, proving that this interaction does not take place in
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solution. A more suitable candidate for the second binding site is the G-tetrad on the
5’ end, which is inaccessible in solid phase due to GQ dimerization.

We then labeled the 5" and 3’ end of 2LK7 by switching the flanking dT nucleotides
with dU (which lacks the characteristic methyl group of thymine). These chemical
changes, albeit small, cause visible chemical shifts in the proximity of each respective
thymine base. Figure 67B shows how we assigned a binding site to each NOE network.
We are looking at the NOE between the amide group (NH1) and the methyl group
(HAc) at the N-terminus of the foldamer. Labeling the 3’ end (U18) causes a chemical
shift in the blue NOE network, while the green NOE network remains unaffected.
Likewise, labeling the 5’ end (U2) causes a chemical shift in the green NOE network,
while the blue NOE network remains unaffected. Therefore, one foldamer must be
close to the 5’ end and another one close to the 3’ end. While the 3’ foldamer is shown
in the crystal structure, we can now safely deduce that in solution the second foldamer
Is Tr-stacking onto the 5’ G-tetrad.
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Figure 67 A) 'H-NOESY of 2LK7 (dTTGsTG3TGsTGsT) in excess of QQPQ, showing two NOE networks connecting
the foldamer amide protons (NH), indicating that the foldamer is located in two distinct chemical environments. B)
Marking the flanking nucleotides through dT—dU mutations induces chemical shifts in the foldamer on the 5’ end
(pos. 1,2) and 3’ end (pos. 18) of the GQ. C) 1D-NMR of 2LK7 in 3-fold excess of QQPQ, showing the guanine H1-
proton region. Foldamer amide protons are highlighted. D) Scheme of QQPQ with proton labels shown in blue.
Samples contain 100 pM 2LK7, 300 uM QQPQ, 10 mM KP buffer (pH 7.0) in 90/10 H20/D20
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Conclusion

We performed a comprehensive study on the interaction between G-quadruplexes and
small oligoamide quinoline helices, referred to as foldamers. Foldamers do not target
double-stranded DNA, single strands or i-motifs. They selectively target parallel G-
quadruplexes, forming 1:1 and 2:1 complex with sub-uM Kp values. We were able to
crystallize a foldamer-DNA complex and resolve the crystal structure. Two quinoline
units in the foldamer helix interact with an exposed G-tetrad by Tr-stacking. The
‘bulkiness’ of the foldamer helix causes its topology selectivity. The helix clashes with
nucleobases surrounding the G-tetrad, making it sensitive to the presence of loops and
flanking nucleotides. We believe that through rational design, the structure of the
foldamer helix can be adjusted to adapt itself to the G-tetrad surrounding nucleobases
(except when it is a base triad or a diagonal loop). We also did not explore the effect
of the foldamer sidechain, which has great potential to be tinkered with. Overall, we
think foldamers are a highly promising ligand scaffold that could be molded to
selectively target a G-quadruplex target of interest.

As a perspective, we hope to more closely investigate the interaction between 5YEY
and QQPQ, forming a 1:1 complex with sub-uM Kb value. 5YEY is the only antiparallel
G-quadruplex targeted by a foldamer — vice versa QQPQ is the only foldamer that
targets 5YEY. QQPQ changes the CD signature of 5YEY and 5YEY induces CD in
QQPQ. We believe the QQPQ/5YEY pair might be one of the special cases we
predicted above, where the foldamer helix and the nucleobases surrounding the G-
tetrad match each other’s shapes, leading to a strong and selective interaction. We
failed to crystallize the complex, so we will study this system further by NMR (work in
progress).
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CONCLUSION

The essence of science lies in the joy of discovery. Asking questions and navigating
through a sea of uncertainties, determined to find answers. Our journey started with
questioning how the topology of a G-quadruplex is determined by the cation that
stabilizes it. The best way to study a rule is to find and analyze the exceptions. We
modified DNA sequences with the intention to obtain a 3-tetrad antiparallel G-
quadruplex in K*. Our initial attempts yielded 4-tetrad antiparallel and 3-tetrad hybrid
G-quadruplexes. We eventually found what could be the exception: A potential 3-tetrad
antiparallel G-quadruplex, produced as the result of kinetic trapping by G-quadruplex
formation at low temperature. We were unable to validate the number of G-tetrads, but
learned how to be more rational in designing sequences with exceptional
conformations. Analyzing these structures would elucidate why 3-tetrad antiparallel G-
quadruplex are rarely formed in K*.

We explored how trivalent lanthanide cations determine G-quadruplex topology and
discovered there is neither a G-quadruplex, nor an unfolded strand, but a unique so
far unknown secondary structure. The structure can be formed by mixing telomeric
repeat DNA with 5-10 equivalents of Th3*, which coordinates 6-12 guanines. Our
attempts to resolve the secondary structure were unsuccessful and warrant further
investigation.

We carried out a comprehensive analysis on the topology-selectivity of helical foldamer
ligands. We discovered that foldamers selectively target parallel G-quadruplexes with
sub-uM Kb values and bind via 1r-stacking. The selectivity is achieved by the steric
exclusion of structures covering the G-tetrads, including base triads, base pairs, lateral
loops, diagonal loops or flanking nucleotides. We believe that foldamers can be
rationally designed as sequence-specific ligands by combining the steric exclusion of
interfering structures with the inclusion of topology-dependent structures (e.g. grooves
and loops) by modeling the shape of the foldamer helix and utilizing the sidechains.

Beyond our scientific discoveries, each project shows a unique way in which analytical
chemistry pushes the boundaries in G-quadruplex research. The lanthanide project
showed that exceptional results are overlooked when data is interpreted in a
convenient manner. Assuming that a cation and a G-rich sequence form a G-
quadruplex is easy; analytically validating G-quadruplex formation was not that easy,
it turns out. The G-extension project taught us that trial-and-error approaches, which
are common in G-quadruplex research, may often bring unsatisfactory results. We
need analytical chemistry to lay a theoretical foundation that lets us evolve from trial-
and-error approaches to more rational methodologies. The foldamer project showed
how great opportunities arise from minor inconveniences. Different labs using the
same instrument brought together molecules that we would have thought of combining.
We did not brush off foldamers as just a contaminant and it led us to discover a never-
seen-before scaffold for topology-selective G-quadruplex ligands.
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APPENDIX

Chapter 1
Full CD titration datasets of 24TTG, 2LBY and 2LK7
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Figure S1 CD titrations of 24TTG (dTTGsTTAGsTTAGsTTAGsA) with varying equivalents of cations. Samples

contain 10 pM DNA, 50 mM TMAA (pH 6.8), 0-10 mM metal chloride.
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Figure S2 CD titrations of 2LBY (dTAG3AG3sTAGsAGsT) with varying equivalents of cations. Samples contain 10 uM

DNA, 50 mM TMAA (pH 6.8), 0-10 mM metal chloride.

131



1704

170 q
-=--0 ——0.1—02
05 ! 2 . ----0 —01 —02
—5 —10 —20 0.5 ] 5
. 50 —— 100 _ 5 40— 9
e equivalents La>* ¢ 50 —— 100
'y = equivalents Eu3*
= =
w w
< < \
——t 0_7ﬁ F e
-50 . . . -50 : : .
220 260 290 350 220 260 290 350
A [nm] A[nm]
170 - 170+
&0 o000 —01—02 “=--0 —01 —02
‘ 0.5 1 2 0.5 1 2
= 5 10 20 = 5 10 20
£ 50 ——100 £ 50 —— 100
£ equivalents Tb* equivalents Yb3*
=3 =
w £ 4]
< j <
0 - 0
4
-50 : ‘ . -50 ‘
220 260 290 350 220 350
A [nm] A [nm]
170
----0
10
— ——100
£ —— 10000
X equivalents Li*
=
w
<
N -
-50 T T 1
220 260 290 350
A [nm]

Figure S3 CD titrations of 2LK7 (dTTGsTGsTGsTGsT) with varying equivalents of cations. Samples contain 10 uM

DNA, 50 mM TMAA (pH 6.8), 0-10 mM metal chloride
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Mass spectra of desalted 2LK7 and 2LBY
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Figure S4 Mass spectrum of 10 uM 2LK7 (dTTG3TG3TG3TGsT) and 50 mM TMAA (pH 6.8) in H20, measured on
an Agilent 6560 IMS-QTOF. M = DNA, K = K*.
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Figure S5 Mass spectrum of 10 uM 2LBY (dTAG3AG3TAG3AG3T) and 50 mM TMAA (pH 6.8) in H20, measured on
an Agilent 6560 IMS-QTOF. M = DNA, K = K*.
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Figure S6 Emission spectra for the Th®* luminescence with different DNA sequences. Parenthesis show the G-

richness of each sequence (DK66 has 33% but is also the only double-stranded species). Samples contain 10 uM
DNA, 50 uM ThCls and 50 mM TMAA (pH 6.8). Excitation wavelength is 290 nm. T = 20°C.
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Full CD titrations of Tb3* onto various 24-mer DNA
sequences
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Figure S7 CD titration of Th3* equivalents (eq) onto 24TTG (sequence in image). Samples contain 10 pM DNA, 0-
10 mM TbCls, 50 mM TMAA (pH 6.8) in H20.
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Figure S8 CD titration of Th3* equivalents (eq) onto 24nonG4 (sequence in image). Samples contain 10 UM DNA,
0-10 mM ThCls, 50 mM TMAA (pH 6.8) in H20.
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Figure S9 CD titration of Th%* equivalents (eq) onto ss24 (sequence in image). Samples contain 10 uM DNA, 0-
10 mM TbCls, 50 mM TMAA (pH 6.8) in H20.
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Figure S10 CD titration of Th®* equivalents (eq) onto T24 (sequence in image). Samples contain 10 uM DNA, 0-
10 mM TbCls, 50 mM TMAA (pH 6.8) in H20.
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Figure S11 CD titration of Tb®* equivalents (eq) onto A24 (sequence in image). Samples contain 10 uM DNA, 0-
10 mM TbCls, 50 mM TMAA (pH 6.8) in H20.
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Figure S12 CD titration of Th3* equivalents (eq) onto DK66 (sequence in image). Samples contain 20 uM DNA, 0-
10 mM TbCls, 50 mM TMAA (pH 6.8) in H20.
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Full MS titrations of Tb3* onto various 24-mer
seqguences
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Figure S13 MS titration of Th3* equivalents (eq) onto 24TTG (sequence in image). Samples contain 10 uM DNA,

0-50 pM TbCls, 50 mM TMAA (pH 6.8) in H20.
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Figure S14 MS titration of Th3* equivalents (eq) onto 24nonG4 (sequence in image). Samples contain 10 uM
DNA, 0-50 pM TbCls, 50 mM TMAA (pH 6.8) in H20.
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Figure S15 MS titration of Th3* equivalents (eq) onto ss24 (sequence in image). Samples contain 10 uM DNA, 0-
50 uM TbCls, 50 mM TMAA (pH 6.8) in H20.
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Figure S16 MS titration of Th3* equivalents (eq) onto T24 (sequence in image). Samples contain 10 uM DNA, 0-
50 uM TbCls, 50 mM TMAA (pH 6.8) in H20.
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Figure S17 MS titration of Th3* equivalents (eq) onto A24 (sequence in image). Samples contain 10 pM DNA, 0-
50 uM TbCls, 50 mM TMAA (pH 6.8) in H20.
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Figure S18 MS titration of Th3* equivalents (eq) onto DK66 (sequence in image). Samples contain 20 M DNA, 0-
50 uM TbCls, 50 mM TMAA (pH 6.8) in H20.
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24TTG competition experiments with K* and Th3*
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Figure S19 CD titration of Th3* equivalents (eq) onto 24TTG (dTTGsTTAG3TTAG3TTAGzA), pre-folded in 100 pM
K*. Samples contain 10 uM DNA, 0-10 mM TbClsz, 100 puM KCI, 50 mM TMAA (pH 6.8) in H20.

144



2K ()an

2K
2K -
(5] 47 o
i 1K
[Gi* 1K LL I
4 A R
! F F ¥
| . | r i A ! | ! | .H': 1 I | ' |
1250 1300 1SUC:I 1550 1604 SUU 1950 2000
: i ' 1 eq
1Tb 0P 1Tb
“ 2Th 1 2Th ‘Lh 2Th
AN L.._.d..._..};....: R N !f: J B
IHT 1 ! A ' I | H’E | | '] 1
1250 1300 1500 1550 1600 :E‘:DG 1950 2000
' | ' 2 eq
NRERIRRE N l
. £ 'y
I ‘BK | ' F. ] i |

! ] !
1250 1300 1500 1550 1600;900 1950 2000

5 eq

‘J ______ |

[ J I 3Tb
IV I oy SR I

-
| ! 1 ' i A K | ! | ' | |
1250 1300 1500 1550 1600900 1950 2000
m/z

Figure S20 MS titration of Th3* equivalents (eq) onto 24TTG (dTTG3TTAGsTTAGsTTAG:A), pre-folded in 100 uM
K*. Samples contain 10 uM DNA, 0-10 mM TbClz, 100 uM KCI, 50 mM TMAA (pH 6.8) in H20.
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Chapter 2

CD and MS spectra at 100/0.5/0.05 mM KCI
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Figure S21 Left panel: CD spectra of the RAN4 sequence motif with varying G-tract lengths. Right panel:
Corresponding mass spectra, showing the 5- charge state. Sample conditions are: 10 uM DNA, 500 uM KCI and
100 mM TMAA (pH 6.8).
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Figure S22 CD signatures of Top: telomeric repeat sequence 22GT (dGaTTAG,TTAG.TTAG4T) and Bottom:
RANKL promoter sequence RAN4 (dGaTAGLAGCG:AGAGy) at different KCI concentrations (full: 200 mM, dashed:
500 pM, dotted: 50 uM). The four-digit numbers indicate the length of G-tracts. Samples contain 10 uM DNA and
100 mM TMAA (pH 6.8); samples with 100 mM KCI only contain 10 mM TMAA. Optical path length is 10 mm.
Temperature is 22°C.
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22GT_abcd = dG,TTAG, TTAG,TTAG,T
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Figure S23 Left panel: CD spectra of the 22GT sequence motif with varying G-tract lengths. Right panel
Corresponding mass spectra, showing the 5- charge state. Sample conditions are: 10 upM DNA, 50 uM KCI and

100 mM TMAA (pH 6.8).
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Figure S24 Left panel: CD spectra of the RAN4 sequence motif with varying G-tract lengths. Right panel
Corresponding mass spectra, showing the 5- charge state. Sample conditions are: 10 uM DNA, 50 uM KCI and

100 mM TMAA (pH 6.8).
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CD melting
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Figure S25 Temperature-dependent CD spectra of 22GT_4443 (dG4aTTAG4TTAG4TTAGsT) for both the cooling

(top) and heating (middle) cycle. Melting curves are shown for maxima of the two CD bands (bottom). Sample
conditions are: 10 pM DNA and either 200 mM KCI, 10 mM TMAA (pH 6.8) or 0.5 mM KCI. 100 mM TMAA (pH 6.8).
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Figure S26 Temperature-dependent CD spectra of 22GT_4434 (dG4TTAG4TTAG3STTAG4T) for both the cooling

(top) and heating (middle) cycle. Melting curves are shown for maxima of the two CD bands (bottom). Sample
conditions are: 10 pM DNA and either 200 mM KCI, 10 mM TMAA (pH 6.8) or 0.5 mM KCI. 100 mM TMAA (pH 6.8).
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Figure S27 Temperature-dependent CD spectra of RAN4_3443 (dG3TAGsAGCG4AGAGS3) for both the cooling (top)
and heating (middle) cycle. Melting curves are shown for maxima of the two CD bands (bottom). Sample conditions
are: 10 uM DNA and either 100 mM KCI, 10 mM TMAA (pH 6.8) or 0.5 mM KCI. 100 mM TMAA (pH 6.8).
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Figure S28 Temperature-dependent CD spectra of RAN4_4334 (dG4TAG3AGCG3AGAGa) for both the cooling (top)
and heating (middle) cycle. Melting curves are shown for maxima of the two CD bands (bottom). Sample conditions
are: 10 uM DNA and either 100 mM KCI, 10 mM TMAA (pH 6.8) or 0.5 mM KCI. 100 mM TMAA (pH 6.8).
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Figure S29 Temperature-dependent CD spectra of 22GT_4443 (dG4TTAG4TTAG4TTAG3T) for both the cooling

(top) and heating (middle) cycle. Melting curves are shown for maxima of the two CD bands (bottom). Sample
conditions are: 10 pM DNA, 100 mM LiCl, 10 mM TMAA (pH 6.8).
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Singular value decompositions of CD melting data
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Figure S30 The singular values associated with each component (CD signature) extracted from CD melting data
by singular value decomposition. The higher the singular value, the more the component contributes to the overall
CD signature. Sample conditions for the CD melting are: 10 uM DNA and either 100 mM KCI, 10 mM TMAA (pH
6.8) or 0.5 mM KCI. 100 mM TMAA (pH 6.8)
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Figure S31 The U-matrices for the first three components, which contain the CD signatures of three putative G-
quadruplex species. Sample conditions for the CD melting are: 10 pM DNA and either 100 mM KCI, 10 mM TMAA
(pH 6.8) or 0.5 mM KCI. 100 mM TMAA (pH 6.8).
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Figure S32 The U-matrix element of the singular value decomposition contains the CD signatures of the major
(blue) and minor (orange, green) G-quadruplex species for each putative 3-tetrad G-quadruplex sequence in 0.5
and 100 mM K*. Signatures are multiplied with the singular values (S) to highlight the statistical significance of each
component.
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Figure S33 Comparing whether low K* concentration or switching from K* to NH4* is better suited to replicate the
G-quadruplex folding in 100 mM KCI for the sake of MS analysis. Dark blue: 5 uM DNA, 100 mM KCI, 10 mM TMAA
(pH 6.8). Light blue: 5 uM DNA, 0.5 mM KCI, 100 mM TMAA (pH 6.8). Red: 5 uM DNA, 100 mM ammonium

acetate (pH 6.8). Results show that both actions yield a similar effect, but to minimize risk of structural uncertainty,
we opted to measure in low K* concentration rather than switching to a different cation.
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Chapter 3
Foldamer synthesis and characterization

1. Materials and methods
1.1. Nuclear Magnetic Resonance

1D NMR spectra of oligomers were recorded on a Bruker Avance NEO NMR
spectrometer (Bruker BioSpin) operating at 700,15 MHz for *H observation, equipped
with a 5mm TXI probe with a gradient. All NMR experiments were performed at 273 K.
Chemical shift values are given in ppm with reference to residual signals of solvent
DMSO-ds (5=2.50). All coupling constants (J) are given in Hertz and 'H NMR splitting
patterns with observed first order coupling are designated as singlet (s), broad singlet
(brs), doublet (d), triplet (t) or multiplet (m).

1.2.High Performance Liquid Chromatography

HPLC analyses and purification were performed on a reverse phase C8 column on
Jasco Extrema analytical and preparative systems. Mobile phases were composed of
milli-Q water + 0.1% TFA (solvent A) and Acetonitrile + 0.1% TFA (solvent B). Analyses
were done using the following gradient: 0 min: 100% A, 0% B — 2 min: 100% A, 0% B
—12 min: 0% A, 100% B - 15 min: 0% A, 100% B. Purifications were performed using
the gradient 0 min: 100% A, 0% B —2 min: 100% A, 0% B — 32 min: 0% A, 100% B -
35 min: 0% A, 100% B.

1.3. Mass spectrometry analyses

MS characterizations were performed on an Agilent Technologies 6230 TOF LC/MS
spectrometer. The instrument is equipped with an ESI source and experiment were
recorded in positive mode. The spray voltage was maintained at 3500 V and capillary
temperature set at 300 °C. Samples were introduced by injection through a 20 pL
sample loop into a 600 pL.mint flow of acetonitrile from the LC pump.

2. Methods for chemical synthesis

Commercial reagents were purchased from Sigma-Aldrich, Alfa-Aesar or TCl and used
without further purification. Low-loading ProTide resin was purchased from CEM.
Chloroform (CHCIs), Triethylamine (TEA) and N,N-diisopropylethylamine (DIEA) were
distilled over calcium hydride prior to use. Dry organic solvents: Tetrahydrofuran (THF)
and Dichloromethane (DCM), used for solution and solid phase synthesis, were
dispensed from a solvent purification system that passes solvents through packed
column of dry neutral alumina. Milli-Q water was delivered from a PureLab Prima
7/15/20 system.

2.1.General method for oligomer synthesis

o,

BocHN™ "0

R ,/:“:1
Y N TCoM N7 TCoH
NHFmoc NHF moc
Q%™ monomer P monomer

Figure S34 Structures of monomers Q°™ and P. These monomers were synthetized as Fmoc-N-protected and
acid free form according to the reported procedure.®

5 Vallade M., Sai Reddy P., Fischer L., Huc 1., Enhancing aromatic foldamer helix dynamics to probe interactions with protein
surfaces, Eur. J. Org. Chem., 2018, 5489.
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Resin grafting: On LL ProTide resin, the first Q™™ monomer (3 equiv.) was grafted
using Csl (5 equiv.) and DIEA (6 equiv.) in dry DMF. Reaction mixture was vigorously
shaking overnight. After reaction, the resin was filtered and washed three times with
DMF and dichloromethane.

Fmoc deprotection: Grafted resin was washed twice with DMF, suspended in a 20%
piperidine in DMF solution (4mL) and slowly stirred for 3 minutes. Resin was then
filtered, washed twice with DMF and suspended again in a 20% piperidine in DMF
solution and stirred for 7 minutes. The resin was then filtered and washed three times
with DMF and dry THF.

In-situ coupling procedure: For coupling on the aromatic amines of the Q©™
monomer. Resin was suspended in dry THF and collidine (9 equiv.) was added. A
solution of monomer (3 equiv.), PPhs (8 equiv.) and trichloroacetonitrile (TCAN, 9
equiv.) in dry CHCIs was added on the resin. The reaction was assisted by micro-waves
(25 W, 50°C) for 15 minutes and repeated once. After reaction, the resin was filtered
and washed with dry THF and DMF-.

HBTU coupling: For coupling on the aliphatic amines of the P monomer. Resin was
suspended in dry DMF. Monomer (3 equiv.) and HBTU (2.9 equiv.) as powder were
added followed by DIEA (6 equiv.). The reaction was assisted by micro-waves (50 W,
50°C) for 10 minutes and repeated once. After reaction, the resin was filtered and
washed with DMF.

Resin cleavage: Resin was washed three times with DMF and dichloromethane and
was suspended in a solution of TFA/TIPS/H20 95:2.5:2.5 (v/v/v). The mixture was
vigorously stirred for 4 hours. The resin was filtered, and the filtrate was evaporated
under reduced pressure. The residual solid was suspended in Et20 and centrifugated
at 4°C for 5 minutes. Et2O was removed and the yellow solid was dried under vacuum
and then freeze-dried in water.

Preparative HPLC purifications: Crude compounds were purified using solvents A
and B. The following gradient was used: 0 min: 100% A, 0% B — 2 min: 100% A, 0% B
—22 min: 0% A, 100% B — 27 min: 0% A, 100% B. Collected fractions were analyzed
by analytic HPLC and the relevant ones were combined and freeze-dried twice to
remove the excess of TFA.
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Figure S35 Synthesized oligomers
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Synthesis of Q3,Q4,Q5 and Q8
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Figure S36 Solid phase synthesis of oligomers 1 to 4. i) Q°™ monomer, Csl, DIEA, dry DMF. ii) 2 times,
piperidine/DMF 2:8 (v/v), iii) 2 times, Q°™ monomer, PPhs, TCAN, collidine, THF/CHCIs. These two last steps are
repeated until the desired length is obtained. iv) 2 times, acetyl chloride, DIEA, THF. v) TFA/TIPS/H20 95:2.5:2.5
(vIvIv)
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Synthesis of QPQ
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Figure S37 Solid phase synthesis of oligomer 5. vi) 2 times, P monomer, PPhs, TCAN, collidine, THF/CHCls. vii) 2
times, Q°™ monomer, HBTU, DIEA, dry DMF.
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Synthesis of QQPQ
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Figure S38 Solid phase synthesis of oligomer 6.

162



Synthesis of QPPQ
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Figure S39 Solid phase synthesis of oligomer 7. viii) 2 times, P monomer, HBTU, DIEA, dry DMF.

163



Characterization of Qs

0
o FJL-

s | {._.J'L\(}'D H Il.‘II.-' . _.-"'“\-\.O
y o]
FePe® R D

H: E# h‘””ﬂ\“ r 1 O:H
P n‘;x - 1 MH
< ;Imlw e

MHAL ] 1

Trimer 1 was synthetized as a trifluoroacetate salt on 8 umol scale following the in-situ
activation procedure. The target compound was obtained as a light-yellow solid after
purification by preparative HPLC (4 mg, 63% vyield). *H NMR (700 MHz, DMSO-d6). &
12.45 (brs, 1H), 12.27 (s, 1H), 12.16 (s, 1H), 9.23 (s, 1H), 8.91 (d, 1H, 3J4+=7.5 Hz),
8.85 (d, 1H, 3Jn-v=7.4 Hz), 8.03 (d, 1H, 3Jn-1=8.2 Hz), 7.76-7.87 (m, 9H), 7.71-7.74 (m,
2H), 7.66-7.70 (m, 2H), 7.28 (t, 1H, 3J4-v=8.0 Hz), 6.58 (s, 1H), 4.57 (t, 2H, 3Jn-
H=5.8 Hz), 4.54 (t, 2H, 3Jnn=5.5 Hz), 4.12 (t, 2H, 3Jn+=5.5 Hz), 3.04-3.16 (m, 6H),
2.21-2.27 (m, 4H), 2.15-2.20 (m, 2H), 1.68 (s, 2H). HRMS (ESI*) m/z [M+H]* 790.3303
(calc. 790.3307 for C41H4408Ng™).
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Figure S40 *H NMR spectrum of oligomer 1, measured in DMSO-d6 at 25°C.
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Figure S41 HPLC trace of oligomer 1. Analysis was performed using solvents A and B with the gradient: 0 min:
100% A, 0% B — 2 min: 100% A, 0% B — 12 min: 0% A, 100% B — 15min: 0% A, 100% B.

Characterization of Qs

MHALC 8]

Tetramer 2 was synthetized as a trifluoroacetate salt on 16 pmol scale following the in-
situ activation procedure. The target compound was obtained as a light-yellow solid
after purification by preparative HPLC (16 mg, 67% yield). *H NMR (700 MHz, DMSO-
d6). & 12.53 (brs, 1H), 12.20 (s, 1H), 11.77 (s, 1H), 11.69 (s, 1H), 9.08 (s, 1H), 8.97 (d,
1H, 3JH-H=7.3 Hz), 8.43 (brs, 1H), 7.81-7.99 (m, 12H), 7.75-7.80 (m, 2H), 7.74 (s, 1H),
7.44 (brs, 1H), 7.37 (t, 1H, 3JH-H=7.8 Hz), 7.26 (s, 1H), 6.75 (s, 1H), 6.66 (brs, 1H),
4.54-4.59 (m, 4H), 4.34 (brs, 1H), 4.23 (brs, 1H), 4.16 (brs, 2H), 3.07-3.22 (m, 6H),
2.20-2.46 (m, 8H), 1.69 (s, 3H). HRMS (ESI*) m/z 1033,4316 [M+H]* (calc. 1033,4315
for CsaHs7010N12%).
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Figure S42 *H NMR spectrum of tetramer 2, measured in DMSO-d6 at 25°C on 700MHz Bruker Avance NEO
spectrometer (TXI probe (*H, 13C, **N, 2H), 5mm, z-gradients).
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Figure S43 HPLC trace of oligomer 2. Analysis was performed using solvents A and B with the gradient: 0 min:
100% A, 0% B — 2 min: 100% A, 0% B — 12 min: 0% A, 100% B — 15 min: 0% A, 100% B.
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Pentamer 3 was synthetized as a trifluoroacetate salt on 10 umol scale following the
in-situ activation procedure. The target compound was obtained as a light-yellow solid
after purification by preparative HPLC (7.5 mg, 59% yield). *H NMR (700 MHz, DMSO-
d6). 6 12.21 (brs, 1H), 11.74 (s, 1H), 11.68 (s, 1H), 11.64 (s, 1H), 11.52 (s, 1H), 8.87
(s, 1H), 8.50 (d, 2H, 3Jn+), 7.4 Hz), 7.88-8.06 (m, 17H), 7.78-7.86 (m, 3H), 7.75 (d, 1H,
3Jun=8.2 Hz), 7.67 (d, 1H, 3Juv=7.3 Hz), 7.51 (t, 1H, 3J4-v=7.8 HZz), 7.38 (t, 1H, 3Jn-
H=7.8 Hz), 7.33 (t, 1H, 3Jnn=7.8 Hz), 7.30 (s, 1H), 7.20 (s, 1H), 6.79 (s, 1H), 6.67 (s,
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1H), 6.52 (s, 1H), 4.67-4.73 (m, 2H), 3.08-3.28 (m, 13H), 2.17-2.46 (m, 13H), 1.36 (s,
2H). HRMS (ESI*) m/z [M+H]* 1276.5369 (calc. 1276.5323 for Ce7H70012N15").
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Figure S44 'H NMR spectrum of pentamer 3, measured in DMSO-d6 at 25°C on 700MHz Bruker Avance NEO
spectrometer (TXI probe (*H, 13C, 15N, 2H), 5mm, z-gradients).
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Figure S45 HPLC trace of oligomer 3. Analysis was performed using solvents A and B with the gradient: 0 min:
100% A, 0% B — 2 min: 100% A, 0% B — 12 min: 0% A, 100% B — 15 min: 0% A, 100% B.
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Octamer 4 was synthetized as a trifluoroacetate salt on 10 pmol scale following the in-
situ activation procedure. The target compound was obtained as a light-yellow solid
after purification by preparative HPLC (11.5 mg, 57% vyield). H NMR (700 MHz,
DMSO-d6). & 11.93 (brs, 1H), 11.28 (s, 1H), 11.25 (s, 1H), 11.14 (s, 1H), 11.04 (s, 1H),
11.03 (s, 1H), 10.94 (s, 1H), 10.88 (s, 1H), 8.91 (brs, 1H), 8.44 (s, 1H), 8.07-8.27 (m,
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11H), 7.83-8.04 (m, 12H), 7.74-7.81 (m, 3H), 7.67 (d, 2H, 3JK-n=7.9 Hz), 7.44-7.51 (m,

3H), 7.31-7.43 (m, 4H), 7.17 (t, 1H, 3Ju-#=8.3 Hz), 7.12 (t, 1H, 3Ju-n=8.1 Hz), 7.02 (d,

1H, 3J4.v=7.3Hz), 6.96 (s, 1H), 6.85 (s, 1H), 6.58 (s, 1H), 6.53 (s, 1H), 6.36 (s, 1H),

6.30 (s, 1H), 6.17 (s, 1H), 5.91 (s, 1H), 4.36-4.51 (m, 5H), 4.12-4.34 (m, 9H), 3.97-4.07

(m, 3H), 3.85-3.90 (m, 1H), 2.96-3.19 (m, 16H), 1.95-2.35 (m, 15H), 1.24 (s, 3H).
S (ESI*) m/z [M+H]* 2005.8351 (calc. 2005.8346 for Cio6H109018N24").
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Figure S46 'H NMR spectrum of octamer 4, measured in DMSO-d6 at 25°C on 700MHz Bruker Avance NEO
spectrometer (TXI probe (*H, 13C, 15N, 2H), 5mm, z-gradients).
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Figure S47 HPLC trace of oligomer 4. Analysis was performed using solvents A and B with the gradient: 0 min:
100% A, 0% B — 2 min: 100% A, 0% B — 12 min: 0% A, 100% B — 15 min: 0% A, 100% B.

Characterization of QPQ
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Trimer 5 was synthetized as a trifluoroacetate salt on 16 umol scale following in-situ
activation procedure for coupling on Q°™™ monomer and HBTU coupling procedure for
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coupling on P monomer. The target compound was obtained as a white solid after
purification by preparative HPLC (7mg, 48% yield). *H NMR (700 MHz, DMSO-d6). &
13.61 (brs, 1H), 12.60 (s, 1H), 10.35 (t, 1H, 3JH-H=6.2 Hz), 10.25 (s, 1H), 8.91 (d, 1H,
3JH-H=7.2 Hz), 8.74 (d, 1H, 3JH-H=7.7 Hz), 8.08-8.17 (m, 2H), 7.69-7.97 (m, 8H),
7.60-7.67 (m, 3H), 6.55 (s, 1H), 4.99 (d, 2H, 3JH-H=6.1 Hz), 4.43-4.50 (m, 4H), 3.06-
3.15 (m, 5H), 2.29 (s, 2H), 2.16-2.25 (m, 4H), 1.24 (s, 3H). HRMS (ESI*) m/z [M+H]*
681.2777 (calc. 681.2780 for C3sH37O7Ns").

2.2E0E

< 22106
L 2.1954

IR AN i

i T T T | T T T | T T T | T T T | T T T | T T T | T T T |
14 12 10 8 6 4 2 [ppm]

Figure S48 *H NMR spectrum of trimer 5, measured in DMSO-d6 at 25°C on 700MHz Bruker Avance NEO
spectrometer (TXI probe (*H, 13C, **N, 2H), 5mm, z-gradients).
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Figure S49 HPLC trace of oligomer 5. Analysis was performed using solvents A and B with the gradient: 0 min:
100% A, 0% B — 2 min: 100% A, 0% B — 12 min: 0% A, 100% B — 15 min: 0% A, 100% B.

Characterization of QQPQ
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Tetramer 6 was synthetized as a trifluoroacetate salt on 16 umol scale following in-situ
activation procedure for coupling on Q®™ monomer and HBTU coupling procedure for
coupling on P monomer. The target compound was obtained as a white solid after
purification by preparative HPLC (13 mg, 64% yield). *H NMR (700 MHz, DMSO-d6).
0 11.82 (brs, 1H), 11.56 (s, 1H), 9.52 (brs, 1H), 9.30 (s, 1H), 8.31 (d, 1H, 3Jn-+=7.4 Hz),
7.77-8.14 (m, 10H), 7.61-7.71 (m, 2H), 7.75 (t, 1H, 3Jun=7.9 Hz), 7.43 (t, 1H, 3JH-
H=8.0 Hz), 7.31 (d, 1H, 3J1-v=7.4 Hz), 7.11 (s, 1H), 6.74 (s, 1H), 6.57 (s, 1H), 5.72 (s,
1H), 4.78 (brs, 2H), 4.53-4.56 (m, 2H), 4.48-4.52 (m, 2H), 4.18-4.22 (m, 2H), 3.06-3.25
(m, 7H), 2.16-2.38 (m, 5H). HRMS (ESI*) m/z [M+H]* 924.3048 (calc. 924.3787 for
CasHs009N11%).
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Figure S50 *H NMR spectrum of tetramer 6, measured in DMSO-d6 at 25°C on 700MHz Bruker Avance NEO
spectrometer (TXI probe (*H, 13C, °N, 2H), 5mm, z-gradients).
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Figure S51 HPLC trace of oligomer 6. Analysis was performed using solvents A and B with the gradient: 0 min:
100% A, 0% B — 2 min: 100% A, 0% B — 12 min: 0% A, 100% B — 15 min: 0% A, 100% B.

Characterization of QPPQ
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Tetramer 7 was synthetized as a trifluoroacetate salt on 16 umol scale following in-situ
activation procedure for coupling on Q°™™ monomer and HBTU coupling procedure for
coupling on P monomer. The target compound was obtained as a white solid after
purification by preparative HPLC (11 mg, 66% vyield). 'H NMR (300 MHz, DMSO-d6).
0 12.60 (s, 1H), 10.09 (brs, 1H), 9.61 (brs, 1H), 8.91 (d, 1H, 3Jnn=7.7 Hz),7.92-8.15
(m, 7H), 7.64-7.82 (m, 9H), 7.48-7.60 (m, 4H), 7.21-7.36 (m, 4H), 6.84 (d, 1H, 3Jn-
H=7.2 Hz), 4.87 (d, 2H, 3Jn-+=6.2 Hz), 4.73 (d, 2H, 3J1.1=6.1 Hz), 4.43-4.52 (m, 2H),
4.34-4.42 (m, 3H), 2.96-3.15 (m, 6H), 1.50-2.69 (m, 8H). HRMS (ESI*) m/z [M+H]*
815.3253 (calc. 815.3260 for C42Ha308N10%).

D w |
3 OAVTrOOFVON TNV OOLNONDDONNROWN COoOWMW T oo 0~
w -—x—hmmohmguommmmh WoWw oD M~ O w0 WO NO =t <
d CCLIVROCOCOORARRBINNOOBIVIGWW Bo~~TTY ([veO [NO
- Rl R R R R Rl el el el el el ol el o <t <t <t <t <<t LR B ] (3 R
||||||||||||||| L ) - L o J
| e 2 T —=5 = ~ |

Figure S52 *H NMR spectrum of tetramer 7, measured in DMSO-d6 at 25°C on 300MHz Bruker Avance NEO
spectrometer (TXI probe (*H, 13C, °N, 2H), 5mm, z-gradients).
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Figure S53 HPLC trace of oligomer 7. Analysis was performed using solvents A and B with the gradient: 0 min:
100% A, 0% B — 2 min: 100% A, 0% B — 12 min: 0% A, 100% B — 15 min: 0% A, 100% B.

171



Desalting procedure

Traces of Na* in the oligonucleotide stock give rise to visible Na* adducts in the mass
spectrum, causing loss of resolution and S/N ratio. We therefore strip our stock
solutions off of Na* using centrifugal filters (Amicon Ultracel 3K, Millipore). The filters
contain a cellulose matrix that will hold back the DNA macromolecule, while allowing
the washing solution to pass through via centrifugation.

Prior to desalting, the oligonucleotides are dissolved in water and annealed at 85°C for
2-3 min. Then, the first segment of the desalting process is exchanging the non-volatile
Na* ion with volatile NH4*. The filter unit is filled with a washing solution of 500 mM
Ammonium acetate and placed in the centrifuge for 15 minutes at 15,000 rpm. This
process is repeated four times. The second segment is diluting with pure water to
gradually flush out the NH4* ions. Some NH4* ions will remain electrostatically bound
to the DNA strand, but they will detach during the MS ionization process, given their
volatility. This washing process is repeated six times. The third segment is the recovery
of the desalted DNA stock solution by placing the filter upside-down in a fresh tube and
pushing it out at 1,000 rpm for 3 minutes.

A proof of concept for the desalting method is illustrated in Figure S54.
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l l Na* adducts
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Figure S54 Mass spectrum of DNA sequence 21G (dGsTTAG3TTAG3TTAGs) before (left) and after (right) desalting,
zoomed in on the 4- charge state. Sample conditions: 10 pM DNA, 1 mM KCI, 100 mM TMAA in H20.
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CD/UV-melting curves of mutated G-quadruplex sequences

This section is for the mutant sequences 222T-mA, 222T-mC, 26CEB-mT, 22GT-18T
and 24TTG-20T that were introduced into the foldamer screening panel to probe the
foldamers’ sensitivity to loop-induced G4 topology switches. 22GT-18T and 24TTG-
20T are telomeric repeats where the third loop has a TTA to TTT mutation. Removing
the adenine disrupts the formation of AGA triads and induces a topology switch.>®
222T-mA, 222T-mC and 26CEB-mT are mutated in the middle loop. The effect of
mutating the middle loop is unknown for these sequences. We also provide spectra for
‘bcl2’ since we were unsure of its G-quadruplex stability in low K* concentration.

For our six undocumented sequences we provide CD spectra and UV melting curves.
One dataset in 1 mM KCI, to be orthogonal with our previously established database.?
Another dataset in 0.5 mM KCI, which is the concentration for the ligand screening. In
second approach, this dataset gives insight for how much cutting the K* concentration
in half affects G-quadruplex stability.
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Figure S55 Left: CD spectra of 222T-mA (dTGsTTGsAAGsTTGsT) in 1 mM (black) and 0.5 mM KClI (grey). Right:
UV-melting curves in 1 mM (blue/red) and 0.5 mM (cyan/orange) KCI. Samples contain 10 uM DNA and 100 mM
TMAA (pH 6.8).
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Figure S56 Left: CD spectra of 222T-mC (dTG3sTTGsCCGsTTGsT) in 1 mM (black) and 0.5 mM KCI (grey). Right:
UV-melting curve in 1 mM (blue/red) KCI. No data could be obtained in 0.5 mM KCI. Samples contain 10 uM DNA
and 100 mM TMAA (pH 6.8).
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Figure S57 CD spectra of 26CEB-mT (dAAGsTG3TTTTTTTGTGsTGsT) in 1 mM (black) and 0.5 mM KCI (grey).
Right: UV-melting curve in 1 mM (blue/red) KCI. Samples contain 10 uM DNA and 100 mM TMAA (pH 6.8).
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CD 22GT-18T UV-melting
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Figure S58 CD spectra of 22GT-18T (dG3TTAGSsTTAGsTITTGsT) in 1 mM (black) and 0.5 mM KCI (grey). Right:
UV-melting curves in 1 mM (blue/red) and 0.5 mM (cyan/orange) KCI. Samples contain 10 uM DNA and 100 mM
TMAA (pH 6.8).
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Figure S59 CD spectra of 24TTG-20T (dTTG3TTAGsTTAGSITTGsA) in 1 mM (black) and 0.5 mM KCI (grey).
Right: UV-melting curves in 1 mM (blue/red) and 0.5 mM (cyan/orange) KCI. Samples contain 10 pM DNA and
100 mM TMAA (pH 6.8).
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Figure S60 CD spectra of bcl2 (dGsCGCGsAGGAATTG3CGs) in 1 mM (black) and 0.5 mM KCI (grey). Right: UV-
melting curve in 1 mM (blue/red) KCI. No data could be obtained in 0.5 mM KCI due to lack of a low temperature
baseline. Samples contain 10 uM DNA and 100 mM TMAA (pH 6.8).

Figure S61 lets us directly compare the CD signatures of the mutated sequences with
their ‘wild-type’ versions.
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Figure S61 Comparing CD signatures of ‘wild-type’ and mutant sequences. Left: The 222T sequence motif
(dTGSTTGsITGsTTGsT) in 0.5 mM KCI Middle: the 22GT sequence motif (dGsTTAGSTTAGsTTAG3T) in 1 mM KCl
Right: The 24TTG sequence motif (ATTGsTTAG3TTAGsTTAG:sA) in 1 mM KCI. Samples contain 10 pM DNA, 0.5
or 1 mM KCI and 100 mM TMAA (pH 6.8). ‘wild-type’ signatures of 22GT and 24TTG are taken from previously

published data.?
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CD curves of multi-stranded G-quadruplexes in NHs* and K*

The screening panel contains tetramolecular G-quadruplex (dTG4T)4 and bimolecular
G-quadruplex (dG4T4Ga)2. We know that these quadruplexes take weeks/months to
fold completely in solution. We expected the formation to be notoriously slow in 0.5 mM
K*, which is why we measured another sample in 150 mM NHa4*, hoping to speed up
the formation kinetics and obtain quantitative amounts of G-quadruplex.

To our surprise, we noticed slight changes in ligand binding when the cation was
switched (see Figure 64). We gathered CD spectra of both sequences in K* and NH4*
(Figure S62) after having let the samples rest for 10/11 months. The CD signatures do
not change enough to indicate that switching from K* to NH4* induces a change in
topology. Since the true concentration of folded G-quadruplex is uncertain, we did not
convert the ellipticity to Ae.

50 -
TG4T
K*/NH,*
G4T4G4
K*INH,*
o
@
©
E
D 0 \/
-30 . . ]
220 260 290 350
A [nm]

Figure S62 CD spectra of multi-stranded G-quadruplexes TG4T and G4T4G4 in different cation buffers. Samples
contain: 10 uM G4T4G4/20 uM TG4T, 150 mM ammonium acetate (pH 6.8) or 0.5 mM KCl and 100 mM TMAA
(pH 6.8).
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Parameters of the ESI-IMS-QTOF instrument

Table S1 Instrumental settings of the Agilent 6560 IMS-QTOF, optimized for native MS on oligonucleotides.

AREA PARAMETER VALUE UNIT AREA PARAMETER  VALUE UNIT
Col. Cell Flow 20 psig Funnel RF HP 200 Volts
Col. Cell Energy 0 Voltage Funnel Delta 100 Volts
lon LP
Cell Exit 12.1 Volts Funnel Funnel Delta 150 Volts
HP
Cell | cell Entrance -20 Volts Funnel DC 50 Volts
Hex dV 3 Volts ] Lens 2 -16.5 Volts
Hex DC Entrance -20 Volts (l)ptlcs Lens 1 -23  Volts
Hex RF 550 Volts Octl DC -25 Volts
Col. Cell Gas Nitrogen Bot Slit 41.35 Volts
M Trap Funnel 3.725 Torr Top Slit 41.2 \Volts
Pressure
DT Voltage -210 Volts Vertical Q -12.9 Volts
IM DT Entrance -650 Volts Optics  Horizontal Q 1.5 Volts
Drift Voltage 2
Tube DT Pressure 3.895 Torr Slicer 10 Volts
DT Temperature 243 °C lon Focus -10 Volts
HP Funnel Pressure 3.1 Torr Oct 2 RF Vpp 600 Volts
Trap Funnel RF 89 Volts Oct2 DC -14.6 \Volts
M Trap Funnel Exit -10.8 Volts Corona 65.9 UuA
Front | HP Funnel Delta -118 Volts Gas Temp 280 °C
Fun- HP Funnel RF 90 Volts Nebulizer 12 psig
nel Trap Funnel Delta -121 Volts Drying Gas 2 |/min
HP Funnel Exit 0 Volts Sheath Gas 0.8 I/min
Flow
Rear Funnel RF 179 Volts Source lon Polarity (negative)
IM Rear Funnel Exit -35.4 Volts Nozzle Voltage 0 Volts
Rear Rear Funnel -199 Volts Vcap 3500 Volts
Fun- Entrance
nel IM Hex RF 599 Volts Oct 1 RF Vpp 750 Volts
IM Hex Entrance -31.8 Volts Skimmer -27 Volts
Exit Grid 2 Low -72 \Volts Fragmentor 320 Volts
Exit Grid 2 Delta -63 Volts Mirror Back -1250 Volts
IM Exit Grid 1 Low -69 Volts Mirror Mid 1675 Volts
Trap Exit Grid 1 Delta -64 Volts Mirror Front 7000 Volts
Fun- Exit -67 \Volts Acc Focus 1950 Volts
nel Entrance Grid Low -72 Volts TOF Puller Offset -32 Volts
Entrance Grid Delta  -69.9 Volts Puller 700 Volts
Entrance -69 Volts Pusher -1200 Volts
lon Funnel RF LP 100 Volts Min Range 62080 ns
Fun-
nel
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ESI-MS titrations: Data processing

Using dTs as an internal calibrant we quantify the change in DNA response.* Figure
S63 shows how the ratio of collective DNA signal vs. dTe signal evolves as a function
of ligand concentration. The estimated response factors are listed in table. Based on
the estimates we allowed the response factors for the complex signals to fluctuate
between 0.8 and 1.1 during dynamic fitting.
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Figure S63 The sum of all DNA signal intensities vs. the signal of calibrant dTs. The first datapoint is normalized to
the value 1.

A declining curve means that adding ligand negatively impacts the detection of DNA
ions. This leads to an ever-decreasing S/N ratio until the DNA species fall under the
limit of detection. The latter happened with Qs, which is why the titration datasets with
Qs are incomplete.

The titration data points, corrected for noise and response, are shown in Figure S64,
alongside the dynamic fits from which we obtained refined Kp values. All Kp values are

listed in Table S3.
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Figure S64 Data points obtained from processing the ESI-MS titration mass spectra. Kp values are calculated by
dynamically fitting the experimental data based on the complex formation equilibria. Curves show the dynamic fits.
Samples contain 10 pM DNA, 0-40 uM ligand, 4 pM dTs, 0.5 mM KCl and 100 mM TMAA (pH 6.8).
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Ligand screening: Comprehensive list of DNA/Ligand
species concentrations and their Kp values

Table S2 Data extracted from the ligand screening, featuring: Concentration of unbound DNA (M), 1:1 complex
(ML) and 2:1 complex (MLz2), fraction of DNA bound (fb), complex dissociation constants Kp1 and Kpz as well as
ligand cooperativity. Sample conditions were: 10 uM DNA, 20 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).

M ML ML, Kp1 Kbz
DNA Ligand [pM] [pM] [uM] fb  [uM] [uM] Coop.b
1XAV QQPQ 04 3.7 59 09 0.5 1.5 positive
1XAV QQQQ 03 3.2 65 097 03 0.9 positive
1XAV QPPQ 25 46 3.0 075 52 7.4 npositive
1XAV QpQ 47 42 11 053 15 27 positive
2227 QQPQ 04 43 53 096 0.5 2.1 negative
222T QQQQ 0.8 39 54 092 11 2.0 positive
222T QPPQ 14 50 3.6 086 2.3 5.4 positive
222T QPQ 26 59 15 074 4.8 22 negative
222T mA QQPQ 1.2 26 63 088 2.2 1.0 positive
222T mA QQQQ 3.6 3.0 34 064 12 4.5 positive
222T_mA QPPQ 3.0 3.0 4.0 070 89 3.4 positive
222T mA QPQ 55 3.0 15 045 25 14 positive
222T mC QQPQ 05 29 65 095 0.7 0.9 positive
222T mC QQQQ 19 40 4.1 081 3.7 3.7 positive
222T_mC QPPQ 2.2 3.7 41 078 4.9 3.6 positive
222T _mC QPQ 3.0 51 19 0.70 6.6 15 positive
T30177TT QQPQ 09 47 4.4 091 1.2 3.4 positive
T30177TT QQQQ 0.7 45 4.7 0.93 1.0 2.9 positive
T30177TT QPPQ 15 6.2 24 085 21 12 negative
T30177TT QPQ 29 6.2 08 071 5.7 47 negative
26CEB QQPQ 12 82 05 088 1.6 83 negative
26CEB QcQ 0.7 84 09 093 0.8 45 negative
26CEB QPPQ 18 7.7 05 082 2.6 95 negative
26CEB QPQ 33 64 03 067 6.6 136 negative
26CEB_mT QQPQ 1.2 79 09 088 1.5 43 negative
26CEB_mT QQQQ 2.2 6.2 16 0.78 3.8 21 negative
26CEB_mT QPPQ 2.1 73 0.7 0.79 3.3 63 negative
26CEB_mT QPQ 36 6.0 04 064 8.1 103 negative
2KYP QQpPQ 2.2 24 54 078 6.2 1.5 positive
2KYP QQQQ 2.7 6.6 0.7 073 4.9 57 negative
2KYP QPPQ 7.1 1.7 1.2 029 66 11 positive
2KYP QpQ 80 1.7 03 020 84 47 positive
203M QapQ 7.2 16 1.2 028 71 11 positive

203M QaQQ 7.8 2.2 0 022 64 0
203M QPPQ 75 22 03 025 58 58 positive

203M QPpQ 86 14 0 014 119 0

6 Positive, if 4*Kp1 > Kpz. Negative, if 4*Kp1 < Kpz. Assuming independent and equivalent binding
sites.*
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TGAT_K QQPQ 4.2 50 08 058 11 43 positive
TG4T_K aocaa 7.3 2.7 0 027 46 0
TGAT_K QPPQ 5.7 3.8 05 043 23 60 positive
TG4T_K QPQ 8.0 20 0O 020 70 0
TGAT_NH4 QQPQ 2.8 6.2 10 072 53 37 negative
TGAT_NH4 QQQQ 89 11 0 0.11 149 0
TGAT_NH4 QPPQ 5.8 39 03 042 23 101 negative
TG4T_NH4 QpQ 7.5 23 0.2 025 58 114 positive

21G QQPQ 59 26 1.5 041 32 13 positive
21G Qo 9.1 0.9 0 0.09 197 0
21G QPPQ 84 13 0.2 016 116 53 positive
21G QpPQ 93 0.7 0 0.07 250 0

S5YEY QaPQ 12 73 16 088 1.5 22 negative
S5YEY QaQQ 5.0 5.0 0 050 15 0
S5YEY QPPQ 7.8 18 04 022 75 40 positive
S5YEY QPQ 94 0.6 0O 006 309 O
22GT QaPQ 55 3.1 14 045 25 16 positive
22GT QaQQ 85 15 0O 015 104 O
22GT QPPQ 80 16 04 020 89 36 positive
22GT QPQ 9.1 0.9 0O 009 19 0
22GT_18T QQPQ 26 65 09 0.74 4.6 41 negative
22GT_18T QQQQ 54 4.6 0 046 18 0
22GT_18T QPPQ 7.7 19 0.4 023 69 45 positive
22GT_18T QPQ 88 12 00 012 143 O
22CTA QQpQ 7.0 2.0 1.0 030 57 16 positive

22CTA QQQQ 86 1.4 0O 014 114 O©
22CTA QPPQ 86 14 0O 014 116 O
22CTA QPQ 8.8 1.2 0O 012 135 O
TBA QapQ 6.7 3.3 0 033 34 0
TBA Qe 8.1 1.9 0 019 78 0
TBA QPPQ 86 1.4 0O 014 118 0
TBA QpQ 93 0.7 0 007 252 0

GAT4G4 K QQPQ 6.1 33 0.6 0.39 28 39 positive
G4T4G4_K QQQQ 82 1.8 018 81 0
G4T4G4 K QPPQ 79 21 021 67 0
G4T4G4 K QPQ 84 16 0 016 99 0
GAT4G4_NH4 QQPQ 5.8 3.7 05 042 24 53 positive
G4T4G4 NH4 QQQQ 97 03 0 003 562 O
GAT4G4_NH4 QPPQ 9.2 0.8 0.08 225 0
G4T4G4 NH4A QPQ 96 04 0 004 470 O
26TTAY QaPQ 2.1 38 33 0.71 41 4 positive
26TTA QQQQ 6.8 2.2 1.0 0.32 48 18 positive
26TTA QPPQ 7.7 19 04 023 70 40 positive

o o

o

7 This is the only instance where we observed a 3:1 complex. [MLz] = 0.8 uM, Kbz = 22 uM (negative
coop.).
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26TTA QpQ 9.1 0.9 0 009 204 0

Bcl2 QaPQ 44 34 21 056 16 9.8 positive
Bcl2 QQQQ 4.0 40 19 060 12 13 positive
Bcl2 QPPQ 53 36 11 047 21 24  positive
Bcl2 QpQ 7.5 25 0 025 52 0

24TTG QapPQ 7.1 1.1 1.8 029 102 4.6 positive
24TTG Qoo 9.8 0.2 0 002 809 0

24TTG QPPQ 8.8 1.2 0 012 145 0

24TTG QPQ 9.4 0.6 0 006 284 0
24TTG_20T QQPQ 5.2 36 12 048 20 22  positive
24TTG_20T QQQQ 6.0 4.0 0 040 24 0
24TTG_20T AQPPQ 83 1.7 0 017 92 0
24TTG_20T QPQ 89 1.1 0 0.11 153 0 positive
23TAG QQpPQ 5.7 34 10 043 25 25 positive
23TAG QaQQ 89 11 0O 0.11 148 0

23TAG QPPQ 8.1 1.9 0 019 75 0

23TAG QpQ 83 1.7 0O 017 93 0

2KPR QQPQ 46 19 35 054 26 3 positive
2KPR Qoo 8.7 1.3 0 013 131 0

2KPR QPPQ 7.0 2.0 1.0 030 56 17 positive
2KPR QPQ 86 1.1 03 014 144 37 positive
21CCC(i-m) QQPQ 94 0.6 0 0.06 294 0
21CCC(-m) QQQQ 10 0 0 000 O O
21CCC (i-m) QPPQ 9.4 0.6 0 0.06 290 0
21CCC(i-m) QPQ 9.8 0.2 0O 002 1280 O

ds26 QaQpPQ 8.7 1.3 0 013 120 0

ds26 QaQQ 10 0 0O 000 o0 0

ds26 QpPPQ 8.8 0 1.2 012 O 0

ds26 QPQ 10 0 0O 000 O 0

DK33 QQpPQ 85 15 0 0.15 107 0

DK33 QaQQ 10 0 0O 000 o0 0

DK33 QPPQ 8.1 1.9 0O 019 80 0

DK33 QPQ 88 1.2 0 012 141 0

DK66 QaQpPQ 8.7 1.3 0 013 123 0

DK66 QaQQ 10 0 0O 000 3981 O

DK66 QPPQ 83 1.7 0O 017 88 0

DK66 QPQ 9.7 0.3 0 0.03 586 0

DK100 QapQ 7.7 2.3 0O 0.23 58 0

DK100 Qo 10 0.0 0O 000 o0 0

DK100 QPPQ 8.1 1.9 0 019 77 0

DK100 QPQ 10 0 0O 000 O 0

ss24 QopPQ 8.2 1.8 0 018 83 0

ss24 QaQQ 8.7 1.3 0 013 126 0

ss24 QPPQ 9.1 0.9 0 009 182 0

ss24 QPQ 9.7 0.3 0 0.03 626 0
24nonG4 QapPQ 9.2 0.8 0 0.08 208 0
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24nonG4 QQQQ 7.2 2.8 0 028 44 0
24nonG4 QPPQ 7.5 25 0 025 51 0
24nonG4 QPQ 10 0 0O 000 o0 0
T24 QQPQ 83 15 0.2 017 102 65 positive
T24 QQQQ 6.8 04 2.8 0.32 235 1.0 positive
T24 QPPQ 88 1.1 0.1 0.12 149 195 positive
T24 QPQ 9.2 0.8 0 008 210 0
A24 QaopPQ 10 0 0O 000 o0 0
A24 QaQQ 10 0 0O 000 o0 0
A24 QPPQ 83 1.7 0 017 92 0
A24 QpQ 88 1.2 0 012 138 0
21CCC(ss) QQ@PQ 9.5 0.5 0 005 354 0
21CCC(ss) QQQQ 10 O O 0.00 4064 O
21CCC(ss) QPPQ 9.5 0.5 0 005 359 0
21CCC (ss) QPQ 99 01 O 0013365 O
T6 QaopQ 9.7 0.3 0 0.03 722 0
T6 Qaoaa 10 0 0O 000 O 0
T6 QPPQ 9.7 0.3 0 0.03 725 0
T6 QPQ 9.8 0.2 0O 002 1150 O
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Ligand screening — Mass spectra
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Figure S65 Mass spectra of 1XAV (A-TGAGGGTGGGTAGGGTGGGTAA) in presence of ligand. Samples contain
10 uM DNA, 20 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S66 Mass spectra of 222T (ATGGGTTGGGTTGGGTTGGGT) in presence of ligand. Samples contain 10
UM DNA, 20 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S67 Mass spectra of 222T-mA (dTGGGTTGGGAAGGGTTGGGT) in presence of ligand. Samples contain
10 pM DNA, 20 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S68 Mass spectra of 222T-mC (dTGGGTTGGGCCGGGTTGGGT) in presence of ligand. Samples contain
10 pM DNA, 20 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S69 Mass spectra of T30177TT (dTTGTGGTGGGTGGGTGGGT) in presence of ligand. Samples contain
10 pM DNA, 20 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S70 Mass spectra of 26CEB (HAAAGGGTGGGTGTAAGTGTGGGTGGGT) in presence of ligand. Samples
contain 10 uM DNA, 20 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S71 Mass spectra of 26CEB-mT (AAAGGGTGGGTTTTTTTGTGGGTGGGT) in presence of ligand. Samples
contain 10 uM DNA, 20 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S72 Mass spectra of 2KYP (ACGGGCGGGCGCTAGGGAGGGT) in presence of ligand. Samples contain
10 puM DNA, 20 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S73 Mass spectra of 203M (AAGGGAGGGCGCTGGGAGGAGGG) in presence of ligand. Samples contain
10 pM DNA, 20 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S74 Mass spectra of TGAT ([dTGGGGT)a) in presence of ligand. Samples contain 40 uM DNA, 20 puM ligand,
0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S75 Mass spectra of TGAT ([dTGGGGT)a) in presence of ligand. Samples contain 40 uM DNA, 20 puM ligand,
150 mM ammonium acetate (pH 6.8).
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Figure S76 Mass spectra of 21G (AGGGTTAGGGTTAGGGTTAGGG) in presence of ligand. Samples contain 10
UM DNA, 20 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S77 Mass spectra of 5YEY (AGGGTTAGGGTTAGGGTTTGGG) in presence of ligand. Samples contain 10
UM DNA, 20 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S78 Mass spectra of 22GT (AGGGTTAGGGTTAGGGTTAGGGT) in presence of ligand. Samples contain
10 pM DNA, 20 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S79 Mass spectra of 22GT-18T (dGGGTTAGGGTTAGGGTTTGGGT) in presence of ligand. Samples
contain 10 uM DNA, 20 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S80 Mass spectra of 22CTA (AAGGGCTAGGGCTAGGGCTAGGG) in presence of ligand. Samples contain
10 pM DNA, 20 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S81 Mass spectra of TBA (AGGTTGGTGTGGTTGG) in presence of ligand. Samples contain 10 uM DNA,
20 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S82 Mass spectra of G4T4G4 ([dGGGGTTTTGGGG]z2) in presence of ligand. Samples contain 20 uM DNA,
20 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S83 Mass spectra of G4T4G4 ([AGGGGTTTTGGGG]2) in presence of ligand. Samples contain 20 uM DNA,
20 pM ligand, 150 mM ammonium acetate (pH 6.8).

203



QQQQ

[ML,]5

QQPQ

QPPQ

QPQ

1600 2000 2400
m/z

Figure S84 Mass spectra of 26TTA (A-TTAGGGTTAGGGTTAGGGTTAGGGTT) in presence of ligand. Samples
contain 10 uM DNA, 20 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S85 Mass spectra of bcl2 (IGGGCGCGGGAGGAATTGGGCGGQE) in presence of ligand. Samples contain
10 pM DNA, 20 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S86 Mass spectra of 24TTG (ATTGGGTTAGGGTTAGGGTTAGGGA) in presence of ligand. Samples
contain 10 uM DNA, 20 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S87 Mass spectra of 24TTG-20T (ATTGGGTTAGGGTTAGGGTTTGGGA) in presence of ligand. Samples
contain 10 uM DNA, 20 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S88 Mass spectra of 23TAG (ATAGGGTTAGGGTTAGGGTTAGGG) in presence of ligand. Samples contain
10 uM DNA, 20 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S89 Mass spectra of 2KPR (dGGGTGGGGAAGGGGTGGGT) in presence of ligand. Samples contain 10
UM DNA, 20 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S90 Mass spectra of 21CCC (dACCCTAACCCTAACCCTAACCC) in presence of ligand. Samples contain 10
UM DNA, 20 pM ligand, 150 mM ammonium acetate (pH 5.5).
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Figure S91 Mass spectra of ds26 ([ACAATCGGATCGAATTCGATCCGATTG]2) in presence of ligand. Samples
contain 20 uM DNA, 20 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S92 Mass spectra of DK-33 ([dACGTAAATTTACG]z.) in presence of ligand. Samples contain 20 uM DNA, 20
UM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S93 Mass spectra of DK-66 ([ACGCGAATTCGCG]2) in presence of ligand. Samples contain 20 uM DNA,
20 pM ligand, 150 mM ammonium acetate (pH 6.8).
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Figure S94 Mass spectra of DK-100 ([dCGCGGGCCCGCQG]2) in presence of ligand. Samples contain 20 uM DNA,
20 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S95 Mass spectra of ss24 (A-TGCCATGCTACTGAGATGACGCTA) in presence of ligand. Samples contain
10 uM DNA, 20 pM ligand, 150 mM ammonium acetate (pH 6.8).
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Figure S96 Mass spectra of 24nonG4 (- TGGGATGCGACAGAGAGGACGGGA) in presence of ligand. Samples
contain 10 pM DNA, 20 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S97 Mass spectra of T24 (ATTTTTTTTTTTTTTTTTTTTTTTT) in presence of ligand. Samples contain 10 uM
DNA, 20 puM ligand, 150 mM ammonium acetate (pH 6.8).
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Figure S98 Mass spectra of A24(dAAAAAAAAAAAAAAAAAAAAAAAA) in presence of ligand. Samples contain 10
UM DNA, 20 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S99 Mass spectra of 21CCC (dACCCTAACCCTAACCCTAACCC) in presence of ligand. Samples contain 10
UM DNA, 20 pM ligand, 150 mM ammonium acetate (pH 6.8).
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Figure S100 Mass spectra of T6 (dTTTTTT) in presence of ligand. Samples contain 10 uM DNA, 20 uM ligand, 150

mM ammonium acetate (pH 6.8).
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ESI-MS titrations: Kp values and response factor estimates

Table S3 All Kp values obtained from ESI-MS titration of 6 DNA sequences with 7 foldamer ligands. Ko <5 pM are
highlighted in blue, Ko > 100 uM are faded out.

Dissociation constant estimates (uM)

Kp1 Kpz

Kp3

Kpy

ESTIMATE STD.DEV. ESTIMATE STD.DEV. ESTIMATE STD.DEV. ESTIMATE STD.DEV.

2LK7

QQPQ
1XAV

Q3
QPQ
QQQQ
QQPQ
QPPQ
Q5

Qs
2227

Q3
QPQ
QQQQ
QQPQ
QPPQ
Q5

Q8
5YEY

Q3
QPQ
QQQQ
QQPQ
QPPQ
Q5
21G

Q3
QPQ
QQQQ
QQPQ
QPPQ
Q5
$524

Q3
QPQ
QQQQ
QQPQ
QPPQ
Q5
Qs
T24

Q3
QQQQ
QQPQ
QPPQ
Q5
Qs

018 0.079 21 0.9

011 0.074 12 094
13 075

0.075 0.059 0.83 049

041 029 1.9 1.2

6.9 2 9.7 5.7

0.25 0.2 0.7 053
28 6.7

0.1 0.1 2.8 3.1

18 025 50 13

0088 011 16 11

0027 0081 0064 019

01 0.093 14 085

0011 0.014 04 035
7.8 1.1
6.6 1.3
0.54 0.098
39 037
78 19

8.6 23 14 9.2

47 45

12 6.2 28 87

44 41

0.36 091

0.53 5.5

1 3
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4.1

6.1

15

2.5

11

63

64

0.0092

440

4.2



Table S4 Estimated response factors of complex species ML, MLz, MLz, ML4 relative to the unbound DNA (M with
R = 1) using dTe as an internal calibrant. The calculation method was previously described in [*].

Response factors estimates

Kp1 Kpa Kps Kpy

ESTIMATE STD.DEV. ESTIMATE STD.DEV. ESTIMATE STD.DEV. ESTIMATE STD.DEV.

2LK7
QQPQ 0.987 0.098 0868 0071
1XAV
Q3 079 014 12 039 0.85 015
QPQ 0985 0.058 12 037
QQ0Q 1 015 0.95 0.067
QQPQ 1 022 1 011
QPPQ 11 031 0.91 0.2
Q5 11 024 0805 0073
Qs 1 0.2
2227
Q3 0.85 018 12 087 0.8 1.1 0.8 3.5
QPQ 0944 0.052 11 0.2
QQQQ 1 024 094 011
QQPQ 1 036 0898 0088
QPPQ 1 017 0874 0.082

Q5 0.95 0.13 0.948 0.065
Q8 0.997  0.077

S5YEY

Q3 0.97 0.18
QPQ 1 058

QQQQ 0.944 0.069

QQPQ 1 o0.028 1.2 0.39

QPPQ 0.86 0.21 1 2.7
Q5 0.974 0.0286

21G
Q3 0.88 0.27 1 17

QPQ 098 018
QQQQ 0.997 0.087
QQPQ 0.91 0.26 0.99 0.28

QPPQ 0.99 0.13 1 5.3
Q5 0.84 0.32 1.2 0.73

§524
Q3 0.71 0.41 1 3.2 0.8 1.2

QPQ 0.89 0.26
QQQQ 0.997 0.088

QQPQ 1 018

QPPQ 1 014

Q5 076  0.28 12 069
Q8 098 0.28

T24

Q3 11 0.2 0.64  0.44
Q00Q 1 12 0.9 032
QQPQ 1 011

QPPQ 098 0.18

Q5 0.8 19 095 018
Q8 1 039
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ESI-MS titrations: Mass spectra
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Figure S101 ESI-MS titration of 1XAV (- TGAGGGTGGGTAGGGTGGGTAA) with foldamer QQQ. Samples contain
10 uM DNA, 0-40 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S102 ESI-MS titration of 1XAV (A-TGAGGGTGGGTAGGGTGGGTAA) with foldamer QPQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).

40 uM

224



1XAV/Q4
M5- ML]5- M4{ML,]5- ML]4- [ML]*

0 uM

v

b
|

L_iEM

10 pM
[ [

15 uM
?:—

L
b
o
-
N
X
L

| .

=
==
(e ]
~ L " e
s
==
o
«® [TV , Ahﬂt\-‘
s
=
S
" ) I PP Jlb.u....
1400 1600 1800 2000 2200

m/z

Figure S103 ESI-MS titration of 1XAV (dTGAGGGTGGGTAGGGTGGGTAA) with foldamer QQQQ. Samples
contain 10 uM DNA, 0-40 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S104 ESI-MS titration of 1XAV (dTGAGGGTGGGTAGGGTGGGTAA) with foldamer QQPQ. Samples
contain 10 uM DNA, 0-40 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S105 ESI-MS titration of 1XAV (dTGAGGGTGGGTAGGGTGGGTAA) with foldamer QPPQ. Samples
contain 10 uM DNA, 0-40 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S106 ESI-MS titration of 1XAV (dTGAGGGTGGGTAGGGTGGGTAA) with foldamer QQQQQ. Samples
contain 10 uM DNA, 0-40 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S107 ESI-MS titration of 1XAV (dTGAGGGTGGGTAGGGTGGGTAA) with foldamer QQQQQQQQ.
Samples contain 10 uM DNA, 0-20 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S108 ESI-MS titration of 222T (A TGGGTTGGGTTGGGTTGGGT) with foldamer QQQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S109 ESI-MS titration of 222T (dTGGGTTGGGTTGGGTTGGGT) with foldamer QPQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S110 ESI-MS titration of 222T (dTGGGTTGGGTTGGGTTGGGT) with foldamer QQQQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S111 ESI-MS titration of 222T (dTGGGTTGGGTTGGGTTGGGT) with foldamer QQPQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S112 ESI-MS titration of 222T (dATGGGTTGGGTTGGGTTGGGT) with foldamer QPPQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S113 ESI-MS titration of 222T (dTGGGTTGGGTTGGGTTGGGT) with foldamer QQQQQ. Samples contain
10 uM DNA, 0-40 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S114 ESI-MS titration of 222T (dTGGGTTGGGTTGGGTTGGGT) with foldamer QQQQQQQQ. Samples
contain 10 uM DNA, 0-15 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S115 ESI-MS titration of 5YEY (dGGGTTAGGGTTAGGGTTTGGG) with foldamer QQQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S116 ESI-MS titration of 5YEY (dGGGTTAGGGTTAGGGTTTGGG) with foldamer QPQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S117 ESI-MS titration of 5YEY (AGGGTTAGGGTTAGGGTTTGGG) with foldamer QQQQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S118 ESI-MS titration of 5YEY (AGGGTTAGGGTTAGGGTTTGGG) with foldamer QQPQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S119 ESI-MS titration of 5YEY (AGGGTTAGGGTTAGGGTTTGGG) with foldamer QPPQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S120 ESI-MS titration of 5YEY (dGGGTTAGGGTTAGGGTTTGGG) with foldamer QQQQQ. Samples
contain 10 uM DNA, 0-40 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S121 ESI-MS titration of 5YEY (dGGGTTAGGGTTAGGGTTTGGG) with foldamer QQQQQQQQ. Samples
contain 10 uM DNA, 0-20 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).

243



M5 [ML]®- [Mug® [ML]* [ML,]%

L

10 pM

FF

'_.I.._ M bedadadh A

15 pM

30 uM

Frr
i

I..L._ (™ Aabadad L

40 uM

[P Lia Lia
1300 1500 1700 1900 2100
m/z

Figure S122 ESI-MS titration of 21G (dAGGGTTAGGGTTAGGGTTAGGG) with foldamer QQQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S123 ESI-MS titration of 21G (dGGGTTAGGGTTAGGGTTAGGG) with foldamer QPQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S124 ESI-MS titration of 21G (dGGGTTAGGGTTAGGGTTAGGG) with foldamer QQQQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S125 ESI-MS titration of 21G (AGGGTTAGGGTTAGGGTTAGGG) with foldamer QQPQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S126 ESI-MS titration of 21G (AGGGTTAGGGTTAGGGTTAGGG) with foldamer QPPQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S127 ESI-MS titration of 21G (AGGGTTAGGGTTAGGGTTAGGG) with foldamer QQQQQ. Samples contain

10 pM DNA, 0-40 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S128 ESI-MS titration of 21G (dAGGGTTAGGGTTAGGGTTAGGG) with foldamer QQQQQQQQ. Samples
contain 10 uM DNA, 0-30 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S129 ESI-MS titration of ss24 (dTGCCATGCTACTGAGATGACGCTA) with foldamer QQQ. Samples
contain 10 uM DNA, 0-40 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).

251



ss24/QPQ

=
3
o

5uM

10 uM

15 uM

20 uM

30 uM

rrrrrr

40 uM

b
o
b
L
b
L
b

I

1600 1800 2000
m/z

Figure S130 ESI-MS titration of ss24 (d-TGCCATGCTACTGAGATGACGCTA) with foldamer QPQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S131 ESI-MS titration of ss24 (- TGCCATGCTACTGAGATGACGCTA) with foldamer QQQQ. Samples
contain 10 uM DNA, 0-40 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S132 ESI-MS titration of ss24 (A-TGCCATGCTACTGAGATGACGCTA) with foldamer QQPQ. Samples
contain 10 uM DNA, 0-40 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).

254



ss24/QPPQ
M5- M4-

dubinddibiy

bs M___m...__

1600 1800 2000
m/z

Figure S133 ESI-MS titration of ss24 (dTGCCATGCTACTGAGATGACGCTA) with foldamer QPPQ. Samples
contain 10 uM DNA, 0-40 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S134 ESI-MS titration of ss24 (-TGCCATGCTACTGAGATGACGCTA) with foldamer QQQQQ. Samples
contain 10 uM DNA, 0-40 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S135 ESI-MS titration of ss24 (dTGCCATGCTACTGAGATGACGCTA) with foldamer QQQQQQQQ.
Samples contain 10 uM DNA, 0-30 pM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S136 ESI-MS titration of T24 (dTTTTTTTTTTTTTTTTTTTTTTTT) with foldamer QQQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S137 ESI-MS titration of T24 (ATTTTTTTTTTTTTTTTTTTTTTTT) with foldamer QQQQ. Samples contain

10 pM DNA, 0-40 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S138 ESI-MS titration of T24 (dTTTTTTTTTTTTTTTTTTTTTTTT) with foldamer QQPQ. Samples contain
10 pM DNA, 0-40 puM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S139 ESI-MS titration of T24 (dTTTTTTTTTTTTTTTTTTTTTTTT) with foldamer QPPQ. Samples contain

10 pM DNA, 0-40 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S140 ESI-MS titration of T24 (dTTTTTTTTTTTTTTTTTTTTTTTT) with foldamer QQQQQ. Samples contain

10 pM DNA, 0-40 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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Figure S141 ESI-MS titration of T24 (ATTTTTTTTTTTTTTTTTTTTTTTT) with foldamer QQQQQQQQ. Samples

contain 10 uM DNA, 0-30 uM ligand, 0.5 mM KCI, 100 mM TMAA (pH 6.8).
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T24 induces CD on Qn-type foldamers

Among our ligand screening results, we noticed that Q-mers (i.e. Qs, Qas, Qs, Qs) form
high-affinity 2:1 complexes (low pM Kbp) with single-stranded sequence T24. We
investigated this phenomenon via CD (Figure S142).
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Figure S142 Left: CD signatures of dT24 with different Q-mer foldamers. Samples contain: 10 pM T24, 40 pM
Q3/30 UM Q4/24 pM Qs (normalized to 120 pM Q monomer) and 100 mM TMAA (pH 6.8). Right: Enantiomer-
separated CD signatures of the (M) and (P) helix for Q6.

In absence of T24, Q3/Q4/Qs have no CD signature, since they are racemic. But with
T24, we see CD bands that are consistent with the (P)-helix. We do not know that kind
of structure T24 and Q-mer foldamers form; our attempt of crystallizing a T24/Qa4
complex was unsuccessful. Based on the high 2:1 cooperativity and the induced CD
on the (right-handed) (P)-helix we speculate that T24 and Qn foldamers associate into
some sort of double helix, with the foldamer dimerizing to accommodate the full length
of the DNA sequence.

U-rich motifs play a role in RNA expression,®5! which is why we attempted to reproduce
our results on U24 (Figure S143). Alas, we could not see the same induced CD when
switching from dT to rU.

120
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T T T
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Figure S143 CD signatures of rU24 with different Q-mer foldamers. Samples contain: 10 pM U24, 40 pM Q3/30 uM
Q4/24 pM Qs/15 pM Qs (normalized to 120 uM Q monomer) and 100 mM TMAA (pH 6.8).
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Foldamer-induced disruption of G-quadruplex

Figure S63 shows that the decline in DNA signal response is proportional to the
number of Q units in the foldamer. Each Q unit carries a positive charge, so we suspect
that the loss of signal is due to ligand-induced DNA aggregation, with the ligand acting
as a sort of flocculant that helps overcome charge repulsions between DNA
polyanions. To test this hypothesis, we picked T30177TT, a parallel G-quadruplex that
is stable even in low K* and Q8, the ligand with the fastest decrease in response factor.
If the ligand causes DNA aggregation, the CD signature of T30177TT should decrease
the more ligand is added.

Ligand:DNA
250 - 0:1

220 260 290 350
A [nm]

Figure S144 Tracking the ligand-induced aggregation of T30177TT (dTTGTGGTGGGTGGGTGGGT) by adding

more and more Q8. Samples contain 1 uM DNA, 0/1/5/10 uM Qs, 1 mM KCI and 100 mM TMAA (pH 6.8).

The experimental results are consistent with our hypothesis, indicating that G-
guadruplexes with too many positive charges run the risk of causing DNA aggregation,
or even precipitation (aka ‘salting out’ a biomolecule by neutralizing all of its charges).
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X-ray crystallography

Table S5 Data acquisition and refinement parameters for the 222T/QQPQ crystal. Parenthesis show statistics for

the highest-resolution shell.

Space group

P42

Unit cell (A)

a=Db=32.71,¢=61.01, a =P =y =90.000°

Wavelength (A)

0.979

Resolution range (A)

30.5-2.512 (2.602-2.512)

Completeness (%) 99.10 (100.0)
Total reflections 29748 (2985)
Unique reflections 2226 (218)
Multiplicity 13.4 (13.7)
Average I/c 21.61 (4.09)
Wilson B-Factor 58.79

R-merge 0.1469 (1.054)
R-means 0.1531 (1.095)
R-pim 0.0426 (0.2952)
CC% 0.999 (0.872)
cc* 1 (0.965)
Reflections used in refinement 2207 (218)
Reflections used for R-free 221 (22)
R-work 0.2563 (0.2933)
R-free 0.3037 (0.4455)
CC (work) 0.902 (0.773)
CC (free) 0.990 (0.336)
r.m.s. bond deviation (A) 0.018

r.m.s. angle deviation (°) 1.84
Clashscore 23.19

Number of non-hydrogen atoms 531

DNA atoms 388

QQPQ atoms 243

Other atoms (K* and Mg?") 2

Average B factors 66.24

DNA atoms 61.87

QQPQ atoms 78.21

Other atoms (K* and Mg?") 69.63
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Figure S145 Electron density map of the G-quadruplex core structure

Figure S146 Electron density map of the QQPQ foldamer stacked on top of a thymine in the 222T loop region.
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Figure S147 Electron density map of the QQPQ foldamer stacked onto the G-tetrad of 222T, showing two adjacent
unit cells on top and on the bottom.

Figure S148 Crystal packing of the 222T/QQPQ crystal. Different colors show different unit cells.
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Figure S149 Flipping the foldamer between C- and N-terminal binding to test whether any conformation is
statistically preferential. Schemes represent the four different models and their resulting Rfree values.
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1D and 2D NMR spectra
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Figure S150 Dynamic fitting of MS titration data for 2LK7 (dTTGsTGsTG3TGsT) and foldamer QQPQ with
Kp1 =0.18 £ 0.08 uM and Kpz = 2.1 + 0.7 pM. Samples contain 10 uM DNA, 0/1/2/5/10/20/30 pM QQPQ, 0.5 mM
KCl and 100 mM TMAA (pH 6.8).

Figure S151 Proton labels in the QQPQ molecule.
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Figure S152 Full 1D NMR spectrum of 2LK7 (dTTG3TGsTGsTGaT) on a Bruker Avance 700 MHz at 278 K. Sample
matrix: 100 uM DNA, 10 mM potassium phosphate buffer (pH 7), 90/10 H20/D20. Water signal was suppressed by
excitation sculpting.
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Figure S153 Full 1D NMR spectrum of Foldamer QQPQ on a Bruker Avance 700 MHz at 298 K. Sample matrix:
300 pM ligand in d6-DMSO.
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Figure S154 1D NMR spectra of 2LK7 and labeled derivatives on a Bruker Avance 700 MHz at 278 K, showing the
low shift region. Sample matrix: 100 uM DNA, 10 mM potassium phosphate buffer (pH 7), 90/10 H20/D20. Water
signal was suppressed by excitation sculpting.
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Figure S155 1D NMR spectra of 2LK7 and labeled derivatives on a Bruker Avance 700 MHz at 278 K, showing the
high shift region. Sample matrix: 100 uM DNA, 10 mM potassium phosphate buffer (pH 7), 90/10 H20/D20. Water
signal was suppressed by excitation sculpting.
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Figure S156 1D NMR spectra of 2LK7 and labeled derivatives with QQPQ on a Bruker Avance 700 MHz at 278 K,
showing the low shift region. Sample matrix: 100 uM DNA,300 uM ligand. 10 mM potassium phosphate buffer (pH
7), 90/10 H20/D20.
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Figure S157 1D NMR spectra of 2LK7 and labeled derivatives with QQPQ on a Bruker Avance 700 MHz at 278 K,
showing the high shift region. Sample matrix: 100 uM DNA,300 uM ligand. 10 mM potassium phosphate buffer (pH
7), 90/10 H20/D20.
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Figure S158 *H-'H NOESY of QQPQ on a Bruker Avance-lll 800 MHz; high shift region containing amide protons

(NH). Sample matrix: 300 uM QQPQ in d6-DMSO.
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Figure S159 'H-'H NOESY of QQPQ on a Bruker Avance-lll 800 MHz; middle region containing the aromatic
protons in the foldamer core (H4, H5, H6, H9). Sample matrix: 300 pM QQPQ in d6-DMSO.
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Figure S160 *H-'H NOESY of QQPQ on a Bruker Avance-lll 800 MHz; low shift region containing the aliphatic
protons, which are mostly in the side chains(o1, 02, 03, HA, HAc). Sample matrix: 300 uM QQPQ in d6-DMSO.
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Figure S161 *H-'H NOESY of 2LK7 on a Bruker Avance-IIl 800 MHz; high shift region showing the guanine

H1/H2 protons. Sample matrix: 100 uM 2LK7, 10 mM potassium phosphate buffer (pH 7), 90/10 H20/D20.
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Figure S162 'H-'H NOESY of 2LK7 on a Bruker Avance-Ill 800 MHz; middle region containing the guanine H8,

thymine H6 and sugar H1’ protons. Sample matrix: 100 uM 2LK7, 10 mM potassium phosphate buffer (pH 7),

90/10 H20/D20.
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Figure S163 'H-'H NOESY of 2LK7 on a Bruker Avance-IIl 800 MHz; low shift region containing sugar protons

buffer (pH 7), 90/10 H20/D20.

(H2’ to H5’) and the thymine methyl group (H7). Sample matrix: 100 uM 2LK7, 10 mM potassium phosphate

281



282



®4-H (ppm)

12 11 10 9
1 1 1 1
] 6
8- . @ Q1ANH-1-NH-1
] O1ANH-1-Q2ANH-2 O1ANH-1-P3ANH-3 O1BNHLA-NH1 #
| | QIBNH-1-02BNH-2 / Q1BNH-1-P3BNH-3 /
G \ o ! G
i : 0 @ i
. | @ Q N B
94 P3BNH-3-Q4BNH-4 P3BNH-3-NH-3 9
. W a0 P3BNH{
J 0} 0 @ % 0 O/ ( , i
] 0 kMu P3BNH-3-Q2BNH-2 G i
10 PAANH. 304 >z\_._. . PIANH-3-Q2ANH-2 P3ANH-3-NH-3 P3ANH-3-Q1ANH-1 L10
1 Q2BNH-2-NH-2 i
) Q2ANH-2-NH-2 : B
1 Q2ANH-2-Q4ANH-4 Q2ANH-2-P3ANH-3 @2BNH-2-P3BNH-3 . © i
- / N L
11 o ¢ F o 11
] 02BNH-2-Q1BNH-1 k i
i Q2ANH-2-Q1ANH-1 |
1 . = Q4BNH-4-Q2BNH-2 [
e ®
12- \ / 12
A Q4ANH-4-NH-4 Q4ANH-4-Q2ANH-2 QUANH-4-PIANH.3 O Dnr4-PIBNHS -
| -4 Q4BNH-4-NH-4 |
T T T T T T T T T T T T T T T T T T T T T
12 11 10 9
-ﬂ
W, - H (ppm)

Figure S164 'H-'H NOESY of 2LK7/QQPQ on a Bruker Avance-IIl 800 MHz; high shift region containing guanine

H1 protons and foldamer NH protons. Sample matrix: 100 uM 2LK7, 300 pM QQPQ, 10 mM potassium

phosphate buffer (pH 7), 90/10 H20/D20.
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Figure S165 *H-'H NOESY of 2LK7/QQPQ on a Bruker Avance-IIl 800 MHz; middle region containing aromatic

protons of nucleobases and foldamer (as well as H1’ sugar protons). Sample matrix: 100 pM 2LK7, 300 uM
QQPQ, 10 mM potassium phosphate buffer (pH 7), 90/10 H20/D20. The orange overlay is a TOCSY spectrum of

the same system.
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Comparing Foldamers with established G-Quadruplex
ligands

In order to define foldamers as a new class of G-quadruplex ligands, we need to
differentiate them from already established G-quadruplex ligands. Figure S166
displays the ligands we picked for experimental comparison. There are two foldamers:
QQPQ as the most promising ligand and QPPQ as a form of negative control, as it
binds G-quadruplexes with lower affinity and specificity compared to QQPQ. For the
established ligands we chose 4 ligands from 3 families of G-quadruplex ligands:
PhenDC3 and PDS as two variants of acylhydrazones, Cu-ttpy as an organometallic
complex and NMM as a porphyrin.

H;N" "0 HN"~"0
~N =
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PhenDC3 Pyridostatin (PDS)

Figure S166 Foldamer ligands (top) and established G-quadruplex ligands (bottom) used for comparison.

We compared the mass and CD spectra of the six ligands with three different DNA
sequences that represent the three main topology classes: parallel (Figure S167),
antiparallel (Figure S168) and hybrid (Figure S169). In the case of 222T, we reduced
the K* concentration to 0.15 mM in order to destabilize the parallel G-quadruplex and
therefore better outline the G-quadruplex stabilizing effect of the ligands.
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Figure S167 CD spectra (left) and mass spectra (right) of 222T (dTGsTTGsTTGsTTGsT) with different ligands.
Samples contain 10 pM DNA, 20 uM ligand, 0.15 mM KCI and 100 mM TMAA (pH 6.8). Mass spectra show the 4-
charge state.

antiparallel: dG;TTAG;TTAG,TTTG, 2K* 1K+
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Figure S168 CD spectra (left) and mass spectra (right) of 5YEY (dG3TTAG3TTAGsTTTGs) with different ligands.
Samples contain 10 uM DNA, 10 uM ligand, 0.5 mM KCI and 100 mM TMAA (pH 6.8). Mass spectra show the 4-
charge state.
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hybrid: dTTAGSTTAGSTTAG;TTAGTT
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Figure S169 CD spectra (left) and mass spectra (right) of 26TTA (dTTAGsTTAGsTTAGsTTAGsTT) with different
ligands. Samples contain 10 uM DNA, 20 uM ligand, 0.5 mM KCI and 100 mM TMAA (pH 6.8). Mass spectra show
the 5- charge state.
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