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Résumé : Les séquences d'acides nucléiques riches en guanines
peuvent adopter des structures secondaires non canoniques
nommées G-quadruplexes (G4s). Ces structures ont été
identifiées dans differents génomes et participent a de nombreux
processus physiologiques. De nombreuses séquences G4s
putatives (PQS) ont été identifiées par des analyses
bioinformatiques et séquengage par immuno-précipitation de la
chromatine (ChlP-seq). Par contre, trouver une séquence
relativement riche en guanine ne signifie pas forcément qu'elle
forme une structure G4. Le but de cette thése se concentre sur le
développement de nouvelles méthodes d'étude in vitro pour la
caractérisation de G4s a haut débit, et la validation d'un grand
nombre de PQS.

Le transfert d'énergie par résonance de type Foster (FRET) est un
puissant outil pour le suivi de la dénaturation d'un G4
intramoléculaire fonctionalisé aux extrémités avec deux sondes:
un chromophore donneur (FAM) et un accepteur (TAMRA). A
faible température, les deux extrémités sont a proximité,
permettant la désactivation de la fluorescence du donneur par
FRET. Quand la température augmente, le G4 est dénaturé et les
deux extrémités s'éloignent, ce qui restaure graduellement la
fluorescence du donneur. La température de dénaturation (Tp)
peut étre obtenue a partir de la courbe de FRET-melting.

Une nouvelle méthodologie nommée FRET-melting compétitive
(FRET-MC) a été développée, permettant de suivre 48 échantillons
en duplica en 2 heures. Le FRET-MC se base sur la compétition
d'un ligand sélectif pour les G4s (PhenDC3) entre un G4 reporteur
(FAM-Tel21-TAMRA, F21T) et un compétiteur en large exces dont
la structure est inconnue. L'interaction du PhenDC3 avec le G4
formé par F21T induit une stabilisation mesurée par
['augmentation du T, d'environ 23°C. L'excés de compétiteur G4
va piéger le PhenDC3, ramenant le T, de F21T a la valeur obtenue
sans ligand. Une séquence compétitrice qui ne forme pas une
structure G4 n'aura pas d'impact sur l'interaction du PhenDC3

avec F21T. Le FRET-MC est une méthode tolérant une

grande variabilité de compétiteurs, excepté ceux présentant
une faible stabilité thermique, qui se retrouvent sous forme
monocaténaire a la température ou F21T commence a se
dénaturer.

Le FRET isotherme (isso-FRET) a été développé comme une
alternative compatible avec des G4s peu stables
thermiquement. L'iso-FRET exploite deux RNAs : le 37Q (37-
quencher) formant un G4 lorsque stabilisé par le PhenDC3, et
le F22 (FAM-22) partiellement complémentaire & 37Q. A ce
systéme est ajouté une séquence compétitrice non marquée.
Si le compétiteur ne forme pas de G4, le PhenDC3 stabilise
37Q, empéchant son interaction avec F22, ce qui permet un
fort signal de fluorescence de F22. Au contraire, un exceés de
compétiteur formant un G4 piégera le PhenDC3 qui ne sera
plus disponible pour stabiliser 37Q. Il en résulte I'hybridation
de 37Q avec F22, provoquant la désactivation de la
fluorescence de F22. L'iso-FRET peut étre utilisé a température
25°C ou physiologique (37°C), ce qui le rend compatible avec
les compétiteurs G4s possédants une faible stabilité
thermique.

En parallele, la conformation des séquences riches en CG
formant des G4s a été réalisée. La structure des séquences
riches en GC est étroitement liée au nombre de cytosines, mais
également au ratio de [K*] / [Na*] présent dans le tampon. Les
résultats spectroscopiques montrent que CEB25 tolere des
boucles continues de cytosines dans un tampon mixte
potassium / sodium. Cela implique que les séquences G4s
riches en cytosine peuvent toujours adopter une structure G4
dans l'environnement intracellulaire. Les résultats d'UV-
melting mettent en évidence que la présence de cytosines
dans les boucles G4 ne diminuent pas leur stabilité, mais
augmente la probabilité de former une tige-boucle ou un ADN
palindromique bicaténaire en compétition. L'emplacement
des PQS riches en cytosines a été étudié par analyse
bioinformatique et indique une localisation au niveau des pré-
ARNm.
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Abstract : Guanine-rich nucleic acid sequences can generate
four-stranded, noncanonical secondary structures called G-
quadruplexes (G4). G4 structures have been identified in the
genomes of different species and are involved in physiological
processes. Numerous putative G4 sequences (PQS) have been
mined by G4 predicting algorithms and G4 chromatin
immunoprecipitation sequencing (ChIP-seq). However, finding a
sequence relatively rich in guanines does not necessarily mean it
can form a G4 structure. The main aim of this PhD thesis is to
develop novel in vitro high-throughput G4 characterization
assays, suitable for validating a vast amount of PQS identified by

in silico G4 prediction methods and ChIP-seq.

Forster Resonance Energy Transfer (FRET) is a powerful tool in
characterizing intramolecular G4 structures that were dual-
labeled by a chromophore (ie. FAM) and a corresponding
qguencher (i.e. Tamra): at the low temperature, the two ends of the
G4 are in close proximity and the FAM fluorescence is quenched
via a FRET mechanism; with the temperature increasing, G4
unfolds and two ends are split apart, restoring gradually FAM
fluorescence. Melting temperature (Tm) of a G4 structure could be

calculated based on the FRET-melting curve.

In this context, a new methodology called the FRET-melting
competition (FRET-MC) assay has been developed, which allows
to follow 48 duplicated samples within 2 hours. FRET-MC is based
on the competitive binding of a selective G4 ligand (PhenDC3)
between a labeled G4 reporter (FAM-Tel21-TAMRA, F21T) and an
unknown competitor present in a large excess. PhenDC3 stabilizes
the G4 structure of F21T and leads to an increase of the T, of
F21T of about 23 °C. An excess of G4 competitors can trap
PhenDC3, leading to a decrease of the T, of F21T back to the Tm
value of F21T alone. In contrast non-G4 competitors have little
influence on the F21T-PhenDC3 interaction. FRET-MC works well
in most cases, but cannot be used to pick up G4s with low thermal
stability, as these weak G4 behave as ssDNA at the temperature

where F21T starts to melt.

For this reason, an alternative isothermal FRET assay
compatible with weakly stable G4s was developed. Iso-FRET
exploits two labeled RNA probe strands: one of them 37Q
(37-quencher) form a G4 thanks to the binding of PhenDC3,
and the second one F22 (FAM-22) is partially complementary
to 37Q. To this system an unlabeled competitor sequence is
added. When the competitor is not a G4, PhenDC3 remains
bound to 37Q and stabilizes its G4 structure, preventing
duplex formation between 37Q and F22, allowing a high
fluorescence signal of F22. On the contrary, an excess of a
G4 competitor traps PhenDC3, which is no longer available
to bind to 37Q, which in turns allows this oligonucleotide to
hybridize to F22 resulting in fluorescence quenching. Iso-
FRET can be performed at 25 °C and 37 °C (physiological
temperature), which are acceptable to thermolabile G4

competitors.

In parallel, a study focusing on the conformation of G4-
prone GC-rich sequences which are rich both in cytosines
and guanines was conducted. The structures of GC-rich
sequences were dependent on cytosine content and [K*] /
[Na*] ratio in buffer. Spectroscopic results shown that the G4
structure (CEB25) tolerates two three continuous cytosines
tracks in potassium / sodium mixed buffers containing 40
mM or higher KCl concentration, implying that cytosine
contained G4-forming sequences can still adopt a G4
structure in the intracellular environment. UV-melting results
evidenced that the presence of cytosines in G4 loops does
not decrease G4s stability, but rather increases the
probability of forming a competing structure, either a hairpin
or a duplex. As bioinformatics analysis indicates that the
majority of cytosine-contained PQS located at pre-mRNAs,
it will be interesting to transpose our experiments on DNA
sequences to RNA motifs, in order to determine if the latter

is more or less prone to hairpin / G4 competition.
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Chapter I. Introduction

1. Secondary structures of nucleic acids

Nucleic acids are biological macromolecules composed of nucleotides which constitute the genetic material
for all known life forms. As the basic units of natural nucleic acids, nucleotides are composed of a nucleobase
(also known as a nitrogenous base), a five-carbon sugar (ribose or deoxyribose), and a phosphate group.
As shown in Figure 1a, depending on the five-carbon sugar (ribose, in which a hydroxyl group is present
on the 2' carbon atom (R = OH) or deoxyribose, in which a hydrogen atom is present on 2' carbon atom (R
= H)), natural nucleic acids are divided into ribonucleic acid (RNA) and deoxyribonucleic acid (DNA). The
2'H / OH difference has a huge influence on the sugar conformation: in general, the ribose of RNA adopts
a C3'-endo conformation, whereas the deoxyribose of DNA can adopt both C2'-endo and C3'-endo
conformations [1] (Figure 1b), and this sugar pucker preference will affect the ability of a purine to switch

to a syn conformation (see below).

Nucleic acids are constituted by nucleotides containing natural different nucleotides: adenine (A), guanine
(G), cytosine (C) and thymine (T) in DNA or uracil (U) in RNA. Differently, Adenosine, Guanosine, Cytidine,
and Thymidine or Uridine correspond to the nucleoside (Figure 1c). The phosphate group attached to the
5' carbon atom and the hydroxyl group on adjacent 3’ carbon atom form phosphodiester bonds and link
nucleotides together within a single-stranded nucleic acid chain. Aside from the five natural nucleotides, a
number of natural and man-made nucleotides including modified bases, sugar rings, and phosphate group

analogs have been studied, and their properties are now better understood [2].
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Figure 1 (a) Schematic representation of the nucleotide structure, which includes a nucleobase, a five-carbon

sugar, and a phosphate group. (b) Sugar puckering: conformations of C3'-endo and C2'-endo. (c) Chemical

structures of nucleobases, ~~ corresponds to the bond to the C1' carbon atom of the sugar.

1.1 Canonical nucleic acids structures
1.1.1 Double-stranded DNA

In 1953, Watson and Crick determined the helical structure of double-stranded DNA (ds), based on X-ray
diffusion. The structure consisted of two complementary single-stranded (ss) sequences held together by
nucleobase stacking and the formation of inter-strand hydrogen bonds connecting the nucleobases. These
hydrogen bonds (H-bonds) are now often referred to as ‘Watson-Crick hydrogen bonds'. There are two H-

bonds in an A-T base pair (bp), and three in a C-G bp [3, 4] (Figure 2a).



The vast majority of DNA probably adopts a B-type duplex structure (B-DNA, Figure 2b) under physiological
conditions. Canonical B-DNA consists in an antiparallel right-handed double-helix constituted by two
complementary strands, where the two antiparallel stands (5'-3'/ 3'-5') are held together by hydrogen
bonds in A-T and C-G base pairs. This double-helix has a diameter of about 2 nm and a persistence length
of up to 53 nm on mica surface [5]. The double-helical structure presents two different grooves, named the
major groove and the minor groove, twisting around the central axe on opposite sides. The major groove
is relatively shallow and wide, while the minor groove is deep and narrow [6]. A complete helical turn of B-

DNA has a pitch of about 3.4 nm and contains approximately 10 bps.

When dehydration occurs in vitro (i.e., when the relative humidity drops to 75% or less), the DNA duplex
switches reversibly to an A-type duplex (A-DNA) [7, 8]. Compared to B-DNA, A-DNA is like a twine that has
been tightened more. A-DNA reduces the pitch to 2.8 nm and contains 11 bp, and increases the diameter
from 2.3 nm (for B-DNA) to 2.5 nm; the angle (twist) between adjacent base pairs changes from 36° to 33°.
The sugar ring conformation changes from C2'-endo (for B-DNA) to C3'-endo for A-DNA [9]. Of note, the

base pairs are no longer perpendicular to the helix axis.



(a) OH

/
H
,C %&HO !
s OH
S N /
H\N/H"'O\ \ ] HO_ ﬁN P H=N
N—H-—-N

N
o al /LY e
N= >\ ~
N ‘N/’ Thymine HO N—H»--O/ N OH2:

HH  Guanine / \(ﬁ 5
HO—CH H A N\ H
2.0 Adenine A OH
’ﬁ ?} HH
H H Cytosine

OH H

(b) = (c) (d)
< -kl
o=
<A
B-DNA Z-DNA A-RNA
PDB: 1BNA PDB: 40CB PDB: 1SDR

Figure 2 (a) Left: A and T are connected by two Watson-Crick hydrogen bonds. Right: C and G are connected
by three Watson-Crick hydrogen bonds. (b) The first published B-DNA structure with the sequence
d(CGCGCGCGCGCG) and its complementary strand. (c) Z-DNA of d(CGCGCGCGCGCG),. (d) A-RNA of
r(UAAGGAGGUGAU) and its complementary strand. Models were generated with Web 3DNA 2.0 [10], Color
code for base rectangular blocks: Adenine, red; Cytosine, yellow; Guanine, green;, Thymine, blue; Uracil, cyan.

Additionally, an unusual duplex configuration called Z-DNA (Figure 2c) may also form under specific
conditions. Z-DNA is significantly different from the two configurations described above. Z-DNA is left-
handed, and all phosphate groups in the sugar-phosphate chain are arranged in a zig-zag shape, giving the
structure its “Z"-DNA name. It was first discovered by Wang et al. when they studied single crystal X-ray
diffraction pattern of the d(CGCGCG) sequence [11]. Several chemical agents including spermine,
hexammine cobalt(lll), and ruthenium complexes can convert B-DNA into Z-DNA [12]. Z-DNA has been

implicated in gene activation, chromatin remodeling and large-scale genomic deletions in mammalian cells
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[13]. Z-DNA also has the potential to be a therapeutic target in cancer treatments [14] and was recently
reported to be a major component of extracellular DNA in bacterial biofilms [15]. Z-RNA is also biologically

relevant [16].

Besides A-, B- and Z-DNA, there are other types of DNA helices. For example, D-form is a type of right-
handed twist composed of poly (dA - dT) and poly (dG - dC); each turn contains 8 bp [17]. In addition, non-
natural nucleic acids may adopt different helical arrangements. For example, left-handed DNA (L-DNA) can
adopt the exact mirror-image helix of the natural DNA conformer [18], sharing the same physical
characteristics, including solubility, duplex stability and selectivity, but with the opposite chirality. L-DNA
has been used to develop a universal microarray platform capable of simultaneously analyzing multiple

molecular parameters [19] and mirror-image aptamers called spiegelmers.

A few years after the discovery of the classical antiparallel B-DNA structure, the first parallel (5'-3' / 5'-3)
double-stranded DNA helix was reported in 1961. X-ray diffraction illustrated the compact parallel double
helix formed by poly (A) under acidic conditions, in which adenine residues in two opposite parallel helical
strands form three hydrogen bonds [20]. Two d(A1s) strands adopted a right-handed parallel-stranded
double helix in sodium (pH = 3) with high thermal stability; adenines in this duplex were held together by

AH*-H*A base pairs; while d(A1s) existed as a structured single helix under neutral conditions (pH = 7) [21].

1.1.2 Single- and double-stranded RNA

In contrast to genomic DNA, RNA is generally not present as a perfectly-matched duplex in eukaryotic cells.
This does not mean that common RNAs such as messenger RNA (mRNA) and transfer RNA (tRNA) are
single-stranded, as they adopt complex secondary and ternary folds [22]. Additionally, nature contains
numerous positive single-stranded RNA viruses, including Hepeviridae, Coronaviridae and Arteriviridae [23].
These single-stranded RNA viruses may often be pathogenic. Human immunodeficiency virus (HIV) codes
for a reverse transcriptase enzyme, which allows single-stranded RNA to be reverse-transcribed into DNA.
The new SARS-CoV-2 virus is a member of the Coronaviridae family. Surprisingly, its RNA has been claimed
to be able to integrate into the genome of cultured human cells, resulting in expression in patient-derived
tissues [24]. It is not unusual to find dsRNA in a natural context. dsRNA comprising in the 5' untranslated
region (5'-UTR) of a mRNA can effectively inhibit translation. Chang et al. mapped dsRNA in Hela and
human embryonic kidney (HEK 293T) cells in 2016. dsRNA can form across long distances and many of them
are long (> 200 nt), and pervasively occur with alternative structures where one sequence can base pair with
two or more different partners [25]. Existence of dsRNA also provides the basis of RNA interference (RNAI),

which is a naturally occurring gene silencing mechanism. Two different major types of small RNAs,
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microRNA (miRNA) and small interfering RNA (siRNA), may downregulate gene expression by targeting to
specific mRNAs [26].

As with DNA duplexes, RNA helices are composed of two complementary strands that are oriented
antiparallel to each another. These two strands are connected via Watson-Crick hydrogen bonds between
nucleobases. The hydroxyl group on the 2' carbon atom prevents the ribose from adopting the C2'-endo
conformation, allowing only the C3'-endo form. This ribose conformation eliminates the possibility of
forming a B-type RNA double-helix, making A-type the regular type of RNA duplex (Figure 2c). Similar to
A-DNA, A-RNA has a relative shorter pitch (3.1 nm) than B-DNA [27]. In comparison to DNA-DNA and DNA-
RNA hybrid complexes, RNA-RNA duplexes tend to be more stable [28, 29], possibly as a result of the
rigidity of RNA strands [29] and the effects of hydration [30].

1.2 Four-stranded nucleic acids structures

In addition to the double-helices described above, DNA and RNA can adopt alternative secondary structures
involving more than two strands [31, 32]. In particular, one can form three-stranded structures or triplexes
(based on base triplets such as GC-C+, TA*T and CG+G, etc.) [33, 34] and four-stranded structures such as
G-quadruplexes, i-motif and other oddities [35, 36]. Penta-stranded structures have also been described

with non-natural bases such as isoguanine [37].

1.2.1 G-quadruplex

G-quadruplexes (G4) constitute a family of secondary structures generated by G-rich nucleic acid sequences
(generally involving 1, 2 or 4 strands). Four Guanine bases are connected by Hoogsteen hydrogen bonds
(Figure 3a) to form a G-tetrad, or G-quartet, the basic unit to form G4, which had been at first proposed by
Gellert et al. in 1962 [38]. The t-stacking of two or more G-tetrads generates a quadruplex structure (Figure
3b). In 1989, Williamson et al. observed that telomeric G-rich sequences may adopt a quadruplex fold, as
shown by anomalous electrophoretic mobility in polyacrylamide gels [39]. Since then, the interest for G4

ushered in explosive growth.
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Figure 3 (a) Guanine tetrads are composed of four guanines that are linked together by eight Hoogsteen
hydrogen bonds (donor and acceptor groups in blue and green, respectively). A metal cation is selectively
coordinated by guanine O6 (red). (b) Two G-tetrads stack to form a G-quadruplex. Cations with larger ionic
radii are located between tetrads (case of K*; blue), while smaller ones may also coordinate within the plane
of the tetrads, or adopt an intermediate position (case of Na*; green). Figures are adopted from [40].

G-quadruplexes are highly polymorphic structures. As guanine nucleotides may adopt anti and syn
conformations (Figure 4a), the arrangement and combination of anti and syn guanines result in different
types of G-tetrads with varied grooves (Figure 4b) and stacking features. Biophysical parameters of the
classical duplexes and G-quadruplexes [41] are summarized in Table 1. Furthermore, G4 can also be
classified into parallel, antiparallel, and hybrid structures according to anti/syn conformations of the
guanines [41] (Figure 5). Based on the molecularity, G4 can be categorized into monomolecular
(intramolecular), bimolecular or tetramolecular (intermolecular) or higher-order structures. According to

loop types, anti-parallel structures can be further subdivided into chair and basket configurations.

Differing by the group on the 2' carbon atom of the sugar ring, G4 conformations of DNA and RNA are
substantially diverse. RNA G4 tend to be more stable. The 2'-hydroxyl group in the ribose sugar within RNA
G4 grooves contributes to attract water molecules, leading to a more stable structure than the one
generated by DNA G4 grooves [42]. The 2'-hydroxyl imposes additional steric constraints on the G4
topology, where it prevents the base from being oriented in the syn-conformation, strongly favoring the
anti-conformation via constraints on the glycosidic torsion angle. As show in § 7.7.2  Single- and double-
stranded RNA, the 2'-hydroxyl imposes constraints on sugar pucker; it only allows the C3'-endo form. As a
result, RNA G4 structures are nearly always restricted to the parallel topology, in which all four strands go
in the same direction [43]. Compared to RNA G4, the orientations of G-strands in DNA G4s may vary. DNA

G4s can adopt parallel, antiparallel, and hybrid structures.
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Table 1. Biophysical parameters of DNA duplexes and DNA G-quadruplex

Structural type B-DNA A-DNA Z-DNA G-quadruplex
Rise per base pair (A) 34 2.9 37 33

No. of bases per turn (bp) 10.5 11.0 12.0 12.0

Twist (°) 36.7 327 -10/-50 30

Groove width (A) 11.7/5.7 2.7/11 8.5 12.0/14.5/18.0*
Strand polarity** ap ap ap variable

* G4 structures may contain three types of grooves: narrow, middle and wide.

** "ap” stands for antiparallel: the two strands run in opposite orientations.
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Figure 5 G-quadruplexes can fold into a variety of topologies that differ mainly by the relative orientation and
number of strands (1 to 4), the number of tetrads (at least 2), and the geometry of the loops. The figure is
adapted from [40].

Topologies and stabilities of G4 are affected by several factors:

i) Temperature: All nucleic acid secondary structures are enthalpy-driven, G4 is no exception: it tends to
unfold at high temperature.

ii) Itis possible to stabilize G4 structures with specific small molecules [44, 45].

iii) lonic environment: Metallic cations can stabilize G4 by laying between two G-tetrads (sodium and
potassium) and coordinating with eight 6' O atoms. Thanks to their small ionic radius, sodium can also fit
in the core of G-tetrads and form a tetra-coordinated complex. The general trend of G4 stabilized by

monovalent and divalent cations is Sr** > Ba®* > K* > Ca®* > Na*, NH4*, Rb* > Mg?* > Li* > Cs* [46].
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iv) Molecular environment: Crowding conditions have been reported to preferentially stabilize G4
structures. Polyethylene glycol (PEG) is a widely used crowding agent, which may convert G4 topologies
from anti-parallel to parallel in sodium buffers [47]. However, other crowding agents may have different
effects — PEG is not a true crowding agent, and stabilization may not only be related to crowding effects as
observed for example for i-DNA [48]. Regarding G-quadruplexes, PEG binds G4 based on conformational
selection leading to the observed conformational transition [49].

v) Loop length: In potassium buffers, the total loop length is inversely correlated to G4 thermal stability:
each added base leads to a 2 °C drop in Tm [50], and only a few G4s with a loop of more than 7 nt have
been reported (i.e., [51]). Loop length also effects G4 topology. Generally, very short linkers (1 or, to a lesser
extent, 2-nt long loops) impose chain reversal loops, which impose a parallel topology. On the other hand,
longer linkers are compatible with all types of loops and non-parallel topologies may be observed. A loop
of moderate length (2-3 nt) enables both parallel and anti-parallel conformations to form [52]. Recently, we
illustrated that loop permutation also influences G4 stability and topology [53]. Additionally, loop length
has been associated with G4 molecularity, two short loops (1-2 nt) have been shown to favor intermolecular
complexes in potassium [50]. Recently, Li and Mergny et al illustrated that loop permutation is an
inescapable factor to G4 stability and topology. The difference in melting temperature caused by loop
permutation can reach a maximum of 17.0 °C. Sequences with a long center loop are more prone to hybrid
topologies and demonstrate the greatest stability. On the other hand, sequences with a short center loop
are more likely to fold into parallel topologies with lower stability [53].

vi) Flanking nucleotides: The core G4 motif may be flanked by one or more nucleotides at both extremities.
The addition of flanking nucleotides favors a parallel topology, and flanking nucleotides at the 5' end exert
a greater influence on topology than those at the 3' end [54]. The presence of nucleotides at the 5 end
prevents a strong syn-specific hydrogen bond for a 5'-terminal guanine which is frequently observed in

non-parallel conformations [54].
1.2.2 i-motif

i-motif structures involve two parallel-stranded duplexes, antiparallel to each other. Each duplex is
composed of two or more hemi-protonated cytosine pairs (CeCH*), as shown by Guéron et al. in 1993
(Figure 6a) [55, 56]. Each non-terminal base pair from one duplex is intercalated between two base pairs
from the other duplex, giving i-DNA its name: i- stands for intercalated. The helical rise between each hemi-
protonated cytosine pair is short (2.8 A), but this value corresponds to two base pairs belonging to two
different duplexes: within a given duplex, this distance is doubled, and each duplex is therefore extended

and underwound as compared to B-DNA [57]. The formation of hemi-protonated cytosine base pairs is
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optimal at mildly acidic pH, since under more acidic conditions, all cytosine bases would be protonated.

Therefore, the most suitable pH for the i-motif is between 4 and 5, close to the pK, of cytosine [58].

According to the number of DNA strands that constitute the i-motif structure, i-DNA can be either
monomolecular, bimolecular or tetramolecular. i-DNA is less polymorphic than a G-quadruplex, as the
relative orientations of the strands are fixed: two diagonally arranged strands are always parallel to each
other (allowing the formation of parallel CsCH* base pairs) while adjacent strands are always in an
antiparallel orientation (Figure 6b). According to the characteristics of the i-motif structure, when the
outmost C<CH"* base pair is at the 3'-end, the structure is known as 3'E, while in the 5'E topology, the

terminal C<CH* base pair is at the 5'-end [58, 59].
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Figure 6 (a) Hemi-protonated C<CH* base-pairs (donor and acceptor groups in blue and green, respectively).
(b) Tetramolecular i- motifs in 5'E topologies. C<CH* base pairs from each duplex are shown in different shades

of gray.

As for other nucleic acid structures, temperature, cation type and concentration have an effect on the
stability and conformation of i-DNA. On the other hand, while extreme pH may destabilize most
conformations, i-motif stability is exquisitely sensitive to pH. Mergny et al. illustrated that an increase in pH
of one unit results in a 23.8 °C drop in T [48]. As demonstrated by vibrational and electronic circular
dichroism (CD) spectroscopy, Ag* stabilizes cytosine base pairing and enables the formation of an i-motif-
liked structure at pH up to 10 [60]. Mergny et al. showed that increasing NaCl concentration to 100 mM
destabilizes the i-motif structure, at any pH above the pK, of cytosine. Increasing the NaCl concentration to
300 mM had no further destabilizing effect. There were no differences in i-motif stability upon addition of
5 mM Mg?*, Ca?*, Zn?*, Li* or K* in the presence of 100 mM NaCl at pH 6.4 [61]. i-DNA with relative longer
central loops are more stable than those with shorter loops [62]. The nature of the bases in the loops is also
important. Both T-T pairs in loops connecting C-tracts [63] and the A-T Hoogsteen base pair between two

antiparallel oriented C-rich strands [64] can improve i-motif stability. Lewis et al. observed that a C-rich
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promoter sequence fold into a stable i-motif structure in 30% w/w PEGggoo solution at pH values as high as
6.7 [65]. However, other crowding agents such as Ficoll70 could not stabilize i-DNA [48], which implies that

PEG stabilization may not be related to molecular crowding.
1.2.3 Other four-stranded structures

Besides tetrameric complexes involving mostly guanines (G4) and cytosines (i-DNA), heterozygous G-C-G-
C quadruplexes may also be formed. The bimolecular G-C-G-C quadruplex structure of d(GCATGCT)
contains two G-C-G-C tetrads. It is interesting to note that d(GCATGCT), form further Watson-Crick H-bonds
to the complementary strand through G and C residues (Figure 7a), and additionally, the dimeric structure
is stabilized by hexammine cobalt(lll) and highly defined water molecules [66]. d(GAGCAGGT); forms a
head-to-head dimeric quadruplex containing sequentially stacked G-C-G-C, G-G-G-G and A-T-A-T tetrads
in 1 M NaCl. Two Watson-Crick G-C pairs aligned directly opposite each other constitute the G-C-G-C tetrad
(Figure 7b) [67]. d(GGGCT4GGGC) is a repeated motif found in adeno-associated virus (AAV), which adopts
the direct G-C-G-C tetrad alignment and forms a quadruplex [68].

Four different nucleobases can be fully integrated into one tetrad. Gonzalez et al first reported the self-
associated intermolecular four-stranded structure consisting of two minor groove-aligned G-C-A-T tetrads,
formed by a cyclic oligodeoxynucleotide dc(CGCTCATT),, resulting from the interaction of G-C and A-T base

pairs through their minor groove sides [69].
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Figure 7 Schematic views of G-C-G-C quartets observed (a) between two d(GCATGCT) (PDB: TMF5) and (b) in
two d(GAGCAGGT) (PDB: 1JVC).
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2. G-quadruplexes in genomes and their biological significance

Putative G-quadruplex sequences (PQS) are frequently found in telomeric regions, ribosomal DNA, the
immunoglobulin heavy chain class switch recombination region, and transcriptional regulatory regions of a
number of genes, especially oncogenes [70]. Telomeres (the extremities of linear chromosomes) are
generally composed of short tandem G-rich DNA sequences [71, 72] and were the first motifs to be studied
for G4 formation. As early as 1988, a highly conserved microsatellite repeat sequence d(TTAGGG) has been
found in the human telomeric region [73] and several seminal papers demonstrated that telomeric motifs
may adopt a quadruplex conformation in vitro. Since then, numerous other intramolecular G4 structures
have been studied in vitro, and some of G4s can fold in vivo and play roles in a variety of biological processes.
G4 structures may exert regulatory functions in a number of species and are also potential hurdles that

need to be solved for proper replication, transcription or translation.

Two initial bioinformatics studies estimated that there were hundreds of thousands of G-rich regions with
high potential to form G4 structures in the human genome [74, 75]. PQS are not randomly distributed, with
numerous promoter regions in human genes associate to PQS, implicating that G4s play a role in
transcription [76]. In addition, the vast majority of human replication origins were found to be in close
proximity to PQS, implying that G4s also play a role in replication [77]. PQS are also present in mitochondrial
DNAs [78] and chloroplast DNAs [79].

The formation of G4 is not restricted to DNA: G4s also exist in RNA molecules and are often extremely stable.
Initial studies were focused on mRNA, in which G4s may affect pre-mRNA processing (splicing and
polyadenylation), mRNA turnover, localization, and translation [80]. The presence of G4 motifs in non-
coding RNAs (ncRNAs) suggests that RNA PQS are capable of modulating post-transcriptional gene
expression in vivo and regulating miRNA synthesis [81]. Other ncRNAs have been reported to adopt a G4
fold: this is the case for example for two telomerase-related RNA: hTR and TERRA [82]. More recently, strong
G4 motifs were found in ribosomal RNA (rRNA) [83]. Thus, G4 structures are promiscuous in a variety of

nucleic acids and participate to a number of biological processes.

Some authors have proposed to correlate G4 propensity to large-scale evolutionary processes. One study
predicted PQS on the genomes of 37 species at 14 representative evolutionary nodes within the eukaryotic
clade of the tree of life, spanning a widely broad evolutionary scale from single-celled fungi to higher

mammals and human. G4s clustered in chromosomes and were more abundant in gene bodies.
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G4s with short loops were maintained in the majority of species, but loop length diversity remained as well,
particularly in mammals. These observations imply that organisms may have evolved G4s into novel
reversible and elaborate regulatory factors through evolution. Thus, the possible evolutionary patterns and
functional implications of G4 motifs were comprehensively deciphered [84]. Together, these observations
demonstrate or suggest that G4 are involved in physiological processes, such as telomere maintenance,

oncogenes expression, genome instability [85]. G4 may also be important in species evolution [84].

2.1 Mapping G-quadruplexes in human genomes and other species

In 2005, Todd et al. [74] used bioinformatics tools to analyze potential G4 DNA forming sequences in the
human genome. They defined a “classical” general consensus for G4 formation and proposed a common
general sequence for G4 motifs: G3-sN11G3.5NG3-5N13G3.5, where N1, N and Nys correspond to the loops
of G4, which length was arbitrary limited from 1 to 7 nt and can be composed of any nucleotides, including
guanines. Through predictions, the study found and located 375,157 PQS, determined the characteristics of
each type of G4, and inferred their potential biology function. In parallel, Huppert and Balasubramanian
outlined a similar rule for predicting putative quadruplex sequences based on the primary DNA sequence,
predicting that any sequence with the d(Gs.N1-7G3.N1-7G3.N1-7G3.) consensus would fold into a quadruplex
under near-physiological conditions [75]. This definition has been used to predict, analyze and locate PQS
in genomes of several species, including fungi (ie, Saccharomyces cerevisiae [86]) and bacteria (ie,

Escherichia coli [87]).

In the past decade, novel bioinformatics algorithms (e.g., cGcC [88]) have been developed to predict G4-
forming sequences. G4Hunter [89] is an algorithm predicting the G4-forming possibility of a sequence,
which takes into account G-richness and G-skewness of a DNA or RNA sequence. The G4Hunter algorithm
has been integrated and packaged as a web application [90]. The association between G4Hunter application
and the NCBI gene database allows to infer gene serial numbers from NCBI directly. As an advanced and
easy-accessible G4 mapping tool, G4Hunter has worked for the mapping and analysis of multiple species,
including viruses (i.e., pathogenic virus HTINT [91]). | personally contributed to the experimental analysis of
motifs found in all available archaeal genomes [92]. Distributions of PQS were identified in all archaeal
species with highly significant differences in frequency. The presence of PQS is not random with an over-
represented bias in non-coding RNAs, suggesting possible roles for ncRNAs regulation. Very recently, we
also analyzed PQS density in various parasitic helminths. Stable G4 formations of multiple sequences in four

different parasitic helminths were validated in vitro [93].

An experimental confirmation is generally required to support G4 formation, at least in vitro, for some of

the predicted PQS in genomes. Given than hundreds of thousands of candidates may be proposed, high-
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throughput experimental methods are needed. G4 chromatin immunoprecipitation sequencing (ChIP-seq)

has been developed to determine G4 structures genome-wide directly in chromatin [94].

2.2 G-quadruplexes in gene promoters

Many G4 structures formed in gene promoters exhibit physicochemical and structural characteristics that

|u

suggest druggability. The “classical” or “historical” hypothesis was that G4s located in promoters would
work as repressors of transcription. Bioinformatics results in the human reference genome showed that PQS
are over-represented in promoters. Approximately a half of PQS in the transcriptional regulatory region
(downstream 2,000 bp to upstream 1,000 bp around transcription start site, TSS) of human genome are
concentrated in the proximal part, where is up to 500 nt away from the TSS [76], and more than 40%
annotated genes in human promoters contain at least one PQS [95]. The promoters of human oncogenes
and regulatory genes contain more G4 motifs than the promoters of housekeeping and tumor suppressor
genes (TSGs) [96], suggesting that G4 structures may be involved in proliferation and transformation. The
human genome has more than 640,000,000 single-nucleotide variants (SNVs), which are the most prevalent
type of genetic variation in individuals or populations. When an SNV occurs within a PQS motif, it has the
potential to interfere with the folding (or stability) of G4 structures. Very recently, a genome-wide survey
illustrated that millions of PQS may be altered by SNVs, about 70% of the SNVs-PQS associated with genes
with a profound enrichment near TSSs. Particularly, SNVs-PQS were more frequently found in oncogenes
and TSGs than in most genes. This suggests that SNVs-PQS may play a role in carcinogenesis, which can be
triggered by aberrant expression of oncogenes and tumor suppressor genes [97]. We list some well-

characterized G4-forming sequences in cancer-related gene promoters in Table 2.
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Table 2 Examples of G4-forming sequences in cancer-related genes.

Oncogene  Acronym Sequence (5'-3') Topology* Ref
(PDB No.)
hTERT hTERT GGGGAGGGGCTGGGAGGGCCCGGAGGGGGC P (-) [98]
TGGGCCGGGGACCCGGGAGGGGTCGGGACG
GGGCGGGG
c-MYC Pu27 TGGGGAGGGTGGGGAGGGTGGGGAAGG Ap (-) [99]
Pu24 TGAGGGTGGGGAGGGTGGGGAAGG P (2A5P) [100]
Myc-1245 TTGGGGAGGGTTTTGAGGGTGGGGAAT P (6NEB) [101]
Myc-2345 TGAGGGTGGGGAGGGTGGGGAA P (7KBV) [101]
KRAS KRAS-21R AGGGCGGTGTGGGAAGAGGGA P (512V) [102]
KRAS-32Rh AGGGCGGTGTGGGAAGAGGGAAGAGGGGGA P (6T2G) [103]
GG
HRAS Hras-1 TCGGGTTGCGGGCGCAGGGCACGGGCG Ap (-) [104]
Hras-2 CGGGGCGGGGLCGGGGGCGGGGGELG P(-) [88]

P and Ap refers to parallel and antiparallel G4 structures, respectively. (-) means no structure available in

the PDB

hTERT: Human telomerase reverse transcriptase (hTERT) is the catalytic subunit of telomerase, which is often
reactivated in cancer cells. hTERT is an important oncogene with a compact stacked three-G-quadruplex
within its promoter [98]. hTERT G4 structure in the core promoter has been proposed to be a major factor

to downregulate gene expression [105].

c-MYC: c-MYC belongs to the Myc family, which is one of the earliest known oncogenes. c-MYC serves as a
gene-specific transcription factor involves in cell cycle, apoptosis, metabolism, cell differentiation, and
adhesion. The nuclease hypersensitive element (NHE) Ill; region is located upstream of the predominant
promoter 1 of c-MYC, which controls 85-90% of c-MYC transcription. Pu27, a G-rich motif in NHE Ill; region,
has been reported to be biologically relevant when it forms a ‘chair-type’ G4. Stabilizing G4-formation (via

G4-ligands or mutation) down regulated c-MYC expression in Ramos cells [99].

KRAS: The KRAS gene belongs to the Ras genes family, which also includes two other genes: HRAS and
NRAS. These gene-related proteins play critical roles in cell division, differentiation, and cell self-apoptosis.
The nuclease hypersensitive polypurine-polypyrimidine element (NHPPE) in the proximal promoter region
of KRAS gene is an essential element to activate transcription in both human and mouse cells. E. Xodo et al.

suggested that the intramolecular parallel G4 formed within the NHPPE of KRAS may be involved in the
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regulation of transcription. A G4 ligand, TMPyP4, was proposed to break the equilibrium between double-
stranded and G4 formation of NHPPE by inducing the PQS fold into a G4 structure. TMPyP4 has been shown
to down regulate KRAS expression, possibly via the stabilization of NHPPE G4, which would interfere with

the binding of RNA polymerase and inhibit transcription [103].

HRAS: As previously mentioned, HRAS and KRAS belong to the same family. The HRAS protooncogene can
be activated by point mutations: for example, HRAS is frequently mutated in urinary bladder tumors and its
overexpression is highly correlated with tumor invasiveness. HRAS-1 and HRAS-2 are two neighboring PQS
immediately upstream of HRAS TSS, which repress HRAS transcription in a coordinated and efficient way.
The two neighboring PQS work like an off-switch to regulate HRAS transcription; a dramatic transcription

arrest is observed in vitro when the two G4 are stabilized [106].

2.3 G-quadruplexes in gene expression: beyond downregulation

Similar to supercoiling, which has both negative and positive effects on gene transcription, G4 structures
have been proposed to influence gene transcription [107]. Some authors propose that the effect of a G4
structure may depend on which DNA strand it is located. As shown above, several well-known G4s in
promoters downregulate gene expression. In contrast, G4 structures located on the template strand of some
genes can recruit proteins to promote transcription. Nucleolin (NCL) is a highly specific G4-binding protein
(G4BP) largely localized in nucleolus. NCL binds to a number of G4 motifs, including those found in the long
terminal repeat (LTR) promoter of human immunodeficiency virus-1 (HIV-1) and serves as a transcription
activator [108]. NCL acts as a molecular chaperone to facilitate G4 folding [109]. Myc-associated zinc-finger
protein (MAZ), which is a G4-binding transcription factor binds to the promoter of murine KRAS gene. The
G4-forming sequence in the KRAS promoter overlaps the binding site of MAZ [102]. Stabilization of the G4
DNA structure favored MAZ binding within the KRAS promoter and activated transcription, whereas point

mutations disrupting the G4 conformation downregulated KRAS expression [110].

A bioinformatic survey showed a strand bias in the distribution of PQS in the human genome: downstream
of the TSS, PQS are concentrated in the first intron and on the non-template strand, indicating that the
transcribed RNA may also contain a large number of G4 sequences, which may also have an impact on RNA
fate (splicing, translation...) [111]. An in vitro study demonstrated how G4 structures regulate Bcl-X (the
dominant regulator of programmed cell death in mammalian cells) pre-mRNA alternative splicing. A G4
ligand, ellipticine GQC-05, causes splicing to switch from the dominant anti-apoptotic Bcl-X, isoform to the
pro-apoptotic Bcl-Xs isoform [112]. GQC-05 has been reported to bind to a DNA G4 structure in the MYC
promoter and induce apoptosis in Burkitt's lymphoma (CA46) cells [113]. Relatively high densities of PQS in

the first intron and on the non-template strand are conserved from frogs to humans [111]. Interestingly,
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although a strand-bias exists in the genome of several species, there is no obvious asymmetry in the PQS

between the non-template and template strands in Saccharomyces cerevisiae (budding yeast) genome [86].

G4s also play important roles in the non-coding part of RNAs. Huppert et al. searched PQS in and around
more than 30,000 annotated UTRs of mRNAs (Homo sapiens). The distribution of PQS in UTRs is asymmetric,
with a higher density of PQS in 5-UTRs than in 3'-UTRs. A positional bias in two distinct regions has also
been reported. A further increase in PQS density was found at the 5'-end of 5'-UTRs, suggesting that G4
may relate to transcription initiation. In contrast, PQS tend to cluster immediately after the 3'-end of genes,
particularly when another gene is nearby, suggesting that G4s may act as pause elements to promote
transcriptional  termination, cleavage, and polyadenylation [114]. Based on cross-linking
immunoprecipitation sequencing (CLIP-seq) results, Ghanem et al. observed that RNA—protein binding sites
(RBPs) are also enriched in PQS-rich UTR regions, and that the frequency of overlapping RBPs and PQS
peaks was almost 6-fold higher in the 5'-UTR of human erythroleukemic (K562) and human hepatoma
(HepG2s) cells [115]. This analysis suggests that G4 formation within UTRs may also affect functions of RBPs

and contribute to post-transcriptional regulation.

2.4 G-loop: G-quadruplexes co-exist with R-loops

R-loops are non-canonical three-strand secondary structures, in which one strand in a DNA duplex is melted
and annealed to an RNA, generating a hybrid DNA-RNA duplex, while the other DNA strand is displaced
out. Generally, formation and stabilization of R-loops are facilitated by the thermodynamic advantage of
the hybrid between the nascent RNA and the DNA template strand over that of the duplex with the
respective DNA strand. Besides the sequence-dependent intrinsic superior stability of the RNA-DNA duplex
over its DNA-DNA counterpart, other factors may provide an advantage: breaks in the non-template DNA
strand, negative supercoiling which can facilitate DNA unwinding, non-canonical DNA structures at the non-
template DNA strand (i.e., G4s Figure 8 and triplexes) or sequestration of the non-template DNA strand by
a ligand [116]. R-loops relate to genomic instability and replication, and their overabundance have been

evidenced in a number of neurological syndromes and cancer [117].

The co-existence of G4 structures at the non-template DNA with a stable RNA/DNA hybrid R-loop was first
observed in Escherichia coliin 2004; this novel structure was called a G-loop [118]. The presence of persistent
G-loops may affect gene regulation, mRNA translation, and increase collisions between replication and
transcriptional machineries, resulting in deleterious transcription-replication conflicts (TRCs) [119]. Some G4
ligands, such as TMPyP4 [119], PDS [120] and CX-5461 [121], have been shown to induce R-loop-mediated
DNA damage and cell death in cancer cells. A recent study demonstrated that G4 on the non-template

strand increase mRNA production rate and yield through enhancing R-loop formation. Surprisingly, the
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increased elongation is a result of transcription-induced R-loop formation, which in turn favors G4
formation on the non-template strand. Therefore, increased transcription is caused by the G4-stabilized R-

loop via a mechanism involving successive rounds of R-loop creation [122].

Transcription
bubble

Cotranscriptional RNA-DNA hybrid (R-loop)

Figure 8 Scheme of the co-existence of a R-loop and a G4, giving the called G-loop.
2.5 G-quadruplexes in gene replication

G4 structures are found at the 5' ends of genes, nucleosome-free regions and inside CpG islands and in
close proximity [123]. G4s have also been demonstrated to be associated with the great majority of the
replication origins. Folding and unfolding of G4 structures may play an important role for gene replication,
they may cause or stabilize DNA duplex unwinding in negatively supercoiled DNA, hence enabling the
loading of the origin recognition complex (ORC) and other replication components [77]. High-throughput
sequencing of short nascent DNA strands in human fetal lung cells (IMR-90) revealed that the majority (67%)
of the 250,000 human replication origins are close to classical G4 motifs. This proportion increases to 91%

when using a relaxed definition of a PQS [77].

G4 effects on DNA replication can be classified into two categories: on the initiation of DNA replication and
on the process of DNA replication. An in vivo study concluded that G4 motif orientation determines the
position of the replication start site, and decreased G4 stability impairs origin function, while the regulation

mechanism still needs to be characterized [124].

During DNA replication, the two strands of the DNA double helix are unwound by helicases. However, due
to the directionality of DNA polymerases, the replication process is asymmetric: the parent strand running
in the 3'to 5' direction toward the duplication fork is called the leading strand. The replication of the leading
strand is said to be continuous since DNA polymerase always runs antiparallel on the leading strand in the
5' to 3' direction to build a new complementarity strand. The other parent strand running in the 5' to 3'
direction is called the lagging strand, its replication is discontinuous due to the mono-directionality of

polymerase. A primase binds to the lagging strand at several sites and synthesizes a series of short RNA
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fragments, which will serve as a template for DNA polymerase, generating the so-called Okazaki fragments
[125]. This asymmetric duplication process leaves the lagging chain in a single-stranded state for a longer
time than the leading strand, and the former will therefore be intrinsically more prone to G4 formation
(Figure 9) [126]. Pif1, a 5'to 3' DNA G4 helicase, was employed to show how lagging strand G4s delayed
replication in yeast. In individual yeast cells, replication rates through specific lagging strand G4 sequences
in vivo was significantly decreased in the absence of Pif1. In contrast, replication rates through the same
G4s on the leading strand were not affected under the same conditions, suggesting that Pif1 is essential

only for the efficient replication of the G4s in the lagging strand.

G4s are associated to higher genomic instability when they are located on the leading strand, possibly
because there are less check points due to the replication process speed [127]. G4s have been demonstrated
to interrupt DNA synthesis in the absence of the DNA repair protein REV1 in a chicken B cell line (DT40),
which results in localized, stochastic loss of parental chromatin marks and changes in gene expression.
Histone modifications around the TSS are also strongly correlated with the position of the G4s [128]. CEB1,
the G4-forming human minisatellite, was well tolerated on a leading strand but exhibits significant genetic

instability when cells are treated with a G4 ligand [127].

Lagging-strand

template
5

Okazaki fragments

IR
Leading-strand template

Figure 9 G4s may interefere with the replication of the lagging-strand [126].

3. Characterization of G-quadruplexes in vitro

A number of potential G-quadruplex motifs can be found in most, if not all, genomes. However, having a
sequence that may adopt a quadruplex fold does not always mean that this quadruplex would be formed
in vitro and in cells. In here, we briefly introduce different biophysical methods which have been included
in our "G4 characterization box". Our previous experience has demonstrated that one could reach
contradictory conclusions depending on the technique used [89]; thus, we recommend to use a combination

of approaches to validate G4 formation.
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There are a few ftrivial considerations to be discussed when presenting the different experimental
approaches. First, we have systematically chosen to express DNA concentration as the concentration of
oligonucleotide strand rather than in nucleotides, as the secondary structures are constructed by strands,
not by individual nucleotides. Strand concentration may be important when considering structures of
different molecularities. Its precise determination may not be as trivial as it seems, as the extinction
coefficient (often provided by the manufacturer) may not be very accurate for purine-skewed sequences. In
addition, one needs the sample to be unfolded for this extinction coefficient to be applicable. Denaturation
may be facilitated by preincubation at high temperature (95 °C) for a few minutes (depending on the length
of the strands) in the absence of salt. On the other hand, the acquisition of absorbance or CD spectra of the
folded form requires that the sample is properly folded. Pre-annealing of DNA/RNA in the buffer of interest,
followed by either slow or very rapid cooling, should allow the oligonucleotides to adopt

thermodynamically- or kinetically-favored structures, respectively.

3.1 UV-visible absorbance spectra

UV-visible absorbance is a simple and often overlooked experimental technique to analyze nucleic acid
conformations. The spectroscopic properties of DNA/RNA depend on their nucleotide content, on the
properties of the solvent, and the structure adopted. Absorbance in the far UV region (around 190 nm)
arises from the sugar-phosphate backbone, while longer-wavelength absorbance (200 to 300 nm) is entirely
attributable to electronic transitions of purine and pyrimidine bases [129]. In the double-stranded helix,
base pair stacking leads to a decrease in UV absorbance at 260 nm. This phenomenon is called
hypochromicity, whereas hyperchromicity refers to the opposite phenomenon in which absorbance is

increased.

The characteristic UV absorption features of quadruplexes are different from those of the double helix.
Guanosine has two T—Tt* transitions at 245 nm and 275 nm [130], while the formation and dissociation of
intramolecular G-tetrads can be precisely monitored by absorbance changes at 295 nm [131]. Based on the
characteristic transition around 295 nm, there are three biophysical ways to characterize G4 structures in

vitro discussed below.

3.1.1 Isothermal differential spectrum (IDS)

As discussed above, different cations can stabilize G4 structures; they are actually required for proper G4
folding: in the absence of these cations (i.e, in pure water or in a buffer containing non-stabilizing cations)
most G-rich sequences should remain unfolded, and the addition of a favorable ion should promote folding.

One may then be able to record the absorbance of the folded and unfolded species at the same temperature.
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The first absorbance spectrum is therefore recorded under conditions that do not promote G4 formation
(basic buffer only, no favorable ions such as Na* or K*); alkali metal are then added, and a second spectrum
is recorded after a suitable incubation time (generally short for intramolecular structures; 5 minutes should
be sufficient, but much longer incubations may be required for tetramolecular complexes). The difference
between these two spectra is called an isothermal difference spectra or IDS (proper correction for dilution
must be applied for the second spectra, as the volume of the added salt is not negligible; typically, 5 to
10%).

IDS = Spectrum in the absence of ion - Spectrum in the presence of ion

The IDS of a G4-forming sample has a specific shape, with a negative peak at 295 nm. For most sequences
studied in the lab, we chose to perform IDS at 25 °C / room temperature but nothing prevents the
experiment to be performed at physiological temperature or, for unstable structures, at 4 °C. We use
potassium to induce G4-formation and set the final potassium concentration to 100 mM; the majority of

G4 structures should be stabilized by 100 mM K*.

3.1.2 Thermal differential spectrum (TDS)

TDS corresponds to the difference between the absorbance spectra at high (95 °C) and low temperature
(typically 25 °C) in a buffer favorable for G4 formation. Usually, the samples are kept in a lithium cacodylate

buffer supplemented with 100 mM K*.

TDS = Spectrum at 95 °C - Spectrum at 25 °C

Since high temperature tend to unfold secondary structures, the spectrum taken at 95 °C should correspond
to the unfolded species, while the lower temperature spectrum (typically recorded at 25°C) may correspond

to the folded species. A negative peak at 295 nm suggests G4 unfolding at high temperature.

3.1.3 General considerations on TDS and IDS

Both IDS and TDS are based on the same principle:
TDS / IDS = Spectrum unfolded - Spectrum folded

TDS (and to a lesser extent IDS) are now widely used methods to characterize G4 structures in vitro. IDS and
TDS share some properties, but are not identical: while both TDS and IDS of a G4-forming sequence exhibit
a negative peak around 295 nm, but significant differences will be observed at shorter wavelengths. This
results from an often-overlooked consideration: the unfolded species in both differential spectra are actually

different, as they correspond to high temperature or low salt conditions. We also know that the absorbance
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properties of the folded and unfolded species depend on temperature, and this property will “pollute” the

TDS. The following comments regarding these two differential spectra should be considered:

i) The absence of a negative peak around 295 nm is often a strong argument against G4 formation [132]
(exceptions will be commented in the next §). However, the opposite is not true: a hypochromism at 295
nm is not specific for G4 formation, as other structures exhibit the same trend. Mergny et al. presented the
TDS of several DNA secondary structures detailed in Table 3 [132]. Besides G4 structures, other high-
ordered structures (i.e., i-DNA and pyrimidine triplexes) and some non-B duplexes (such as Z-DNA and
parallel Hoogsteen duplexes), also lead to a negative peak at 295 nm. Thus, G4 formation cannot be
validated based on this feature only. However, the overall shape — not only the region around 295 nm - of
TDS seems to be specific for G4, allowing to discriminate between all these structures based on IDS or TDS

only.

Table 3 Significant TDS peaks of secondary structures [132]

Secondary structures  Hydrogen bonds Stands orientation Significant TDS peaks*

B-DNA; AT-rich Watson-Crick Antiparallel +260 nm, -280 nm.

B-DNA; GC-rich Watson-Crick Antiparallel +238 nm, +278nm.

Z-DNA Watson-Crick Antiparallel + 240 nm, + 275 nm, -295 nm.
Parallel AT duplex Reverse Parallel + 260 nm, - 280 nm.

Watson-Crick

Pyrimidine triplexes Watson-Crick Hybrid (2+1) Variable positive peak in 240
to 275 nm, - 295 nm.

G4 Hoogsteen Variable + 240 nm, + 275 nm, - 295 nm.

i-DNA CeCH* Two duplexes intercalated  + 240 nm, - 295 nm.

in antiparallel orientation

*'+"and '~ corresponding to local maxima and minima of the TDS, respectively.

iij) While the absence of a negative TDS or IDS signal at 295 nm generally indicates that the sample is not
folding into a G4 structure, there are several exceptions to this rule. As both TDS and IDS correspond to the
difference between unfolded and folded states, one has to check that the denaturing conditions (no salt or
high temperature) are sufficient to unfold the G4 structure. Indeed, some very stable G4s may fold even in
the presence of trace amounts of metal ions, and/or resist boiling (e.g., the Tm of 19wt in 100 mM KCl is
higher than 90 °C [133]). As a result, the “denatured” state remains folded, and the TDS/IDS are affected.
This artefact may be identified by recording the CD spectra of the “unfolded” state: if the signal is intense

under these conditions, the structure cannot be considered unfolded.

iii) One should select a buffer that does not absorb light in the far-UV region (Tris is often unsatisfactory
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at wavelengths below 240 nm). Cacodylate (pKa = 6.14) and acetate (pKa = 4.62) are appropriate choices
when working at neutral or slightly acidic pH. They offer the additional benefit of having a nearly
temperature-independent pKa [132], meaning that the pH of the solution will not change much with
temperature: while a moderate pH change should not be a major issue for G4 structures, it will strongly
affect the stability of other conformations such as pyrimidine triplexes or i-motif. We generally use 10 mM
lithium cacodylate (Li CaCo) for near-neutral conditions, prepared from cacodylic acid and lithium hydroxide.
In addition, chloride salts (UV cutoff: 205 nm) should be avoided or replaced with perchlorate (CIO4~) or
fluoride (F~; not compatible with Li*) counterparts if information in the short-wavelength region (190-210

nm) is critical.

3.14 UV-melting

A UV-melting experiment is commonly used to determine the stability of a complex. When a sample is
heated, its absorbance properties change, indicating a conformational change in the molecule(s) in solution
[134]. Heating disrupts hydrogen bonds in nucleic acid secondary structure and affects absorbance
properties, which allows us to follow secondary structures’ stability. The melting temperature (Tm) of
secondary structures refers to the temperature at which the oligonucleotide is 50% unfolded. Obviously, a
high Tm value corresponds to a high thermal stability and vice-versa. The absorbance at 295 nm allows us
to follow folding and unfolding process of quadruplexes. A review published in 2003 detailed experimental
procedures and data analysis [134]. We suggest performing UV-melting with = 3 uM pre-folded samples
(longer oligonucleotides will be studied at a lower strand concentration, in order to keep nucleotide
concentration and absorbance in an acceptable range). As the precise absorbance measurement range of
normal UV-vis spectroscopy is between 0.1 - 2.0, too low or too high concentration may lead the absorption
out of this range. A typical temperature range can be 4 °C to 95 °C, but may be shrunk to a smaller interval
if one has indications on the stability of the structure: there is no need to go below room temperature if the
structure is expected to be very stable. We summarize the additional items that should be taken into
consideration in the following:

i) In itself, an inverted transition at 295 nm is not indicative of G4 dissociation: other structures
(pyrimidine triplexes, i-DNA) will also lead to a decrease in absorbance upon melting at this wavelength. Tr,

determination will then give an indication on the thermal stability of the structure but not on its nature.

ii) What would constitute a strong indication that this structure is actually a G4 is if its T, depends on the
nature of the cation. Performing melting experiments in KCl, NaCl, and LiCl may give precious clues: for a
quadruplex, Tmk 2 Tmna > Tmu. Quantitative differences depend on the nature of the quadruplex: for example,

for some RNA, the T, in Na* may be very close to the Ty, in Li*, but stability should be much higher in K*.

iii) For some extremely stable G4s (or if the G4 structure has been stabilized by ligands), performing UV-

31



melting in 100 mM K* may be inadequate to observe melting or determine Tn,. Lowering potassium

concentration to 1, 5 or 10 MM may help.

iv) The solutions should be degassed prior melting to avoid the formation of air bubbles upon heating. If
the sample is not heat-sensitive, this can be easily achieved by briefly heating the solution, then gently
remove the bubbles formed (longer heating would lead to evaporation). Otherwise, degassing in a vacuum

chamber or sonication (during at least 5 min) are convenient alternatives.

v) A thin layer of mineral oil on the solution in cuvettes has been proposed to solve evaporation issues.

We seldom use this trick anymore, as a tight cap on the cuvette may be sufficient to prevent evaporation.

vi) Condensation at temperatures below room temperature (< 20 °C) can be minimized by blowing a

stream of dry air on the outer cuvette surfaces [135].

vii) Tn should depend on concentration for intermolecular complexes, but remain concentration-
independent for intramolecular structures. The analysis of T as a function of strand concentration may
therefore provide additional information on the nature of the complex, as long as a wide-enough range of
concentrations is used (a 5 to 10-fold change is recommended) and that the transition is clear enough to

allow a precise T, determination.

3.2 Circular Dichroism (CD) spectrum

Circular dichroism is largely empirically used in the study of the secondary structures of biomacromolecules,
mostly proteins and nucleic acids. CD is relatively sensitive, allowing to study nucleic acids at strand
concentration in the micromolar range, ie.,, lower than the one required for NMR studies. The CD spectra
are particularly used in monitoring changes in a secondary structure during titration, binding, or thermal

denaturation experiments [136]. In brief, any change in chirality can be followed by circular dichroism.

CD is especially useful to study G-quadruplexes, as this technique not only provides information on the
nature of the structure (G4 or not), but also on the topology of the quadruplex, provided sufficient
precautions are taken to exclude alternative structures that would show peaks in the same wavelength range
(see below). In addition, provided a rigorous quantitative analysis is performed, it may also provide
information on the number of quartets formed (see below). This sensitivity stems from the sequential
arrangement of quartets, which depends on the topology. To understand stacking between two quartets,
one can think of two coins stacked together (Figure 10): they can be head-to-tail (H-to-T), head-to-head
(H-to-H), or tail-to-tail (T-to-T) (Figure 10b). Every stacking interaction, when more than two quartets are
involved, may also be H-to-T, or H-to-H, or T-to-T. The following convention may be used: the “head” side
G-tetrad corresponds to the side in which the hydrogen bonds run clockwise from donor to acceptor, while

seen from the “tail” side they are counter-clockwise [137]. Generally, all guanosines in parallel G4s adopt an
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anti conformation and homopolar H-to-T stacking, with a positive ellipticity at 260 nm and a negative one
at 240 nm (Figure 10c). In hybrid G4s involving both H-to-T and H-to-H arrangements, the characterized
CD pattern also exhibits negative and positive bands at around 245 and 260 nm, respectively, with an
additional predominant positive band at around 295 nm (Figure 10d). This extra positive band probably
arises from the stacking of G-tetrads with alternating polarities, as the combination of anti and syn glycosidic
bond angles (GBA) alternate the polarity of G-tetrads [138]. G-tetrads adopt H-to-H and T-to-T stacking in
anti-parallel quadruplexes, leading to a CD pattern far different from the one of parallel G4s, with a negative
band at 260 nm and two positive bands at 240 and 295 nm (Figure 10e). Note that the CD signal above
220 nm exclusively results from the bases, not from the backbone. For example, the self-arrangement of
guanosine nucleotides into a “G4-like" structure generates a strong CD signal, resulting from the stacking
of multiple quartets which are not covalently linked through a sugar-phosphate backbone [139]. It should
be noted that the CD spectra are less solid to evidence G4 forming (especially for parallel G4s), as several

other structures also show CD signal in 260-270 nm.
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Figure 10 (a) Schematic depictions of the ‘head’ and 'tail’ sides of the guanine. (b) Top view of the homopolar
(head-to-tail) and heteropolar (head-to-head) and stacking of two G-quartets. The "head” and the “tail” sides
of G-tetrads are represented in violet and green, respectively. The double-head arrows represent the transition
moments corresponding to the absorption at 250 nm. CD spectra of 5 uM pre-folded (c) VEGF
(d[CG4CG3CCTTG3CG4T], PDB: 2M27, parallel G4) and (d) wtTel26 (d[(TTAGGG)4TT], PDB: 2JPZ, hybrid G4) in
100 mM KCl, 10 mM LiCaCo buffer, pH = 7.2; (e) 19wt (d[G5(AG4TAC),AG.], PDB: 6FTU, anti-parallel G4) in
100 mM NaCl, 10 mM LiCaCo buffer, pH = 7.2. CD spectra were recorded on a J-1500 spectropolarimeter
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(JASCO) at 25 °C, using a scan range of 320-220 nm, a scan rate of 100 nm/min and averaging four

accumulations.

Raw CD spectra are expressed in ellipticity 6 [mdeg] versus wavelength. A useful operation is to properly
normalize CD for pathlength and concentration, which can be expressed as molar circular dichroism Ae
[cm~"M~"] or as molar ellipticity. One can use the formula: As = 8 /(32980 x ¢ x l) to perform this conversion,
where c is the oligonucleotide concentration (in M) and [ is the optical length (in cm). Proper normalized
amplitudes are essential for quantifying G-quartets stacking. For parallel G4s, the CD peak around 265 nm
amplitude correlates with the number of G-tetrads in intramolecular quadruplexes [140]. In addition, as the
monomer, dimer and interlocked G4 structures have different numbers of stacking interactions (monomer
< dimer < interlocked), the CD amplitudes at 265 nm may provide clues on molecularity, as higher

amplitudes may be found for higher-ordered structures [141].

A variety of structural factors (loop types [142], sugar-phosphate backbone, strand orientation, and chemical
modifications of guanines) may affect CD spectra, because they have an impact on quartet stacking
geometry: CD of G4 structures is primarily determined by the stacking arrangements of guanine base steps
within the G-tetrad stacks. Rather counter-intuitively, an all-parallel G4 not always gives a “parallel-type” CD
spectra, with a strong positive peak at 260 nm, as the terminal quartet may flip to an all-syn conformation.
For example, the four 5'-terminal Gs of d[TGMGGT]s (MeG = 8-methylguanine) adopt an all-syn G-tetrad,
altering quartet arrangement and change in CD spectra without changing strand polarity [143]. This again

illustrates the fact that CD primarily reflects quartet arrangement, and only indirectly strand orientation.

Specific features of CD spectra of various secondary structures are listed in Table 4 [144]. It is important to
emphasize that at first sight, the specific CD spectrum of a parallel G4 is relatively similar to the spectra of
an A-form duplex (dsRNA or DNA-RNA duplex). Due to the differences in sugar pucker of a ribonucleotide,
most guanosines tend to adopt an anti conformation and, as a consequence, the vast majority of RNA G4s
are all parallel, with a CD spectrum resembling A-form RNA duplex. Finding a positive peak at 260 nm for
an RNA sample is therefore not sufficient to conclude that it is forming a quadruplex, and inaccurate
conclusions may possibly be reached based on CD only. On the other hand, differences in ellipticities
between potassium or lithium-only conditions may be interpreted as an evidence for G4 formation.
Remember, however, that traces of potassium (< 1 mM) may be sufficient to allow RNA G4 formation, and
that it may be experimentally difficult to ensure that the buffer is entirely devoid of any “G4-friendly” cation.
In any case, significant differences between RNA duplexes and parallel G-quadruplexes may be found at
shorter wavelengths (around 200-220 nm). Nevertheless, an alternative method is strongly recommended

to confirm G4 formation with an RNA sample [144].
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Table 4 Significant CD peaks of secondary structures [144]

Type of Rotation / stack of Nucleobase Significant peaks*
conformations stands orientation orientation

B-form right-handed anti-anti - 245 nm, + 260 to 280 nm.
A-form right-handed anti-anti -210nm, +260nm.

Z-form left-handed anti-anti +260nm, - 290 nm.

Parallel G4 parallel anti-anti-anti-anti - 240 nm, + 260 nm.
Antiparallel G4 antiparallel anti-anti-syn-syn/ + 240 nm, - 260 nm, + 290 nm.

anti-syn-anti-syn
Hybrid G4 hybrid (3+1) anti-anti-anti-syn / - 245 nm, + 260 nm, + 295 nm.
syn-syn-syn-anti

i-DNA antiparallel** All anti + 290 nm.

*"+" and "-" corresponding to positive and negative peaks, respectively.

" referring to consecutive base pairs in the structure, which belong to two different duplexes.

3.3 Nuclear magnetic resonance (NMR)

NMR is a physical phenomenon in which the nuclei of particular isotopes behave as minuscule magnets and
process around a static magnetic field that is applied externally. The frequency of the precession, also known
as the "resonating frequency," is determined by the chemical environment around the nuclei, the isotope,
and the strength of the external magnetic field. The resonant frequency of a nucleus of a given isotope in a
given static magnetic field is only determined by the chemical surroundings of the nucleus in a molecule.
As a result, measuring the resonating frequency of the nuclei in a molecule allows us to characterize the
molecular chemical environment. NMR has been widely applied in structural studies of tiny organic

molecules and biomacromolecules in solution.

While a complete structural determination is beyond the scope of this §, recording a simple 'H NMR in vitro
may suffice to confirm or exclude G4 formation. When imino protons from guanines or thymines (or uracil
for RNA) are involved in hydrogen-bonds or are protected from exchanging with water molecules they
become detectable by "H NMR. Depending on the type of nucleic acids base paring these protons will
resonate at specific frequencies. For instance, Watson-Crick bps CG or AT (as well as AU) usually present
one peak around 12-13 ppm [145] and 13-14 ppm [146] respectively. On the other hand, Hoogsteen bps
such as GG or GU (in RNA) will present two peaks in the 10-12 ppm region [147].
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In the case of G-quadruplex formation, the four imino protons from guanines involved in a G-tetrad will
present four peaks in the 10-12 ppm region, significantly different from the imino protons in Watson—Crick
bps (12 - 14.5 ppm) [145] or in i-DNA (15 - 16 ppm) [146]. As a result, 1D "H NMR will easily discriminate
between G-tetrads formation and CG or AT bps, but an ambiguity will remain between a G-tetrad and GG
or GU base pairs. In an ideal situation, counting the number of imino peaks may allow the determination of
the number of quartets involved in the structure. This is unfortunately rarely the case, as poor spectral
resolution and structural polymorphism often lead to complex spectra. Additionally, NMR may also be a
powerful tool to study G4-ligand interactions, cation coordination sites in G4 structures, detection of
intermolecular hydrogen bonds, etc. A number of high-resolution NMR structures of inter- and intra-

molecular quadruplexes are available in the PDB (https://www.rcsb.org/), and provide invaluable

information on G4 structure and dynamics.

3.4 Gel electrophoresis

A specific migration pattern of a DNA/RNA sample (which must be of high purity — this can be checked first
by a denaturing gel) on a native (i.e.,, non denaturing) gel may provide indication of a secondary structure
formation, but rarely gives clues on the nature of the folded form. Gel electrophoresis is a frequently used
technique for the identification, quantification, and purification of nucleic acids. The sugar-phosphate
backbone of nucleic acids is negatively charged in neutral and alkali environments, allowing the nucleic acid

molecules to migrate in an electric field from the negative (cathode) to the positive (anode) pole.

The gel mobility of nucleic acids is determined by their mass, size, shape and charges. Nucleic acids having
the same number of nucleotides display a mobility which depends on a number of different parameters,
and it is primarily determined by their apparent size and shape (in another words, their structure): large
molecules move slowly through the gel while small molecules move faster. In principle, gel electrophoresis
should provide information on molecularity. The mobility is expected to decrease as the number of strands
involved increases. Intramolecular complexes should migrate faster than bimolecular or tetramolecular ones
[148]. However, the situation can be complex, as apparent charges also play a critical role: nucleic acids are
polyelectrolytes, around which cations may condense and effectively screen a part of the net charge
affecting mobility. Relative mobilities are also affected by acrylamide content and acrylamide/bis-
acrylamide ratio. Overall, the mobilities of G4s may differ from those of the corresponding single-strands,
and also depend on topology. An accelerated migration may suggest that a particular structure is formed;
however, it gives very little information on the nature of the folded form, and any conclusion on molecularity

should be taken with precaution.
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On the other hand, after performing electrophoresis, a direct way to evidence if some bands correspond to
quadruplex species is to stain the gel with a G4-specific light-up probe. One can for example use specific
fluorescent G4 ligands such as NMM [149], ThT [150] or cNDI-2 [151] (see 8 4.7 Small ~ molecular G-
quadruplexes ligands for detail information). These dyes provide a direct method to identify G4 structures
by gel, as these fluorescent dyes bind and illuminate exclusively G4 bands. There are two reasons why
samples and dyes should not be pre-mixed before gel electrophoresis: i) G4 ligands may actually induce
G4 formation in the test tube (i.e., acting as chaperones [64]), leading to altered migration and possible false
positives; ii) these ligands may affect the mobility of the sample in the gel. The reference bands are not

available if samples and ligands have been mixed before.

Therefore, we recommend to first evidence G4 structures on a gel via specific staining by G4 ligands, for
example, NMM is excited at 393 nm and the emission is recorded at 610 nm, or ThT with the excitation
wavelength (Aex) at 425 nm and the emission wavelength (Aem) set at 490 nm, then use a “general” staining
procedure to evidence all kinds of nucleic acids after washing the gel to remove G4 ligands. Sybr Gold,
which is the most widely-used commercial nucleic acids dye with Aex at 495 nm and Aem at 537 nm, can stain
all types of structures. Compared to G4-specific dyes, this broad indicator always has a high affinity for all
nucleic acids and cannot be easily removed or replaced by other ligands, explaining why we recommend to

use it only after G4 staining.

3.5 Intrinsic fluorescence

Similarly to isolated nucleosides, ss and ds nucleic acids emit fluorescence upon excitation with UV light;
however; due to the emission in near-UV spectral range (300-400 nm) and low quantum yield (107> to 107%),
this phenomenon is often considered insignificant. Remarkably, certain secondary structures, in particular
Gd4s, are characterized by a strongly enhanced fluorescence, with broad, red-shifted peaks tailing up to 450
nm and quantum yields reaching ~3 x 1074, which is at least 3-fold higher than the corresponding single-
strands [152]. The fluorescence properties of G4s arise from the formation of excimers in guanine residues
defining the core of a G4 structure [153, 154]. i-Motif structures also show enhanced fluorescence, although

the difference with respect to single-strands and duplexes is more subtle.

Due to low fluorescence quantum yields of nucleic acids, measurement of their intrinsic fluorescence
requires a spectrofluorometer with a sufficient signal-to-noise ratio (at least 2000 : 1 in the near-UV range,
typically measured using the Raman scatter peak of water). While this performance is readily available with
high-quality research instruments, entry-level spectrofluorometers may be inappropriate for using this

method [155]. In addition, care must be taken to avoid the traces of fluorescent impurities in water and salts
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used for the preparation of buffer solutions, as well as in oligonucleotides: that should have at least

reversed-phase high-performance liquid chromatography (RP-HPLC) purity grade.

3.6 Fluorescence “light-up” assays

Fluorescent ‘light-up’ probes are important tools for G4 characterization in vitro and possibly in vivo. G4-
specific fluorescent dyes with excellent spectroscopic properties are absolutely critical for this assay. The
distinct physical properties between single-strands, ds helices and G4 structures offer the possibility of
structure-selective binders. Regarding in vitro applications, their increased fluorescence emission in the
presence of a G4-forming sequence may be used to evidence G4-formation in a test tube, microwell plate,
or in non-denaturing gels. A large number of fluorescent small molecular compounds that display strong
fluorescence enhancement upon G4 binding have been described [156, 157]. We therefore summarize
representative fluorescent G4 ligands (some of them are commercially available and can be easily accessed)
from typical chemical families. Excitation and emission wavelengths and topologies preferences of G4-
specific ligands are summarized in Table 5, and further information (chemical structures, binding
mechanisms and biological applications) are discussed in § 4.7 Small molecular G-quadruplexes ligands.

Table 5 Summary of G4-specific fluorescently ligands.

Families Abbreviation*  Excitation Emission Binding preference Ref
(CAS No.) nm nm
. NMM [158]
Porphyrins 380 610 Parallel G4s
(42234-85-3)
core-extended cNDI-2 [151]
650 687 Parallel G4s
Naphthalene ()
Diimide cNDI-3 ) ] [159]
L 605 663 Hybrid and antiparallel G4s
derivatives ()
Triphenylmethane MG [160]
L 617 650 No G4 topology preference
derivatives (569-64-2)
cv . [161]
540 650 Antiparallel G4s
(548-62-9)
Benzothiazole ThT 420 490 Possible binding to AG-rich ~ [150]
derivatives (2390-54-7) strands and dsDNA cavities
ThT-HE [162]
415 485 Parallel G4s
(1641591-70-9)
Styryl derivatives DASPMI [163]
450 584 Parallel G4s
(2156-29-8)
Distyryl-1 163
yoi-p 508 570 Antiparallel G4s [63]

(2481650-06-8)
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* Commercially available and most useful compounds are shown in bold; chemical structures are shown in

Figure 11.

It should be noted that G4 ligands may alter the secondary structure of oligonucleotide strands, as NMM
[164] and ThT [165] have been implicated in DNA conformational rearrangement. In other words, these
probes may lead to false positives for G-rich but non G4-forming strands. The equilibrium of G4 and ligands
binding is related to the concentration of each component. Besides a possible switch in topology, high

concentrations of ligands may cause aggregation or even precipitation.

3.7 Additional methods of interest

Additional techniques provide interesting information to characterize these quadruplexes in vitro. These
methods may not always directly answer the question whether a sequence is forming a G4 or not, but rather
provide information on the folded structure. Size exclusion chromatography (SEC) [166] and analytical
ultracentrifugation (AUC) [167, 168] allow the analysis of the folding of an unstructured single-strand
oligonucleotide into a compact structure upon G4 formation. Mass spectrometry (MS) may also be used to
analyze non covalent nucleic acid complexes (for a recent review, [169, 170]). MS offers unique advantages
owing to its ability to directly measure strand stoichiometry, even in a mixture. In addition, advanced MS
approaches such as reactive probing, fragmentation techniques, ion mobility spectrometry or ion

spectroscopy [171] may provide additional information on the complexes.

In addition, even if G4 formation is clear, obtaining reliable information on its stability, molecularity or
topology can be difficult in some cases. Some of the methods described here yield information on some,
but not all, of these aspects. Determining a high-resolution structure is even more challenging and time-
consuming. For instance, guanines involved G-tetrads may be identified using dimethyl sulfate (DMS)
footprinting. The N7 position of the guanines involved in Hoogsteen bonding is protected and therefore
not methylated by DMS; a subsequent piperidine treatment results in chemical cleavage of the methylated
guanine residues. This DMS footprinting experiment involves oligonucleotides labeling and methylation,

chemical cleavage, denaturing gel electrophoresis and imaging [172].

4. Specific G-quadruplex ligands

In 1997, the first small molecule able to interact with G4 structures was reported. This low-molecular weight
molecule stabilized a G-quadruplex and inhibited telomerase activity [173]. In the following decades, more
than one thousand G4 small molecular ligands have been identified [174]. A number of studies
demonstrated that G4 ligands interact with telomeric G4 structures, interfere with telomeric functions, and
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exhibit significant antitumor activity in vivo. Telomeric and telomerase G4s have been purposed as potential
therapeutic targets [175, 176], and at least one G4 ligand (CX-5461) is currently being tested in clinical trials.
Ligands are also utilized extensively in G4 characterization assays: the light-up assay is based on highly
specific fluorescent ligands (see previous §), while the competition binding of PhenDC3, serves as the
foundation for both FRET-MC and iso-FRET, which are two new methods reported later in this thesis. Some
G4BPs (i.e, G4 helicases) participate in cell activities. G4BPs are also involved in PQS-targeted sequencing

and the immunofluorescence visualization of G4s in cells.

4.1 Small molecular G-quadruplexes ligands

The most classical mode of interaction between a G4 ligand and a G-quadruplex involves the ligand stacking
on the “top” or the “bottom” external G-quartets and stabilize G4s in their initial folding topology. A recent
report shows that PhenDC3 converts a hybrid human telomeric DNA into an antiparallel chair-type structure,
and it inserts into two G-tetrads of the nascent antiparallel G4 [177]. PhenDC3 can also be sandwiched
between two quartets belonging to two different quadruplexes [178]. Flat-shaped aromatic molecules
interact by Tt-stacking with the external G-quartets, which is mainly controlled by hydrophobic and van der
Waals interactions. This typical m-stacking mode has been extensively used in G4 ligands design and
modifications, and several polycyclic aromatic systems involving different families have been developed for
this purpose:

i) Anthraquinone derivatives: Anthraquinone derivatives have a relatively large m-surface area, which
enables efficient -1 interaction with G-tetrads. The first G-quadruplex ligand and telomerase inhibitor, a
2,6-diaminoalkylamidoanthraquinone derivative, had been reported in 1997 [173]. Anthraquinone
compounds with positively charged carboxamide side chains have a greater affinity towards G4 DNA over
duplex DNA. Bhattacharya et al. designed a series of anthraquinone-contained compounds with varying
lengths of side chains. These compounds have shown selective cytotoxic for cancer cells (HeLa and HEK293T)

over normal cells (NIH3T3 and HDFa) in vitro as determine by cell viability assays [179].

ii) Porphyrins: As the "godfather” of the porphyrin family, TMPyP4 (Figure 11a) was discovered in 1998
[180]. It has high affinity, but little specificity [181], questioning the interpretation of the biological effects
of this molecule. A very different porphyrin representative is N-methyl mesoporphyrin IX (NMM, Figure
11b) [182], which shows high specificity but moderate affinity [158]. Thanks to their electron deficient
system, metalloporphyrins provide strong m-interaction with terminal G-quartets. Several metalated
porphyrins have been developed as G4 ligands: the metal core including transition metals, such as Fe(lll)
protoporphyrin (known as Hemin) [183], Ni(ll) and Co(lll) porphyrins [184]; and main-groups metals, such
as Mg(ll) porphyrin [185], generating metal complex derivatives with binding constant values laying in the

range 106-10” M-'[186].

40



iii) Acridines: In 2001, Neidle et al. described BRACO-19 (Figure 11c), a tri-substituted acridine G4 ligand.
BRACO-19 has a binding constant of 1.6 x 10’ M" to telomeric DNA, which is approximately 100 times
greater than its binding constant for a DNA duplex [187]. BRACO-19 was reported to be an effective
telomerase inhibitor [187], it decreased hTERT expression drastically in the human uterus carcinoma cell line
(UXF1138L), and produced 96% growth inhibition against early-stage solid tumors generated in vivo by
UXF1138L cells [188]. The compound AS1410 was obtained by modifying the substituent at position 9 of
BRACO-19, 3,4-Difluorobenzylamine being replaced by 4N,4N-dimethylbenzene. Compared to BRACO-19,
AS1410 has increased hydrophobicity and longer plasma half-life [189]. A novel acridine orange (AO)
derivative has been developed as G4 stabilizer which binds with high affinity to KRAS22-RT G4 [45].

iv) Quinazolones: CX-3543 (commonly referred as Quarfloxin, Figure 11d) is a fluoroquinolone derivative
that exhibits dual mechanisms of interaction to topoisomerase Il (Topo Il) and the G4 structure [190].
Different from other telomeric G4-binding ligands, CX-3543 induces disruption of the NCL-DNA G-
quadruplex complex in the nucleolus and re-localizes NCL into the nucleus, thereby inhibiting RNA
polymerase | (Pol ) transcription and inducing apoptosis in cancer cells [191]. CX-3543 was the first-in-class
anti-cancer candidate as a G4 ligand, entering Phase Il clinical trial in patients with low to intermediate stage
neuroendocrine carcinoma as early as 2009. CX-5461 was later developed based on CX-3543. CX-5461
(Figure 11e) showed specific toxicity against BRCA deficiencies in cancer cells and polyclonal patient-
derived xenograft models, including tumor resistant to PARP inhibition [121]. Interestingly, Uesugi et al.
reported the synthesis of a novel quinazolone derivative, RGB1, which exhibited a reasonable affinity for
RNA (Kg = 5.9 uM) TERRA G4, but no affinity for DNA G4s [192]. If confirmed, it would be fascinating to
understand how RGB1 binds to RNA G4s only and why this binding mechanism cannot be adopted by DNA
G4s.

v) Pyrido-dicarboxamide derivatives: Pyridostatin (PDS, Figure 11f) binds to human telomeric G4s and
uncaps the human protection of telomeres 1 (POT1) protein from the telomeric 3" G-overhang [193]. A G4-
forming sequence identified in the Atg7 gene can fold into a G4 structure, and PDS treatment
downregulates gene expression [194]. Due to their excellent affinity towards G4s, pyrido dicarboxamide
derivatives have been modified with fluorophores and applied to light-up G4 structures directly. PDP (a
derivative of PDS) was linked with a Cy5 fluorescent molecule by condensation reaction, and the
functionalized compound PDP-Cy5 showed G4 stabilization properties in vitro and was successfully used in
the detection of exogenous G4s in living Hela cells [195]. Guillon and Mergny et al. described a series of
pyridine derivatives, which are telomeric G4 structure stabilizers and exhibit a high selectivity for G4 over

duplexes. One of them was found to be the most active against human myeloid leukemia cells (K562) [196].

vi) Bisquinolinium derivatives: 360A (Figure 11g) is a pyridine-dicarboxamide derivative that has been
shown to stabilize G4 in vitro. 360A inhibits cell proliferation and induces apoptosis in telomerase-positive

glioma cell lines [197]. PhenDC3 (Figure 11h) was developed in 2007; this molecule is locked in a H-bonded
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syn-syn conformation, which makes it perfectly suitable to bind G4 structures, and it shows excellent
stabilization of the human telomeric G4 sequence [44]. Due to its high G4 affinity, PhenDC3 has been proven
to regulate gene expression in Hela S3 cell lines [198]. Furthermore, PhenDC3 exhibits a low affinity for
non-G4 structures such as ssDNA, ssRNA, and dsDNA [199]. Two derivatives of PhenDC3, PhenDC3-alk and
PhenDC3-az, were used to investigate cellular localization of G4 drugs. Human colorectal adenocarcinoma
cells (HT-29) were treated with the two PhenDC3 derivatives and the latter were post-labeled with Cy5 by
copper-catalyzed click reaction. The post-labeling via both copper-catalyzed azide-alkyne cycloaddition
(CuAAC) and metal-free strain-promoted alkyne-azide cycloaddition (SPAAC) have been performed on the
two PhenDC3 derivatives. Confocal imaging highlighted that Cu'/alkyne intermediates tend to localized
non-specifically to nucleoli while, in contrast, SPAAC generates results that are more consistent between

fixed and live cells [200].

vii) core-substituted Naphthalene Diimide (cNDI) derivatives: Like porphyrins, naphthalene diimide
derivatives (NDlIs) have an electron-deficient mt-system, exhibiting strong electron affinity and high charge
carrier mobility. The electron density on NDI planar aromatic core generates a quadrupole moment with a
partial negative charge above and below the plane and a partial positive charge around the periphery. This
electron-accepting core is advantageous for stacking with an electron-rich partner, such as the G-quartet
[201]. Additionally, some side chain substituents (like piperazine) adopt hydrogen bonds with the phosphate
groups in G4 grooves, further stabilizing the G4-NDI complex [202]. Naphthalene diimides are colorless in
the absence of substituents at the aromatic core, rendering them ineffective as pigments. Harnessing the
molecule with cationic chains increases affinity towards negatively-charged nucleic acids structures, but
may have a deleterious effect on conformation selectivity. In fact, the most powerful ligands produce a high
and possibly saturated binding response with all nucleic acid structures, regardless of their identity and
conformation. Indeed, the N',N-dimethylamino moieties of cNDI-1 are protonated under physiological
conditions and are responsible for non-specific binding to DNA structures [151]. To overcome this problem,
Zuffo et al. removed the less specific electrostatic interaction between the phosphate backbone and the
protonated amine groups, and topological selectivity emerged at the expense of affinity. cNDI-2 (Figure
11i) with terminal hydroxyl groups preferentially binds to parallel G4s, and its fluorescence is enhanced in

the presence of parallel G-quadruplexes in the low nanomolar (8-10 nM) range [151].

Antiparallel-specific binding is possible for cNDls. ¢tNDI-3 (Figure 11j) is a self-aggregating G4 ligand,
exhibiting fluorescence enhancement when bound to hybrid and antiparallel G4s. Contrary to parallel G4s,
ss or dsDNA addition could not change the fluorescence intensity significantly. The DNA-induced
disaggregation is the key controlling factor of the light-up effect, the difference between enhanced emission
(for hybrid and anti-parallel G4) and quenching (for parallel G4) may be the result of different interaction
modes [159].

viii) Triphenylmethane (TPM) derivatives: Various compounds belong to the TPM family, including methyl
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violet (MV), ethyl violet (EV), methyl green (MEG), malachite green (MG, Figure 11k), and crystal violet (CV,
Figure 111). These molecules have been shown to have a distinct affinity for intramolecular G4s. Affinities
of TPM dyes for the intramolecular G4 (Hum21) is inversely correlated to substituent size [203]. High affinity
of MG [160] and CV [161] toward Hum21 may be related to the small size of substituents. Similar to
porphyrins and cNDIs, MG and CV also interact through end-stacking with the structure. High-resolution
NMR spectra showed that the MG binding pocket of the RNA aptamer is highly unstructured in the absence
of the ligand and forms a defined structure only upon ligand binding. The binding pocket contains an
atypical quadruplex (C-G-G-A), which provides a stacking platform for MG (PDB: 1Q8N). Upon binding, the
phosphate groups fold into a structure that results in an asymmetric charge distribution at the level of the
binding pocket that forces the ligand to adapt through the redistribution of the partial positive charges. As
homologous of MG, CV, could hardly interact to the aptamer (K4 > 1 mM). This result may be explained
by the impossibility of the ligand to adapt well enough its highly delocalized positive charge (distributed
equally across all three benzene rings) to compensate for the asymmetry of the binding pocket [204]. Later
on, the end-stacking mechanism of CV-G4 interaction was demonstrated with a stoichiometric ratio of 2:1
(two CV dyes stacked on two outside G-quartets). This stacking mode increased the rigidity of the ligand
and subsequently the fluorescence intensity [205]. CV has also been shown to bind to i-DNA and enhance

fluorescence [206].

ix) Benzothiazole derivatives: Different from the examples above, benzothiazole derivatives offer a
modest flat aromatic surface for stacking. Owing to their positive charges, benzothiazole derivatives are
designed to become fluorescent upon binding to negatively charged nucleic acids structures via restricted
intramolecular rotation (RIR). Thioflavin T (ThT, Figure 11m) is a representative example with fair, but not
exquisite, G4 vs. duplex discriminating ability. ThT has been used to track G4s in polyacrylamide gels [150]
and also to visualize G4 structures in cells. The natural G4 structures located in the nucleoli of living human
breast cancer (MCF-7) cells are directly light up by ThT. The competitive binding between PDS and ThT
showed that ThT is specific toward G4 structures in live cells, since the fluorescent foci disappear in the
presence of PDS [207]. However, ThT also has been demonstrated to bind to dsDNA containing “cavity
structures” such as abasic sites, gap sites or mismatch sites, which can provide an appropriate cavity for ThT
binding [208]. ThT shows the ability to dimerize GA-rich strands in a parallel double-stranded helical

structure, accompanied by over 100-fold enhancement in its fluorescence emission [209].

ThT-HE (Figure 11n) is a ThT derivative in which the nitrogen in position 3 of the thiazole ring was modified
by an ethylamine moiety. ThT-HE showed preferentially binding to parallel G4s in both potassium and
sodium buffers [210].

x) Styryl derivatives: Preferential fluorimetric response towards G4 structures appears to be a common
feature of mono- and distyryl dyes, including long-known mono-styryl dyes used as mitochondrial probes

or protein stains. The mono-stryryl dyes, DASPMI [2-(4-(dimethylamino)styryl)-1-methylpyridinium iodide]
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(DMSPMI, Figure 110) or its 4-isomer, are fluorescent light-up probes characterized by high fluorometric
response, excellent selectivity with respect to double-stranded DNA or single-stranded RNA controls, high
quantum yield in the presence of G4 analytes (up to 0.32), and large Stokes shift (up to 150 nm). DASPMI
preferentially responds to parallel G4s, and the binding of 5 pM dye to 10 uM parallel G4 in 100 mM K*
buffer can be observed by the naked eye [163]. Distyryl-1p (Figure 11p) presents complementary binding
preference as compared to DASPMI: The fluorescence quantum yield increases up to 550 folds when it binds

to antiparallel G4, and this signal is strong enough to be observed by the naked eye [163].

As there are significant differences between the grooves of a quadruplex (Figure 4) and those of a duplex
(Figure 2), grooves-binding is also worth investigating. Unfortunately, compared to m-stacking compounds,
few ligands have been reported to interact with a quadruplex via its grooves [211]. Distamycin A was the
first reported groove-binding ligand [212]. Distamycin A binds to d[TGGGGT]s with a4 : 1 (ligand : G4) ratio.
This ligand has a crescent shape and two ligands laid side-by-side in a medium-sized G-quadruplex groove,
where the interaction between Distamycin A and the G4 structure is established by four hydrogen bonds

with guanines [212].

Steric hindrance is an interesting approach to prevent ligand stacking on the G-tetrads. For example, the
latter forces the metal-complexed ligand to interact with G4 via groove-binding. Rajput et al. chelated
several planar polyaromatic hydrocarbon ligands with an octahedral metal, ruthenium(ll) [213]. Ru(ll) was
protected in an octahedral environment surrounded by the ligands, preventing its stacking on G-tetrads.
Unexpectedly, [(phen).Ru(tpphz)Ru(phen),]** and [(bpy).Ru(tpphz)Ru(bpy).]** were found to bind to duplex
DNA as well.

The majority of G4-interacting compounds are stabilizing G4 structures; destabilization can only be caused
by compounds having a higher affinity or different stoichiometry for single-strands than quadruplexes [214].
A well-known G4 stabilizer, TMPyP4, has been reported to destabilize the bimolecular G4 structure of the
fragile X syndrome expanded sequence d[(CGG);CGTGGACTG], while stabilizing the d[GTCAGGTGC(CGG)].
This paradoxical effect may result from the sequence differences between these two strands: the
arrangement of folded strands, groove sizes and length, and base composition of loops in different DNA
G4 structures dictate their dissimilar interaction with the cationic porphyrins [214]. A recent study

demonstrated the porphyrins-DNA interactions are influenced by porphyrins’ charge and side chains [215].
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Figure 11 Chemical structures of typical G4 ligands. (a) TMPyP4 (a cationic porphyrin with modest selectivity)
(b) NMM, (c) BRACO-19, (d) CX-3543 (Quarfloxin), (e) CX-5461, (f) Pyridostatin (PDS), (g) 360A, (h) PhenDC3,
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4.2 G4 interacting proteins

Several G4BPs play important biological roles. Among them, Nucleolin (NCL) is the most frequently reported
G4BP for its biological functions upon G4 recognition. NCL is intimately linked to tumor proliferation and
invasion; it is overexpressed on the surface of both tumor and tumor-associated endothelial cells [216, 217],
promoting the development of tumor vasculature and facilitating tumor cell extravasation [218]. NCL
exhibits high affinity (2.5 nM) to G4 structures [108]. As shown in § 2.3 G-quadruplexes in gene expression:

beyond downregulation, the interaction of NCL and G4 structures in promoters influences gene transcription.
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AS1411 is a man-made G4-forming DNA aptamer of NCL [219]: it binds to NCL and interferes with its cellular
functions. For example, AS1411 shows antiproliferative activity against a wide range of cancer cells, and has
been tested in clinical trials [220]. Besides inactivating NCL directly, AS1411 can be conjugated to act as
bullet for NCL-targeted drug delivery [221].

G4 helicases include multiple eukaryotic enzymes which exploit active functions on G4s in different
conditions. Helicases with G4-resolvase activity belong to extremely different families: FANCJ, RTEL1, Pif1,
and DHX36 (also known as RHAU or G4R1) have 3'-5' directionality, while WRN, BLM, RECQL1, and XPB
have 5'-3" directionality [222]; FANCJ-catalyzed G4 unwinding is adenosine triphosphate (ATP)-dependent
[223], while BLM enzyme is active in the absence of ATP under physiological salt concentrations [224]. The
majority of G4 helicases requires a single-stranded tail at either the 3' or 5' end to allow them loading on
to the DNA substrate and act on the G4 structure [225]. One exception is the DDX5 helicase, which activates
G4-unfolding without requiring a single-stranded tail. It has been shown that DDX5 directly interacts with
the G4-forming MYC promoter region and further transactivates MYC transcription [226]. G4 helicases play
crucial biological roles. For instance, DHX36 regulates telomerase functions by unwinding G4s within the
telomerase RNA component (TERC) [227]. In addition to Pif1 (which was shown in § 2.5 G-quadruplexes
in gene replication), FANCJ has also been revealed to unwind G4 structures and support DNA replication
[228]. Some studies evidenced that G4 ligands influence the activities of G4 helicases. For example, PhenDC3
limits the G4-unwinding activity of RHAU, while NMM is unable to inhibit RHAU processing [229]. The

interaction between G4 ligands and helicases is still not fully understood.

Beyond the original biological applications, some G4-binding selective proteins have been isolated and
applied to recognize G4 motifs. The first G4 antibody, me"lIB4, was discovered in 1998 [230]. me"lIB4
showed affinity to promoter G4s (Ka ~10°M™") and had at least 10-fold higher affinity for quadruplexes than
for triplex and duplex DNA [230]. Hf2 was produced in 2008 and showed higher selectivity towards G-
quadruplexes than me"11B4 [231]. Subsequently, hf2 was used to pull-down G4-forming sequences from the
genome of human breast cancer cells (MCF-7), providing a sequencing-based evidence to determine G4
structures existence in the B-form duplex genomic DNA [232]. 1H6 is an artificial G4-interacting protein
claimed to have a high affinity and specificity for G4s. ChIP-seq technique has been used to capture G4s in
living human, mouse, and chicken cells. Over 123,000 PQS have been identified in human cells [233].
Unfortunately, TH6 also specifically binds to poly (T) DNA; therefore, the cross-reactivity of TH6 with single-
stranded T-rich DNA should be considered when interpreting 1H6 binding to (sub-) cellular structures [234].
BG4 is the most popular G4 antibody used to immunodetect G4 DNA and RNA in human cells. It has been
used for immunofluorescence experiments on metaphase chromosomes [235] and the visualization of RNA
G4s within the cytoplasm [236] of Hela cells. BG4 has also been used to stain DNA G4 structures in human

stomach and liver tumor tissues: the number of G4-positive nuclei in cancer patient-derived materials
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increased significantly compared to the background, which implied increased G4-formation during cancer

progression [237].

Globally speaking, G4 ligands and G4BPs have shown potential for G4 characterization in vitro, G4 gene
regulation, G4 targeting and mapping in living cells, G4 staining and imaging in cells and tissues. The panel

of G4-interacting molecules represents a powerful tool to study and operate G4s both in vitro and in vivo.

5. Thesis objectives

G-quadruplexes are widely distributed in genomes and play important biological roles. Bioinformatics
predictions and high-throughput sequencing approaches have identified hundreds of thousands of
potential quadruplex motifs, which should be experimentally confirmed. As shown in § 3.

Characterization of G-quadruplexes in vitro, several reliable biophysical methods are already available
to characterize G4 structures. Unfortunately, most of these techniques are both time- and sample-
consuming. For example, although some commercially available UV spectrophotometers can be equipped
with multiple cells holder, allowing to process up to 8 samples simultaneously, UV-melting needs more than
14 h to acquire denaturation profiles; and a 600 MHz NMR spectrometer requires at least 350 nmol (500
MM x 700 pL) oligonucleotide. To improve the signal quality, the recording time for each NMR spectra often
exceed 2 h. Obviously these two techniques are not suitable for validating a large number of PQS. Differently,
fluorescence “light-up” assays (§ 3.5 Fluorescence “light-up” assays) can contribute to PQS validation: the
amount of oligonucleotide can be as low as 75 pmol (3 uM x 25 pL) and the experiment can be carried out
in 384-micro wells plates. However, there is no perfect assay for G4 characterization as there is no “perfect”
G4 ligand with ideal fluorescent properties. Limited by the affinity of fluorescent G4-binders and by low
specificity, some weakly bound G4s may be left out while some other specific structures (i.e.,, ThT staining

AG-rich duplex [209]) may be stained, generating both false negatives and false positives.

Folding/unfolding of intramolecular G4 structures can be characterized by using double-fluorescent labeled
strands: the process changes the intensity of the fluorescence emission of the two molecules via Forster
Resonance Energy Transfer (FRET), which has been widely used in characterizing nucleic acid structures (i.e,
hybridization [238]). FRET occurs between donor and acceptor chromophores, the energy of a donor at the
electronic excited state is transferred to an acceptor through nonradiative dipole-dipole coupling, resulting
in fluorescence quenching of the donor and fluorescence enhancement of the acceptor, unless the acceptor
is ‘dark’ (ie., non-fluorescent) [239]. The FRET efficiency is strongly inversely correlated to the distance
between the two chromophores [240, 241], which is usually limited to donor/acceptor distances of about
10 nm [242]. In an intramolecular G4, the distance between the two ends is short in the folded form, while

it is longer during G4 unfolding. Therefore, the structure of a dual-labeled G4 strand (donor-G4 strand-
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acceptor) can be followed by FRET [243]. As shown in Figure 12, the low fluorescence of the donor (FAM)
at 0 °C relates to G4 formation, as the two ends of F21T are in close proximity and the FAM fluorescence is
quenched via a FRET mechanism. With the temperature increasing, G4 unfolds and two ends are split apart,
restoring gradually FAM fluorescence. On the contrary, fluorescence intensity of the energy acceptor (Tamra)
decreases during the heating process. The FRET-melting curve also provides a melting temperature (Tm)
value, which is an important parameter to describe G4 thermal stability. T is approximated by the
temperature value associated to the 50% increase of the fluorescence intensity of the donor (Figure 12).
Additionally, FRET-melting allows us to determine if a compound binds and stabilizes a G4 [244]. G4 ligand-

G4 interaction often (but not always) stabilizes the G4 structure, leading to a higher T, value.

FRET-melting can be performed with 96-microwells plates, allowing high-throughput characterization.
Differently from temperature-controlled quartz cuvette holders, temperature of samples in plastic microwell
plates can be changed quickly, reducing the heating time to less than 2 h. However, oligonucleotide labeling
requires longer synthesis time and higher purification grade, and labeled strands are much more expensive
than non-labeled counterparts. Additionally, FRET-melting cannot be easily applied to validate tetra-

molecular G4s (i.e., parallel tetra-molecular G4s does not put in close proximity the 5" and 3’ termini).
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Figure 12 FRET melting curves of 200 nM F21T (FAM-d[(G3TTA)sGs]-Tamra) in 100 mM NaCl, 10 mM
cacodylate buffer (pH 7.0) containing 0.TM NaCl. Excitation was set at 480 nm, and emission was recorded at
515 nm (Aem of FAM) and 588 nm (Aem of Tamra). The figure was adopted from [243].

The main focus of this thesis is therefore to improve the throughput and the accuracy of G4
characterization methods in vitro, in order to provide accurate and inexpensive solutions to confirm G4
formation, even for a large number of samples. We first added unlabeled unknown competitors to a classical
G4-ligand FRET-melting system. The dual-labeled stable human telomeric G4 (F21T) and an excellent G4
ligand (PhenDC3, Figure 11h) were employed to devise the FRET-melting competition assay (FRET-MC),
and to this system a high concentration of an unknown non-labeled competitor is added to interfere with

the binding of F21T and PhenDC3. If after the addition of the competitor PhenDC3 is still available to bind
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F21T, higher T, values will be measured, implying that the competitor has weak affinity toward PhenDC3,
and therefore, the competitor is not a G4 structure. Conversely, if the T, of F21T does not change in the
PhenDC3-contained solution, it means that PhenDC3 forms a complex with the G4 competitor. The FRET-
melting competition assay maintains the advantages of the traditional FRET-melting strategy: it can be
performed in 96- microwell plates and allows fast temperature controlling. Additionally, only one dual-
labeled strand (F21T) is used in the new assay, which is cutting down expenses. Thanks to the high affinity
of PhenDC3 to all G4 topologies, all G4-forming competitors can theoretically be characterized by FRET-
MC, no matter their molecularity. Nonetheless, our results show that some G4 competitors with low thermal
stability are unfolded before F21T starts to melt, therefore PhenDC3 still stabilizes F21T, producing false
negatives. However, the false conclusion is caused by the unavoidable melting procedure in which FRET-

MC is based on.

In the second work, we converted the thermal FRET assay into an isothermal version, to solve the false
negative generated during the heating process. The isothermal FRET (iso-FRET) assay is based on a duplex-
quadruplex competition and (again) the well-characterized bis-quinolinium G4 ligand, PhenDC3. The
competitive binding of PhenDC3 between an unlabeled competitor and the BHQ1-labeled 37 mer G4 strand
(FRET acceptor: 37Q) drives the results of the isothermal FRET assay, and a FAM-labeled partially
complementary strand to 37Q (FRET donor: F22) is then added to report on the structure of 37Q. The FRET
occurs and fluorescence is quenched only when 37Q and F22 form a duplex, implying that PhenDC3 binds
to the G4 competitor. Differently, if PhenDC3 binds to 37Q, duplex generation is hindered and a high
fluorescence of F22 is observed. Although iso-FRET solved the issue associated to the detection of G4s with
low Tp, it rises a new problem: some G4 forming competitors can hybridize to the C-rich F22 sequence,
preventing the formation of F22-37Q duplex, leading to false negative results. We defined a parameter to
estimate the complementarity level between the competitor and F22, to exclude the competitors which
have a high probability to hybridize to F22. These two FRET-based G4 methods reiterate that the cross
validation by different biophysical methods is necessary for the experimental characterization of PQS in

vitro.

The last part of my thesis was dedicated to understanding quadruplex-hairpin competition in G4-prone
sequences containing runs of consecutive cytosines. Our global mapping results have shown that about 10%
of PQS in the human genome (hg19) contains at least three continuous cytosines, which have the possibility
to form GC base pairs and disrupt the G4 structure, especially in a potassium-deficient environment. Recent
studies suggested that the presence or absence of G4 structures, controlled by potassium-deficiency and
potassium / sodium unbalance, can regulate oncogene transcription [245] and pre-mRNA alternative
splicing [246]. However, most in vitro studies focused on characterizing G4 formation and stability are

performed in monocationic buffers (potassium or sodium), which are far apart from the real intracellular
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conditions. To investigate the structures formed by sequences rich both in cytosines and guanines in mixed
potassium / sodium buffers, we took as a starting point the model sequence 25CEB (PDB: 2LPW),
characterized by an extremely long central loop. For the purpose of this study, the central loop bases were
replaced by cytosines one by one, and the structures of the mutated sequences were characterized in buffers
containing different potassium / sodium ratio, using some of the methods described in the previous §. The
effect produced by the presence of cytosines on the G4-hairpin equilibrium and G4 topologies was then

analyzed in depth.
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Chapter Il. FRET melting competition assay

Driven by the classical FRET-melting assay used to characterize G4 formations and G4-ligand complex
generation, we first reported on a high-throughput fluorescence-based FRET melting competition assay,
the so-called FRET-MC. This assay is based on the competitive binding of a selective G4 ligand (PhenDC3)
between a dual-labeled G4 reporter (FAM-Tel21-TAMRA, abbreviated to F21T) and an unknown competitor
present in a large excess. In these conditions, a G4-forming competitor can act as a decoy and quantitatively
trap PhenDC3 present in solution. As a consequence, a negligible amount of PhenDC3 is available to
stabilize F21T and its Tm remains low. In contrast, if the competitor is unable to trap PhenDC3 (non G4
competitor), the latter binds to and stabilizes F21T, increasing its T, value. Hence, the difference in T,
measured between a system containing PhenDC3 and F21T alone and in the presence of competitor defines

if the competitor folds into G4 structure or not.

Below, we report a representative experiment to show the result obtained by FRET-MC for a selection of
sequences taken from a plant genome (part of an article added in annex in which | contributed to the
biophysical part). The graph bar represented in Figure 13 shows the AT, values measured for F21T in the
presence of PhenDC3 alone or in the presence of PhenDC3 and competitors. Low ATy, are obtained in the
presence of G4-forming competitor, while high AT, relates to non G4 competitors. Two stable G4 sequences,
Pu24T and cmyc, were chosen as positive controls, while a duplex (ds26) and a single strand (dT26) as
negative controls. To quantitate the competition effect, we normalized the AT, into the so-called S Factor,
which corresponds to the relative PhenDC3 stabilization remaining in the presence of the competitor, and
clarify the empirical boundaries of G4 and non G4 competitors [247]: ) S < 0.3: G4 competitor; i) 0.3 < F <

0.6: unknown; iii) F > 0.6: non-G4 competitor.
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Figure 13 FRET-MC results for the Pisum sativum chloroplast sequences. Pu24T and cmyc represent G4-
forming positive controls, while ss(dT26) and ds(ds26) correspond to single- and double-stranded negative
controls. F21T corresponds to the delta T, observed in the absence of any competitor (S = 1). Samples were
measured in 10 mM KCl + 90 mM LiCl, 10 mM LiCaco buffer (pH =7.2). The figure was adapted from [248].

The interaction between the competitor and F21T should be considered. The majority of competitors did
not show any complementarity with F21T and AT, was not affected (i.e, RND7, blue & green lines in Figure
14a). However, the single-stranded competitor ss1 can hybridize with F21T (Figure 14b), leading to reversed
F21T melting curves (purple & yellow lines in Figure 14a): the highest fluorescence were recorded at low
temperature, since ss1 is able to form a duplex with F21T, increasing the distance between the two
fluorescent probes located on the two ends of the G4 sequence. Interestingly, the fluorescence of ss1-F21T
complex was significantly higher than the one of F21T alone or in the presence of ss1; this might be
explained by the original intermolecular attraction of FAM and Tamra [242]. In the F21T-ss1 complex, the
rigid ds structure stretched the two termini of F21T extremely far and completely abolished FRET. With the
temperature increasing, F21T is released from the rigid duplex, FAM and Tamra are allowed to interact and
induce FRET, leading to fluorescence quenching. In other words, high temperature unfolds F21T G4 and
increases the distance between its two ends, reducing FRET efficiency and restoring FAM fluorescence to

some extent, but not as high as for a duplex.

Although the interaction between the competitor and F21T gives inaccurate result, there is no necessity to
check the complementarity degree between F21T and the competitor in FRET-MC assay. Our data evidenced

that low complementarity between F21T and the competitor barely affect results, while highly
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complementary competitors hybridizing to F21T (i.e., ss1) show totally different melting profiles. Competitor

with high complementarity towards F21T can be easily detected by data treatment.
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Figure 14 (a) FRET melting curves obtained in the presence of competitors with low complementarity to F21T
(ie, single-stranded RND7 d[GCCTTGCGGAGGCATGCGTCATGCT]) and competitors with high
complementarity to F21T (ie., single-stranded ss1 d[CACTAAACCTAACACTAACCAT]) in the absence or
presence of PhenDC3. Samples were measured in 10 mM KCl, 90 mM LiCl, 10 mM LiCaco buffer (pH =7.2). (b)
Duplex generated by F21T and ss1, the duplex model is simulated by the UNAFold [249].

FRET-MC has been validated with several known sequences and then applied for the in vitro characterization
of thousands of PQS used in other projects [93, 248, 250] (these articles | co-signed appear in the Annex).
These examples can be considered as medium to large scale validations of the FRET-MC protocol. FRET-MC
works very well in most cases. Thanks to the excellent selectivity of PhenDC3, we have not met any false
positive result so far. As PhenDC3 has high affinity to all G4 topologies and little bias between RNA and
DNA G4 structure, FRET-MC can be used to validate all types of G4s in theory, no matter their topology and
type of oligonucleotide. However, as the heating process is unavoidable to record T, values, FRET-MC fails

to identify G4-motifs with low thermal stability (i.e, KRAS-22RT, SP-PGQ-3 and TBA) as they appear as
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single-stranded at the temperature where F21T unfolds (and one may argue that thermally relatively
unstable G4 are less likely to be biologically relevant). These false negative results have been shown in the
assay validation part [247]. Neither increasing competitor concentration nor extending competitive binding
time “save” these weak G4s. Again, there is no perfect assay for G4 characterization. FRET-MC should be
reconfirmed by other independent characterizations, especially for samples show negative results. One may

also argue that "weak” G4 are unlikely to form in cells, especially when duplex unfolding is required.
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1 | INTRODUCTION

Anton Granzhan? |

Daniela Verga® | Jean-Louis Mergny?

Abstract

G-quadruplexes (G4) play crucial roles in biology, analytical chemistry and nanotech-
nology. The stability of G4 structures is impacted by the number of G-quartets, the
length and positions of loops, flanking motifs, as well as additional structural ele-
ments such as bulges, capping base pairs, or triads. Algorithms such as G4Hunter or
Quadparser may predict if a given sequence is G4-prone by calculating a quadruplex
propensity score; however, experimental validation is still required. We previously
demonstrated that this validation is not always straightforward, and that a combina-
tion of techniques is often required to unambiguously establish whether a sequence
forms a G-quadruplex or not. In this article, we adapted the well-known FRET-
melting assay to characterize G4 in batch, where the sequence to be tested is added,
as an unlabeled competitor, to a system composed of a dual-labeled probe (F21T)
and a specific quadruplex ligand. PhenDC3 was preferred over TMPyP4 because of
its better selectivity for G-quadruplexes. In this so-called FRET-MC (melting competi-
tion) assay, G4-forming competitors lead to a marked decrease of the ligand-induced
stabilization effect (AT,,), while non-specific competitors (e.g., single- or double-
stranded sequences) have little effect. Sixty-five known sequences with different
typical secondary structures were used to validate the assay, which was subsequently

employed to assess eight novel sequences that were not previously characterized.

KEYWORDS
DNA structure, FRET-melting, G-quadruplex, G-quartet, UV-melting

VEGFI*5-17): BCL2 plays an essential role in cell survival; VEGF is a key
angiogenic growth factor which contributes to angiogenesis and tumor

G-quadruplexes (G4) are four-stranded nucleic acid structures adopted
by G-rich DNA and RNA sequences. G4 result from the stacking of two
or more G-quartets (also called G-tetrads), which are formed by four
guanine bases interacting through Hoogsteen hydrogen bonds.Y! G4
structures have been widely used to design biosensors to detect spe-

cific small moleculest?~%!

and to control the assembly of supramolecular
DNA complexes.'®?! G4 structures also exist in vivo and play important
roles in cells.[**1Y For example, G4s can be formed at human telomeres
and G4 ligands may interfere with telomeric functions, leading to telo-
mere shortening and/or uncapping.[*?-*4 G4s are also found in the pro-

moter regions of genes critical in cancer, including KRAS, BCL2, and

progression, and KRAS is one of the most frequently mutated onco-

genes in many signal transduction pathways, relevant for different types

of human carcinomas.'®!

Given the importance of G4 structures in biology and

191 glgorithms such as G4Hunter®®'?! have been

nanotechnology,
developed to predict if a specific sequence is G4-prone. However, for
most DNA or RNA motifs, experimental validation is required and, for
this purpose, a number of biophysical methods have been developed
to characterize G4 structures in vitro. Some classical methods are
based on the physical properties of G4 structures, such as UV-melting

[21]

at 295nm,?® nuclear magnetic resonance (NMR), circular
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dichroism (CD) spectroscopy,??

isothermal difference spectroscopy
(IDS) and thermal difference spectroscopy (TDS).2®! Fluorescence
light-up assays employing dyes such as Thioflavin T,** N-

[26]

methylmesoporphyrin IX (NMM),2%! tailor-made dyes'“® or combina-

tions of dyes?7:28!

are also used to evidence G4 formation. Although
there is a wide range of choices to check if a quadruplex is formed or
not, this validation is not always straightforward; therefore, a combi-
nation of techniques is often required to unambiguously establish
whether a sequence folds into a quadruplex or not.!*#!

High-affinity G4 ligands can stabilize a G4 structure and alter its
biological functions.?”! Typical assays used to characterize these
ligands are the Fluorescent Intercalator Displacement (FID) assay[3°]
and the fluorescence-based Forster Resonance Energy Transfer
(FRET)-melting assay.®>®? The FRET-melting assay is based on the
stabilization induced by a quadruplex ligand, leading to a difference in
melting temperature (T,,) between the nucleic acid alone and in pres-
ence of this Iigand[33]: in the presence of the latter, the thermal stabil-
ity of the structure increases in a concentration-dependent manner.
This FRET-melting assay has been extensively used to estimate
whether a compound is a good quadruplex ligand or not,*® despite
biases when ranking ligands potency using melting experiments.’**
More recently, this assay was adapted to assess G4 ligands in near-
physiological conditions.[%!

In this report, instead of testing unknown compounds, we make
use of one of the most-characterized G4 ligands, PhenDC3,1¢! to deter-
mine if an unknown DNA sequence forms a G-quadruplex structure.
PhenDC3 is a high affinity G4 ligand capable of binding to a variety of
G4 structures, but with a low affinity for other conformations.?738 we
took advantage of these observations to design a novel FRET-melting
competition assay, termed FRET-MC, in which the interaction between
a fluorescent G4-forming oligonucleotide and PhenDC3 is challenged
by the (unlabeled) sequence of interest added in excess. Sixty-five
sequences with a known structure were tested to validate this FRET-
melting competition assay, which allowed us to determine whether a
sequence forms a stable quadruplex or not. Finally, eight novel
sequences were used to determine if this assay was accurate: the con-
clusions reached by this technigue were supported by other biophysical
methods (CD, IDS, and TDS). Advantages and drawbacks of the FRET-

MC method are discussed.

2 | MATERIALS AND METHODS

21 | Samples

Oligonucleotides were purchased from Eurogentec, Belgium, as dried
samples: unmodified oligonucleotides were purified by RP cartridge
while a dual-labeled F21T ([FAM-d((G3T,A)3G3)-TAMRA) was purified
by RP-HPLC. Stock solutions were prepared at 100 pM strand concen-
tration for the unlabeled oligonucleotide and at 200 pM strand concen-
tration for F21T in ddH,O. Fifty micromolar oligonucleotide solutions
were annealed in the corresponding buffer, kept at 95 °C for 5 minutes

and slowly cooled to room temperature before measurement. The FRET

buffer contains 10 mM KCI, 90 mM LiCl, 10 mM lithium cacodylate,
pH 7.2. The K-100 buffer contains 100 mM KCI, 10 mM lithium
cacodylate, pH 7.2.

2.2 | FRET-melting competition assay

FRET melting experiments were performed in 96-well plates using a
7900HT RT-PCR instrument (Applied BioSystems). Each well con-
tained competitors either at a single concentration (3 uM), or at 6 dif-
ferent concentrations, ranging from 0.2 to 3 pM. 0.2 uM of the
fluorescent oligonucleotide F21T was incubated with or without
0.4 uM G4 ligand (PhenDC3 for most experiments; TMPyP4 was used
in a control experiment shown in Supporting Information) in FRET
buffer in a final volume of 25 uL. The FAM channel was used to col-
lect the fluorescence signal. Samples were kept at 25 °C for 5 minutes,
then the temperature was increased by 0.5 °C per minute until 95 °C.
Each experimental condition was tested in duplicate on at least two
separate plates.

AT, is determined as the difference in F21T T,, with the sample
containing competitors in the presence or absence of PhenDC3. The
T of an oligonucleotide is defined as the temperature at which 50%
of the oligonucleotide is unfolded. The most common method to
obtain T,, values is approximated as corresponding to half of the
height at the normalized melting curve.”)

The FRET-melting assay uses a 96-well plate as a sample holder,
which allows to process 48 sequences simultaneously. The traditional
“midpoint” determination requires a manual analysis.[4°] Given the
number of profiles to be analyzed, this process is time consuming as
the curves are analyzed one by one. The DoseResp Function in Origin
Pro package allows collect T, in batch. As shown in Figure S1A, Log
Xo in fitting curve is the T,. This method can only be used in curve
(i) (see results) as non-linear fitting would fail if there is no high pla-
teau at row curve. In general, the difference of T,, calculated by these
two methods is very small: when using both the “1/2 height” and
non-linear fitting methods to calculate T,, of F21T alone, the results
are 59.8 °C and 59.4 °C, respectively (Figure S1B). In a few rare cases
that should be noted (Figure S1C), curves are irregular, and the mini-
mum of X-axis (usually 25 °C in FRET-melting assay) does not corre-
spond to Y = O for the normalized curve. In this case, using “1/2
height” is more accurate; T,, calculated by DoseResp always
referenced the X value corresponding to Y = 0.5, while in some curves
the 1/2 height (Y, - 95 — Yy = 25) at Y-axis is not always 0.5. In the
instance, 1/2 height at Y-axis is 0.525, T, calculated by “1/2 height”
is 53.0 °C, to be compared with 51.8 °C by DoseResp.

Ary—Ag

DoseResp Function: Y=A; + ———————
1 + 10Ulogx0—x)p

In brief, DoseResp is only truly accurate for curves with appropri-
ate upper and lower baselines, while the “1/2 height” approach can
be applied in all cases, provided that normalization is accurate. If pos-

sible, we suggest to use the same method to calculate T,, for
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experiments performed in parallel, although differences of T,, deter-

mined by these two approaches is small in general.

2.3 | UV-melting assay

UV-melting curves of 5 uM oligonucleotides in FRET buffer were
recorded with a Cary 300 (Agilent Technologies, France) spectropho-
tometer. Heating runs were performed between 10 °C and 95 °C, the
temperature was increased by 0.2 °C per minute, and absorbance was
recorded at 260 and 295 nm. T, was determined as the temperature
corresponding to half of the height of the normalized melting curve.

24 | Circular dichroism

Three micromolar SP-PGQ-1 was kept in 1000 pL FRET buffer. Three
micromolar  Oligonucleotides of testing set were kept in
1000 pL K-100 buffer. CD spectra were recorded on a JASCO J-1500
(France) spectropolarimeter at room temperature, using a scan range
of 400 to 230 nm, a scan rate of 200 nm/min and averaging four

accumulations.

2.5 | Thermal difference spectra

Three micromolar SP-PGQ-1 was kept in FRET buffer. Three micro-
molar Oligonucleotides of testing set were kept in 1000 pL K-100
buffer. Absorbance spectra were recorded on a Cary 300 (Agilent
Technologies, France) spectrophotometer at 25 °C (scan range: 500-
200 nm; scan rate: 600 nm/min; automatic baseline correction). After

(A)
|
L
L

G4 Structure

recording the first spectrum (folded), temperature was increased to 95
°C, and the second UV-absorbance spectrum was recorded after
15 minutes of equilibration at high temperature. TDS corresponds to
the arithmetic difference between the initial (folded; 25 °C) and sec-
ond (unfolded; 95 °C) spectra.

2.6 | Isothermal difference spectra

Three micromolar Oligonucleotides of testing set were kept in
900 pL K-100 buffer. Absorbance spectra were recorded on a Cary
300 (Agilent Technologies, France) spectrophotometer at 25 °C (scan
range: 500-200 nm; scan rate: 600 nm/min; automatic baseline cor-
rection). A hundred microliter of 1 M KCI| was added after recording
the first spectrum, and the second UV-absorbance spectrum was
recorded after 15 minutes of equilibration. IDS correspond to the
arithmetic difference between the initial (unfolded) and second
(folded, thanks to the addition of K*) spectra, after correction for
dilution.

3 | RESULTS AND DISCUSSION

3.1 | Principle of the FRET-MC assay

In a K*-containing buffer, F21T forms a stable G4 structure which can
be used as a FRET-melting probe thanks to the fluorophores attached
at both ends: a 5-appended donor (Fluorescein) and a 3'-appended
acceptor (TAMRA), allowing efficient energy transfer between the
donor and acceptor dyes when the oligonucleotide is folded
(Figure 1). Thermal unfolding leads to the disruption of the

Heatina

\/\/\/*

Tm G4-Competitors = (>) Tm
F21T; ATm=0 °C.

Hcalins \_/\/\/*
-

dsDNA : ss/ds DNA Competitors
* : ATm>>0 °C.
# FAM TAMRA
FIGURE 1 Principle of the FRET- MC assay. In panel A, the competitor forms a quadruplex and traps PhenDC3 (shown as an orange oval). In

panels B and C, the competitor does not form a quadruplex and has no affinity for PhenDC3, which remains bound to F21T (in light blue).
Competitor sequences are shown in purple, PhenDC3 is represented as an orange oval, and F21T is represented in blue
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G-quadruplex structure and a decrease in FRET efficiency, as the 5’
and 3’ ends become distant when the sequence is single-stranded. In
the presence of a G4 ligand, the melting temperature (T, of F21T
increases, as the ligand makes the structure of F21T more stable.
F21T is typically used in a FRET-melting assay, in which the specificity
of a ligand is tested by adding various specific (G4-forming) and
unspecific (duplexes or single-stranded) competitors.*? In this report,
we are radically changing our viewpoint: rather than testing ligands of
unknown specificity against known competitors, we challenge of the
best-characterized G4-ligand, PhenDC3, with a variety of oligonucleo-
tide competitors. Adding a large excess of an unlabeled oligonucleo-
tide may lead to two possible scenarios:

i. The competitor is unable to trap the quadruplex ligand. In this
case, T, of the (F21T + PhenDC3) system is not affected by the
competing oligonucleotide (in other words, AT,, remains high).
This is the expected outcome for a single-strand or a DNA or
RNA duplex.

ii. If the unlabeled competitor has a high affinity for PhenDC3, it will
sequester a significant fraction of the compound, which will be
no longer available for F21T stabilization, leading to a decrease in
T In this case, if the competition is very efficient, the T,, should
fall back close to the value obtained without quadruplex ligand,
meaning for F21T alone (in other words, AT, ~ 0).

To proceed, we selected a variety of competitors for which the
structure was previously investigated and characterized.“* This col-
lection of over 60 sequences includes a variety of quadruplex-forming
motifs (with various topologies) as well as single- and double-stranded

DNAs (sequences shown in Table S1).

3.2 | Validation of the FRET-melting competition
assay with a set of 65 sequences

A trivial, but important, control was first performed by checking that
the competitors do not directly interact with F21T. To that aim, T,, of
F21T was measured alone or in the presence of each competitor, in
the absence of PhenDC3. As expected, most tested sequences had
negligible, if any, effect on F21T melting (Figure S2; normalized FRET-
melting curves are shown in Figure S3). A few motifs (46AG, T95-2T,
T2B-1, AT11, LWDLN1, AND1, RND3, RNDé6 and AT26) led to a sig-
nificant decrease in T, (AT > 5 °C).

We next investigated the impact of the competitors on the stabi-
lization effect (AT,,) induced by PhenDC3 on F21T. Figure 2 presents
examples of FRET-melting profiles for F21T alone (Figure 2A), F21T in
competition with a single-strand (Figure 2B), a stable G4 (Figure 2C)
or a duplex DNA (Figure 2D), respectively.

In the absence of any competitor, 2 eqv. of PhenDC3 induces
a AT, of 23.4 °C, in agreement with previous results.*? As
expected, none of the competitors induced a further significant
increase in T,,, as compared to F21T + PhenDC3. Figure 3 summa-

rizes the AT,, results obtained for F21T in the presence of

PhenDC3 and in the presence or absence of oligonucleotide com-
petitor (normalized FRET-melting curves shown in Figure S3).
Many, but not all, of the sequences known to form G4 structures
led to a significant drop in AT,, values (upper half of the figure),
showing that they acted as efficient competitors. In contrast,
single-stranded and duplex DNAs had little impact, as AT,, values
remained high, close to the value found for F21T + PhenDC3 with
no competitor. To quantitate this competition effect, we defined
the S Factor, as originally described in Reference [43], which corre-
sponds to the relative PhenDC3 stabilization remaining in the

presence of the competitor:

SFactor = ATmof F21T with competitors
ATmofF21Talone

Based on S Factor, the competitors can be divided into two cate-
gories: (i) ineffective competitors, for which S remains ~ 1, meaning
that competition is nearly completely unproductive, as expected for a
structure for which PhenDC3 has no affinity, and conversely (ii)
potent competitors (i.e., stable quadruplexes) would give a S Factor
close to O (Figure 3).

As expected, the majority of G4-forming sequences led to
S values close to 0. However, several known G4 structures (UpsB-QS3,
SP-PGQ-1, KRAS-22RT, SP-PGQ-3, TBA, Bm-U16, Bom17 and
LWDLN3) were not efficient competitors (S > 0.6). In order to under-
stand these results, we performed UV-melting experiments for these
8 sequences and collected T, values in Table S2 (detailed UV-melting
curves are shown in Figure S4). The thermal stability of all these
sequences (except for SP-PGQ-1) was relatively low, indicating they
form unstable G4 structures, which are likely to be unfolded in the
temperature range where F21T starts to melt: they are then “seen” as
non-specific single-strands rather than true G-quadruplexes. SP-
PGQ-1 behaved differently: UV-absorbance at 295nm of a
quadruplex should decrease upon heating due to the unfolding of the
quadruplex structure. Although SP-PGQ-1 was reported to form a
hybrid G4 structure,[* our results show an unexpected increase in
absorbance at 295 nm upon UV-melting, incompatible with the
unfolding of a quadruplex, and rather suggesting the formation of a
another structure (e.g., a mismatched duplex) at low temperatures. CD
spectroscopy and TDS confirmed this hypothesis (Figure S5). In con-
trast, the T,, of 10 different G4 sequences acting as effective competi-
tors (S < 0.3 for 46AG, Bcl2Mid, 25TGA, Chl, LTR-Ill, c-kit-T12T2,
Pu24T, c-kit87up, VEGF, and T95-2T) were always higher than the T,
of the false negative sequences, as shown in Table S2 (UV-melting
curves showed in Figure S4). Although some of the T,, are still lower
than the T, of F21T, their presence in large excess (15-fold molar
excess as compared to F21T) may compensate for a partial
denaturation.

We then investigated whether one could substitute PhenDC3 by
another G4 ligand, TMPyP4, a cationic porphyrin which also has a
high affinity for G-quadruplexes, but is much less selective. Figure S6
presents AT,, and S values for 0.4 uM TMPyP4 on 0.2 uM F21T, alone
or in the presence of various competitors at 3 pM strand
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concentration. Experiments were done in a buffer identical to the one
used for PhenDC3. We tested five representative sequences for each
structural type considered here (25 different competitors in total).
Although parallel quadruplexes were the most efficient competitors,
some single-strands and most duplexes were also competing, with
S value around 0.5, lower than the S values found for most anti-
parallel and two hybrid quadruplexes with TMPyP4. This experiment
demonstrates that, for this method to be reliable, a truly G4-specific
ligand without preferential binding to any G4 topology must be cho-
sen. While other compounds than PhenDC3 may fit the bill, moder-
ately selective compounds will not.

A critical factor for the competition efficiency (measured by the
S value) in the FRET-MC assay should be the affinity and number of
binding sites present on the competitor sequence for the quadruplex
ligand (PhenDC3 in all further experiments). We wanted to investigate

if the thermal stability of the structure itself would also contribute. All
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duplex sequences tested here had a significantly higher T, value than
F21T (as shown in Table S2); they were still poor competitors, even
when added in large excess, as PhenDC3 is unable to bind to
duplexes.

For the quadruplexes, in order to investigate how S value corre-
lates with T,,, we tried a range of six different competitor concentra-
tions (1x to 30x molar excess, as compared to F21T) for nine different
G4-forming sequences. As shown in Figure S7, the T,, for each
quadruplex (detailed UV-melting curves are shown in Figure S4) was
experimentally determined under identical conditions, and is shown in
red below; sequences were ranked from left (lowest T.) to right
(highest T.,). Overall, there is indeed a correlation between T,, and
S values: the competitors with a high thermal stability lead to low
S values when the competitor is not in huge excess. Since S values are
low for nearly all sequences at 3 or 6 pM, independently of T,,,, we did

not consider these two concentrations in Figure S8, which provides a

C
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FRET-melting profiles of 0.2 uM F21T alone or in the presence of 3 pM competitors, and with (red) or without (black) 0.4 pM

PhenDC3. A, F21T alone and in the presence of PhenDC3, and with the addition of the competitor: B, single-strand, C, quadruplex DNA and D,
duplex DNA. Samples were annealed and measured in 10 mM KCI, 90 mM LiCl, 10 mM lithium cacodylate pH 7.2 buffer
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100 mM KCI (Figure S9), all giving results consistent with the forma-

tion of G4 structures by UN1-4 and the absence of these structures
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FIGURE 4 Testing eight different sequences (UN1-UN8) with the
FRET-MC assay. The G4Hunter score for each competitor is indicated
on the upper part of the figure (green bars). The AT,,, induced by

0.4 pM PhenDC3 on 0.2 pM F21T, alone or in the presence of 3 pM
competitors (UN1-8) is plotted on the lower part of the graph. The

S Factor (right Y-axis) provides a normalized value. Samples were
annealed and measured in 10 mM KCI, 90 mM LiCl, 10 mM lithium
cacodylate pH 7.2 buffer

different view/representation of these S values, in which sequences
are clustered in three categories according to T,,. The most striking
difference is found between the high stability group and the others.
Table S3 summarizes average S values (from 1x to 10x molar excess)
for these nine sequences. Generally, average S values decreased with
increasing T, but the correlation is far from perfect. The average
S values for high stability sequences are 0.25 or below, while S values

for the others are above 0.35.

3.3 | Experimental validation on novel sequences
To test this method on a set of novel sequences, we used eight geno-
mic DNA sequences of unknown structure. These motifs are found
close to the transcription start site of different human promoters, and
their biological relevance is currently being investigated. According to
G4Hunter analysis,*® four of them (UN1-4) were likely to form a
quadruplex structure, as their G4Hunter score was above 1.2, while
the remaining four (UN5-8) were unlikely to adopt a G4 conformation,
with a G4Hunter score < 1.0. Detailed sequences with location infor-
mation (Human hg19) and G4Hunter scores are shown in Table S4.
The AT, values and S Factors for the tested sequences are shown
on Figure 4. The first four oligonucleotides (UN1-4) with high
G4-hunter scores gave low S Factor values (<0.1), consistent with G4
formation. In contrast, the remaining four samples (UN5-8) were poor
competitors (S > 0.8) and unlikely to form quadruplexes, in agreement
with their low G4Hunter scores. These conclusions were confirmed

by three independent techniques (CD, IDS, and TDS) measured in

4 | CONCLUSION
The FRET-MC assay described here is a fast and inexpensive charac-
terization method to determine if a sequence is forming a stable

quadruplex or not. It offers several advantages:

e |t is relatively inexpensive: while the F21T dual-labeled oligonucleo-
tide is relatively expensive, minimal amounts are used for each
point as the volume is reduced (25 pL) and its concentration is only
0.2 pM, and can even be further reduced if necessary, provided a
sensitive RT-PCR instrument is available. Conversely, the assayed
sequences are unmodified oligonucleotides and do not require
extensive purification; only 25 picomoles are needed per point.

e It is fast: FRET-melting takes 1 to 2 hours while UV-melting
requires several hours (14 hours with the temperature gradient
used here) for each experiment.

e |tis simple to set up: all reagents are commercially available (includ-
ing PhenDC3) and the FRET melting assay is now routinely used in
a number of labs.

o |t allows testing multiple samples in parallel. While a classical UV
spectrophotometer can only read up to 6 or 9 samples, FRET-
melting uses a 96-well plate as a sample holder, and it is able to
process 48 sequences in duplicate. It may even be transposed to
384-well format.

At the same time, this method has several limitations:

e The main assumptions for this technique are that PhenDC3 (i)
indiscriminately binds to all G-quadruplexes, and (ii) does not bind
to other structures. In other words, for this method to work, we
need a perfect, general G4 ligand with high structure specificity.
Previously published studies®®®! have shown that PhenDC3 does
indeed bind to all G4 tested so far, and has excellent specificity.
We cannot exclude, however, that PhenDC3 would also recognize
other unusual motifs such as G-triplexes.[45] Additional experi-
ments are therefore required to reach a clear conclusion for a given
sequence: as previously stated,’*® we advocate the use of several
independent techniques to assess G4 formation. On the other
hand, a high-affinity but poorly selective quadruplex ligand such as
TMPyP4 proved to be ineffective for this application.

e The sequence to be tested should not be complementary to F21T,
as it would interfere with the structure of the fluorescent probe.
C-rich sequences, and especially repetitions of the CCCTAA
hexanucleotide motif should be avoided. The training set chosen
for this study did not involve any i-motif sequence, resulting from
the folding of C-rich oligonucleotides. These sequences would then
be partially complementarity to the fluorescent G-rich oligonucleo-

tide F21T: duplex formation would “kill” the assay by interfering
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with G4 formation. On the other hand, the method itself may later
be adapted to the analysis of i-motif sequences. This assay would
involve a ‘“complementary” sequence for i-motif formation, in
which the fluorescently labeled oligonucleotide is C-rich, not G-
rich, and forms an i-motif itself. But this would require a “perfect”
i-motif ligand as well, that is, a compound that would bind reason-
ably well to all i-motifs while having no affinity for any other struc-
ture. The i-motif ligands we have tested do not meet these criteria,
and cannot be considered as equivalent to PhenDC3 for this
purpose.

e The main limitation of this FRET-melting competition assay is its
inability to detect unstable quadruplexes which behave as single-
strands (Figure 3) at the temperature where F21T starts to melt.
This assay should therefore be employed to identify moderately to
highly stable G4 structures. A possible way to circumvent this limi-
tation would be to replace or complement F21T by a quadruplex
probe with lower stability.[46] A two-quartet quadruplex such as the
thrombin binding aptamer (TBA) could be proposed, keeping in mind
that these G4 are often weaker binders for G4 ligands such as
PhenDC3. In any case, unstable quadruplexes are less likely to be

[47]

biologically relevant*®”’ and unlikely to be identified by genome-wide

methods such as G4-seq!*®!

as extension is performed at 60 °C dur-
ing lllumina sequencing.

e Finally, the S value cannot be used as a proxy for the (thermal) sta-
bility of the tested quadruplex. While there is some correlation
between thermal stability and competition efficiency (stable G4
tend to give lower S values), other factors contribute to the compe-
tition efficiency, such as the affinity of the PhenDC3 ligand for this

topology, and the number of binding sites available.

Overall, despites the shortcomings listed above, the FRET-melting
competition assay should constitute an interesting addition to the

in vitro “G4 characterization toolbox.”.
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Table S1. Training set of DNA sequences.

Name Sequence (5’-3') Reported PDB
conformation entry
F21T FAM-GGGTTAGGGTTAGGGTTAGGG-TAMRA - -
46AG AGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTA | hybrid G4 -
GGGTTAGGG
Bcl2Mid GGGCGCGGGAGGAATTGGGCGGG hybrid G4 2F8U
UpsB-Q3 CAGGGTTAAGGGTATACATTTAGGGGTTAGGGTT hybrid G4 -
26TTA TTAGGGTTAGGGTTAGGGTTAGGGTT hybrid G4 2JPZ
25TGA TAGGGTTAGGGTTAGGGTTAGGGTT hybrid G4 2JSL
23TAG TAGGGTTAGGGTTAGGGTTAGGG hybrid G4 2JSK
24TTA TTAGGGTTAGGGTTAGGGTTAGGG hybrid G4 2JSL
VEGFR-17T | GGGTACCCGGGTGAGGTGCGGGGT hybrid G4 5ZEV
TP3-T6 TGGGGTCCGAGGCGGGGCTTGGG hybrid G4 6AC7
chl GGGTGGGGAAGGGGTGGGT hybrid G4 2KPR
UpsB-Q1 CAGGGTTAAGGGTATAACTTTAGGGGTTAGGGTT hybrid G4 5MTA
LTR-1II GGGAGGCGTGGCCTGGGCGGGACTGGGG hybrid G4 6H1K
SP-PGQ-1 GGGCAACTTGGCTGGGGTCTAGTTCCACGGGACGGG | hybrid G4 -
26CEB AAGGGTGGGTGTAAGTGTGGGTGGGT parallel G4 2LPW
c-kit2- CGGGCGGGCGCTAGGGAGGGT parallel G4 2KYP
T12T21
KRAS-22RT | AGGGCGGTGTGGGAATAGGGAA parallel G4 512v
Pu24T TGAGGGTGGTGAGGGTGGGGAAGG parallel G4 2A5P
c-kit87up AGGGAGGGCGCTGGGAGGAGGG parallel G4 203M
VEGF CGGGGCGGGCCTTGGGCGGGGT parallel G4 2M27
c-myc TGAGGGTGGGTAGGGTGGGTAA parallel G4 1XAV
T95-2T TTGGGTGGGTGGGTGGGT parallel G4 2LK7
SP-PGQ-2 GGGCTAGTGGGGGGAGGGGG parallel G4 -
SP-PGQ-3 GGGCTAATAGGGAGAGCAGGGACGGGG parallel G4 -
PCNA G4 CAGGGCGACGGGGGCGGGGCGGGGCG parallel G4 -
TB-1 TTGTGGTGGGTGGGTGGGT parallel G4 2M4P
T2B-1 TTGTTGGTGGGTGGGTGGGT parallel G4 -
TB-3 TTGGGTGTGGTGGGTGGGT parallel G4 -
G15 TTGGGGGGGGGGGGGGGT parallel G4 2MB2
Myc1245 TTGGGGAGGGTTTTAAGGGTGGGGAAT parallel G4 6NEB
AT11 TGGTGGTGGTTGTTGTGGTGGTGGTGGT parallel G4 2N3M
LTR-IV CTGGGCGGGACTGGGGAGTGGT parallel G4 2N4Y
hras-1 TCGGGTTGCGGGCGCAGGGCACGGGCG anti-parallel G4 | -
TBA GGTTGGTGTGGTTGG anti-parallel G4 148D




HIV-PRO-1 TGGCCTGGGCGGGACTGGG anti-parallel G4 | -
22CTA AGGGCTAGGGCTAGGGCTAGGG anti-parallel G4 | -
Bm-U16 TAGGTTAGGTTAGGTUAGG anti-parallel G4 -
c-kit* GGCGAGGAGGGGCGTGGCCGGC anti-parallel G4 | 6GHO
Bom17 GGTTAGGTTAGGTTAGG anti-parallel G4 -
G4CT GGGGCTGGGGCTGGGGCTGGGG anti-parallel G4 | -
22GGG GGGTTAGGGTTAGGGTTAGGGT anti-parallel G4 2KF8
19wt GGGGGAGGGGTACAGGGGTACAGGGG anti-parallel G4 | 6FTU
LWDLN 1 GGGTTTGGGTTTTGGGAGGG anti-parallel G4 5J05
LWDLN 2 GGGGTTGGGGTTTTGGGGAAGGGG anti-parallel G4 2M6W
LWDLN 3 GGTTTGGTTTTGGTTGG anti-parallel G4 5J4W
ss 3 GTCGCCGGGCCAGTCGTCCATAC single strand -
ss 4 GTATGGACGACTGGCCCGGCGAC single strand -
ss 6 GACGTGTCGAAAGAGCTCCGATTA single strand -
ss7 TAATCGGAGCTCTTTCGACACGTC single strand -
RND1 CTATACGAAAACCTTTTGTATCATT single strand -
RND2 AATGATACAAAAGGTTTTCGTATAG single strand -
RND3 TAACGTTTATAATGTAGTCTCATTA single strand -
RND4 TAATGAGACTACATTATAAACGTTA single strand -
RND6 GTTGTCATTGCCCCCGAATAATTCT single strand -
RND7 GCCTTGCGGAGGCATGCGTCATGCT single strand -
RND8 AGCATGACGCATGCCTCCGCAAGGC single strand -
dT26 ITTTTTTTTTTTITTTTTITITITTIT T I single strand -
ds26 CAATCGGATCGAATTCGATCCGATTG duplex -
ds-lac GAATTGTGAGCGCTCACAATTC duplex -
Hairpin 1 GGATTCTTGGATTTTCCAAGAATCC duplex -
Hairpin 2 TCGGTATTGTGTTTCACAATACCGA duplex -
Hairpin 3 AGGACGGTGTATTTTACACCGTCCT duplex -
d34 GTCGCCGGGCCAGTCGTCCATAC -
GTATGGACGACTGGCCCGGCGAC duplex -
de67 GACGTGTCGAAAGAGCTCCGATTA -
TAATCGGAGCTCTTTCGACACGTC duplex -
RND34 TAACGTTTATAATGTAGTCTCATTA -
TAATGAGACTACATTATAAACGTTA duplex -
RND78 AGAATTATTCGGGGGCAATGACAAC -

GTTGTCATTGCCCCCGAATAATTCT

duplex




Table S2. Tm of some competitors collected by UV-melting”

Name Tm/°C Note Reported conformation
F21T 58.14 Probe -
UpsB-Q3 39.4 False negative hybrid G4
SP-PGQ-1° 46.8 Not a G4; rather a duplex hybrid G4
KRAS-22RT 32.8 False negative parallel G4
SP-PGQ-3 34.7 False negative parallel G4
TBA 421 False negative anti-parallel G4
Bm-U16 26.8 False negative anti-parallel G4
LWDLN3 33.0 False negative anti-parallel G4
Bom17 30.3 False negative anti-parallel G4
46AG 43.3 Positive control ¢ hybrid G4
Bcl2Mid 52.0 Positive control ¢ hybrid G4
25TGA 47.3 Positive control ¢ hybrid G4
Chi1 62.7 Positive control ¢ hybrid G4
LTR-II 46.5 Positive control ¢ hybrid G4
c-kit-T12T2 46.2 Positive control ¢ parallel G4
Pu24T 741 Positive control ¢ parallel G4
c-kit87up 48.7 Positive control ¢ parallel G4
VEGF 66.5 Positive control ¢ parallel G4
T95-2T 81.4 Positive control ¢ parallel G4
22CTA 45.5 - anti-parallel G4
G4CT 69.5 - anti-parallel G4
22GGG 54.4 - anti-parallel G4
19wt 80.9 - anti-parallel G4
LWDLN{1 451 - anti-parallel G4
ds26 76.3 - duplex
ds-lac 701 - duplex
Hairpin1 71.4 - duplex
Hairpin2 74.9 - duplex
d34 78.8 - duplex

?Tm of F21T was measured by FRET-melting, Tm of reported G4 sequences and duplex were collected
at 295 nm and 260 nm, respectively.
» Tm of SP-PGQ-1 calculated by UV-melting curve at 260 nm.

¢ Positive controls are G4-forming sequences which give an S value close to 0.



Table S3. Tm and S Factor average of some sequences in the training set

Name Tm/°Ca S Factor average ?
46AG 43.3 0.49
c-kit2-T12T12 46.2 0.40
25TAG 47.3 0.60
Bcl2Mid 52.0 0.62
22GGG 54.4 0.50
G4CT 69.5 0.35
Pu24T 741 0.23
19wt 80.9 0.22
T95-2T 81.4 0.26

“ Tm were collected at 295 nm.
b S Factor averages were determined by the S0f0.2/0.6/1/2 uM (1x to 10x molar excess, as compared

to F21T) competitor concentrations.



Table S4. Testing set of DNA sequences.

Name Sequence (5'-3") G4-Hunter score | Location (Human hg19)

F21T FAM-GGGTTAGGGTTAGGGTTAGGG- - -
TAMRA

UN1 CGGGCAGGGAGGGCGGCTGTGCGGG 1.59 chr3: 196045150-196045176
GC

UN2 TGGGGCGGGGGAAGAGGGGGCGGGG 2.73 chr8: 57124113-57124138
T

UN3 CGGGAAGGGGCGGGCGCAATGGGC 1.62 chr17: 62915412-62915435

UN4 TGGGAGGCGGAGGTGGGCAGGTTGCT 1.23 chr17: 16258771-16258791

UN5 GTGCTGGGGCGCCCACTTCGGGGTGG 0.90 chr11: 364605-364633
TGC

UNG6 AGTTGGTAGGCTGAGGCGGGAGGATT chr5: 64905453-64905472
o 0.89

UN7 AGGGCCGGGAGAGGGATCCGCCATAT 0.94 chr14: 36278253-36278290
TGGAGCTGGGGC

UNS8 AGGAAGCTGGGGTAGGAGAATTGCTTG 0.93 chr12: 57876780-57876802

A
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Fig. S7. ATm induced by 0.4 pM PhenDC3 on 0.2 pM F21T, alone or in the presence of
0.2/0.6/1/2/3/6 pM competitors (1x to 30x molar excess, as compared to F21T). The
S Factor is also provided on the right Y-axis. Samples were annealed and measured in 10 mM
KCIL 90 mM LiCl, 10 mM lithium cacodylate pH 7.2 buffer. The Tm for each quadruplex are

shown in red below; sequences were ranked from left (lowest Tm) to right (highest Tm).
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Fig. S8. Distribution of S-factor values for 0.2 /0.6 /1 /2 uM competitor concentrations (1x to
10x molar excess, as compared to F21T). Oligonucleotides are grouped based on Tm: low Tm
(< 50C°) (A), middle Tm (50-70C°) (B) and high Tm (>70°C) (C). The 4 S values shown for
each competitor are depicted with the same color; the lowest S value (leftmost vertical bar)
corresponds to the highest (2 uM) concentration while the highest S value (rightmost bar)
corresponds to the lowest (0.2 pM) concentration
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sequences (absolute S values < 0.1) and panels D, E, F to negative sequences, unable to compete
(S > 0.8). From top to bottom: CD spectra, IDS spectra, and TDS spectra.
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Chapter lll. Isothermal FRET competition assay

F22 and 37Q are natural partially complementary RNA strands, originated from the human telomerase RNA
(hTERC). The F22 - 37Q fluorescent system was first employed to characterize if a compound had affinity to
G4 structures. As shown in Figure 15, 37Q is a G-rich strand able to fold into a G4 that can be recognized
by G4 ligands, preventing hybridization to F22 and letting on the fluorescence of the latter. Differently, when
37Q hybridizes to F22, FAM fluorescence is quenched. In other words, the duplex-quadruplex equilibrium
of 37Q can be shifted by G4 ligands, and the fluorescence intensity of F22 depends on the affinity of the
compound and 37Q G4 formation. The FRET-based assay can be performed in microwell plates, which are

sample- and time-saving.

F22 (|

@ FAV BHQ1

. ligands

Figure 15 Principle of the original assay for G4 ligand characterization. F22 hybridizes with 37Q in the absence
of G4 ligands, resulting in fluorescence quench, whereas the presence of G4 ligands inhibits F22-37Q duplex

formation, thus the fluorescence of F22 can be observed. The figure was taken from [44].

Although FRET-MC is an inexpensive and fast G4 characterization method, the heating process, on which
the method is based on, leads to misestimation of G4-forming competitors with poor thermal stability. The
duplex-G4 equilibrium provides a new approach to design an isothermal FRET assay, and overcome the
disadvantage of FRET-MC. Similar to FRET-MC, the novel iso-FRET is also based on the competitive binding
of PhenDC3 between the G4-forming quencher (37Q) and an unknown competitor. Fluorescent F22 is then
added to reveal the conformation of 37Q: if the competitor adopts a G4 structure and traps PhenDC3, 37Q
forms a duplex with F22 and quenches F22 fluorescence; differently, if PhenDC3 stabilizes 37Q, the latter
can no longer hybridize to F22, letting on the fluorescence of F22. Both competitive interaction and
hybridization occur spontaneously at room temperature (25 °C), and our results also showed that the iso-
FRET assay works well at human physiological temperature (37 °C). By using the iso-FRET assay, it is
theoretically possible to detect G4 competitors characterized by affinities as lower as 17 uM toward
PhenDC3, which is much lower than the equilibrium dissociation constant (Ky) of PhenDC3 towards G4s (nM

range) reported in literature [251, 252]. The risk of a false negative in the iso-FRET assay is therefore
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extremely low.

The ionic strength of the iso-FRET buffer affects F22 + 37Q hybridization, the folding of G4 competitors,
and the competition between 37Q and competitors for PhenDC3 binding. To choose the most appropriate
buffer for the iso-FRET assay, we kept ionic strength constant at 100 mM, and adjusting the ratio of
potassium and lithium. The difference between G4 and non-G4 competitor was maximized in the 20 mM
KCl, 80 mM LiCl, 10 mM LiCaco buffer (pH =7.2). '20K" buffer was therefore chosen for all subsequent

experiments.

Iso-FRET assay is a kinetic-controlled method. We found that the hybridization of F22 and 37Q is much
slower (hours long) than regular duplexes; the relatively long equilibration time is caused by 37Q quadruplex
formation. Hence, the incubation time after the addition of F22 is an important element of the iso-FRET
assay, especially in the presence of some weak G4 competitors. SP-PGQ-3, TBA, Bm-U16, Bom 17 and
LWDLNS3 exhibited a time-dependent behavior: they showed relatively high fluorescence at incubation times
shorter than 3 h (Figure 16a). The weak G4s can be correctly characterized by extending the incubation
time to 24 h (Figure 16b). Fluorescence intensities were normalized with the F value, which reflected the
amount of PhenDC3 bound to 37Q. Boundaries between G4 and non-G4 competitors with 95% prediction
interval were calculated: ) F < 0.33: G4 competitor; ii) 0.33 < F < 0.54: unknown; iii) F > 0.54: non-G4
competitor. Of note, the boundaries may fluctuate between different batches of experiments. Any iso-FRET

result obtained near the boundaries should be treated with caution.

(@) 450004 3 (b) 4s000 ,,
410
F22 Ca— J1.0
40000 40000 127
Yoy i ¢
. T, e* 08 . 35000 - Jos
3 35000 Y ve O 2 ;w *
8 o oW v% 5 i *0
3 ? 33 Y 406 o o v ¢
o 2 €3 . M S g 30000 non-G4: F2054 v wr ¢ 106 §
& 30000 2 2, 3 S 3 ' S
7] A c @
o L g = 404 W © 25000 _04LL
S 4 . S }
Z 25000 - @ G4:F<033
20000 - ® i
B . A A Ho2 o AT 4, 402
i _ Al ak ;
20000 4 -.,'...f ol '.‘+ A4 " . a4
¢ [ 4 15000 | i °
BB e Ty e 4 oo ) "",.'g'q..‘ A %
F22 +37Q ¢ F22+3ra %0
15000 10000
W Hybrid G4s ® Parallel G4s A Antiparallel G4s v Single strands ¢ Duplexes

Figure 16 Fluorescence quenching in the presence of various competitors. F22 is incubated for (a) 3 h or (b)24
h in the presence of 37Q and PhenDC3 alone or in the presence of competitors. The F values (right Y-axis)
provide a normalized value. The four different horizontal dotted lines in panel (b) from bottom to top
correspond to (i) the level of fluorescence in the absence of a competitor (F = 0); (ii) the first threshold value
at 0.33 chosen for positive samples (G4-forming sequences all exhibit F values between 0 and 0.33); (iii) the
second threshold value at 0.54: negative controls/non G4-forming sequences all exhibit F values between 0.54
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and 1; (iv) the level of fluorescence of F22 alone, with no 37Q added (F = 1). Samples were measured in 20
mM KCl, 80 mM LiCl, 10 mM LiCaco buffer (pH =7.2) at 25 °C.

In addition to addressing the false negative problem identified in the FRET-MC assay for G4 competitors
with poor thermal stability, iso-FRET simplified data handling and increased the throughput from 96 to 384
samples per plate [250]. However, iso-FRET is still not a perfect method for G4 characterization: it cannot
be used to test competitors which have a high complementarity to the C-rich probe strand F22. In the
presence of a large excess of a competitor with high complementarity towards F22, a competitor-F22 duplex
may form and prevent fluorescence quenching, leading to false negative results. In FRET-MC, the complex
formed by the competitor and F21T can be easily detected by the generation of a reverse melting curve,
while iso-FRET only gives the final fluorescence intensity. Iso-FRET does not give any information about
competitor-F22 complex formation. Therefore, we defined the CF factor based on the global base paring
alignment, to describe the complementarity degree between the competitor and F22. CF = 0 means the
competitor is absolutely devoid of base pairing to F22, while a competitor perfectly complementary to F22
gives the highest CF value of 1. CF factor is easy to calculate, however, it is not particularly precise: A-T and
C-G bps are considered equally important, but in fact, A-T bps contribute less to the duplex stability than
C-G bps, as the A-T bp contains two H-bonds while C-G bp involves three H-bonds. Our main purpose is
not to study the weight of A-T and C-G bps during the hybridization process; until now, the CF factor
determined solely according to the simple alignment has not met any issue. We evidenced that the iso-
FRET assay is able to identify DNA competitor structures with CF factor lower than 0.86. We strongly
recommend to check CF factor of competitors before testing, to avoid using the iso-FRET to competitors

with extremely high CF.
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ABSTRACT

Algorithms have been widely used to predict G-
quadruplexes (G4s)-prone sequences. However, an
experimental validation of these predictions is gen-
erally required. We previously reported a high-
throughput technique to evidence G4 formation in
vitro called FRET-MC. This method, while convenient
and reproducible, has one known weakness: its in-
ability to pin point G4 motifs of low thermal stabil-
ity. As such quadruplexes may still be biologically
relevant if formed at physiological temperature, we
wanted to develop an independent assay to over-
come this limitation. To this aim, we introduced an
isothermal version of the competition assay, called
iso-FRET, based on a duplex-quadruplex competition
and a well-characterized bis-quinolinium G4 ligand,
PhenDC3. G4-forming competitors act as decoys for
PhenDC3, lowering its ability to stabilize the G4-
forming motif reporter oligonucleotide conjugated
to a fluorescence quencher (37Q). The decrease in
available G4 ligand concentration restores the ability
of 37Q to hybridize to its FAM-labeled short comple-
mentary C-rich strand (F22), leading to a decrease in
fluorescence signal. In contrast, when no G4-forming
competitor is present, PhenDC3 remains available to
stabilize the 37Q quadruplex, preventing the forma-
tion of the F22 + 37Q complex. Iso-FRET was first
applied to a reference panel of 70 sequences, and
then used to investigate 23 different viral sequences.

INTRODUCTION

Different from the classical double-helix, G-quadruplexes
(G4) constitute a family of specific DNA and RNA sec-
ondary structures. G4s result from the stacking of two
or more G-quartets, ie. planar layers of four guanines
held together by Hoogsteen hydrogen bonding (1,2). G-
quadruplexes have been studied from different perspectives

and have been found in a variety of genomes, including
pathogens (e.g Nipah (3) and Ebola (4) viruses), bacteria
and Archaea (5), as well as many eukaryotes, where G4 mo-
tifs are often found in promoters (6) and close to the origins
of replication for mammals (7). G-quadruplexes play im-
portant roles in biological processes, including genome sta-
bility (8,9), regulation of gene expression (10-12), specific
chromatin remodeling and replication (13,14), and RNA
metabolism (1). How to find potential G4 motifs and then
characterize their structures are basic questions concern-
ing G-rich sequences in genomes. In 2016, we introduced
a novel prediction method, G4Hunter, to discover poten-
tial G-rich sequences located within genes or genomes, also
able to provide a rough estimation about the possibility of
the target sequence to form a G4 (15). G4Hunter has been
used to find G-rich sequences in a variety of species, includ-
ing human (16), Plasmodium (17), Dictyostelium (18) and
viral (19,20) genomes, and is now available as a web appli-
cation (21).

Compared to model G4 structures, natural G4 sequences
are often more complex and irregular. Genomic G4 motifs
vary in length and may form a number (or variety) of non-
canonical topologies. The first bioinformatic approaches
performed in 2005 estimated that there were >300 000 G4-
prone sequences in the human genome (22,23). With the
development of sequencing technologies, 736 689 G4 struc-
tures have been identified in vitro (24). Even if the real num-
ber of G4-motifs actually formed may be lower than the one
so far identified, most biophysical approaches are unable to
deal with so many candidate sequences. For example, high
resolution structural methods such as nuclear magnetic res-
onance (NMR) (25) cannot easily handle hundreds or thou-
sands of samples. For this reason, rapid high-throughput
assays able to deal with hundreds of motifs are needed.

Previously, we developed a thermal competition assay,
the so-called FRET-MC assay, to characterize if an un-
known sequence forms a quadruplex (26). The two ends of a
short single-stranded DNA oligonucleotide mimicking ~4
copies of the human telomeric motif, Tel21, were labeled
with fluorescein (FAM) and TAMRA. This FAM-Tel21-
TAMRA sequence, hereafter abbreviated to F21T, was used
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as a fluorescent probe sequence in the FRET-MC assay,
which is based on the competitive binding of a selective G4
ligand between F21T and an unknown competitor. In prin-
ciple, any G4-forming sequence would act as decoy for a
specific G4 ligand, meaning that less compound would be
available to stabilize F21T. This assay is highly reliable, with
one weakness: it fails to identify G4-motifs with a low ther-
mal stability as they would be single-stranded at the tem-
perature where F21T unfolds.

For this reason, we wished to develop an isothermal
version of this competition assay, which would overcome
the issues caused by differences in thermal stabilities. To
this aim, we designed a duplex-quadruplex competition as-
say derived from the system developed by Lacroix et al.
(27), with a pair of probe strands consisting of a quencher
(37Q, a strand from a telomeric sequence ZTERC) and
a partially complementary strand labeled with FAM and
named F22 (27). In a manner similar to FRET-MC, a
well-characterized and highly specific G4 ligand such as
PhenDC3 (28) was used. The sequence of interest (com-
petitor X) would compete with 37Q for PhenDC3 binding
if, and only if, it adopts a quadruplex structure. The differ-
ence with FRET-MC is that the isothermal system here re-
lies on a duplex-quadruplex competition: hybridization be-
tween 37Q and F22 would occur only if PhenDC3 is not
present, or unavailable due to binding with the sequence to
be tested. All steps are processed at a constant temperature,
allowing true high-throughput. We validated this iso-FRET
assay with a training set of DNA and RNA sequences con-
taining positive (quadruplexes of different stabilities and
topologies) and negative (single-strands and duplexes) con-
trols. Kinetic considerations, advantages and disadvantages
of this method are discussed.

MATERIALS AND METHODS
Samples

Non-labeled oligonucleotides were purchased RP cartridge
purified from Eurogentec (Seraing, Belgium) as dried sam-
ples. Fluorescently labeled oligonucleotides (F22, F22m,
37Q, 37Qm and Cy5-37merR) were purchased from IBA
(Gottingen, Germany). All sequences are provided in Sup-
plementary Tables S1-S3. Except for salmon sperm DNA
for which concentration is expressed in nucleotides, all other
DNA/RNA concentrations were expressed as strand con-
centrations. DNA samples were stored at —20°C and RNA
samples were kept at —80°C. Stock solution of PhenDC3
was prepared in DMSO at 2 mM concentration and stored
at —20°C.

Determination of the equilibrium constant (K3) between a G-
quadruplex and PhenDC3

The K; was measured as described by Le et al. (29). The Ky
measurement was performed in 96-well plates with a Tecan
Infinite M 1000 Pro plate reader (France). A cyanine fluo-
rophore (Cy5) was attached to the 5’ end and the fluores-
cently labeled strand was named as Cy5-37merR. 5 wl of 100
nM Cy5-37merR and 5 pl of PhenDC3 were added to give
final concentrations in each well of 10 nM for Cy5-37merR
and 0/2.5/5/7.5/10/25/50/75/100/250/500/750/1,000/2,500/5,

000/7,500/10,000 nM for PhenDC3, in 20K buffer (20 mM
KCl, 80 mM LiCl, 10 mM lithium cacodylate, pH 7.2) with
0.4% (v/v) DMSO. The final volume was 50 pl. Plates were
kept at room temperature (RT, around 25°C) for 2 h before
measurements. Cy5 was excited at 633 nm and the emis-
sion wavelength was set at 647 nm, excitation and emission
bandwidths were set to 5 nm, with an integration time of 20
ws. Each experimental condition was tested at least in trip-
licate. Fluorescence quenching was used to normalize the
measurements in terms of % bound. The Ky was processed
with a single-site binding model (GraphPad Prism V 8.4.2)
for curve fitting.

Kinetics

Kinetics experiments were performed in 96-well plates with
a Tecan Infinite M 1000 Pro plate reader (France).

For 37Q folding: (i) 200 nM 37Q was kept in 25 wl of 10
mM lithium cacodylate buffer (pH 7.2) containing potas-
sium at different concentrations; or (ii) 200 nM 37Q in 25
wl of corresponding buffers contained 1 wM salmon sperm
DNA and | pM PhenDC3 (0.4% v/v DMSO). Absorbance
was recorded at 295 nm, interval time was set at 7.5 s, with
200 kinetics cycles and a settle time of 0 ms.

For hybridization: 250 nM 37Q (or 37Qm) was kept in 20
pl of 10 mM lithium cacodylate buffer (pH 7.2) containing
potassium at different concentrations for 5 min, then 5 wl
of 100 nM F22 (or F22m) were added to the corresponding
buffer. The fluorophore (FAM) attached to F22 (or F22m)
was excited at 492 nm and the emission wavelength was set
at 520 nm, excitation and emission bandwidths were set to
10 nm, with an integration time of 20 ws. Each experimental
condition was tested at least in triplicate.

Isothermal FRET competition assay

Iso-FRET was performed in 96-well plates with a Tecan
Infinite M1000 Pro plate reader (France). For competi-
tor samples: To 5 pl of 25 wM competitor oligonucleotide
mixed with 5 pl of 1 wM 37Q in corresponding buffer, 10 .l
of 2.5 wM PhenDC3 were added and left to stand for 5 min.
Then 5 pl of 100 nM F22 were added. Final concentrations
in each well were: 5 wM competitor, 200 nM 37Q, 1 pM
PhenDC3 and 20 nM F22 containing 0.4% (v/v) DMSO.
Control samples contained 20 nM F22 in the presence or ab-
sence of 200 nM 37Q in 25 pl of 20K buffer. Plates were kept
at RT or in an incubator at 37°C before measurements. Flu-
orescence measurement settings were the same as described
the above.

Data analysis

F value. 'We first defined the Fvalue parameter to evalu-
ate the extent to which a competitor affects F22 + 37Q hy-
bridization in the presence of PhenDC3, which is related to
the fluorescence intensities (FI) of F22 alone [FI F22], F22
in the presence of 37Q [FI (F22 + 37Q duplex)] and F22 in
the presence of 37Q, PhenDC3 and X, abbreviated as [FI
competitors]:

FI competitors — FI (F22 + 37Q duplex)

Fvalue =
vatue FI F22 — FI(E22 + 37Q duplex)
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We then defined a threshold to distinguish between G4s and
non-G4s competitors. Fvalues were separated into the G4
group and the non-G4 group depending on the competitor
structure. x > test was employed to check if these two groups
displayed a normal distribution, and non-normal distribu-
tions were transformed into normal by Johnson transfor-
mation. [ £ 2] was used to calculate boundaries of Fval-
ues to distinguish G4s from non-G4s group (95% prediction
interval) based on the three-sigma rule of thumb.

CF factor. The global alignment analysis (30) based on
Needleman-Wunsch algorithm (31) was used to search
reverse complementary base pairs between X and F22.
EDNAFULL (NUC4.4; https://ftp.ncbi.nlm.nih.gov/blast/
matricess/NUC.4.4) was adopted as scoring matrix, gap
penalty was at 10.0 and extension penalty was set as 0.5.
CF factor was defined to quantify the complementarity be-
tween X and F22:

CF Factor
__ Numbers of base pairs expected in (F22 + X duplex)

Length (F22)

Other biophysical methods

All sequences were kept in corresponding buffers and de-
natured at 95°C for 5 min, and then cooled down to room
temperature before use.

Isothermal differential absorbance spectrum (IDS) cor-
responds to the difference between the absorbance spectra
obtained in the absence or in the presence of 100 mM KCI.
Samples were tested at 3 wM strand concentration in 1 mL
of 10 mM lithium cacodylate pH 7.2 buffer. Absorbance
spectra were recorded on a Cary 300 spectrophotometer
(Agilent Technologies, France) at 25°C. Scan range was set
as 500-200 nm with scan rate: 600 nm/min, baseline was
corrected automatically.

Thermal differential absorbance spectrum (TDS) corre-
sponds the difference between the absorbance spectra ob-
tained at high (95°C) and low (25°C) temperature of the
sample, tested at 3 wM strand concentration, pre-folded in
I mL of 100 mM KCI, 10 mM lithium cacodylate pH 7.2
buffer. Absorbance spectra were recorded at 25 and 95°C,
respectively; other settings were as the same as IDS.

FRET-melting competition assay (FRET-MC): 15 uM
competitor sequences and 5 wM F21T were pre-folded in
10K buffer (10 mM KCI, 90 mM LiCl, 10 mM lithium ca-
codylate, pH 7.2). Each well contained 25 pl solution com-
prising 0.2 uM F21T, 3 uM competitor and 0.4% (v/v)
DMSO, in the absence or presence of 0.4 uM PhenDC3.
FRET-MC experiments were performed in 96-well plates
using a HT7900 RT-PCR instrument (Applied BioSystem),
the FAM channel was used to collect the fluorescence sig-
nal. qPCR process was set as: 25°C 5 min; increasing tem-
perature 0.5°C per minute, recording fluorescence, 140 cy-
cles; then keeping plates at 25°C after measurements. ATy,
was calculated as the difference between Ty, of F21T with
or without PhenDC3; where T, was identified as the tem-
perature related to % fluorescence. The S Factor provides a
normalized value (26) of the stabilization (A T},) remaining
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in the presence of X. S'is close to 0 for G4-forming sample,
and remains close to 1 when X is not forming a quadruplex.

Circular dichroism (CD) spectra were recorded on a J-
1500 spectropolarimeter (Jasco, France). Pre-folded sam-
ples were tested at 3 wM strand concentration in 1 ml of
100 mM KCl, 10 mM lithium cacodylate pH 7.2 buffer. The
spectra were measured over the wavelength range of 200—
340 nm at 25°C with a scan rate of 100 nm/min with and
automatic baseline correction.

RESULTS
Principle of the assay

Several methods have been developed to characterize G4
structures in vitro: some of them are based on the spectral
properties of G-quadruplexes (32,33), others on specific flu-
orescence light-up dyes such as NMM (34), Thioflavin T
(35), and DASPMI (36). Both types of techniques consider
only the structure of sequences of interest. We introduced
the concept of competition in the FRET-MC assay (26), in
which the sequence of interest X is in competition with a
labeled probe. X, being added in large excess, can outcom-
pete the labeled G4 probe for PhenDC3 binding if, and only
if, X adopts a thermally stable quadruplex structure. In any
other situation, X is unable to act as decoy for the specific
G4 ligand, which remains bound to F21T and stabilizes it,
as shown by an increase in 73, value. FRET-MC is there-
fore a thermal denaturation assay, and the thermal stability
of the G4 structure adopted by X plays a decisive role: G4
competitors with a low T, are unfolded before F21T starts
to melt, meaning that they are seen as single-strands, lead-
ing to false negatives.

In contrast, in the isothermal competition assay devel-
oped here, the system uses two mono-labeled rather than
one double-labeled fluorescence oligonucleotide, and the
competition process is tested at a constant temperature
(room temperature in most experiments described below,
but the assay can be easily transposed to 37°C) to avoid
issues related to thermal stability: what matters here is
whether X is predominantly folded into a quadruplex or not
at ~ 25°C, not if its Ty, 1s 40, 60 or 90°C.

The two mono-labeled partially complementary RNA
strands, 37Q and F22, were initially used to design an
isothermal assay to pick novel G4 ligands (27). In brief,
potent G4 ligands stabilize the intramolecular quadruplex
formed by 37Q, preventing it from hybridizing to F22. As
a consequence, F22 remains single-stranded and its fluores-
cence is high. In contrast, when a compound has little or no
affinity for the 37Q quadruplex, formation of the F22 + 37Q
duplex is possible, leading to fluorescence quenching. This
assay 1s transposable into 96-well format and allows the
screening of many ligands or conditions.

In here, rather than testing a variety of compounds, we
introduce F22 and 37Q to evidence G4 structures in vitro.
As shown in Figure 1, the G4-characterization assay can be
divided into three main steps:

1. An excess of the sequence of interest X (unknown com-
petitor) is added to 37Q (Figure 1, lef?);

2. A well-known high affinity G4 ligand, PhenDC3, is
added to the competitor-37Q mixture. PhenDC3 is there-

z20z AInp €0 uo 1s8nb Aq /G9£099/S9t0)B/IBU/S60 L 01 /10P/a[0IB-80UBADE/IBU/WO0D dNO"0IWSPEO.//:SdNY WO} PapEojuMO(]


https://ftp.ncbi.nlm.nih.gov/blast/matrices/NUC.4.4

4 Nucleic Acids Research, 2022

Mixture of unknown competitors and 37Q
Non-G4 Competitor

! b—t (i
f | #~ O
|
I F22 (T— \-/ N \’ I : |
G Cl
C PhenDC3 G4 Competitor *\/\/\’ LOW fluorescence indicates G4 formation
(i)

~ ” i) =) '

HIGH fluorescence indicates a G4 d;-r;fo\rm/\»

Figure 1. Principle of the iso-FRET competition assay. The modified strands (37Q, F22) are shown in color. In the first scenario (top) (i), the competitor
(grey) forms a quadruplex and traps PhenDC3 (orange oval), allowing 37Q (red) to quench F22 (green) by forming a duplex. In the second scenario (bottom)
(ii), the competitor does not form a quadruplex, PhenDC3 remains bound to 37Q, which cannot hybridize to F22 which emits a strong fluorescence signal.

fore ‘given the choice’ between X and 37Q (Figure 1, cen-

ter);

3. F22 is then added, and the fluorescence signal can be
recorded. Fluorescence intensity indicates whether the se-
quence of interest adopts or not a G4 structure (Figure 1,
right).

i. (Figure I, upper right part )X forms a quadruplex which
can trap PhenDC3. As X is in excess (as compared to
both PhenDC3 and 37Q), far less G4 ligand will be
available to bind and stabilize the 37Q quadruplex, al-
lowing duplex formation with F22, and ultimately fluo-
rescence quenching due to fluorescein — quencher prox-
imity.

il. (Figure 1, lower right part)X does not form a quadru-
plex and does not act as a decoy for PhenDC3, which
remains bound to the G4 structure formed by 37Q: for-
mation of the F22 + 37Q duplex remains disfavored
and the fluorescence emission of F22 remains high.

To validate this assay, we selected a variety of DNA and
RNA sequences for which we know which structure(s) they
adopt (26). This collection of 70 sequences includes a vari-
ety of quadruplex-forming motifs with various topologies,
as well as single- and double-stranded DNAs and RNAs
(sequences shown in Supplementary Table S1 (26)).

Practical considerations: sequential order of addition and
choosing the concentrations of each component

The isothermal assay involves (at least) three different nu-
cleic acid sequences (i.e. 37Q, F22 and X) and one G4 lig-
and (PhenDC3). This leaves six possible bimolecular inter-
actions between two different partners; three of them are
directly relevant for this study: (i) duplex formation be-
tween 37Q and F22, and binding between (ii) PhenDC3
and 37Q or (iii) PhenDC3 and X. Other possible interac-
tions are not considered here, such as PhenDC3 binding to
the F22 + 37Q duplex or to the C-rich F22 single strand:
previous results have unambiguously confirmed the selec-
tivity of PhenDC3, with little or no binding to single- and
double-strands (26,28). On the other hand, possible interac-
tions (e.g partial Watson—Crick complementarity) between
X and F22 or X and 37Q may generate artefacts (see below).

The key competing equilibria to be considered here are
around the 37Q sequence; whether it binds to its F22 com-
plementary sequence or to the PhenDC3 ligand, and the
later event is modulated by PhenDC3 availability (whether
X can act as decoy or not). To give a proper ‘choice’ to
PhenDC3, we reasoned that adding the ligand to a well-
mixed solution containing both 37Q and the competitor
X (both were given enough time to properly fold) should
favor a ‘fair’ competition for PhenDC3. Otherwise, if one
of these two oligonucleotides is added after PhenDC3, re-
equilibration time of the system should depend on the life-
time (ko) of the quadruplex—ligand complex, for which we
have little information, especially when considering a puta-
tive G4 formed by X.

F22 will be the last component to be added. This was pre-
viously established (27), as it is nearly impossible to reverse
F22 + 37Q complex formation, as the lifetime of this duplex
is extremely long at room temperature. PhenDC3 is a G4
ligand, not a duplex-destabilizing agent: one should have to
first unfold the F22 + 37Q duplex to allow PhenDC3 bind-
ing to 37Q (27). The sequential addition of each component
is represented in Figure 1.

We chose not to start with the addition of PhenDC3 since
non-specific binding of this compound with the surface of
microplate wells may be problematic. We indeed observed
that artefacts may result in 96-well plates even when treated
to prevent hydrophobic and ionic interactions (data not
shown). This effect is abrogated by adding 1 wM salmon
sperm DNA as a non-specific competitor.

As mentioned above, there are several non-covalent inter-
actions involved in the isothermal assay, starting with the
interaction of PhenDC3 with either X or 37Q. The princi-
ple of this experiment is that the fraction occupancy of 37Q
by PhenDC3 should be significantly reduced by X addition
if X adopts a quadruplex fold. The concentration of each
component has to be carefully considered. As we have no
a priori assumption of the exact K4 of PhenDC3 for the X
quadruplex, we reasoned that X should be in excess as com-
pared to 37Q and PhenDC3 in order to act as an efficient
competitor. Assuming that k., and k. of the ligand to both
structures are relatively high, what is relevant for these equi-
libria are the equilibrium constants (Ky). In the simpler situ-
ation where X does not adopt a G4 fold, PhenDC3 affinity
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should be low or negligible, and one can ignore this com-
peting equilibrium. In that case, duplex formation should
be strongly inhibited, and this should happen provided that
most 37Q quadruplexes are bound to PhenDC3. This can
be obtained by making sure that (i) PhenDC3 is in molar
excess as compared to 37Q and (ii) PhenDC3 concentra-
tion is significantly higher than the K4 for 37Q (64 nM, as
determined in Supplementary Figure S1).

To summarize, the concentrations of each component
should be ranked as follows:

[X], >> [PhenDC3], > [37Ql, > [F22],

To study how X affects results, we defined 4 groups of
competitors based on FRET-MC results (26), which con-
tained strong G4s (Pu24T, cmyc, 25TAG), moderately sta-
ble G4s (KRAS-22RT, SP-PGQ-1, UpsB-Q3), poor G4s
(SP-PGQ-3, TBA, BmU16) and non G4s (single- or double-
strands such as ds26, dT26 or Hairpinl) at different com-
petitor concentrations in 20K buffer. The novel isothermal
competition assay was used to test them. Since absolute flu-
orescence values are always relative (expressed in arbitrary
units), they were normalized with the F value (26) based on
the F22 fluorescence before or after F22 + 37Q hybridiza-
tion; Fvalue reflected the amount of PhenDC3 bound to
37Q.

As shown in Supplementary Figure S2, stable quadru-
plexes trap a significant fraction of PhenDC3, even at 1:1
ligand to competitor equivalents, and increasing [X]y had
little effect. For duplexes and single strands, no trapping was
observed at any concentration. For other quadruplexes such
as KRAS-22RT, SP-PGQ-1, SP-PGQ-3, or TBA, a concen-
tration effect was observed: raising X concentration led to
further reduction in fluorescence intensity, until X concen-
tration reached 5 wM: at this stage, Fvalues were low enough
and we did not investigate higher ones. Based on these ob-
servations, we chose a concentration of 5 wM for X, and the
molar ratio between X, PhenDC3, 37Q and F22 was there-
fore fixed at 250:50:10:1.

Kinetic considerations

It is commonly believed that intramolecular G4 folding
is relatively slow compared to hairpin duplex formation
(37,38). Intermolecular duplex formation in the nanomo-
lar concentration range takes a few minutes (39), while in-
tramolecular G4 folding kinetics are impacted by a series
of factors, including sequence effects (40), metal cations
(41), the presence of intermediates (‘dead ends’) (42) and the
presence of G4 ligands acting as molecular chaperones, such
as PIPER (a perylene derivative) (43) and 360A (44), which
have been demonstrated to accelerate G4 folding. PhenDC3
is even able to promote G4 folding within minutes in the ab-
sence of potassium (45).

To follow G4 folding under different conditions, we chose
to keep the ionic strength constant, with a total concentra-
tion of mono-cations of 100 mM. G4 folding may be fol-
lowed by recording absorbance at 295 nm (46). 37Q fold-
ing into G4 was followed at different K* concentrations,
adjusting ionic strength with Li*. As expected, folding of
37Q in the absence of potassium (0K) proceeded extremely
slowly. In the presence of K*, 37Q achieved near-complete
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Figure 2. Kinetics of 37Q G4 folding (200 nM strand concentration) at
different potassium concentrations. G4 folding was processed at RT.

folding in ~ 5 minutes (Figure 2). Some G4 ligands such
as PhenDC3 have been shown to promote G4 folding and
increase ko, acting as G4 chaperones (44): this is the case
here, where addition of PhenDC3 shortens the G4 folding
time to less than 100 s (Supplementary Figure S3).

To study F22 + 37Q duplex formation, we first consid-
ered the two oligonucleotides alone, with no competitor or
PhenDC3 to simplify the model. As shown in Figure 3A,
fluorescence quenching was only partial (25%) even 5 h af-
ter 37Q addition in a 100 mM K* buffer, while quenching
reached 74% in OK buffer. This difference can be explained
by the selective stabilization of G4 structures by potassium,
which partially hinders or delays F22 + 37Q hybridization,
even in the absence of a G4 ligand, as previously reported
(47). As expected for an intermolecular duplex, kinetics de-
pended on strand concentration: lowering 37Q concentra-
tion delayed F22 + 37Q duplex formation (Supplementary
Figure S4).

To evaluate the impact of 37Q quadruplex formation on
duplex formation, we studied in parallel a control system
(F22m + 37Qm), in which the F22 + 37Q pair has been mu-
tated. F22m and 37Qm are a couple of partially comple-
mentary RNA strands also able to form a duplex involving
the same number of mismatches as F22 + 37Q. However,
37Qm is unable to form a quadruplex and has no affin-
ity for G4 ligands (27). As expected for duplex formation
when no competing quadruplex is present, hybridization
between F22m and 37Qm is fast, even in the nanomolar
strand concentration range (39) (Figure 3B). Therefore, the
relatively long (hours) equilibrium time required for proper
F22 + 37Q hybridization results from quadruplex forma-
tion by 37Q, which delays, but does not prevent duplex for-
mation.

Effects of interaction time and potassium concentration

Potassium concentration not only impacts F22 + 37Q hy-
bridization (Figure 3A), but also the folding of G4 competi-
tors, and the competition between 37Q and X for PhenDC3
binding. We initially defined the boundary between G4
X and non-G4 X roughly based on an arbitrary thresh-
old: F > 0.5 related to non-G4s X, while F < 0.5 meant
G4-forming X. Twelve different competitors including dif-
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Figure 3. Time-dependent fluorescence of the F22 + 37Q system at different potassium concentrations. Concentration of F22 and F22m were 20 nM,
37Q and 37Qm were 200 nM. 37Q and 37Qm were kept in corresponding buffer for 5 min before adding F22 or F22m, respectively. Hybridizations were
processed at RT. Panel A and B related to the same normalized fluorescence scale.

ferent G4s and non-G4s were taken as examples to ana-
lyze the influence of potassium. They were divided in three
groups based on this rough boundary: (i) sequences in
group A (Supplementary Figure SSA) showed high affinities
to PhenDC3 under all ionic conditions and at all time points
(G4 competitors, low Fvalues); (ii) in contrast to group A,
PhenDC3 remained bound to 37Q in the presence of se-
quences belonged to group B (Supplementary Figure S5B,
non-G4 competitors, high Fvalues); (iii) sequences in group
C (Figure 4) are reported to fold into G4s, while their Fval-
ues depend on specific ionic conditions and time points
(poor competitors, with intermediate F values).

For poor competitors, F values went gradually up with
increasing potassium concentrations: when [K*] exceeded
20 mM, F values were above 0.5, and this phenomenon was
more apparent at short incubation times. We wanted to test
whether Fvalues would allow to discriminate between G4
X and non-G4 X. Although the differences between five
‘good’ G4 X and non-G4 X were highly significant in both
0K and 20K buffer, this difference between average F values
(AMedian) was actually higher in 20K (0.82) than in 0K
(0.64), meaning that the discrimination between the two
groups (G4 vs non-G4) is better in the presence of 20 mM
potassium (20K).

AMedian = Median (F values of non-G4s)
—Median (F values of G4s)

According to the kinetics results based on the simplified
model (Figure 3A), we selected an equilibrium time of 3 h
or longer as a result of the slow F22 + 37Q hybridization
step. In the following experiments, we started to optimize
the interaction time. An extended incubation had nearly no
effect on the results obtained with groups A in all buffers
(low Fvalues), as well as for non-G4 competitors in group
B, which kept high Fvalues at all times. In contrast, SP-
PGQ-3, TBA, and BmU16 in group C (Figure 4) exhibited
a time-dependent behavior, with F values decreasing over

100K+ SP-PGQ-3
80K+ I F value
60K+ 2

40K+
20K+ 1.00
10K+
OK+
TBA 0.80
100K+
80K+
60K+ 0.60
40K+
20K+ ||
10K+ 0.40
OK+
BmU16
100K+ _ q 0.20
80K+
60K+
40K+ 0.00
20K+
10K+
OK+ 0.20

th 2h 3h 4h 5h 6h 18h 24h

T I

*** (P =0.001)

Figure 4. Effects of incubation time and ionic conditions on fluorescence
intensity for group C competitors (G4-forming oligos with moderate affin-
ity for PhenDC3). Each well contained 5 wM competitor, 200 nM 37Q), 1
M PhenDC3 and 20 nM F22; control wells (F22 and F22-37Q) included
20 nM F22 in the presence or absence of 200 nM 37Q. All samples were
tested in triplicate at various potassium concentrations (0-100 mM) at RT.
The difference between 3 h and 24 h was performed by Wilcox sign test.
All sub-panels related to the same F value scale.

time (P = 0.001 between 3 h and 24 h). This result illustrates
the fact that even mediocre G4 competitors (G-quadruplex
oligonucleotides with moderate affinities for PhenDC3 such
as the thrombin binding aptamer) can be properly classified
as G4-forming provided that appropriate precautions are
taken. For this reason, we selected 24 h as the default inter-
action time in 20K buffer.
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Validation of the isothermal competition assay

We employed a validated training set (26) containing a series
of identified DNA and RNA G4 sequences with different
topologies, as well as single- and double-stranded controls.
Examples of positive controls are cmyc and Pu24T, which
both form very stable quadruplexes, while ds26 (duplex) and
dT26 (single-strand) were chosen as negative controls. Each
competitor oligonucleotide X was tested at a single concen-
tration, and we determined the fluorescence intensity for
each condition.

We divided the training sequences into 3 categories
according to Fvalues: (i) F < 0.33: G4 competitor; (ii)
0.33 < F < 0.54: unknown; (iii) F > 0.54: non-G4 competi-
tor. With these intervals, we found no outlier (false positive
or negative), and all known samples behaved as predicted
(Figure 5).

Regarding the temperature of the assay, while working at
room temperature may be simple, homeotherms maintain
body temperatures in the range of 36-42°C (48). For natural
G-rich sequences found in animal genomes, it may therefore
be biologically relevant to characterize them at physiolog-
ical temperature. Taking Homo sapiens as an example, we
determined if this assay would provide comparable results
at 37°C. Using the same training set as previously, we found
the same qualitative results: (i) F < 0.27: G4 competitor; (ii)
0.27 < F < 0.52: unknown; (iii) £ > 0.52: non-G4 competi-
tor. (Supplementary Figure S6).

Interestingly, compared to the training set at 25°C, the
difference in Fvalues for the G4 and non-G4 groups was
even more significant at 37°C, as a consequence of smaller
standard deviations for each category. This illustrates the
interest of working at physiological temperature. As a fur-
ther bonus, a higher temperature accelerates F22 + 37Q hy-
bridization, meaning that shorter incubation times may be
selected.

Can poor G4 competitor be evidenced by the iso-FRET assay?

As mentioned above, the competitor X is added in large ex-
cess as compared to 37Q, facilitating the competition with
PhenDC3. However, if X a forming a quadruplex with a
very low affinity for PhenDC3 (as compared to 37Q), this
competition may not be effective enough to give a positive
result in the iso-FRET assay. We consider the assay to be
ineffective when [37Q + PhenDC3] is equal or lower than
[X + PhenDC3], meaning that the interaction between X
and PhenDC3 is no longer dominant in the competitive
binding.

Knowing the final concentrations in each well (typically
200 nM for 37Q, 5 uM for X, i.e. a 25x fold excess, and 1
wM for PhenDC3) and based on Mass action law, we can
determine the equilibrium dissociation constant for the in-
teraction between X and PhenDC3 (Ky) that would lead to
[37Q + PhenDC3] = [X + PhenDC3], given that we deter-
mined the dissociation constant for the interaction between
a close analog of 37Q and PhenDC3 (Kq4q) to be 64 nM. A
rapid calculation gives a value for Kgx of ~17 uM, a far
worse (several orders of magnitude) affinity for a quadru-
plex that was previously determined, or measured here for
PhenDC3. The affinity we determined here for Cy5-37merR
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is actually a bit weaker than what has been previously re-
ported in the literature for other quadruplexes (49,50) under
different experimental conditions, with K4 as low as 2 nM.
The risk of a false negative in the iso-FRET assay (a G4-
forming sequence that would not act as an effective com-
petitor) is therefore extremely low.

A potential limitation: G-rich sequences complementary to
F22

The iso-FRET assay involves two probe strands, F22 and
37Q. In this part we investigate what happens when the X
sequence is complementary to any of the probe strands:

i. We can quickly discard the case in which X is Watson-
Crick complementary to 37Q, as this would mean that X
is C-rich; G4 formation would therefore be very unlikely.
In any case, adding this C-rich strand would decrease the
ability of the 37Q sequence to quench the fluorescence
of F22 (due to hybridization to X in large excess), giving
high Fvalues indicative of non-G4 formation by X.

ii. The situation where X is complementary to F22 is more
complex, especially given that the F22 + 37Q duplex con-
tains three point-mismatches, and one bulge. Given that
the X oligonucleotide is in molar excess as compared to
37Q, it is clear that, if the F22 + X duplex is thermally
more stable than F22 + 37Q, the assay will lead to an
artefactual result: a FAM fluorescence signal is expected
for F22 + X as X is not conjugated to a quencher. In other
words, provided that X is able to form a stable hybrid with
F22, it will appear as non G4-forming in this test no mat-
ter what is its real G4-forming propensity. This predic-
tion was experimentally verified for a variety of G-rich
probes with various levels of complementarity to F22. We
defined the CF factor as a simple way to quantify this
complementarity for each X and F22, and compare it to
F22 + 37Q duplex.

As shown in Supplementary Table S1, 37Q held the high-
est CF Factor among all sequences in the training set, 0.77;
CF for G4 X were in the range of 0.18 to 0.68, which means
F22 + X duplex was weaker than 37Q + F22. To investigate
how F22 + X duplex influence G4 X, we designed six G4
X (Supplementary Table S2) with a high tendency to form
quadruplexes (G4Hunter scores > 1.5), as well as a good
complementarity to F22 (CF > 0.68). All CF sequences led
to significant decrease in AT, of F21T in the FRET-MC as-
say (Supplementary Figure S7), indicating they are indeed
forming G4 structures.

As shown in Figure 6, Fvalues provide an excellent as-
sessment of G4 propensity (F < 0.35; green horizontal line)
for all sequences with CF factor < 0.77. Negative controls
(duplexes and single strands) all give an Fvalue above 0.53
(purple horizontal line) and the separation between G4 and
non-G4 forming sequences is very clear. On the other hand,
the assay fails to account for G4 formation with sequences
having a very high level of complementarity to F22 (CF fac-
tors > 0.86; green triangles on the right part of the figure).
In other words, this assay is reliable as long as X is not highly
complementary to F22, and this caveat can easily be antici-
pated when the sequence of X is known: one can first check
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Figure 5. Fluorescence quenching in the presence of various competitors. 20 nM F22 is incubated for 24 h in the presence of 200 nM 37Q and 1 pM
PhenDC3, alone or in the presence of 5 wM of a variety of X competitors (mostly DNA with 6 RNA samples shown in red), listed on the left. The Fvalues
(bottom X-axis) provides a normalized value. The four different vertical dotted lines correspond to (i) the level of fluorescence in the absence of a competitor
(F = 0); (i1) the first threshold value at 0.33 chosen for positive samples (G4-forming sequences all exhibit Fvalues between 0 and 0.33); (iii) the second
threshold value at 0.54: negative controls/non G4-forming sequences all exhibit Fvalues between 0.54 and 1; (iv) the level of fluorescence of F22 alone,

with no 37Q added (F = 1). Samples were measured in 20K buffer at RT.

F22 + X complementarity and discard sequences that would
form too stable hybrids.

Why using fluorescent RNA probe strands rather than DNA?

Compared to DNA oligonucleotides, RNA strands are sig-
nificantly more expensive and susceptible to degradation by
RNases. These inherent disadvantages prompted us to test

whether one could convert the RNA system designed by
Lacroix et al. into a duplex-quadruplex competition assay
involving oligodeoxynucleotides, dF22 and d37Q (27). As
shown in Supplementary Figure S8, hybridization of dF22
to d37Q reached a plateau after two hours at room tem-
perature, as found for F22 + 37Q hybridization. Unfortu-
nately, quenching with the DNA oligonucleotides was not
as pronounced as for the RNA system, which showed higher
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Figure 6. Fluorescence quenching in the presence of various DNA competitors. 20 nM F22 is incubated for 24 h in the presence of 200 nM 37Q and 1 puM

PhenDC3, alone or in the presence of 5 wM of a variety of competitors. Samples were measured in 20K buffer at RT.

quenching efficiency than dF22 + d37Q under all ionic con-
ditions at the beginning of the hybridization step (0 h). One
possible reason for this difference is that the RNA to DNA
substitution modifies the kinetics and thermodynamics of
both the duplex and quadruplex species. For example, a
RNA-RNA duplex with high G/C content has a higher ko,
than a similar DNA duplex at 25°C (51).

We nevertheless tested whether this DNA system would
be applicable to the analysis of various X sequences. As
for the experiments described above, competitors from the
three groups (A = G4; B = non-G4 and C = moderate
G4-forming competitors) were tested at the same concen-
trations as for the RNA version. On the positive side, stable
G4 such as cmyc and 25TAG (group A) were correctly iden-
tified as G4-competitors in this DNA-based assay, as they
gave low F values in all settings while non-G4 forming se-
quences such as ds26 (group B) gave high Fvalues (Supple-
mentary Figure S9A-B), as expected in both cases. Unfortu-
nately, Group C (modest G4 competitors) gave more erratic
results with the DNA system: BmU16 showed low Fvalues
while both SP-PGQ-3 and TBA gave relatively high Fval-
ues, sometimes even a bit higher than ds26 (Supplementary
Figure S9C).

In other words, the DNA system worked, but not as well
as the RNA one. Multiple factors may explain this differ-
ence, such as changes in duplex stability (52-54) which will
also affect the stability of the F22 + X or dF22 + X duplex
when X is partially complementary to F22 or dF22. As a
consequence, we chose to work with the F22 + 37Q RNA
system to characterize unknown sequences in vitro, despite
the potential problems created by RNA oligonucleotides.
The actual cost per point remains low, even if RNA syn-
thesis is expensive, as the reaction volume and concentra-
tions are low, and could be further reduced by using 384-
well plates. 20 nM strand concentration for F22 in 10 pl
corresponds to 0.1 picomoles, or less than 1/10 000 of a 200
nanomole synthesis. In reality, the higher cost of RNA syn-
thesis would start to make a difference if tens of thousands
or millions of candidate sequences were to be tested. In ad-

dition, stability over time of these two labeled RNA was ex-
cellent, and stock solutions could be kept for months, if not
years, with no loss of activity.

Experimental validation on viral DNA and RNA G-rich se-
quences

To validate the new isothermal assay, we employed twenty-
three G4-prone sequences including DNAs and RNAs from
pathogenic viruses (Supplementary Table S3). All of the se-
quences were previously predicted or demonstrated to form
G4 structures. We performed classical biophysical assays to
characterize their G4-forming potential before testing the
isothermal assay. With the exception of HPV-16 (DNA),
we found IDS and TDS spectra compatible with G4 forma-
tion for all sequences, with a negative peak around 295 nm
(Supplementary Figure S10A), in agreement with FRET-
MC results (Supplementary Figure S10B). CD spectra were
also recorded for the DNA samples (Supplementary Figure
S10C) and the proposed topologies are summarized in Sup-
plementary Table S3 (the interpretation of CD spectra of
RNA samples is more tricky, as A-form RNA duplexes give
a positive peak close to the one expected for RNA parallel
G4s (59)).

We analyzed these motifs with the isothermal assay at
37°C. As shown in Figure 7, isothermal assay results of
all DNA competitor sequences were consistent with classi-
cal characterizations (Supplementary Figure S10): they all
formed G4 structures, except HPV-16. FRET-MC of HPV-
16 also gave a high S Factor value (>0.6), again suggest-
ing that no G4 is formed (26) (Supplementary Figure S10).
Among RNA oligomers, Nipah-NV2 gave a Fvalue in the
‘undetermined’ zone (0.27 < F < 0.52), while all other meth-
ods indicated that this RNA is actually forming a G4 struc-
ture. Its relatively high Fvalue could be the result of its rela-
tively high complementarity to F22 (CF = 0.68; the bound-
ary chosen for DNA should probably be lowered for RNA
given the higher stability of the corresponding RNA-RNA
duplex).
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Figure 7. Fluorescence quenching in the presence of viral competitor se-
quences. 20 nM F22 is incubated for 24 h in the presence of 200 nM 37Q
and 1 M PhenDC3, alone or in the presence of 5 uM of DNA (green bars)
and RNA (purple bars) virus competitors, the complementarity of each se-
quence to F22 is indicated by the CF factor value, shown above each bar.
Measurements were performed in 20K buffer at 37°C. The names of RNA
sequences are highlighted in red. Sequences are provided in Supplementary
Table S3.

Altogether, these results illustrate that the iso-FRET as-
say may also be applied to RNA sequences, and that the
conclusion reached by this method corroborates the anal-
ysis by other assays. One extra precaution should be taken
with RNA samples though, where results can be biased by
the possible complementarity between F22 and RNA X.
For instance, the higher stability of the resulting RNA—
RNA duplex may interfere with the isothermal assay. For
this reason, we suggest to avoid testing sequences with a
high complementarity (CF value). For example, the Fvalue
for Nipah-NV2 is relatively high (Figure 7), although G4
formation by this sequence was validated by other means.
This ambiguous result (intermediate Fvalue) may result
from a high CF value (CF = 0.68, Supplementary Table S3),
a relatively low affinity to PhenDC3 and/or low stability of
the corresponding quadruplex.

DISCUSSION: ADVANTAGES AND LIMITATIONS OF
THE ISOTHERMAL ASSAY

In this manuscript, we introduced a new method to demon-
strate G4 formation in vitro. This isothermal assay is
amenable to very high throughput. We summarize the ad-
vantages and shortcomings of this assay in Table 1, and
compare its properties to the recently-developed FRET-
MC assay in the next two paragraphs.

Common features between FRET-MC and iso-FRET

Both assays share a number of features: they are
fluorescence-based and can be read on an inexpensive
plate reader. As a consequence, many samples can be tested
in parallel, and multiple positive and negative controls can
be included to increase the robustness of the assay. Even if
most spectroscopic instruments (e.g. a spectropolarimeter)

can be adapted using liquid handlers to improve through-
put, this would correspond to a serial analysis. In contrast,
FRET-MC and iso-FRET allow the testing of 96/384
samples in a parallel manner with a real time PCR machine
or a fluorescence plate reader.

Both methods are relatively fast and inexpensive; low vol-
umes (typically 25 wl) and the concentration needed for the
sample to be tested (WM range) imply that minimal amount
of the sample are required. In addition, the sequence does
not need a high level of purity: the presence of minor con-
taminants (e.g shorter sequences) will not perturb the as-
say. Consequently, expensive or time-consuming purifica-
tion protocols for the X oligonucleotides are not needed. In
addition, both tests should be applicable to DNA and RNA
samples (as well as chemically modified nucleic acids), long
sequences, and mixtures or crude oligos.

Main differences between FRET-MC and iso-FRET

Even if both assays share a number of advantages, there
are significant differences between the two. First of all, iso-
FRET involves one more component, as the double-labeled
F21T oligo in FRET-MC is replaced by a pair of mono-
labeled sequences. This makes the system slightly more
complex, and the sequences to be tested should not directly
interact with any of these oligonucleotides.

Iso-FRET has a potentially higher throughput, for two
main reasons: (i) it is isothermal and (ii) data analysis is
extremely simple, objective and direct (normalizing fluores-
cence intensity): there is no need to determine a T3, value
and calculate a ATy,.

More importantly, iso-FRET can identify low-stability
G4s. This can be an advantage for G4-poor genomes (some
viruses such as SARS-CoV-2 contain a low density of G4-
prone motifs). On the negative side, the iso-competition sys-
tem is not at thermodynamic equilibrium — the result de-
pends on the incubation time; this means that proper pre-
cautions should be taken to insure reproducibility. In ad-
dition, given that an interaction between X and F22 would
perturb this assay, the sequence of X must be known; in con-
trast, FRET-MC can be performed blindly to characterize
G-rich sequences. Finally, the fluorescence threshold in iso-
FRET, chosen to distinguish between G4 and non-G4, re-
quires a prior calibration with known controls.

CONCLUSION

The high throughput isothermal FRET assay enabled us
to characterize structures of unknown G-rich sequences in
vitro: if the unknown sequence X folds in a G4 structure,
it induces fluorescence quenching by binding PhenDC3. In
contrast, if X remains single-stranded or forms a different
structure, the fluorescence signal remains high. This reli-
able so-called iso-FRET assay has been validated by sev-
eral known oligonucleotide sequences forming G4 struc-
tures with different topologies, including parallel, anti-
parallel, and hybrid structures, as well as double- and single-
stranded DNAs and RNAs. Compared to the previous
FRET-MC assay, this isothermal assay allows to process
samples at 37°C, which could help indicate whether a par-
ticular sequence forms a G4 under physiological conditions.
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Table 1. Comparison of FRET-MC and isothermal competition assay to characterize G4-forming sequences. Attractive features are shown in bold

characters, while potential disadvantages are underlined

Parameter FRET-MC Iso-competition

Signal Fluorescence (7y,) Fluorescence (quenching)

Data analysis T determination Simple normalization
Temperature Variable: 25-95°C Isothermal (adjustable 20-37°C)
System At equilibrium Not at equilibrium (under kinetic control)
Number of partners 3 F21T, PhenDC3, X 437Q, F22, PhenDC3, X
Throughput Hundreds/day Thousands/day

Analyzed samples DNA & RNA DNA & RNA“

Ionic strength Near-physiological Near-physiological

Volume 25wl 25 pl

Competitor concentration M range M range

Main Limitations/Artefacts Thermally unstable G4 Complementarity to F22

2Although not tested, both assays should be transposable to other nucleic acids modifications (e.g. PNA; 2°0OMe), keeping in mind that, for iso-competition,
complementarity to F22 may be a problem if very stable duplexes are expected to form between X and this RNA.

Importantly, iso-FRET eliminates the false negative results
generated by low thermally stable G4s identified by FRET-
MC. Conversely, limited by the slow hybridization rate (and
slow competition process for weak G4s), iso-FRET is not
a system working at thermodynamics equilibrium. In ad-
dition, the use of two mono-labelled fluorescent oligonu-
cleotides, impedes the application of this method to G-rich
sequences that show high complementary to F22 (one of
probe strands). We finally applied iso-FRET to G4-prone
motifs in virus genomes, and its results were confirmed by
classical spectroscopic methods. The proposed isothermal
competition assay constitutes a new biophysical method
that can be added to the G4 toolbox required to charac-
terize G4 structures in vitro.
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Table S1. Training set of DNA and RNA sequences.

Acronym Sequence (5'-3") Reported Reference / | CF
conformation PDB Factor

F22 FAM-UGGCCCGUUCGCCCCUCCCGGG - -

F22m FAM-UGGCCCGUUCGCUUCUCUCGGG - - -

37Q GGGUUGCGGAGGGUGGGCCUGGGAGGGGUG | - - 0.77
GUGGCCA-BHQ1

370m GAGUUGCGAAGAGUGAGCCUGAGAGAAGUG | - - -
AUGGCCA-BHQ1

Cy5-37merR Cys- - - -
GGGUUGCGGAGGGUGGGCCUGGGAGGGG
UGGUGGCCA

dF22 FAM-TGGCCCGTTCGCCCCTCCCGGG - - -

d37Q GGGTTGCGGAGGGTGGGCCTGGGAGGGGTGG | - - 0.77
TGGCCA-BHQ1

22AG AGGGTTAGGGTTAGGGTTAGGG hybrid DNA G4 | [1] 0.55

46AG AGGGTTAGGGTTAGGGTTAGGGTTAGGGTTA | hybrid DNA G4 | [1] 0.59
GGGTTAGGGTTAGGG

Bcl2Mid GGGCGCGGGAGGAATTGGGCGGG hybrid DNA G4 | 2F8U 0.64

UpsB-Q3 CAGGGTTAAGGGTATACATTTAGGGGTTAGG | hybrid DNAG4 | [2] 0.64
GTT

26TTA TTAGGGTTAGGGTTAGGGTTAGGGTT hybrid DNA G4 | 2JPZ 0.45

25TAG TAGGGTTAGGGTTAGGGTTAGGGTT hybrid DNA G4 | 2JSL 0.45

23TAG TAGGGTTAGGGTTAGGGTTAGGG hybrid DNA G4 | 2JSK 0.55

24TTA TTAGGGTTAGGGTTAGGGTTAGGG hybrid DNA G4 | 2JSL 0.32

VEGFR-17T | GGGTACCCGGGTGAGGTGCGGGGT hybrid DNA G4 | 5ZEV 0.68

TP3-T6 TGGGGTCCGAGGCGGGGCTTGGG hybrid DNA G4 | 6AC7 0.55

chl1 GGGTGGGGAAGGGGTGGGT hybrid DNA G4 | 2KPR 0.55

UpsB-Q1 CAGGGTTAAGGGTATAACTTTAGGGGTTAGG | hybrid DNA G4 | SMTA 0.68
GTT

SP-PGQ-1 GGGCAACTTGGCTGGGGTCTAGTTCCACGGG | hybrid DNA G4 | [3] 0.41
ACGGG

26CEB AAGGGTGGGTGTAAGTGTGGGTGGGT parallel DNA G4 | 2LPW 0.27

c-kit2-T12T21 | CGGGCGGGCGCTAGGGAGGGT parallel DNA G4 | 2KYP 0.64

KRAS-22RT | AGGGCGGTGTGGGAATAGGGAA parallel DNA G4 | 512V 0.50

Pu24T TGAGGGTGGTGAGGGTGGGGAAGG parallel DNA G4 | 2A5P 0.45

c-kit87up AGGGAGGGCGCTGGGAGGAGGG parallel DNA G4 | 203M 0.64

VEGF CGGGGCGGGCCTTGGGCGGGGT parallel DNA G4 | 2M27 0.45

cmyc TGAGGGTGGGTAGGGTGGGTAA parallel DNA G4 | 1XAV 0.55

T95-2T TTGGGTGGGTGGGTGGGT parallel DNA G4 | 2LK7 0.27

SP-PGQ-2 GGGCTAGTGGGGGGAGGGGG parallel DNA G4 | [3] 0.55

SP-PGQ-3 GGGCTAATAGGGAGAGCAGGGACGGGG parallel DNA G4 | [3] 0.68

PCNADNA | CAGGGCGACGGGGGCGGGGCGGGGCG parallel DNA G4 | [4] 0.64

G4




TB-1 TTGTGGTGGGTGGGTGGGT parallel DNA G4 | 2M4P 0.27

T2B-1 TTGTTGGTGGGTGGGTGGGT parallel DNA G4 | [5] 0.27

TB-3 TTGGGTGTGGTGGGTGGGT parallel DNA G4 | [5] 0.45

G15 TTGGGGGGGGGGGGGGGT parallel DNA G4 | 2MB2 0.50

Myc1245 TTGGGGAGGGTTTTAAGGGTGGGGAAT parallel DNA G4 | 6NEB 0.50

AT11 TGGTGGTGGTTGTTGTGGTGGTGGTGGT parallel DNA G4 | 2N3M 0.18

LTR-IV CTGGGCGGGACTGGGGAGTGGT parallel DNA G4 | 2N4Y 0.55

hras-1 TCGGGTTGCGGGCGCAGGGCACGGGCG anti-parallel [6] 0.68
DNA G4

TBA GGTTGGTGTGGTTGG anti-parallel 148D 0.36
DNA G4

HIV-PRO-1 TGGCCTGGGCGGGACTGGG anti-parallel [71 0.59
DNA G4

22CTA AGGGCTAGGGCTAGGGCTAGGG anti-parallel [8] 0.55
DNA G4

Bm-U16 TAGGTTAGGTTAGGTUAGG anti-parallel [9] 0.23
DNA G4

c-kit* GGCGAGGAGGGGCGTGGCCGGC anti-parallel 6GHO 0.64
DNA G4

Bom17 GGTTAGGTTAGGTTAGG anti-parallel [10] 0.32
DNA G4

DNA G4ACT GGGGCTGGGGCTGGGGCTGGGG anti-parallel [11] 0.55
DNA G4

22GGG GGGTTAGGGTTAGGGTTAGGGT anti-parallel 2KF8 0.55
DNA G4

19wt GGGGGAGGGGTACAGGGGTACAGGGG anti-parallel 6FTU 0.64
DNA G4

LWDLN 1 GGGTTTGGGTTTTGGGAGGG anti-parallel 5J05 0.32
DNA G4

LWDLN 2 GGGGTTGGGGTTTTGGGGAAGGGG anti-parallel 2M6W 0.59
DNA G4

LWDLN 3 GGTTTGGTTTTGGTTGG anti-parallel 5J4W 0.18
DNA G4

ss 3 GTCGCCGGGCCAGTCGTCCATAC ssDNA - 0.45

ss 4 GTATGGACGACTGGCCCGGCGAC ssDNA - 0.55

ss 6 GACGTGTCGAAAGAGCTCCGATTA ssDNA - 0.50

ss 7 TAATCGGAGCTCTTTCGACACGTC ssDNA - 0.36

RND1 CTATACGAAAACCTTTTGTATCATT ssDNA - 0.09

RND2 AATGATACAAAAGGTTTTCGTATAG ssDNA - 0.23

RND3 TAACGTTTATAATGTAGTCTCATTA ssDNA - 0.36

RND4 TAATGAGACTACATTATAAACGTTA ssDNA - 0.23

RND6 GTTGTCATTGCCCCCGAATAATTCT ssDNA - 0.36

RND7 GCCTTGCGGAGGCATGCGTCATGCT ssDNA - 0.55

RND8 AGCATGACGCATGCCTCCGCAAGGC ssDNA - 0.27

dT26 TTTTTTTTTTTTTITTTTITITTITITTT T ssDNA - 0.00

ds26 CAATCGGATCGAATTCGATCCGATTG dsDNA - 0.50

ds-lac GAATTGTGAGCGCTCACAATTC dsDNA - 0.45




Hairpin 1 GGATTCTTGGATTTTCCAAGAATCC dsDNA - 0.09

Hairpin 2 TCGGTATTGTGTTTCACAATACCGA dsDNA - 0.18

Hairpin 3 AGGACGGTGTATTTTACACCGTCCT dsDNA - 0.36

d34 GTCGCCGGGCCAGTCGTCCATAC dsDNA - 0.73
GTATGGACGACTGGCCCGGCGAC

de67 GACGTGTCGAAAGAGCTCCGATTA dsDNA - 0.50
TAATCGGAGCTCTTTCGACACGTC

RND34 TAACGTTTATAATGTAGTCTCATTA dsDNA - 0.36
TAATGAGACTACATTATAAACGTTA

RND78 AGAATTATTCGGGGGCAATGACAAC dsDNA - 0.64
GTTGTCATTGCCCCCGAATAATTCT

22AG-R r-AGGGUUAGGGUUAGGGUUAGGG parallel RNA G4 | [12] 0.44

TRF2 r-CGGGAGGGCGGGGAGGGC parallel RNA G4 | [13] 0.68

NS5A7 r-GUGGAGGUGGGACGGGAG parallel RNA G4 | [14] 0.64

NS5B7 r-uUCGGAUGUGGCAGAGGGGGCUGGAG parallel RNA G4 | [14] 0.54

rRND4 r-uAAUGAGACUACAUUAUAAACGUUA sSRNA - 0.23

rds26

r-CAAUCGGAUCGAAUUCGAUCCGAUUG

dsRNA

0.5




Table S2. DNA G-rich sequences reverse complemented to F22. *

Chemistry | Name Sequence (5'-3") EAlllints; CF Factor
Score
DNA CF1 | AAGGGAGGGGCCCGGGAGGGGCGAA 1.64 0.68
DNA CF2 | AGGGAGGGGCCCGGGAGGGGCGAAC 1.6 0.72
DNA CF3 | GGGAGGGGCCCGGGAGGGGCGAACG 1.64 0.77
DNA CF4 | AAGGGGCCCGGGAGGGGCGAACGGG 1.6 0.86
DNA CF5 | AGGGGCCCGGGAGGGGCGAACGGGC 1.56 0.91
DNA CF6 | GGGCCCGGGAGGGGCGAACGGGCCA 1.59 1.00

* Bases underlined & in bold characters can be paired to F22.




Table S3. G-rich sequences in viruses.

Chem | Acronym Sequence (5-3') Ref. Conformation | G4Hunter | CF
Scores Factor
DNA HSV-1-ICPO GGGGAGGGGAAAGGCGTGGGG [15] Hybrid G4 2.48 0.59
DNA KSHV-TR63 GGGGCGGGGGACGGGGGAGGGG [16] Hybrid G4 3.18 0.55
DNA HSV-1-gp054b GGGGTTGGGGTTGGGGTTGGGG [17] Hybrid G4 291 0.32
DNA HSV-2-ICP27 GGGGACGGCGGGGGCGGGGG [15] Parallel G4 2.85 0.59
DNA HHV-1 GGGGGGTGTGTTTTGGGGGGG [18] Parallel G4 2.57 0.50
DNA TMPRSS2 (P)? GGAGGGCGGCGGGGGCGGGGGCGGGCGG | [19] Parallel G4 241 0.59
G

DNA HIV-2P TGGGGGGAGGACATGGGCCGGGAGGGT [20] Parallel G4 2.00 0.36
DNA Marburg-Ango1® AGAGGGGACTGGTTGGGGTCTGGGTGGTA | [21] Hybrid G4 1.96 0.5
DNA vzZVv GGGCGGGCGACGGGCGGG [15] Parallel G4 1.83 0.59
DNA HPV52(2-5) GGGCAGGGGACACAGGGTAGGG [22] Hybrid G4 1.82 0.45
DNA HTLV-2-RV12° GGGGAAGTGGGTAAGGGTGAGG [23] Hybrid G4 1.82 0.55
DNA Ebola-Cote1® TGGGGTGGTGTTTGAGGGTTTGGGT [21] Hybrid G4 1.74 0.45
DNA HPV52(1-4) GGGTAGGGCAGGGGACACAGGGT [24] Hybrid G4 1.74 0.59
DNA HIV-1-LTR3® GGGAGGCGTGGCCTGGGCGGGACTGGGG | [25] Hybrid G4 1.43 0.59
DNA HBV GGGAGTGGGAGCATTCGGGCCAGGG [26] Hybrid G4 1.28 0.77
DNA HPV-16 AGGGTCGGGTACAGGCGGACGCACTGGGT | [27] non-G4 1.11 0.23
DNA RVFV?® GGGGGTTGGGGGGAAGGGGAGTTGGGG [28] Mix G4 2.85

topologies 0.64
RNA Ebola-L r-GGGGUCAUAUGGGAGGGAUUGAAGG [29] G4 1.52 0.14
RNA EBV r-GGGGCAGGAGCAGGAGGA [30] G4 15 0.50
RNA Zika-Ns5B r-GGAUGUGGCAGAGGGGGCUGGAG [31] G4 1.43 0.55
RNA HCV-110 r-GGGAGGGGGGGUCCUGGAGG [32] G4 2.05 0.55
RNA HCV-1a r-GGGCUGCGGGUGGGCGGGA [33] G4 1.79 0.50
RNA Nipah-NV2 r-GUGCGGGGAGGUAAAGAGGAGGCCAGG | [34] G4 1.11 0.68

@ TMPRSS?2 in the genome of influenza A virus.

b G-rich motifs are in cDNA of retroviruses.
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Figure S1. Dissociation constant (Kqd) determination from the binding curve obtained by titration of 10 nM
cy5-37merR with increasing concentration of PhenDC3 in 20K buffer. The Ky was fitted by one-site binding
model, R-square = 0.97.
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Figure S2. 20 nM F22 quenching by 200 nM 37Q and 1 pM PhenDC3, alone or in the presence of
known competitors (X) at different concentrations (1-10 pM) after 24 h. The S Factor (right Y-axis)
provides a normalized value. Samples were measured in 20K buffer at RT. F values difference between 1
uM and 5 uM competitor concentrations were determined by t-test, **p < 0.01; ***p < 0.001.
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Figure S3. Kinetics of 37Q G4 folding (200 nM strand concentration) at different potassium
concentrations in the presence of 1 pM PhenDC3. G4 folding was processed at RT.
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Figure S4. Time-dependent fluorescence of the F22+37Q system at different quencher concentrations.
37Q at desired concentration was kept in corresponding buffer for 5 min before adding F22 at 20 nM.

Hybridizations were processed in 20K buffer at RT.
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Figure S5. Effects of competitors in group A (G4 competitors) and group B (non-G4 competitors) on
fluorescence intensity, tested at different times and potassium concentrations. Each well contained 5
UM competitor, 200 nM 37Q, 1 uM PhenDC3 and 20 nM F22; control wells (F22 and F22-37Q) included
20 nM F22 in the presence or absence of 200 nM 37Q. All samples were tested in triplicate at various
potassium concentrations (0-100 mM) at RT. Both sub-panels use the same F value scale.

xi



Fluorescence/a.u.

ggﬁ 37°C 10000 15000 20000 25000 30000 35000 40000 45000
T T T T T T ! !

F22
F22+37Q —

cyc —— |
Pu24T —— ]
22AG-R — ]

TRF2 —— |

ds26

dT26 i : — ;
224G — : : |
164G == Hybrid G4s

Bclamid [/
UpsB-03 | —EH!
26TTA == |
25TAG —— ]
23TAG —
24TTA — =
VEGFR-17T [ ¢
TP3-T6 —
chi1 —
(V<52 X w'u R —
[SeRCIcTe N I e = R

26CEB —
ckieaTiaT2t [ H :
KRAS-22RT [/ ' |

T T i Paralle! G4s
VEGF 1 : :

T95-2T — :

SP-PGQ-2 [T
SP-PGQ-3 BEH
PCNAGA [
TB-1
T281 e T
TE-3 m— |
G615 =
Mycl1245 B
AT11 =
LTR-IV =N

NSGA7 =
N35B7 B

hras-1 =

TBA ™ |
HIV-PRO-1 [—H i H
e = | : : Anti-Parallel G4s
c-kit* ™ : :

Bom17 =

GacT =
22GGG ——
10wt ——
TR R ——

WDLN2 [T
LWDLN 3 — ]

553 =H
554 =
56 H I : t
ss7 H H =

RND1 : n =

RND3 : = i

DA : : : Single strands
RNDS
RND7 =
RNDS =
rRND4 T B

ds-lac T
Hairpin 1 =0
Hairpin 2 H

Hairpin 3 0 |
d34 |

d67 =
RND34 v N =}
RND78 ——

rds26 ; i =

T T T T T T T T T T T T

0.0 0.2 0.4 0.6 . .
F22437Q G4<0.27 Non-G420.52 Fo2

F value

Figure S6. Fluorescence quenching in the presence of various competitors. 20 nM F22 is incubated for
24 h in the presence of 200 nM 37Q and 1 puM PhenDC3, alone or in the presence of 5 uM of a variety of
competitors, listed on the left (RNAs are marked in red). The F values (bottom X-axis) provides a
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sequences all exhibit F values between 0 and 0.27); iii) the second threshold value at 0.52: negative controls
(non G4-forming sequences) all exhibit F values between 0.52 and 1; iv) the level of fluorescence of F22
alone, with no 37Q added (F = 1). Samples were measured in 20K buffer at 37 °C.
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Figure S7. AT, induced by 0.4 pM PhenDC3 on 0.2 pM F21T, alone or in the presence of 3 pM CF
series competitors. The S Factor (right Y-axis) provides a normalized value. Samples were annealed and
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Figure S9. Effects of competitors in group A (G4 competitors), group B (non-G4) and group C
(mediocre G4 competitors) on fluorescence intensity, tested at different times and potassium
concentrations. Each well contained 5 uM competitor, 200 nM d37Q, 1 uM PhenDC3 and 20 nM dF22;
control wells (dF22 and dF22-d37Q) included 20 nM dF22 in the presence or absence of 200 nM d37Q.
All samples were tested in triplicate at various potassium concentrations (0-100 mM) at RT. All sub-panels

are related to the same scale.
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Figure S10. To be continued.
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Figure S10. To be continued.
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Figure S10. (A) Differential absorbance spectra of 3 uM pre-folded G4-prone sequences: IDS (Isothermal
differential absorbance, left spectra) was measured in 10 mM lithium cacodylate pH 7.2 buffer in the
absence or presence of 100 mM KCI; TDS (thermal differential absorbance, right spectra) was measured in
100K buffer (100 mM KCI, 10 mM lithium cacodylate, pH 7.2) at 25 °C and 95 °C; (B) ATn induced by
0.4 uM PhenDC3 on 0.2 uM F21T, alone or in the presence of 3 uM virus G4-prone competitors. RNA
samples are shown in red. The S Factor (right Y-axis) provides a normalized value. Samples were annealed
and measured in 10K buffer. (C) Circular dichroism spectra of 3 uM pre-folded DNA G4-prone sequences
in 100K buffer.
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Chapter IV. G-quadruplexes characterization in vitro

We presented in the introduction several methods to characterize G-quadruplexes, and the previous two
chapters introduced two novel FRET-based high throughput assays. Based on these considerations, we can
now provide a general comparison of G4 characterization methods in vitro (Table 6). Since all methods
have been repeatedly validated, and work well in most cases. we can provide general guidelines for G4
characterization, with an emphasis on the limitations of each method to exclude examples which are not

suitable, and provide minimum time- and samples-consuming protocols.

To exhibit detail experiment processes and G4 specificities in different biophysical characterizations, we
prepared a guideline paper on how to study G4 structures in vitro:

Review for G4 characterization in vitro Guidelines for G-quadruplexes: I. in vitro characterization. Yu Luo,

Anton Granzhan, Julien Marquevielle, Anne Cucchiarini, Laurent Lacroix, Samir Amrane, Daniela Verga, Jean-

Louis Mergny. (Biochimie, Under revision)
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Table 6 Comparison of biophsical G4 characterizations in vitro

Methods G4 specificity Experiment Samples Limitations
time* (pmol)
Isothermal absorbance  Negative peak at 295 nm ~10 min 3,000

Strong G4s may fold without ions, leading false negative
spectra (IDS)

Negative peak at 295 nm ~10 min 3,000 G4s with very high T, may not be followed by TDS;

Thermal absorbance .
other structures may also present negative peaks around

295 nm on TDS (see Table 3)

spectra (TDS)

_ Reversed sigmoid melting ~ 14 hours 3,000 Absorbance signal at 295 nm may be disturbed by other
LV melting curve at 295 nm structures
~ specificpeaksdepending  ~15min 3000 Parallel G4 CD pattern may be confounded by other
CD spectra on topology (Table 4) structures (see Table 4)
Peaks in 10 - 12 ppm =2 hours 350,000 Hoogsteen bps such as GG or GU also present peaks in

1D "H NMR spectra
the range of 10 — 12 ppm.

Migration speed; G4 =4 hours 150

ligands specific stain

Intrinsic fluorescence 300 - 400 nm ~ 15 min 5,000 High-quality spectrofluorometer (S/N = 2000:1) required
Fluorescence ‘light-up Fluorescence increase ~ 5 min 75 )
No perfect fluorescent G4 ligands so far (see Table 5)
assay (48 samples)
$<03 <2 hours 75
FRET-MC Caution with sequences have T, lower than F21T
(48 samples)
so-FRET F<0.33at25°C thousands of 125 Caution with sequences have high complementarity level
so-
samples per day to F22

* Experiment time exclude the samples preparation.
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Chapter V. A sodium / potassium switch for G4-prone GC-rich

sequences

Metal ions are essential components for sustaining living creatures. The most prevalent metal ions in
the human body - as well as in most living species - are potassium and sodium. Sodium is one of the
most crucial electrolytes in the extracellular fluid, while potassium is mainly an intracellular ion. The
imbalance of sodium and potassium has been related to several diseases. As G4 are ion-dependent
structures, a change in [Na*] / [K*] ratio may affect genomic G4 folding. Some studies suggested that
the unfolding of G4s in [K*] deficient environment correlated to oncogene expression [245] and pre-
mRNA alternative splicing [246]. However, most in vitro studies focused on characterizing G4 formation
and stability are performed in monocationic buffers (potassium or sodium), which are far from the real
intracellular conditions.

Cytosines can pair to guanines to form stable GC base pairs and disrupt G4 structures, and our
bioinformatic results showed that about 10% of PQS in the human genome (hg19) contain at least one
run of three continuous cytosines. This observation triggered our interest to study how [Na+] / [K+]
ratio influence the structures of GC-rich sequences. We chose a well-known human minisatellite G4
structure, CEB25wt, as a model sequence. CEB25wt has 9 nt long central loop (CEB25, PDB: 2LPW),
allowing us to introduce multiple bases substitutions in this region. We replaced CEB25wt loop bases
with cytosines, with the number of three-continuous-cytosine motifs (N) increased from 1 to 4. The total
ionic strength was kept constant, with a total concentration of [Na*] and [K*] of 140 mM. We set nine
buffers with different ratios of [Na*] / [K*]. UV-melting and CD spectra have been used to characterize
the predominant structures of these GC-rich sequences in different [Na*] / [K*] buffers. Our results
evidenced that the presence of cytosines in G4 loops does not prevent G4 folding or decrease G4s
stability, but increases the probability of forming a competing structure, either a hairpin or a duplex.
The T values of these G4 structures only depend on the specific potassium / sodium ratios, rather than
on the specific cytosine-content of the mutated sequences. When N < 2, G4 structure is the primary
structure when potassium ion concentration is sufficient (40 - 140 mM). NMR spectra and DNAzyme
activity probe determined that the structures of CEBm4 (N = 2) are closely related to [Na*] / [K*] ratios:
it mainly folded into a hairpin in pure [Na*] buffer and in a quadruplex in [K*] buffer. When N > 3, CEB
mutated sequence predominately folds into a duplex under all ionic conditions, and Ty, values of
duplexes are barely affected by changes in [K*] / [Na*] ratios and only depend on the primary sequence

(GC content).
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Abstract

Metal ions are essential components for the survival of living organisms. For most species, intracellular and
extracellular ionic conditions differ significantly. As G4 is an ion-dependent structure, changes in the
[Na"]/ [K'] ratio may affect the folding of genomic G4. More than 11,000 G4 putative G4 sequences in the
human genome (hg19) contain at least two runs of three continuous cytosines, and these mixed G/C rich
sequences may form a quadruplex or a competing hairpin structure based on G-C base pairing. In this study,
we examine how the [Na']/[K'] ratio influences the structures of G C-rich sequences. The natural G4
structure with a long central loop, CEB25wt, was chosen as a model sequence, and the loop bases were
gradually replaced by cytosines. The series of CEB mutations reveled that the presence of cytosines in G4
loops does not prevent G4 folding or decrease G4s stability, but increases the probability of forming a
competing structure, either a hairpin or an intramolecular duplex. “Shape-shifting” sequences may be used

to monitor [Na'] / [K'] balance.

Keywords: Quadruplex-duplex equilibrium; ionic conditions; structural switch; cation dependency.
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1. Introduction

Metal ions are essential components for sustaining plant, animal, and human life. They participate in
multiple metabolic processes and are present in all living creatures. Metal ions are involved in intracellular
and intercellular communication, the preservation of electrical charges and osmotic pressure,
photosynthesis and electron transfer activities and, for nucleic acids, the maintenance of base pairing and
stacking [1]. The most prevalent metal ions in the human body - as well as in most living species - are
potassium and sodium. Sodium is one of the most crucial electrolytes in the extracellular fluid, while
potassium is mainly an intracellular ion. The sodium-potassium ATP pumps (Na*/K*-ATPase), located in
the plasma membrane of almost every cell, export three sodium ions in exchange of two potassium ions,
and this active transport process is primarily responsible for controlling the balance between sodium and
potassium [2]. Potassium /sodium balance helps to maintain vital body functions. In contrast,
potassium / sodium imbalance contributes to several diseases. Sodium intake has been tightly related to
blood pressure and hypertension [3]. Intracellular [Na"] and [K'] levels are both increased in brain regions

of patients affected by Alzheimer disease [4].

G-quadruplexes (G4s) are four-stranded nucleic acid secondary structures constituted by two or more
stacked G-quartets. G4s have been shown to be involved in DNA replication [5], gene transcription [6] and
pre-mRNA alternative splicing [7]. As topology and stability of G4 structures are sensitive to the cation
type and ionic strength [8], putative quadruplex sequences (PQS) in different potassium / sodium ratio
environments may adopt distinct conformations, resulting in diverse effects on cell activities. During tumor
progression, G4 structures have been demonstrated to influence gene expression in response to changes in
intracellular cation concentrations. Due to the overexpression of a [K'] channel, malignant cancer cells (i.e.,
highly metastatic breast cancer cells MDA-MB-231) may exhibit a significantly lower intracellular [K']
than normal cells. In normal cells, high [K'] inhibits the transcription of certain oncogenes by stabilizing
G-quadruplex structures, whereas in cancer cells lower [K'] has been proposed to destabilize G4s and
increase the transcription of oncogenes [9]. This result is surprising, given that cancer cells seem to exhibit
more G4s, as shown by BG4 antibody immunostaining experiments [10]. A recent study reported that

potassium / sodium balance is important to regulate alternative promoter usage and/or pre-mRNA splicing



in the transcription of SGK1, via the folding of a G4 structure located in its promoter. The SGK1 gene has
a G4-forming motif located upstream to the proximal region of promoter-2, which has been shown to be
stabilized by potassium ions and resveratrol but destabilized by sodium ions. For all three SGK1 isoforms,
transcription is stimulated by high levels of sodium, whereas resveratrol or potassium ion addition

suppresses the transcription of isoform-2 and isoform-3, but not isoform-1 [11].

Characterizing the structures formed by G-rich strands in multi-ion environments may help comprehend
how G4 folding influences gene activities. However, usually, G4 formation is studied under simple
monocationic conditions, which differ from the real intracellular conditions. In addition, a number of
potential quadruplex sequences contain runs of cytosines directly upstream or downstream of the G-rich
sequence, or in the loops. For example, we found that about 10% of PQS in the human genome (hgl9)
comprised at least three continuous cytosines. These mixed G/C rich sequences may form a quadruplex or
a competing hairpin structure based on G-C base pairing. The relative stabilities of these competing
structures should depend on the sequence, but also on ionic conditions, given that G4 stability should be

dependent on potassium / sodium balance while hairpin duplexes should not.

In this study, we worked on variants of the well-known human minisatellite G4 structure CEB25wt in which
we progressively inserted runs of consecutive cytosines. The structure of the CEB25wt quadruplex was
solved by NMR (PDB: 2LPW): it corresponds to a parallel intramolecular DNA G4 with a 9 nt long central
loop [12]. We analyzed G4 and hairpin formation under different potassium / sodium ion ratios for
CEB25wt and its mutants. Starting from this sequence, we introduced base substitutions to increase the
share of cytosines in CEB25wt variants in order to identify the factors affecting the equilibrium between
G4 and hairpin formation under physiological conditions. We identified “shape-shifting” sequences which
respond to K'/Na" balance and are expected to adopt different folds in the intra- and inter-cellular

environment.



2. Materials and methods

Materials and samples
Oligonucleotides were purchased from Eurogentec (Belgium) and used without further purification; their
sequences are shown in
Table 1. Stock solutions were prepared at 100 uM strand concentration in milli-Q H>O. All
oligonucleotides were annealed in corresponding buffers, kept at 95 °C for 5 min and slowly cooled to room
temperature before measurements. All chemical reagents, including Hemin, ABTS* and H,0,, were

purchased from Sigma-Aldrich (France).
Table 1 DNA mutations based on CEB25wt ¢

Acronym Sequence (5°- 3”) Length (nt) G4H score N’
CEBwt AAGGGTGGGTGTAAGTGTGGGTGGGT 26 1.50 0
CEBmOA AAGGGTGGGTAAAAAAATGGGTGGGT 26 1.38 0
CEBmOT AAGGGTGGGTTTTATTTTGGGTGGGT 26 1.38 0
CEBml1 AAGGGTGGGTCCCAGTGTGGGTGGGT 26 1.12 1
CEBm2 AAGGGTGGGTCCCACTGTGGGTGGGT 26 1.04 1.33
CEBm3 AAGGGTGGGTCCCACCGTGGGTGGGT 26 0.92 1.67
CEBm4 AAGGGTGGGTCCCACCCTGGGTGGGT 26 0.69 2
CEBm5 AAGGGTGGGTCCCACCCTGGGTGGGTCCCA 30 0.30 3
CEBm6 AAGGGTGGGTCCCAGTGTGGGTGGGTCCCACCCA 34 0.32 3
CEBm7 AAGGGTGGGTCCCACCCTGGGTGGGTCCCACCCA 34 0 4

“The cytosines introduced in the mutant sequences are marked in red; other base substitutions are shown

in blue.

b “N” represents numbers of three-continuous-cytosines (‘CCC’) motifs.

Size-Exclusion High-Performance Liquid Chromatography (SE-HPLC)

SE-HPLC experiments were performed on a AKTA FPLC 900 system (GE Healthcare, France) equipped
with a Frac-900 autosampler, a Thermo Acclaim SEC-300 column (4.6 x 300 mm; 5 um hydrophilic
polymethacrylate resin spherical particles with 300 A pore size), and a diode array detector. A solution
containing 40 mM cacodylate buffer, pH 6, with 100 mM potassium was used as an elution buffer and to
dissolve oligonucleotides. 20 puL of a 50 uM oligonucleotide solution in 50 mM Tris-HCI (pH = 7.2) with
140 mM NaCl or 140 mM KCI was injected onto the column (0.15 mL/min elution flow rate at C), and

elution was monitored by measuring the absorbance at 260 nm.



UV-melting
Oligonucleotides (5 pM strand concentration) were pre-annealed in 10 mM lithium cacodylate buffer (pH
= 7.2) complemented with different concentrations of potassium / sodium ions. We defined nine different

buffer conditions, from B1 to B9, as follows:

Bl: 140 mM Na' /0 mM K*; B2:135mM Na' /5 mM K'; B3:125mM Na‘/ 15 mM K';
B4: 115 mM Na* /25 mM K*; B5: 100 mM Na* /40 mM K*; B6: 80 mM Na"/ 60 mM K*;
B7: 70 mM Na“/ 70 mM K'; B8:20mM Na“/ 120 mM K*; B9: 0mM Na“ /140 mM K.

UV-melting curves were recorded with a Cary 300 (Agilent Technologies, France) spectrophotometer.
Heating runs were performed between 10 °C and 95 °C, the temperature was increased by 0.2 °C per minute,
and absorbance was recorded at 260 and 295 nm. 7, was determined as the temperature corresponding to

half of the height of the melting curve.

Thermal difference spectra (TDS)

Absorbance spectra of pre-folded CEBm?2 in B3 and CEBm3 in B4 (oligonucleotide concentration was 5
puM in a final volume of 1 mL) were recorded on a Cary 300 (Agilent Technologies, France)
spectrophotometer at 25 °C and 95 °C (scan range: 400 - 200 nm; scan rate: 600 nm/min; automatic baseline
correction). TDS corresponds to the arithmetic difference between the initial (25 °C) and second (95 °C)

spectra.

Circular dichroism (CD) measurements
CD spectra of pre-folded 5 uM oligonucleotides in 1 mL of different buffers were recorded on a JASCO J-
1500 (France) spectropolarimeter (scan range: 340 - 200 nm; scan rate: 100 nm/min; averaging three

accumulations) at 25 °C.

'"H NMR analysis
Spectra were recorded at 25 °C on a 600 MHz NMR instrument in10 mM lithium cacodylate pH 7.2 10%
D,O buffer. The CEBm4 sequence was tested at 0.2 mM strand concentration. Detailed experiment

procedures will be completed by Martina / Lukas.



DNAzyme activity assay

DNA samples were folded by heating at 95 °C for 5 min in corresponding buffer and left to cool at room
temperature for at least two hours. Hemin was then added to reach a final concentration of 6 uM and the
solutions were left to stand at room temperature (25 °C) for 30 min. ABTS* was then added to each sample
to a final concentration of 500 mM and basal absorbance was measured. To initiate the oxidation reaction,
H,O, was added to a final concentration of 50 mM, followed by quick mixing. 15 min later the absorbance
at 420 nm of the oxidized product ABTS™ was monitored by a TECAN M1000 pro plate reader (France).
The final sample contained 3 uM DNA, 6 uM Hemin, 1% DMSO, 500 mM ABTS* and 50 mM H,O; in a

total volume of 50 pL.

Methyl mesoporphyrin IX (NMM) light-up probe

In each microwell containing 95 puL of 3.15 uM pre-folded oligonucleotides solubilized in corresponding
buffers, 5 uL of NMM at 40 uM were added to reach a final concentration of 2 uM. The microplate was
shaken for 1 min and fluorescence was read immediately at 25 °C. Fluorescence intensity was collected at

610 nm after excitation at 380 nm in a TECAN M1000 pro plate reader (France).

3. Results

3.1 Analysis of PQS containing runs of consecutive cytosines

A quadruplex is a four-stranded structure constituted by two or more G-tetrads. In this study, we will only
consider classical G4 structures potentially involving three tetrads, in line with the original G4-predicting
algorithms [13], with the basic requirement of 4 runs of 3 or more continuous guanines. Two-tetrads

quadruplexes are often of low thermal stability and will not be considered here [14].

In this study, we assumed that the presence of at least one run of ‘CCC’ motif (N=1) may allow the
formation of a 3 consecutive GC bps with a neighboring G4 track, possibly interfering with G4 folding. To
search for these motifs, we did not use G4Hunter, as it tends to exclude sequences having blocs of
consecutive C [15-17] which contribute negatively to the G4Hunter score [18]. As a consequence, the

majority of PQS containing C-runs are disfavored by G4Hunter. We therefore used the GSE133379



database, which is a comprehensive listing of PQS motifs in the human genome (hg19) [19], and includes
four validated types of G4s: i) the most classical G4s: three or more G-tetrads with short loops (1-7 nt) [13];
ii) G4s with long loops (8-15 nt) [20]; iii)) G-stems with bulges [21]; and iv) Guanine-vacancy-bearing G4s
[22]. Compared to the first human PQS dataset reported in 2005 [13], many more PQS (1,506,353) have
been included in GSE133379 (Table S1), and the average PQS frequency is 0.48 per 1000 bps in the whole
genome. It is worth noting that about 10% of these PQS contain at least one run of three-continuous-cytosine,
and more than half of them are located in functional regions of the genome. Particularly, 44.2% of ‘CCC’-
containing (N=1) PQS are located in introns and exons, implying the significance to study the structure of
C-rich PQS in RNA (Figure S1). Then, we further increased the stringency of our PQS search to N=2,

and found over 11,000 PQS which meet this requirement.

3.2 Primary structures of G C-rich sequences in different Na* / K buffers

Having established that a number of PQS motifs containing one more runs of cytosines are present in the
genome, we wanted to investigate how they could affect G4 formation. Several cytosine-containing G4
structures have already been characterized (e.g., VEGF d[CG4CG3;CCTTG3CG4T], PDB: 2M27), implying
that the presence of a few cytosines does not affect G4 formation and stability. We therefore considered
motifs having longer runs (3 or more) of cytosines in the loops. To do so, we started with a well-known
human minisatellite CEB25wt G4 structure involving a long (9 nucleotides) central loop (PDB: 2LPW),
allowing us to introduce multiple bases substitutions in this region. With this in mind, we mutated the
sequence by replacing loop bases with cytosines; the first mutation contains one run of the ‘CCC’ motif.
SE-HPLC was first used to confirm the molecularity of CEB25wt and each mutation. Strong single peaks
corresponding to a retention time of around 18 min were recorded, in agreement with the formation of
intramolecular structures in potassium and sodium buffers (Figure S2). UV-melting profiles and CD

spectra were used to determine structure formation and 7, values of CEB25 (wt) and its mutated variants.

As shown in Figure 1a, CEBwt (N = 0) mainly formed a G4 structure in all bufters, and 7, of G4s increased
with potassium concentration. CEBm2 (N = 1.33) predominately formed hairpins in low potassium

concentration buffers (B1 and B2), while a G4 specific signature in the melting curves could be observed



in buffers containing 25 mM (B3) or higher potassium concentrations (Figure 1b). Since the melting
profiles of CEBm2 in B3 (as well as CEBm3 in B4) were ambiguous, TDS were recorded to track the G4
formation of CEBm2 and m3 in these buffers. As shown in Figure S3, the negative peak at 295 nm
evidenced the formation of G4 structures [23]. For the sequences with a high number of cytosines (N = 4
for CEBm7) duplexes predominated in all buffers with very similar melting temperatures (Figure 1c¢). The
UV melting profiles of other sequences are shown in Figure S4, and the predominant conformation and 7,

are gathered in Table 2.
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Figure 1. Normalized UV-melting curves of 5 uM (a) CEBwt, (b) CEBm2 and (c) CEBm7 in different buffers.
Heating runs were performed between 10 °C and 95 °C; the temperature was increased by 0.2 °C per
minute, and the absorbance was recorded at 260 and 295 nm. For each condition, the curve shown in bold
(either corresponding to absorbance at 295 nm or 260 nm) was used to calculate the T,



Table 2 Ty, (°C) of CEB series DNA strands in different buffers *

Acronym Bl B2 B3 B4 B5 B6 B7 B8 B9
Na" (mM) 140 135 125 115 100 80 70 20 0
K'(mM) 0 5 15 25 40 60 70 120 140
CEBwt 45.2 60.5 68.4 70.5 74.3 75.94 77.9 80.9 82.3
CEBmOA  38.9 57.2 65.3 67.6 71.1 73.2 75.6 78.6 79.1
CEBmOT  44.5 59.5 67.8 69.0 72.8 74.8 77.9 79.8 81.7
CEBml 45.8 60.5 68.5 70.8 74.1 76.2 77.6 80.9 82.3
CEBm?2 64.2 65.1 G4° 69.1 73.3 75.2 77.2 80.5 81.1
CEBm3 69.5 70.8 70.5 G4° 73.1 74.7 77.1 80.2 80.9
CEBm4 71.5 71.5 71.4 71.0 73.6 74.1 76.9 80.8 81.4
CEBm5 72.2 72.5 72.7 71.2 72.1 71.8 71.5 70.1 70.1
CEBm6 71.9 72.0 71.9 71.9 71.9 70.9 71.0 69.3 69.3
CEBm7 81.7  81.1 81.1 81.7 80.9 80.3 81.5 81.5 81.5

4 Bold red values correspond to quadruplex 7, values calculated from UV melting profiles at 295 nm, while
numbers in purple / italics correspond to hairpin duplex melting, calculated from UV melting profiles
recorded at 260 nm.

b G4 structures were evidenced by the negative peak at 295 nm on the TDS spectra, but a precise 7}, could

not be determined.

Under all buffer conditions (B1 to B9), the predominant conformation adopted by CEBwt and CEBm1 was
found to be a G4 structure. In contrast, the structure of the mutated sequences 2 - 4 depends on the specific
buffer employed. In a low potassium concentration buffer (B1 - B4, [K'] lower than 40 mM), CEBm1
(N = 1) predominantly adopts a G4 structure, even in a buffer that does not containing potassium (B1), but
traces of a hairpin could be evidenced by the absorbance profile at 260 nm (Figure S4c¢). For the sequences
with an increased number of cytosines, higher concentrations of potassium are required to observe G4
folding. CEBm4, characterized by N = 2, requires 40 mM potassium to fold into a G4 structure. Mutations
2 - 4 mainly fold into G4s at high potassium concentration (B5 - B9, [K'] higher than or equal to 40 mM).
Interestingly, under conditions where the quadruplex is the predominant fold (sequences CEB25wt to
CEBm4 in buffers BS to B9), its 7, is nearly independent on the number of cytosines in the loops, and we

found no significant difference in 7,, among the different mutated sequences. This observation illustrates



that cytosines are not detrimental per se to G4 formation and that 7, depends on buffer composition rather

than in C content, as expected for a G-quadruplex.

Loop composition is an element contributing to G4 folding. In a 1 nt propeller G4 loop, substitution of a
nucleotide with a single adenine reduces G4 melting by 6 - 8 °C; differently, loops composed by cytosine,
thymine and guanine showed similar Ty, [24, 25]. To confirm that central loop base substitutions did not
strongly influence G4 intrinsic stability (besides altering G4-hairpin competition), especially in low
potassium concentration conditions, we replaced some of the bases in the loops by adenines (CEBmOA)
and thymines (CEBmOT). 7T of CEBmOT is very similar to the one of CEBwt, while CEBmOA shows
lower thermal stability as compared to CEBwt and CEBmOT, in agreement with the literature [24, 25]. In
the mutated C-rich sequences, we replaced one by one the bases present in the central loop by cytosines,
and observed that 7, was not affected by loop base substitution. There is currently little information in the
literature to explain how base composition in a long loop influences stability of a G4. The small variation
in G4 T, may be associated to the low fraction of adenines present in the central loop (2 adenines in the 9
nt loop [26]). Our results suggested that cytosine substitutions in the central loop of CEBwt barely influence

G4 thermal stability, but increase the proportion of hairpins.

CD spectra were recorded to confirm structures and G4 topologies. CEBwt formed a parallel G4 in all
buffers (Figure 2a). CEBmOA and CEBmOT also showed unambiguous G4 patterns in UV-melting
experiments, and CD spectra evidenced that they form parallel G4 structures (Figure 2b & ¢). In contrast,
CD spectra of mutated sequences CEBm1- m4 exhibited specific peaks in low potassium concentration
buffers (B1 - B4), implying conformation conversion: CEBm1 in B1 showed a positive peak at 240 nm,
which shifted to 242 nm in buffers containing higher [K'] (Figure 2d). CEBm2 and CEBm3 shifted the
positive peak from 257 nm to 263 nm and 260 nm to 264 nm, respectively, at higher [K'] (Figure 2e & f).
A 2 nm bathochromic shift was also observed for CEBm4 at higher [K'] buffer. Of note, CEBm3 and
CEBm4 exhibited dichroic positive signals from 280 nm to 295 nm in low [K'] buffer; the intensity of the

latter decreases gradually with increasing [K'], and could not be observed in high [K'] buffers (Figure 2f



& g). These long wavelength maxima may be associated to the formation of GC bps [27, 28], confirming

hairpin-G4 K'/Na" dependent conversion.

Previous studies reported that metal ions may lead to G4 topology change. For example, pwl7
d(G3TAG;CGsTTGs) folds into an antiparallel G4 in a buffer containing 5 to 70 mM [Na']; however, the
addition of less than 10 mM K" buffer can switch the topology from antiparallel to parallel [29]. The human
telomeric G4 d[AGGG(TTAGGG)s] folds into an antiparallel G4 in 90 mM Na" (PDB: 143D) and into
hybrid or parallel G4 in 50 mM K" (PDB: 1KF1). Loop composition may also lead to topology switching.
L2T4 d(G3TGsT+G3TGs) forms an antiparallel G4 in 100 mM Na", while L2A4 d(G3TG3A4GsTGs) folds
into a parallel G4 in the same buffer [30]. In contrast, in this work, CD analysis (Figure 2) demonstrates
that whenever a quadruplex is formed by any of the wt or mutant sequences, it remains parallel,
independently of the potassium / sodium ratio. Therefore, the mutations of the loop sequence did not affect
G4 topology, as the 1-nt loops impose a chain-reversal character for two of the three loops, severely

restricting topological versatility.
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Figure 2. CD spectra of 5 uM CEBwt and its mutated versions in different buffers at 25 °C. Arrows
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When N increased to 3 or higher, CEBm5 - m7 predominately formed duplexes under all ionic conditions.
In contrast to G4 structures, their 7,, was not affected by changes in [K'] / [Na'] ratio, but depended on the
expected number of base pairs formed with each specific sequence. Both CEBm5 and mé6 allow the
formation of up to 9 GC base pairs, but with a different organization of loops and dangling-ends: CEBm5
is expect to adopt a hairpin structure with a relatively small central loop and a 6 mer dangling-end (Figure
S5a). In contrast, CEBm6 forms a bilaterally symmetrical hairpin with a longer loop (Figure S5b). Previous
study have shown that the presence of dangling-ends minimally affect hairpin stability [31], while loop size
is an important element affecting hairpin stability. Generally speaking, a 4 nt loop is optimal for hairpin
formation in 100 mM [Na'], and the stability of the hairpin decreases for longer loops [32], as larger loops
are expected to have weaker intraloop hydrophobic interactions [32] and stem-loop interactions [33]. In our
work, no significant difference in thermal stability was found between CEBmS5 and m6, perhaps because of

specificities in loop composition [34].

UV-melting results suggest that three ‘CCC’ motifs are enough to convert G4s to hairpins in all buffers, no
matter their specific hairpin conformations. We then replaced the CEBm6 loop bases by cytosines,
increasing N to 4. Unsurprisingly, CEBm7 prefers to form a hairpin. Compared to CEBmS5 and m6, with a

T 10 °C higher than CEBmS5 and m6, as expected: as G-C bp are more stable than A-T bp.

3.3 CEBm4 as a prototypal example of a Hairpin / Quadruplex switch depending on buffer conditions

UV-melting and CD spectra suggested that the structure of CEBm4 depends on the potassium / sodium
ratio: m4 mainly forms a hairpin in low [K'] conditions and a G4 structure in high [K"] buffers. To confirm
this potassium / sodium dependent structural transition, we performed proton NMR analysis of CEBm4 in
three different buffers. Figure 3 unambiguously confirms that CEBm4 exclusively adopts a hairpin
structure in B1 buffer: the imino proton resonances in the region of 12.0 - 14.0 ppm are contributed by the
Watson-Crick base pairs [35, 36], implying the formation of hairpin structures. The peaks present in the
10.5 - 12.0 ppm region in '"H NMR spectra are a distinctive feature of G-tetrad formation, therefore, in B9

conditions the resonance of CEBm4 evidenced a highly predominant G4 fold. The imino proton resonances



in B7 showed peaks in both 12.0 - 14.0 ppm and 10.5 - 12.0 ppm regions, suggesting the co-existence of

hairpin and G4 structures.

HAIRPIN GQ

B9

e B

14.0 13.0 12.0 1.0  ppm

Figure 3. 'H NMR spectra (imino region) of CEBm4 under different ionic conditions (B1: 140 mM Na* / 0
mM K", B7: 70 mM Na" /70 mM K*; B9: 0 mM Na" / 140 mM K*) in 10 mM LiCacO buffer, pH = 7.2.

B1 and B9 buffers are close to extra- and intra-cellular ionic conditions, respectively. We used the
peroxidase-like G4-DNAzyme activity assay to confirm the conformation transition of m4. Since the
G4/hemin complex can catalyze the oxidation of ABTS* [37] in the presence of H,O,, formation of a G4
structure could be evidenced by the accumulation of the chromogenic oxidation product ABTS™, which has
specific absorbance properties. As shown in Figure 4, CEBwt showed good catalytic property under nearly
all buffer conditions. In contrast, CEBm7 was completely unable to catalyze the oxidation reaction of
ABTS?* even in B9 buffer, implying that m7 was fully folded into a duplex in all buffer conditions, in
agreement with UV-melting results. CEBm4 is not able to catalyze the oxidation of ABTS* in the absence
of potassium (B1), since ABTS™ absorbance at 420 nm is close to the one of CEBm?7. Differently, the
catalytic efficiency of the DNAzyme increased in B2-B4 buffers to reach levels comparable to CEBwt in

B7-B9 buffers containing high [K '], implying that quadruplexes may be partially or predominantly formed



under these conditions. Hence, the DNAzyme activity confirms that the structure of CEBm4 can be

converted from hairpin to quadruplex by changing the potassium / sodium ratio.

= CEBwt
e CEBm4
104 Ao CEBm7
[ ]
£ 0.8 ' .t ' = 4. ’
[
S :
Y 06 o °
3 o
(O] [ ]
(&)
& 0.4 ¢
o)
o)
(7]
e}
<024
[ ]
0.0 A A A A A % A A A

B1 B2 B3 B4 B5 B6 B7 B8 B9

Figure 4. Absorbance at 420 nm resulting from H>O>-dependent oxidation of ABTS” to ABTS" by three
different sequences (CEBwt, CEBm4 and CEBm?7) in B1-B9 buffers.

N-methyl mesoporphyrin IX (NMM) is a parallel G4-specific fluorescence dye. In the presence of CEBm4,
the fluorescence of NMM does not change significantly in B1 as compared to the negative control (CEBm?7),
suggesting that CEBm4 is barely forming a G4 in these conditions. Conversely, the fluorescence signal
raised in B2 buffer and this increase is even more pronounced in B3-B9 buffers containing higher [K'],
implying that quadruplexes exist under these conditions (Figure S6).

The evidence shown in § 3.3 demonstrated that the structures of CEBm4 in B1 and B9 are completely
different: CEBm4 mainly folded into a hairpin in B1 and in a quadruplex in B9. Additionally, DNAzyme
activity and NMM staining results suggest that quadruplexes may be partially folded in low potassium
concentration buffer (B2-B4), while G4 structure traces in these potassium-deficient environments could
not be followed by UV-melting (Figure S4e). There are two possible reasons explaining these discrepancies:
i) UV absorbance at 295 nm may be too weak to be followed, as the preferred conformation of CEBm4 in

potassium-deficient buffers is a hairpin, rather than a quadruplex; #) Both hemin and NMM are G4 ligands,



they may induce to forming G4 structure and ‘rise up’ G4 proportion. In another word, G4 ligands may

shift the hairpin/G4 equilibrium toward quadruplex.

4. Discussion and conclusion

The T of the CEB sequences measured in different buffers revealed that the presence of cytosines in G4
loops does not decrease G4s stability, but rather increases the probability of forming a competing structure,
either an intramolecular hairpin or a duplex. In detail, the presence of three continuous cytosines in the
central loop barely influences G4 formation under all potassium / sodium conditions tested. With an
increasing number of cytosines, the duplex starts to be the predominant structure under low potassium
concentrations (0 - 40 mM), while G4 folding still occurs in the presence of sufficient potassium ion
concentration (40 - 140 mM). The T values of these G4 structures only depend on the specific
potassium / sodium ratio, rather than on the specific cytosine-content of the mutated sequences. When the
number of ‘CCC’ runs further increases to three, the CEB mutated sequence predominately folds into a
duplex under all ionic conditions. Differently, 7, values of duplexes are barely affected by changes in
[K']/[Na'] ratios and only depend on the primary sequence (GC content). These properties are summarized

in the three schematic phase diagrams shown in Figure 5.

(a) (b) ()

(few cytosines) (many cytosines)
CEBwt CEBm1 CEBmM2 CEBmM5
CEBmOA CEBmOT CEBmM3 CEBm4 CEBm6 CEBm7

Single strand Single strand

Single strand

Temperature
Temperature
Temperature

Na* K* Na* K* Na* K*

Sodium / potassium balance

Figure 5. Phase diagrams showing the predominant species (single-strand, hairpin or G4) as a function of

temperature and sodium / potassium ratio. 3 situations were encountered: (a) Very few cytosines are



present in the primary sequence, and the quadruplex always predominates at lower temperatures; T
depends on K= concentration. (b) Intermediate case, in which the presence of a limited number of CCC
runs allows the hairpin to predominate at low temperature and low potassium concentration, while a G4 is
formed once a certain K* concentration threshold is reached (exact threshold being sequence-dependent).
(c) C-rich sequences do not adopt a quadruplex fold, no matter the concentration of potassium: the hairpin
predominates at low temperature; its Ty, depends on exact sequence but is independent on K" concentration.
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Table S1. Numbers of POS found in human genome (hgl9) (Database: GSE133379 [1])

Chromosome Nos of PQS  PQS per kbp  Nos of ‘CCC’

Frequency of

Nos of two ‘CCC’s

contained PQS  ‘CCC’ in PQS contained PQS

Chr 1 134804 0.54 13779 0.10 1068
Chr 2 110685 0.46 10124 0.09 671
Chr 3 79202 0.40 6412 0.08 424
Chr 4 60491 0.32 5138 0.08 357
Chr 5 70948 0.39 5924 0.08 391
Chr 6 68177 0.40 5358 0.08 369
Chr 7 78345 0.49 7823 0.10 597
Chr 8 64136 0.44 5977 0.09 447
Chr 9 69477 0.49 7659 0.11 627
Chr 10 71686 0.53 7336 0.10 561
Chr 11 81053 0.60 8566 0.11 675
Chr 12 64896 0.48 6131 0.09 565
Chr 13 32452 0.28 2737 0.08 244
Chr 14 46353 0.43 4687 0.10 346
Chr 15 49090 0.48 4953 0.10 309
Chr 16 65359 0.72 7996 0.12 708
Chr 17 74609 0.92 8919 0.12 682
Chr 18 30684 0.39 2669 0.09 199
Chr 19 75540 1.28 10294 0.14 902
Chr 20 46930 0.74 5162 0.11 440
Chr 21 19109 0.40 2381 0.12 226
Chr 22 43195 0.84 5930 0.14 461
Chr X 59843 0.39 4384 0.07 289
ChrY 9289 0.16 781 0.08 48

Sum 1506353 - 151120 - 11606
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Figure S1. Genomic location and distribution of PQS containing a single ‘CCC’-motif.
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Chapter VI. General conclusion and perspectives

A major purpose of this thesis was to devise high-throughput methods for G4 characterization in vitro.
The Ty, of an intramolecular dual-labeled G4 structure (fluorophore - G4 sequence - quencher) can be
followed by FRET-melting. At low temperature, the fluorophore and the quencher located on two ends
of the G4 sequence are in close proximity, and the fluorescence is quenched. During melting, G4 unfolds
and the fluorophore and the quencher are sent far apart, and fluorescence is restored. FRET-melting
can also be used to study the interaction between G4s and ligands: if a ligand is able to stabilize a G4
higher T,, values are measured. Based on this assay, we first developed the FRET-MC assay: in this
experiment we challenged the binding of PhenDC3 to F21T by the presence of an unlabeled competitor.
As the probe G4 strand we used the dual-labeled (by a donor chromophore (FAM) and an acceptor
(TAMRA)) well-established F21T sequence. The interaction between F21T and PhenDC3 is challenged
only when the competitor forms a G4 structure, resulting in a drop in F21T T, value, from F21T-PhenDC3
to F21T-alone. Compared to traditional spectrometric methods, FRET-MC takes the advantage of the
classical FRET-melting: it can be performed in 96 microwell plates, which means it allows to analyze 48
competitors within 2 hours (one melting process). From a cost-analysis perspective, FRET-MC only needs
one labeled sequence (F21T), and the amount of F21T used for the assay is extremely low (0.2 uM x 25
uL per well). We validated the FRET-MC assay by using a training set of sequences, which includes more
than sixty known sequences. We measured the AT, of F21T in the presence of PhenDC3 and in the
absence or the presence of a competitor belonging to the training set. AT, were then normalized into
S Factor parameter to quantitate the competition effect, the empirical boundaries of G4 and non G4
competitors [247] were identified: {) S < 0.3: G4 competitor; ii) 0.3 < F < 0.6: unknown; iii) F > 0.6: non-
G4 competitor. FRET-MC has been used to validate several PQS, but it does not work well to characterize

G4s with weak thermal stability.

For this reason, we developed an alternative isothermal FRET assay compatible with weakly stable G4s.
Iso-FRET exploits two labeled RNA probe strands: one of them 37Q (37-quencher) can form a G4 thanks
to the binding of PhenDC3, and the second one F22 (FAM-22) is partially complementary to 37Q. To
this system an unlabeled competitor sequence is added. When the competitor is not a G4, PhenDC3
remains bound to 37Q and stabilizes its G4 structure, preventing the complex between 37Q and F22 to
form, allowing a high fluorescence signal of F22. On the contrary, an excess of a G4 competitor traps
PhenDC3, which is no longer available to bind to 37Q, which in turns allows this oligonucleotide to

hybridize to F22 resulting in fluorescence quenching.

RNA sequences were used in this assay. Labeled RNA sequences are expensive but, as mentioned for
FRET-MC, reaction volume and concentrations of the two probe strands are low (20 nM F22, 200 nM

37Q x 25 plL per well) meaning that only a tiny fraction of the synthesized nucleotides is used for each
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point. We tried to design an alternative DNA-based assay, but adjusting the relative stabilities of the
duplex and quadruplex turned out to be tricky, and results were not as accurate. For this reason, we
kept the original labeled RNA strands. Thousands of assays may be performed with a single RNA
chemically synthesized sequence. In addition to addressing the false negative problem associated to
FRET-MC of G4 competitors with poor thermal stability, iso-FRET can be performed at room temperature
(25 °C) and at physiological temperature (37 °C). Iso-FRET also simplifies data handling, and increases
the throughput from 96 to 384 samples per plate. Similar to FRET-MC, the accuracy of iso-FRET assay
was evidenced by the training set sequences; F value was defined to normalized the fluorescence
intensity at 25 °C and it was used to calculated the boundaries in a 95% prediction interval: i) F < 0.33:

G4 competitor; ii) 0.33 < F < 0.54: unknown; iif) F > 0.54: non-G4 competitor.

Iso-FRET is still not a perfect assay for G4 characterization, as a potential pitfall was identified. A G-rich
competitor showing high complementarity to F22 may form a competitor-F22 duplex, preventing
fluorescence quenching and resulting in false negative results, even if this competitor is prone to G4
formation. To solve the problem, we quantitated the complementarity between the competitor and F22
into the CF factor, which was calculated by a simple alignment. The CF factor is between 0 to 1, where 0
means no complementary between the competitor and F22, and 1 means the competitor is fully
complementary to F22. Our results show that the iso-FRET assay is able to characterize DNA competitors

with a CF factor lower than 0.86.

FRET-MC and iso-FRET are fast and reliable methods to characterize G4s in vitro. Both assays offer G4
characterization templates: PhenDC3 can be replaced by any other G4 topology-specific ligands, to get
topological information in batch. The FRET-MC buffer can be changed depending on specific application
requirements: for example, potassium in buffer could be replaced by sodium or other ions, and the
concentration is also allowed to change. It should be noted that T, of F21T at high potassium
concentration may be too high to be determined and it may influence the accuracy of the assay. Cation
strength in iso-FRET affects the competitive binding of the G4 ligands and the F22-37Q hybridization,
and it is not easy to adjust ion concentrations in the buffer. Thanks to the simplified process of the iso-
FRET, it is possible to combine the iso-FRET with programmed manipulator/robot, to increase the
throughput to ten thousand sequences per day. Although not tested, we believe that other elements,

such as the presence of crowding agents in the buffer, are compatible both with FRET-MC and iso-FRET.

G4 characterization is an interesting and broad topic and how to increase the throughput to validate
predicted PQS is still a question. G4 scoring algorithms can be used to exclude manifestly unlikely PQS
before wet experiments and reduce the workload in laboratory. G4Hunter is a great G4-predicting
algorithm which has been used to map and score PQS in several genomes. G4Hunter tends to exclude

sequences containing alternative runs of G and C (for example, (GGGCCC), gets a G4H score of 0).

We wanted to investigate whether the penalty imposed by G4Hunter to the presence of C in a given G-
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rich sequence was experimentally justified. Our bioinformatic results showed that about 10.0% of PQS
in the human genome (hg19) comprised at least three continuous cytosines, which triggered our interest
to study the effect produced by the presence of C-tracks in G-rich sequences. We determined that the
three-quartet G4 structure (CEB25) tolerates two “CCC" tracks in potassium / sodium mixed buffers
containing 40 mM or higher KCl concentration, implying that cytosine contained G4-forming sequences
can still adopt a G4 structure in the intracellular environment, and for potassium concentrations down
to 40 mM, although the G4Hunter score of CEBm4 is only 0.69. It therefore appears that the penalty
imposed by the central CCCTCCC run (-9 for each of the CCC motifs) is a bit excessive; later versions of
G4Hunter may be more accurate if we decrease the negative weight of cytosines. This will, however,
comes with a cost: the G4Hunter current version is perfectly “symmetrical”: if a strand has a score of +1,
its complementary strand gets -1. Any deviation from this will mean that two independent scores need

to be calculated for the two strands of a double-helix.

In any case, and whatever the quantitative extent of the penalty calculated for the presence of cytosines,
one should understand that this penalty is not introduced because of a detrimental effect of C on G4
stability: melting experiments of G4-forming sequences in different buffers revealed that cytosines in
G4 loops do not prevent decrease G4s thermal stability [253, 254]. This penalty rather reflects an
increased tendency of these sequences to adopt a competing hairpin formation. As bioinformatics
analysis indicates that the majority of cytosine-contained PQS located at pre-mRNAs, it will be
interesting to transpose our experiments on DNA sequences to RNA motifs, in order to determine if the

latter is more or less prone to hairpin / G4 competition.
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Appendix (articles not included in the main thesis manuscript)

G4 in Archaea. G-Quadruplexes in the Archaea Domain. Brazda V, Luo Y, Bartas M, Kaura P, Porubiakova

0, Stastny J, Pecinka P, Verga D, Da Cunha V, Takahashi TS, Forterre P, Myllykallio H, Fojta M, Mergny
JL. Biomolecules. 2020 Sep 21;10(9):1349. doi: 10.3390/biom10091349

Archaea constitute one of the three great domains of the tree of life. As G4 DNA has been found in
Bacteria and Eukarya, we assumed that G4 may also exist in Archaea. We first mapped PQS and studied
their distributions in several typical archaea [92]. PQS richness in Archaea groups was found to be
independent of evolutionary proximity. The location of PQS in archaeal genomes is not random:
generally, non-protein-coding RNAs (tRNA, rRNA, and other ncRNA) have a greater density of G4-prone
motifs than protein-coding genes. The PQS density in ncRNA is substantially above the average G4
density of the genome, while the mRNA PQS density is near to the average. Our work also illustrated
the difference in PQS distributions among archaea species, which triggered research interests on specific

archaeal PQS loci.

G4 in Helminths. G-quadruplexes in helminth parasites. Cantara A, Luo Y, Dobrovolna M, Bohalova N,

Fojta M, Verga D, Guittat L, Cucchiarini A, Savrimoutou S, Haberli C, Guillon J, Keiser J, Brazda V, Mergny
JL. Nucleic Acids Res. 2022 Mar 21;50(5):2719-2735. doi: 10.1093/nar/gkac129.

We also studied PQS in helminth parasites and experimentally confirmed quadruplex formation for
chosen motifs. We revealed that two G4 ligands (JG1057 and JG1352) had potent activity both against
larval and adult stages of Schistosoma mansoni [93]. The mechanisms of G4 ligands work as antiparasitic
drugs need to be further studied. These results therefore open new perspectives to develop therapeutic

strategies against helminth parasites based on G4-forming motifs in their genes.

G4 in Plants. The Newly Sequenced Genome of Pisum sativum Is Replete with Potential G-Quadruplex-
Forming Sequences-Implications for Evolution and Biological Regulation. Dobrovolna M, Bohéalova N,
Peska V, Wang J, Luo Y, Bartas M, Volna A, Mergny JL, Brdzda V. Int. J. Mol. Sci. 2022 Jul 30;23(15):8482.
doi: 10.3390/ijms23158482.

We analyzed quadruplex formation in candidate sequences from the green pea genome.

| mainly contributed in the G4 structure validation experiments in these works. Some traditional
spectroscopy-based characteristic techniques (differential UV spectra and CD spectra) and FRET-MC

were used to validate the G4 formation of representative PQS, identified by bioinformatic results.
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Abstract: The importance of unusual DNA structures in the regulation of basic cellular processes is
an emerging field of research. Amongst local non-B DNA structures, G-quadruplexes (G4s) have
gained in popularity during the last decade, and their presence and functional relevance at the DNA
and RNA level has been demonstrated in a number of viral, bacterial, and eukaryotic genomes,
including humans. Here, we performed the first systematic search of G4-forming sequences in all
archaeal genomes available in the NCBI database. In this article, we investigate the presence and
locations of G-quadruplex forming sequences using the G4Hunter algorithm. G-quadruplex-prone
sequences were identified in all archaeal species, with highly significant differences in frequency,
from 0.037 to 15.31 potential quadruplex sequences per kb. While G4 forming sequences were
extremely abundant in Hadesarchaea archeon (strikingly, more than 50% of the Hadesarchaea archaeon
isolate WYZ-LMOG6 genome is a potential part of a G4-motif), they were very rare in the Parvarchaeota
phylum. The presence of G-quadruplex forming sequences does not follow a random distribution
with an over-representation in non-coding RNA, suggesting possible roles for ncRNA regulation.
These data illustrate the unique and non-random localization of G-quadruplexes in Archaea.

Keywords: G4-forming motif; genome analysis; Archaea; unusual nucleic acid structures;
sequence prediction

1. Introduction

The Archaea domain was classified separately from Bacteria by Carl Woese and George Fox
in 1977 [1]. Later on, it was found that all major molecular machinery, such as DNA replication,
transcription, and translation, of archaea are much more similar to those of eukaryotes than to those of
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bacteria [2,3]. This is also true for some important membrane proteins, such as ATP synthases and
proteins of the Sec transport system [4,5], or for some proteins involved in cell division and vesicle
trafficking [6]. Thus, the archaeal domain occupies a key position in the Tree of Life, and there is
currently a hot debate about their exact relationships with eukaryotes [7,8]. A schematic phylogenic
tree for the Archaea domain is proposed in Figure 1; this phylogeny is rapidly evolving with many
new phyla recently identified via the accumulation of metagenome associated genomes (MAGs) and
various new proposals for phylum definition and nomenclature [9,10]. The first detected archaea were
isolated in harsh environments but later found in almost every environment, including the human
microbiota, where they play important roles in the gut, mouth, and on the skin [11,12]. It has been
hypothesized that archaea found in oceans are one of the most abundant groups of organisms on the
planet with important roles both in the carbon and the nitrogen cycle [13]. The Archaea domain has
several unique features, such as ether-linked lipids, while eukaryotes and most of the bacteria have
ester-linked lipids [14]. Moreover, the stereochemistry of archaeal lipids has the opposite configuration
as compare to the ones of eukaryotic and bacterial origin. Interestingly, methanogenesis, the production
of greenhouse methane gas as a metabolic by-product, occurs only in the archaeal domain [15,16].
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Figure 1. A schematic phylogenic tree for Archaea. This unrooted evolutionary tree of Archaea is based
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on the schematic tree of Forterre (2015) [17] updated according to recent phylogenetic analyses [9,18].
BAT stands for Bathyarchaeota, Aigarchaeota, and Thaumarchaeota. DPANN is an acronym based
on the first five groups discovered: Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota,
and Nanohaloarchaeota. The term BAT superphylum has been proposed by Gaia et al. in 2018 [19], and the
terms Eury and Cren superphyla are suggested here. The terms Cren superphylum is suggested here
because the phyla Crenarchaeota, Verstratearchaeota Marsarchaeota, Nezaarchaeota, and Geothermarchaeota
form a consensus monophyletic clade in all archaeal phylogeny. We included Korarchaeota in this
superphylum because they often branch as sister groups of the above phyla in archaeal phylogenies,
although the fast evolutionary rate made their positioning sometimes difficult. We suggested in parallel
the term Eury superphylum because Euryarchaeota includes very diverse groups of cultivated and
uncultivated Archaea which are difficult to the group in a single phylum, especially considering that
phyla, such as Verstratearchaeota Marsarchaeota, or Nezaarchaeota only contain few uncultivated species
only defined by a few metagenome associated genomes (MAGs). Names in bold letters correspond to
subgroups that include cultivated species; names in thin letters correspond to subgroups that include
only MAGs.

G-quadruplex structures (G4) formed by guanine rich sequences are among the most intensively
studied local DNA/RNA structures [20]. G4s are formed by G:G Hoogsteen base pairing in a guanine
quartet, and their formation requires the presence of stabilizing cations, such as potassium [21]
(Figure 2). In both bacteria and eukaryotes, G4 formation regulates various processes, including
gene expression [22], protein translation [23], and proteolysis [24]. G4 have been identified in
a number of pathogens, including viruses, eukaryotes (e.g., Plasmodium falciparum) [25,26] or
prokaryotes (e.g., Neissseria gonorrhoeae [27], and Mycobacterium tuberculosis) [28,29]. Moreover,
many G4-binding proteins are conserved in all organisms highlighting the importance of the G4
structure regulations [30], and novel G4 binding proteins have been identified, sharing the NIQI
amino acid motif (RGRGRRGGGSGGSGGRGRG) [31]. Specific helicases have been identified both
in eukaryotes and bacteria to unfold these structures, which can be extremely stable and would
be problematic for the transcription or replication of G-rich motifs (e.g., the Pifl or RecQ family
helicases) [32]. Recently, G4Hunter was successfully used for the prediction of G-quadruplex-forming
sequences in all complete bacterial genomes [33]. These results showed that G-quadruplex-forming
sequences are present in all species with the highest frequencies in some extremophiles. In contrast to
RNA, there is no correlation between genomic DNA GC% in Archaea (and in Bacteria) and the optimal
growth temperature. This is likely because DNA in vivo is topologically closed, and topologically
closed DNA is stable at least up to 107 °C [34]. We therefore cannot anticipate a higher density of
G4-prone motifs in thermophiles, due to a GC-bias. A comparison with Extremophiles in bacteria
is interesting [35]. Ding et al. hypothesized that stress-resistant bacteria found in the Deinococcales
may utilize putative quadruplex sequences (PQS) for gene regulatory purposes. An enrichment in
prokaryote PQS has been found in thermophilic organisms [33] but also in organisms with resistance
to other stress factors, such as radiation [36,37]; thus, a direct correlation between temperature and G4
presence is not supported by these findings. In addition, while bacteria in the Deinococcus-Thermus
group are the most abundant for PQS, it is striking that the mostly thermophilic and hyperthermophilic
bacteria in the Thermotogae phylum have one of the lowest PQS frequencies. Correlation among
thermophiles and G4s, therefore, depends on the phylum (Gram-negative vs. Gram-positive bacteria).

Due to the roles of G4s in the regulation of basic cellular processes, it is important to identify
their location in genomes. Several algorithms are available to predict G-quadruplex-forming
sequences [38-41]. Among them, the G4Hunter application was developed to provide quantitative
analyses giving a propensity score as an output [41], and the G4Hunter web tool allows effective and
fast analyses of PQS in large datasets [42].



Biomolecules 2020, 10, 1349 4 of 23

Stacking

—

G-quartet G-quadruplex

Figure 2. A G-quartet involves four coplanar guanines establishing a cyclic array of H-bonds (left).
Stacking of two or more (three in this example) quartets leads to the formation of a G-quadruplex
structure (right), stabilized by cations, such as potassium (not shown).

The prokaryotic genetic material is generally stored in circular chromosomes and plasmids [43].
The presence of quadruplex-prone motifs in over a hundred of bacterial genomes was determined over a
decade ago [44]. In bacterial genomes, PQS are located non-randomly with a higher relative abundance
in non-coding RNA (ncRNA), mRNA, and regions around tRNA and regulatory sequences. PQS also
play roles in nitrate assimilation in Paracoccus denitrificans [45]. PQS in the hsdS, recD, and pmrA genes
of Streptococcus pneumoniae contributes to host-pathogen interactions [46]. Such observations show the
significant role of G4 in bacteria. The importance of another local DNA structure, the cruciform formed
by inverted repeats, has been shown as an important regulatory feature of eukaryotic cell organelles,
such as chloroplasts and mitochondria with circular DNA genomes [47,48]. Overall, the role of G4s in
bacteria [27,49] and eukaryotes [50] is increasingly recognized.

In contrast, little is currently known regarding the abundancy and location of PQS in the archaeal
domain. Ding et al. performed an initial search on bacterial and archaeal genomes using a modified
Quadparser algorithm with relaxed parameters allowing long loops (up to 12 nucleotides) [35].
They found that thermophilic microorganisms (both archaea and bacteria) appear to favor PQS in their
genomes. Dhapola et al. created the Quadbase2 web server, in which G4 motifs found in a variety
of organisms, including archaea, may be searched but did not analyze G4 propensity in archaea [51].
Because G4s play many important biological roles in bacterial and eukaryotic cells, we assume that
G4s are also likely to have important functions in archaea. Therefore, we comprehensively analyzed
the presence and locations of PQS in all sequenced archaeal genomes by G4Hunter [41,42]. These data
provide the first study analyzing the presence of G4-prone sequences in this important domain of life.

2. Materials and Methods

2.1. Selection of the DNA Sequences

The set of all archaeal genomic DNA sequences was downloaded from the Genome database of
the National Center for Biotechnology Information [52]. We have used for our analyses all accessible
archaeal genomes, including contig and scaffold sequences (3387 genomes), and we have selected
one representative genome for each species (Supplementary Table S1). For PQS analyses of features,
we restricted our analysis to the subset of 140 completely assembled genomes. In total, we have
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analyzed the presence of G4 forming sequences in 3387 genomes from the archaeal Domain representing
a total of 6423 Mbps.

2.2. Process of Analysis

We used the computational core of our DNA analyzer software written in Java programming
language [53]. For our analyses, we used a new G4Hunter algorithm implementation [42].
Default parameters for G4Hunter were set to “25” for window size and 1.2 or above for the G4H score
(G4HS). PQS score was grouped to the five intervals: 1.2-1.4, 1.4-1.6, 1.6-1.8,1.8-2.0, and 2.0 and more.
Overall results for each species group contained a list of species with size of its genomic DNA sequence
and number of putative G4 sequences found ( Supplementary Table S2A); for clarity, the results for
Groups and Subgroups are in separate files ( Supplementary Table S2B,C). These data were processed
by python jupyter using pandas with statistical tools [54]. Graphs were generated from the pandas
tables using the “seaborn” graphical library. Note that the distinction between overlapping or discrete
(non-overlapping) G4 motifs may create issues in the way potential motifs are counted. For this reason,
we also provide a % PQS factor, which corresponds to the probability that any given nucleotide in the
group or subgroup belongs to a G4-prone region (G4H > 1.2).

The default window value for G4Hunter has been discussed and tested in previous publications [41].
The value is chosen here (25 nt) corresponds more or less to the size of a typical intramolecular
quadruplex. We considered shorter windows (20 nt) in previous studies. However, we noticed
that for low thresholds (<1.2), a single GGGGGG run would give a hit; while intermolecular G4
formation is indeed possible with this motif, we hypothesized that intramolecular structures would be
more relevant.

A slightly longer window (e.g., 30 nucleotides) further contributes to eliminating such motifs,
but at the cost of significantly decreasing the number of hits (by a factor of 2 to 3; see Table 1): This larger
window would, therefore, increase the number of false negatives, i.e., miss “real” intramolecular G4.
On the other hand, a much larger window (50-100 nt) would be interesting to identify “G4 clusters” in
which multiple tandem quadruplexes may be formed. We present the number of sequences found in
three different complete archaeal genomes using four different window sizes and a threshold of 1.2:

Table 1. A number of putative quadruplex sequences (PQS) were found using four different window
sizes in three complete archaeal genomes.

Number of G4 Sequences Found for a Window of:

Archaea (GC %) 25 nt 30 nt 50 nt 100 nt
Methanococcus maripaludis C7 (33.3%) 558 171 3 0
Cenarchaeum symbiosum A (57.3%) 6019 3197 324 5
Halobacterium salinarum NRC (65.9%) 4738 2313 262 4

As shown in Table 1, long G-rich prone regions, potentially supporting the formation of multiple
quadruplexes, are present, but far less frequent (by a factor of 19 to 186 for a window of 50 vs. 25)
than the classically defined G4Hunter motifs. In these three genomes, a large majority (95-99%) of the
G4-prone regions would only support the formation of a single individual quadruplex.

2.3. Analysis of Putative G4 Sequences Around Annotated NCBI Features

We downloaded feature tables from the NCBI database along with genomic DNA sequences.
Feature tables contain annotations of known features found in DNA sequences. We performed an
analysis of G4-prone sequences occurrence inside recorded features. Features were grouped by their
name stated in the feature table file (gene, rRNA, tRNA, ncRNA, and repeat region). From this analysis,
we obtained a file with feature names and numbers of putative G4 forming sequences found inside
and around features for each group of species analyzed. Search for putative G4 forming sequences
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took place inside feature boundaries; note that frequencies of inverted repeats in mitochondrial
DNA (mtDNA) [48], as well in the G4 prone sequences in bacteria [33], are distributed with different
frequencies in close proximity to specific features. Further processing was performed in Microsoft
Excel and the data are available as Supplementary Table S3.

2.4. Statistical Analysis

A cluster dendrogram of PQS characteristics was constructed in program R, version 3.6.3,
library poclust [55], to further reveal and graphically depict similarities between particular archaeal
subgroups. Mean, Min, Max, and % PQS values were used as input data (Supplementary Table S4).
The following parameters were used for analysis: Cluster method ‘ward.D2’, distance ‘Euclidean’,
number of bootstrap resampling was set to 10,000. Statistically significant clusters (based on AU values
(blue) above 95, equivalent to p-values less than 0.05) are highlighted by rectangles marked with broken
red lines. R code is provided in Supplementary Table S4). Statistical evaluations of differences in G4
forming sequences presence in various phylogenetic groups were made by a Kruskal-Wallis test with
a Bonferroni adjustment in STATISTICA, with p-value cut-off 0.05; data are available in Supplementary
Table S5.

2.5. Quadruplex Formation In Vitro

Representative examples of the candidate sequences identified by G4Hunter were experimentally
tested for G4 formation using different techniques: Isothermal difference spectra (IDS) and Circular
dichroism (CD as described previously [41]).

2.5.1. Samples

Oligonucleotides were purchased from Eurogentec, Belgium, as dried samples purified by RP
cartridge purification. Stock solutions were prepared at 250 pM strand concentration in ddH;O.

2.5.2. Experimental Conditions

Most experiments were performed in a 10 mM Lithium Cacodylate pH 7.1 buffer supplemented
with 100 mM KCl (since Hadesarchaea has not been cultivated, it is impossible to know their intracellular
potassium concentration. However, this is in the range of intracellular potassium concentration for
other archaea, such as Thermococcales).

2.5.3. Isothermal Spectra

2.5 uM oligonucleotide solutions were prepared in 10 mM Lithium Cacodylate buffer at pH
7.1. The solutions were kept at 95 °C for 5 min and slowly cooled to room temperature and kept
at 4 °C overnight. Absorbance spectra were recorded on a Cary 300 (Agilent Technologies, France)
spectrophotometer at 37 °C (scan range: 500-200 nm; scan rate: 600 nm/min; automatic baseline
correction). After recording these first series of spectra (unfolded as no potassium was present)
1 M KCI (100 uL) was added to the samples, and UV-absorbance spectra were recorded after 15 min
equilibration, and corrected for dilution. Each IDS corresponds to the arithmetic difference between
the initial (unfolded) and final (folded, corrected for dilution) spectra.

2.5.4. Circular Dichroism

2.5 uM oligonucleotide solutions were prepared in 10 mM lithium cacodylate buffer at pH 7.1
supplemented with 100 mM KCl. The solutions were kept at 95 °C for 5 min and slowly cooled to
room temperature and kept at 4 °C overnight. CD spectra were recorded on a JASCO J-1500 (France)
spectropolarimeter at room temperature or at 80 °C, using a scan range of 400-210 nm, a scan rate of
200 nm/min, and averaging four accumulations (Supplementary Figure S1).
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2.6. G-Quadruplex Binding Proteins Prediction

For G-quadruplex binding proteins prediction, based on previously published G-quadruplex
binding motif (RGRGRGRGGGSGGSGGRGRG) [31], the BLASTp algorithm was used [56]. The target
organisms were limited to the Archaea domain (NCBI taxid ID: 2157). E-value cut-off was set to 0.05. For
similarity search of RecQ helicase from Escherichia coli (UNIPROT ID: P15043), BLASTp algorithm [56]
was used with an E-value cut-off of 0.0001 and the same restriction to the Archaea domain, as above.
BLASTp analyses are enclosed in Supplementary Table S6. FIMO search [57,58] for G-quadruplex
binding motif (RGRGRGRGGGSGGSGGRGRG) [31] in Methanosarcina mazei complete proteome was
carried out on a set of 15722 known protein sequences downloaded from NCBI, with g-value (p-value
corrected for multiple testing by Benjamini and Hochberg method) cut-off of 0.05 (Supplementary
Table S7). The most similar protein of RecQ helicase from Escherichia coli (UNIPROT ID: P15043) in
Hadesarchaea archaeon isolate WYZ-LMOG6 was searched using tBLASTn [59], and the resulting best hit
was translated using Expasy Translate Tool [60,61] and functional domain were visualized using NCBI
CDD [62] (Supplementary Table S8).

3. Results

3.1. Prediction of G4 Forming Sequences in Archaea

We analyzed the occurrence of putative G4 sequences (PQS) with G4Hunter in 3387 archaeal
genomes. The length of sequenced archaeal genomes in our dataset varied from 100 kbps to 13.4 Mbps
(list provided in Supplementary Table S1). The average GC content was 46.51%, with a minimum
of 24.30% for Nanobsidianus stetteri isolate SCGC AB-777 (Nanoarchaeota) and a maximum of 70.95%
for Halobacteriales archaeon SW_7_71_33 (phylum Euryarchaeota). Using standard parameters for the
G4Hunter search algorithm (window size of 25 and G4HS > 1.2) we found 4,470,813 PQS in these
3387 archaeal genomes using a default threshold of 1.2. The higher the G4HS score is, the higher the
stability of the structure. Over 90% and 98% of sequences with a score above 1.2 or 1.5, respectively,
were experimentally demonstrated to form a stable quadruplex in vitro [41]. Figure 3A provides an
example of G-rich motifs found in archaea with G4HS between 1.32 and 3.0. As expected from previous
analyses on eukaryotes and bacteria, most (97%) PQS have a relatively low (1.2 to 1.4) G4Hunter
score. More stable motifs are rarer, with a sharp decrease in the number of retrieved sequences with
scores above 1.4, as shown in Table 2. Only 132 PQS with a G4Hunter score of 2 or more were found.
A summary of all PQS found in ranges of G4Hunter score intervals and precomputed PQS frequencies
per 1000 bp is provided in Table 2.

Table 2. Number of PQS found and their frequencies per 1000 bp in all 3387 archaeal genomes, grouped
by G4Hunter score (1.2-1.4 means any sequence with a score between 1.2 and 1.399; 1.4 between 1.4
and 1.599, etc.).

G4HS Number of PQS in Dataset Fraction of All PQS PQS Frequency Per kbp

1.2-1.4 4,344,917 0.9718 1.19
1.4-16 119,233 0.0267 1.8 x 1072
1.6-1.8 6357 0.00142 9.9x 1074
1.8-2.0 174 0.0000389 25%107°
>2.0 132 0.0000295 22x107°

Total 4,470,813 1
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Figure 3. Examples of sequences with different G-quadruplexes (G4) Hunter scores (G4HS) and
distribution of PQS according to threshold category. (A) Examples of archaea 25-nt long sequences
(corresponding to the window size chosen for the analysis) for which G4Hunter scores are provided
within parentheses. Isolated guanines are shown in red, all other guanines in bold red characters.
Longer archaea motifs with high G4H scores are provided in Table 3. (B) Distribution of G4-prone
motifs according to the G4Hunter score. 1.2 means any sequence with a score between 1.2 and 1.399;
1.4 between 1.4 and 1.599, etc. These numbers are normalized by the total number of PQS found in
bacteria, archaea, and compared with Homo sapiens. The first category represents 97.9% and 97.2% of all
PQS sequences in bacteria and archaea, respectively. Note the log scale on the Y-axis.

Table 3. Genomic sequences sizes, GC%, total count of PQS, and mean frequencies of quadruplex motifs.
Seq (total number of sequences), Median (median length of sequences), Short. (shortest sequence),
Long. (longest sequence), GC % (average GC content), PQS (total number of predicted PQS), Mean f
(mean frequency of predicted PQS per 1000 bp), Min f (lowest frequency of predicted PQS per 1000
bp), Max f (highest frequency of predicted PQS per 1000 bp). %PQS corresponds to the probability
that any given nucleotide in the group or subgroup belongs to a G4-prone region (G4H > 1.2). Colors
correspond to phylogenetic tree depiction.

Kingdom Seq. Median Short Long GC% PQS Mean f Minf  Maxf % PQS
Archeae 3387 1,686,930 100,212 13,399,915 46.51 7,927,775 1.21 0.04 15.31 3.58
Superphylum Seq. Median  Short Long GC% PQS Mean f Minf Maxf  %PQS
BAT 320 1,180,629 164,795 3,506,105 43.07 421,678 1.16 0.05 8.42 3.49
Cren 379 1,808,184 210,860 6,451,204 43.05 1,009,660 1.56 0.09 9.44 4.75
Asgard 71 2,322,715 291,515 5,684,038 38.75 74,647 047 0.12 1.50 1.39
DPANN 309 832,169 100,212 6,604,953  39.22 219,058  0.70 0.08 4.20 2.18
Eury 2308 1,826,841 137,797 13,399,915 48.77 6,202,732 1.25 0.04 15.31 3.68
Phylum Seq. Median  Short Long GC% PQS Mean f Minf Maxf  %PQS
Bathyarchaeota 128 1,208,976.5 200,493 3,506,105 46.29 245,162 1.54 0.23 8.42 3.00
Thaumarchaeota 192 1,173909.5 164,795 3,441,569 40.93 176,516  0.91 0.05 5.32 273
Thermoproteales 147 1,581,744 242,587 3,969,448 45.86 513,053 2.07 0.11 7.38 6.31
Sulfolobales 118 2,223,757.5 210,860 3,034,024 38.20 200,842 0.79 0.34 4.58 2.38
Desulfurococcales 29 1,580,347 807,477 2,148,448 46.99 99,211 2.29 0.40 6.37 6.95

Verstraetearchaeota 18 1,171,913.5 419,172 1,937,662 46.76 40,586  1.83 0.10 3.43 5.50

8 of 23
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Table 3. Cont.
Marsarchaeota 15 1915630 351,358 3731392 4672 52,853 1.64 047 2.94 5.01
Geothermarchaeota 6 1,183,1455 803,797 1,671,866 4272 16582  2.15 0.96 7.03 6.65
Nezhaarchaeota 2 13321405 1,315707 1,348574 4353 2016 076 0.75 0.77 227
Korarchaeota 18 1,542,873 834209 2942065 4839 68434 263 1.05 9.44 7.95
gﬁiiiiﬁ;ﬁta 27 1,203,892 301,027 6451204 3701 19,361 044 0.09 149 1.29
Lokiarchaeota 29 1,892,624 320,847 5143417 3277 25479 041 021 1.50 1.24
Odinarchaeota 1 1,460,710 1,460,710 1460710 3805 1038 071 071 071 2.16
Thorarchaeota 29 2770204 291515 4,389,059 4655 40,006  0.60 0.24 118 1.76
Heimdallarchaeota 12 2,167,091 432,340 5684038 3442 8124 027 0.12 0.50 0.82
Aenigmarchaeota 35 751,672 248,182 1410470 3933 17,990 0.71 0.11 3.78 2.12
Nanohaloarchaeota 17 815,638 565,289 1,480,846 44.53 8672 0.48 0.09 1.82 1.50
Woesearchaeota 72 966,7945 518295 2944567 4077 57,833  0.66 0.08 3.92 1.96
Pacearchaeota 60 719507 279432 6604953 3374 37,675 056 0.08 2.99 1.73
Nanoarchaeota 25 577,110 204,081 1,162,239 32.83 9940  0.59 0.13 420 1.70
Micrarchaeota 39 887931 658716 1,333,875 5041 42,298 117 0.15 2.86 347
Diapherotrites 19 568419 302,064 1,130,899 3742 6077 049 0.11 2.33 1.46
Unclassified DPANN 40 8580435 100212 3,188,023 3557 33846  0.67 0.15 2.39 2.04
Hadesarchaeota 12 857,575 451,393 1241441 5377 56,369  4.61 1.26 1531 1455
Persephonarchaeota 33 637942 137,797 1412535 44.06 34905 149 0.59 2.36 449
Thermococcales 60 1,867,9045 207,909 2,388,527 4677 191492 1.72 047 7.53 5.15
Theinoarchaeota 2 4165806 3550548 4,772,064 4157 5480  0.66 0.65 0.67 1.94
Methanofastidiosa 9% 992,372 156,656 13,399,915 4071 141,192 0.83 0.08 3.64 254
Methanococcales 24 1717483 1,207,361 1936387 3201 15065  0.39 0.20 0.86 119
Methanobacteriales 224 2,001,036 1,157,521 3,466,370 33.62 175,191 0.39 0.04 2.32 1.14
Methanopyrales 3 1430309 1,421,621 1,694969 5894 10,798 2.34 1.97 3.00 6.84
Methanomassilicoccales 91 1404109 640223 2641216 5622 257,340 1.85 0.22 441 5.38
Thermoplasmatales 135 1621237 593453 2816557 4271 246832 1.13 0.11 7.03 3.42
Acidoprofondum/DHV2-2 11 1,731,076 519420 2,981,805 4055 16,609 121 0.29 412 3.59
Archaeoglobales 53 1,901,943 478535 3408041 4298 117470 1.22 0.57 3.29 3.66
Methanosarcinales 279 2,913,215 208,261 5,751,492 44.99 845,394 1.19 0.15 7.52 3.54
Methanomicrobiales 146 22089675 622,799 3978804 5497 783,172 238 0.23 7.20 7.07
Methanocellales 5 2,957,635 1465272 3243770 5096 16,825 121 041 1.88 351
Halobacteriales 440 3585981 397,623 5605381 6395 2,271,600 1.56 0.08 425 450
ggcff:;i‘;’:ea 97 1,460,542 233,168 2,294,894 4738 136,115 1.03 0.18 255 3.02
Unclassified other 597 1,400,198 258312 7416915 46.88 862,962 1.02 0.07 5.16 3.00

The comparison of G4 prone sequences found in archaea with bacteria genomes revealed that
in both domains, frequencies sharply decreased with G4HS as compared to the human genome,
in which highly stable G4s are relatively more frequent (see Figure 3B). This result indicates an overall
stronger relative selection pressure against stable G4 motifs in both archaea and bacteria as compared
to humans, and likely most eukaryotes, as the relative number of G4Hunter high scoring motifs is even
higher in yeast [63]. Guo and Bartel suggested that eukaryotes have robust machinery that globally
unfolds RNA G-quadruplexes, whereas some bacteria have instead undergone evolutionary depletion
of G-quadruplex-forming sequences [64]. Our analysis suggests that archaea behave like bacteria,
except for the slight difference found for the most stable motifs (G4HS >2), which were less selected
against in archaea than in bacteria.
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3.2. Variation in Frequency for G4 Forming Sequences in Archaea

The total number of analyzed sequences in particular phylogenetic categories, together with
a median length of the genome, shortest genome, longest genome, mean, minimal, and maximal
observed frequency PQS per kbp, and total PQS counts are shown in Table 3. For this analysis, Archaea
have been divided into five superphyla that form monophyletic assemblages (clades) in the most
recent phylogenetic analysis and 41 subgroups that correspond to different taxonomic ranks (suffix
aeota for phylum, candidate phylum, suffix ales for orders). Seven subgroups have an average GC
content above 50%, the highest GC content being observed in Halobacteriales (63.95%), which is also the
archaeal group containing the highest number of available genome sequences—440), all other groups
have average GC contents below 50%.

The mean frequency of PQS per kbp for all archaeal genomes was 1.207. The lowest mean
frequency was for the Heimdallarchaeota (0.273), followed by Methanococcales and Methanobacteriales
(0.39). The highest density of PQS was found in the Hadesarchaea subgroup (4.607), followed by
Korarchaeota (2.626). The highest absolute frequency of PQS was found in Hadesarchaea archaeon isolate
WYZ-LMOG6 with 15.3 PQS per 1000bp (i.e., one quadruplex every 65 bp), and the lowest frequency
was found in Methanobrevibacter sp. 87.7: Interestingly, only 71 PQS were found in its 1.92 Mb
long genome (Supplementary Table S2A). Detailed statistical characteristics for PQS frequencies
per kbp (including mean, variance, outliers) are depicted in boxplots for all inspected subgroups
(Figure 4). The Hadesarchaea subgroup has a higher PQS frequency in comparison to other subgroups.
The comparison of the five main superphyla BAT, Cren, Asgard, Eury, and DPANN (Diapherotrites,
Parvarchaeota, Aenigmarchaeota, Nanoarchaeota, and Nanohaloarchaeota) (Figure 1) revealed the highest
mean PQS frequency in Cren superphylum (1.15) and the lowest in Asgard superphylum (0.48).
However, the Hadesarchaea subgroup, which exhibits the highest frequency among subgroups, is
found in the Eury superphylum. The detailed data for superphyla are in Supplementary Table S2B,
for subgroups in Supplementary Table S2C.

Distribution of PQS in Archaeal subgroups
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Figure 4. Frequencies of PQS in subgroups of analyzed archaeal genomes. Data within boxes span the
interquartile range, and whiskers show the lowest and highest values within 1.5 interquartile range.
Black points denote outliers. Horizontal black lines inside boxplots are median values.
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A cluster dendrogram shows the similarities among subgroups based on the PQS data (Figure 5).
This dendrogram shows that the Hadesarchaeota subgroup is the most distant one (the shortest
branch length) compare to other subgroups. The cluster dendrogram based on PQS characteristics
is similar to the phylogenetic relationships (see Figure 1). For example, all of the Asgard subgroups
(Odinarchaeota, Heimdallarchaeota, Thorarchaeota, and Lokiarchaeota) lie close together, in one bigger
cluster (Figure 5, left part). Other examples are the Woesearchaeota, Aenigmarchaeota, and Nanoarchaeota
subgroups, which are members of the DPANN superphylum, and lie adjacent to each other in
PQS based cluster tree. On the other hand, all of the subgroups with the prefix “-thermo”,
indicative of high-temperature environments, are clustered together (Thermoplasmatales, Thermococcales,
Thermoproteales, and Geothermarchaeota). These subgroups are relatively PQS rich, butlack phylogenetical
proximity, suggesting that PQS richness does not rely on evolutionary proximity.

Cluster dendrogram of PQS characteristics in Archaea
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Figure 5. Cluster dendrogram of PQS characteristics of archaeal subgroups. Cluster dendrogram of
PQS characteristics (Supplementary Table S4) was made in R v. 3.6.3 (code provided in Supplementary
Table 54) using pvclust package with these parameters: Cluster method ‘ward.D2’, distance ‘euclidean’,
number of bootstrap resamplings was 10,000. AU values are in blue and indicate the statistical
significance of particular branching (values above 95 are equivalent to p-values lesser than 0.05).
Statistically significant clusters are highlighted by red dashed rectangles.

We then analyzed the relationship between overall % GC content and PQS frequency (Figure 6).
PQS frequencies tend to correlate with GC content as G4-prone motifs need to be relatively G-rich;
however, there are interesting exceptions to this rule, and this correlation is poorer than anticipated.
Ding et al. already noticed that Methanomicrobia and Thermococci have greater densities of PQS than the
theoretical values based on the GC % of their genomes [35]. Organisms with higher than expected PQS
frequencies based on their GC content (over 50% of the maximal observed PQS frequency, Figure 6)
are highlighted in color; the whole figure is separated into smaller segments according to inspected
G4Hunter score intervals. The most extreme outlier is Hadesarchaea archaeon, for which 51% of its
genome has a G4Hunter score above 1.2, despite a GC content of 54%, i.e., only modestly above
the 46.5% average for all sequences tested here, and far below the most GC rich archaea genomes.
Cherry-picked examples of G-rich motifs with high G4 Hunter scores (G4HS) in Hadesarchaea archaeon
are provided in Table 4. We have also carried out additional statistical evaluation of PQS differences
between all groups and subgroups; detailed results are found in Supplementary Table S5. Nearly
all comparisons were significant, i.e., there are significant differences between PQS frequencies of
particular groups and subgroups.
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Figure 6. Relationship between the observed frequency of PQS per 1000 bp and GC content. Different

G4Hunter score intervals are considered. In each G4Hunter score interval miniplot, frequencies were

normalized according to the highest observed frequency of PQS. Organisms with max. frequency per
1000 bp greater than 50% are described and highlighted in color.

Table 4. Long G4-prone motifs with high G4HS found in Hadesarchea archeon.

Name Sequences (5’ to 3') G4 Hunter Score IDS CD

038_K AGGCTGGGGGTGAGGGCGGTGGTGGGGAAGGGAGGGGTGGGGGAGAAAACGAAGGGGGT 2.07 G4  Parallel
086_K TGGGGAGGAGGGGAGGGGAGGTGGGCTGGGGGGGGCT 2.57 G4  Parallel
174 K AGGGTGAGGGAGGAGGTGCTGGGGGGAAGGGAGGTGGGGGAGGGGGAGGTGGAGGGGCTGGTGAGGGA 2.07 G4  Parallel
175_K AGGGGAGGAGGGTGGCCGTGGTGGGGGCGGGGGGAGGGGCGGGGGTGGGGGGGCCTGGGGGGA 2.54 G4  Parallel
176_K AGGAGGAGGGTGAGGGACCAGGGGAGGAGGGAGGGGAGGGGGGGAAGGAGGAGGGAGAGGAGGAGGGA 1.93 G4  Parallel
178_ K TGGTGGGGGCGGGGGGAGGGGCGGGGGTGGGGGGGCCTGGGGGGA 2.89 G4  Parallel
195_K AGGGGAGGAGGGTGGCCGTGGTGGGGGCGGGGGGAGGGGCGGGGGTGGCCTCCACGGA 1.91 G4  Parallel
196_K AGGGGAGGAGGGAGGGGAGGGGGGGAAGGAGGAGGGAGAGGAGGAGGGA 222 G4  Parallel
245 K GGGGTCGTCGGGGGGGAGAGCTGGGGAGGAGGGGAGGGGAGGTGGGCTGGGGGGGGCTGGGGAGGGAGGAGGTGAGGGG 2.33 G4  Parallel
640_K AGGGAGGTGGGGGAGGGGGAGGTGGAGGGGCT 2.38 G4  Parallel
642_K TGGTGGGGGCGGGGGGAGGGGCGGGGGT 2.93 G4 Hybrid*
643_K AGGCTGGGGGTGAGGGCGGTGGTGGGGAAGGGAGGGGTGGGGGAGAAAACGAAGGGGGT 2.07 G4  Parallel
644_K AGGGCGGTGGTGGGGAAGGGAGGGGTGGGGGA 241 G4  Parallel
645_K GGCGGGGGGGGAGTCCTTCATCCTGGGGTAGGGG 1.74 G4  Parallel

* Sequence 642_K adopts a hybrid structure at room temperature, which is converted to a parallel conformation at
high temperatures.

Figure 7 shows the relationship between GC percentage and mean PQS frequencies (or mean
percentage of PQS length of the genome) in particular archaeal subgroups. Overall, we found some
correlation (although far from perfect, as shown by R? = 0.7) between mean PQS frequencies (expressed
as the mean fraction of nucleotides of the genomes involved a PQS motif) and increasing GC % content.
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The highest mean percentage of PQS length of the genomes was found in subgroup Hadesarchaea,
in which more than 10% of their genomes are involved in a potential PQS.
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Figure 7. Relationship between GC percentage and % of PQS in genomes of particular archaeal
subgroups. The Fitted equation with the R? coefficient is depicted on the top side of the plot.

3.3. Localization of PQS in Genomes

7

To evaluate the position of PQS in archaeal genomes, we downloaded the described “features”
of all archaeal genomes and analyzed the presence of all PQS in annotated sequences (Figure 8).
Overall, we find a higher density of G4-prone motifs in non-protein coding RNAs (tRNA, rRNA,
and other ncRNA) than in protein-coding genes. G4 density in ncRNA is clearly above average
genomic G4 density, while mRNA G4 density is close to the genomic average. This may derive in
part from the observation that rRNA and tRNA genes are especially GC-rich in hyperthermophilic
archaea, in order to stabilize folding under harsh conditions [65]. On the other hand, we can probably
expect a stronger selection pressure against the formation of intramolecular quadruplexes within the
relatively small tRNA core, as this would disrupt its three-dimensional shape and alter its biological
function. In line with this hypothesis, the PQS frequencies are actually lower in tRNA than in ncRNA
and rRNA [66]. Interestingly, the 5" end of some human tRNA genes is often G-rich and has been
reported to allow G4 formation: Ivanov and colleagues have shown that mature cytoplasmic tRINAs
are cleaved during stress response to produce tRNA fragments that function to repress translation
in vivo and that these bioactive tRNA fragments assemble into intermolecular RNA G4s [67]. The 5
fragment of tRNAA involves a predominant hairpin structure that starts with the 5-GGGGGU motif,
allowing the formation of tetramolecular quadruplex structures with five tetrad layers. Interestingly,
tRNA-derived fragments have also been described in archaea. For example, a 26-residue-long fragment
(5" GGGUUGGUGGUCUAGUCUGGUUAUGA) originating from the 5 part of valine tRNA is the
most abundant tRNA fragment in Haloferax volcanii [68]. This fragment, while exhibiting a relatively
G-rich 5 end (starting with GGGUUGG), may, in principle, allow intermolecular quadruplex formation
as well.
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Figure 8. Differences in PQS frequency by DNA locus. The chart shows PQS frequencies normalized
per 1000 bp annotated locations from the NCBI database and shows a comparison between Archaea
and Bacteria. Archaea G4-prone motifs are strongly over-represented in ncRNA and rRNA compared
to the average G4 density in Archaea (mean f = 1.207), but also compared to bacteria. PQS count is
provided in Supplementary Table S3 Excel file.

Unfortunately, other features in archaeal genomes are so poorly annotated that we cannot use these
data for evaluation. Comparison of PQS frequencies in annotated sequences with analyses of Bacteria
shows the same trend for ncRNA, rRNA, protein-coding gene, and tRNA features. In contrast, the
frequency in bacteria for ncRNA is 1.7 per kbp, and the frequency in archaea for ncRNA is 5.3 per kbp.
On the other hand, the PQS frequency in repeat regions is lower in archaea than in the bacteria genome.
We have to take into account that the data could be influenced by poor annotation in archaea genomes,
and also by a low number of annotated sequences in Archaea; only 141 representative archaeal genomes
are annotated, compared to 1627 representative bacteria annotated genomes. The strong abundance
of the PQS in ncRNA compare to other locations pointing to its functional relevance. ncRNAs are
present in the cells as single-stranded molecules in contrast to DNA, and therefore, they can easily
adopt the G4 structures as a part of their 3D arrangement similarly to mRNAs [69,70]. It has been
shown that ncRNAs play important roles in many cellular processes, including the regulation of gene
transcription, post-transcriptional, and epigenetic regulations [71,72].

Other specific regions, such as replication origins or promoter regions, were not included in
this graph. The oriC 10.0 database (http://tubic.org/doric/public/index.php) contains 226 archaeal
origins of replication obtained by both in vitro studies and in silico predictions ([73]), prediction and
experimental data are available for the Thermococcales [74,75], the Haloarchaea, and the Sulfolobales [76].
Archaeal replicators, as in bacteria, are composed of three main elements: A cluster of binding sites for
the initiator Cdc6, the DNA unwinding element (DUE), and binding sites for regulatory proteins [75].
Interestingly, it was found in several Haloarchaea species that a specific (TGGGGGGG) motif occurs in
one of the two origins of replication (oriC1) [77]. This long G-rich motif was shown to be necessary for
efficient replication initiation in Haloarcula hispanica [78,79] and predicted to be prone to inter-molecular
quadruplex formation.

3.4. Experimental Demonstration of Quadruplex Formation In Vitro

Next, we selected a few DNA G4-prone motifs found in Hadesarchaea and experimentally tested
if they formed a G4 structure under classical conditions. As inferred from isothermal difference
spectra (IDS) (Figure 9a) and circular dichroism (CD) spectra (Figure 9b), all motifs clearly formed
G-quadruplexes at room temperature. However, as these motifs are found in an archeon expected to live
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at a high temperature, we also recorded the spectra at 80 °C. As shown in Figure 9¢, these quadruplexes
were thermally stable and still formed at high temperatures. Of note, most spectra are indicative of a
parallel fold. This bias is the result of a high threshold for G4Hunter (all motifs have scores > 1.7).
As a consequence, these motifs are very G-rich, with runs of G separated by short spacers, often 1-2 nt.
As short loops tend to be propeller-type, this sequence bias will favor a parallel conformation.
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Figure 9. Experimental evidence for quadruplex formation with archaea sequences. Isothermal
differential absorbance (IDS; panel A) and circular dichroism (CD; panels B and C) spectra of Hadesarchaea
archeon DNA sequences were recorded at 20 °C (panels A and B) or at a high temperature (80 °C) for
CD (panel C).

3.5. G4-Binding Proteins from Archaea

Given that G4-prone motifs are found in Archaea, and actually extremely abundant in some
subgroups, it was interesting to check if potential helicases are present to solve these structures.
A number of DNA and RNA G4-helicases have been identified in eukaryotes, e.g., Pifl, DOG,
Rhau/DHX36, WRN, BLM,; for a review [80]. Little or no experimental data is currently available on
archaea enzymes able to unfold G-quadruplexes. As RecQ has been reported to unfold G4 structures
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in bacteria, we searched for RecQQ homologs in Archaea. A BLASTp search using RecQ (UNIPROT
ID: P15043) from E. coli as a query revealed 1206 homologous protein sequences in a archaeal domain
with an E-value cut-off = 0.0001. A listing of all candidates identified is presented in supplementary
information (Supplementary Table S6). Five proteins have an identity with G-quadruplex RecQ
resolvase higher than 50%, and 312 proteins have more than 50% aa positives hits in the sequence,
suggesting that they share the G4 unfolding functionality in archaea genomes. Besides protein actively
unfolding G4 structures, other peptides may actually bind to single-strand G-rich sequences and
passively contribute to G4 unfolding by conformational selection. This is the case for a single-strand
binding protein isolated from Methanococcus jannaschii, which was used to design an assay to detect G4
formation [79]. Apart from proteins that actively or passively unfold quadruplexes, others may bind
to and sometimes promote G4 formation. The amino acid composition of 77 G-quadruplex binding
proteins from Homo sapiens revealed unique features of quadruplex binding proteins, with prominent
enrichment for glycine (G) and arginine I [31]. Human-binding proteins share a 20 amino acid long
motif/domain (RGRGR GRGGG SGGSG GRGRG), which is similar to the previously described RG-rich
domain of the FMR1 G-quadruplex binding protein. The search for this 20 amino acid-long motif in
archaea proteome found 23 hits/potential G-quadruplex binding proteins with an E-value threshold of
0.05; the identity was found, e.g., for RNA DEAD box helicase or for two 30S ribosomal proteins S4
(Supplementary Table S6, list 2). We searched protein sequences in the proteome of the mesophylic
archaeon Methanosarcina mazei (for which the largest amount of proteins is known) for the presence
of this motif. For highly significant p values (p < 107°), we found four proteins with a potential
quadruplex-binding motif (Supplementary Table S7), while significantly more (193) hits were found
for p-values < 1 X 107. Three of them are without any known function (DUF134 domain-containing
protein, PGF-pre-PGF domain-containing protein, and DUF5320 domain-containing protein). Even if
the full proteome of Hadesarchaea archaeon is not known, it is interesting to note that this RG-domain
is present in a number of putative proteins. In addition, while a true RecQ homolog was not found,
one Hadesarchaea archaon 600aa-polypeptide has a good similarity with RecQ in its N-terminal half
(Supplementary Table S8). The presence of the NIQI motif in the “DNA-directed RNA polymerase
subunit” is also interesting and possibly logical, given the necessity of unraveling G-quadruplexes
during transcription. The presence in archaeal genomes of potential G4-binding and G4-unfolding
proteins supports the formation of quadruplex structures in archaeal cells.

4. Discussion

We provide here the first comprehensive study of PQS occurrences, frequencies, and distributions
in archaeal genomes. The overall analysis made on global frequency hides extreme differences between
species and subgroups, which can be explained by differences in GC content and possibly codon usage.

At one end of the G4 spectrum, some subgroups of archaea, such as Parvarchaeota or
Heimdallarchaeota, have very low PQS frequencies, and PQS cover 1% or less of their genomes.
In sharp contrast, we found an unprecedented enrichment of PQS for some subgroups, often living
under extreme conditions. For example, over 50% of the genome of Hadesarchaea archaeon may
potentially adopt a quadruplex fold. This Hadesarchaea is living under extreme conditions, as it was
found in South African gold mines 3 km underground, without light and oxygen (Hades is the Greek
god of the underworld). Following this analysis, we used the BioSample NCBI database [78] to
compare the living environment of the archaea organisms with the highest PQS frequencies. Data for
all genomes with PQS frequency above 6 per kbp are shown in Table 5. A majority of organisms with
extremely high PQS frequencies are found in hot springs sediments or in deep-sea hydrothermal vent
sediments, and this high PQS frequency may be associated with their extremophilic life, although more
work will be necessary to compare G4 density in acidophilic, thermophilic, halophilic and psychrophilic
organisms. For example, in bacteria, in the Gram-positive subgroup Deinococcus-Thermus, a high PQS
frequency was associated with their extremophilic origin [35,81], while the gram-negative extremophilic
bacteria subgroup Thermotogae are among organisms with a low PQS frequency [33]. We suggest



Biomolecules 2020, 10, 1349 17 of 23

that the high stability of G4 structures compare to dsDNA structure could play important roles in
archaea and Gram-positive extremophiles organisms. We then experimentally confirmed G4 formation
with a few archaea sequences to confirm that our in silico predictions are verified: All predicted
experimentally tested formed stable G-quadruplexes in vitro. This absence of false positives is hardly
surprising given that we chose high scoring motifs. From our published [41] and unpublished data on
now over 500 sequences, false positives for sequences with scores above 1.5 are extremely rare (<1.5%),
and we have yet to find a false positive with a score > 1.75. Some of the sequences considered were
long and may even allow the formation of two juxtaposed G4 structures. In a few cases, we can even
propose a topology, as for example, TGGTGGGGGCGGGGGGAGGGGCGGGGGT (642K), in which the
predicted guanine tracks (underlined) may either be: TGGTGGGGGCGGGGGGAGGGGCGGGGGT
or TGGTGGGGGCGGGGGGAGGGGCGGGGGT, and different folds may result from these
possibilities (the latter would be likely parallel, as experimentally observed at 80 °C, while the
former may adopt a non-parallel fold, as observed at room temperature). Note, however, that G4
hunter does not make any hypothesis on the G tracts involved in G4 formation, in contrast with
Quadparser, for example, where one actively seeks the four runs of G involved in G-quartet formation.
G4 formation is (still) full of surprises, and correctly predicting which runs (or individual guanines)
participate in G-quartet formation is far from trivial and requires extensive experimental validation.

The extreme enrichment found in some archaea challenges our existing views on “noncanonical”
DNA structures to which G-quadruplexes belong, as it is plausible that a substantial part of the
Hadesarchaea genome may be packed into G-quadruplex structures. The complementary C-rich strand
may also fold into a different quadruplex structure called the i-motif [82] that is favored by acidic pH.
Further studies will be dedicated to i-DNA formation in Archaea.

Table 5. Detailed characteristics of archaeal species with PQS frequency per 1000 bp greater than 6.00.
Living environments data were obtained from the BioSample NCBI database [83].

Living Environment

Organism Name GCContent PQSf % PQS (Isolated from)
H”desar%‘z?’lz‘fﬁ\’;‘g%” isolate 65.01 15310 5115  Hot springs sediment, Yellowstone NP, USA
Hadesm%”;;?{%%i” isolate 56.17 9.685 31.10 Hot springs sediment, Jinze hot spring, China
Hadesar;%\t]tz\e{azt_zﬁcl\f/l[tlce)(;n isolate 56.04 9.581 30.69 Hot springs sediment, Jinze hot spring, China
formdurduonisoie o ous o Depselydrbend e i
Bathyarchaeota archaeon B23 61.78 8.418 26.12 Deep-sea hydrothermal vent sediments,

Guaymas Basin, Gulf of California, Mexico

Bathyarchaeota archaeon Deep-sea hydrothermal vent sediments,

isolate M10_bin139 5842 7.858 24.55 Guaymas Basin, Gulf of California, Mexico
Thermococcus celer JCM 8558 57.21 7534 2452 Solfataric marine water hole on a beach of
Vulcano, Italy
Methanosaeta harundinacea .
isolate UBA152 62.01 7.518 23.12 Waste water, Suncor tailings pond 6, Canada
Bathyarchaeota archaeon Deep-sea hydrothermal vent sediments,
isolate B23_G15 57.67 7.397 22.90 Guaymas Basin, Gulf of California, Mexico
Thermocladium modestius Mud from a spring pool, Noji-onsen,
JCM 10088 53.14 7381 2559 Fukushima, Japan
Methanoculleus chikugoensis 62.36 7.198 22.90 Paddy field soil, Chikugo, Fukuoka, Japan

JCM 10825
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Table 5. Cont.

Living Environment

Organism Name GC Content PQSf %PQS (Isolated from)
Methanosaeta harundinacea
isolate UBA281 61.14 7.089 21.80 Wastewater, North Alberta, Canada
Geothermarchaeota archaeon Deep-sea hydrothermal vent sediments,
ex4572_27 60.54 7.032 22.01 Guaymas Basin, Gulf of California, Mexico
Thermoplasmata archaeon Hypersaline soda lake sediment, Kulunda
isolate CSSed11_322R1 61.82 7.028 22.57 Steppe, Russia
Methanosarcinales archaeon s .
Methan_02 60.8 6.738 20.67 Anaerobic digester metagenome, Australia
isolated from an upflow anaerobic sludge
Methanosaeta harundinacea 60.6 6.721 20.66 blanket reactor treejltmg ”b.eer-ma'nufacture
6Ac wastewater in Beijing, China.
(ref PMID:16403877)
Thermoplasmatales archaeon Deep-sea hydrothermal vent sediments,
ex4484_36 54.25 6.673 2115 Guaymas Basin, Gulf of California, Mexico
Aeropyrum camini SY1 = JCM Deep-sea hydrothermal vent chimney, the
12091 56.73 6370 19.72 Suiyo Seamount in the Izu-Bonin Arc, Japan
Bathyarchaeota archaeon Deep-sea hydrothermal vent sediments,
isolate B46_G17 6192 6.332 19.03 Guaymas Basin, Gulf of California, Mexico
Thermoplasmata archaeon Deep-sea hydrothermal vent sediments,
isolate B14_G15 53.83 6.327 20.11 Guaymas Basin, Gulf of California, Mexico
Thermoplasmata archaeon Deep-sea hydrothermal vent sediments,
isolate B23_G1 53.66 6.240 19.72 Guaymas Basin, Gulf of California, Mexico
Pyrobaculum neutrophilunt 59.91 6233 1952 isolated from a hot spring in Iceland
V24Sta
Thermoplasmata archaeon Deep-sea hydrothermal vent sediments,
isolate B23_G9 5298 6.164 19.65 Guaymas Basin, Gulf of California, Mexico

Hadesarchaea archaeon isolates WYZ-LMO4, WYZ-LMOS5, WYZ-LMO6 are archaeal species isolated
from hydrothermal spring sediments. Besides high temperatures, often above 50 °C, these ecological
niches usually have high salinity. Interestingly, most G-quadruplexes withstand high temperatures
(their melting point is often above 70 °C) and are further stabilized by positively charged ions such a K*
and Na™ [84,85]. Such conditions may have naturally favored G-quadruplexes over duplexes. It also
highlights one of the consequences of a high GC %: G4-prone motifs become more frequent (Figure 5).
In addition, all hyperthermophilic organism genomes encode a reverse gyrase, which positively
supercoil DNA, possibly to protect the genome [86]. In future studies, it would be very interesting to
carry out a genome-wide wet-lab experiment, for example, direct DNA sequencing of G-quadruplex
loci as described in [87,88] or direct visualization of G-quadruplexes in living cells using specific
antibodies, such as BG4 [89].

5. Conclusions

Overall, our results indicate that archaea are, like eukaryotes and bacteria, prone to G-quadruplex
formation: G-quadruplexes are here, there, and everywhere! Important differences in G4 densities were
found among species, and experimental validation was obtained in vitro for a few candidate sequences.
Follow-up studies may check if specific archaeal PQS loci—for example, in important genes, show some
phylogenetic conservation. If confirmed, this could serve as a new (additional) phylogenetic marker
and give us some extended clues about the evolution and function of G-quadruplex forming sequences
in Archaea. This study will stimulate further studies on G4 presence in Archaea, and help to establish
whether some regulatory mechanisms may only apply to a given domain or be truly universal.
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ABSTRACT

Parasitic helminths infecting humans are highly
prevalent infecting ~2 billion people worldwide,
causing inflammatory responses, malnutrition and
anemia that are the primary cause of morbidity. In
addition, helminth infections of cattle have a signifi-
cant economic impact on livestock production, milk
yield and fertility. The etiological agents of helminth
infections are mainly Nematodes (roundworms) and
Platyhelminths (flatworms). G-quadruplexes (G4) are
unusual nucleic acid structures formed by G-rich
sequences that can be recognized by specific G4
ligands. Here we used the G4Hunter Web Tool to
identify and compare potential G4 sequences (PQS)
in the nuclear and mitochondrial genomes of var-
ious helminths to identify G4 ligand targets. PQS
are nonrandomly distributed in these genomes and
often located in the proximity of genes. Unexpect-
edly, a Nematode, Ascaris lumbricoides, was found
to be highly enriched in stable PQS. This species
can tolerate high-stability G4 structures, which are
not counter selected at all, in stark contrast to most
other species. We experimentally confirmed G4 for-
mation for sequences found in four different parasitic
helminths. Small molecules able to selectively recog-
nize G4 were found to bind to Schistosoma mansoni
G4 motifs. Two of these ligands demonstrated po-

tent activity both against larval and adult stages of
this parasite.

INTRODUCTION

Helminth infections caused by parasitic Nematodes (round-
worms) and Platyhelminths (flatworms) are among the
most prevalent afflictions for people living in poor areas of
the world with over a quarter of the total human population
affected worldwide (1,2). Parasitic worm infections cause
anemia, malnutrition, allergies, bloody diarrhea, bowel
cramps and inflammation associated with colonic polypo-
sis (3) and increased susceptibility to HIV and progression
to AIDS, resulting in many obstructive pathologies (3,4).
In addition, severe anemia in pregnancy is associated with
neonatal prematurity and reduced birthweight (3,5). Cat-
tle infections have a significant economic impact on live-
stock production due to a reduction in growth, milk yield
and fertility (6). Recent estimates suggest that Ascaris lum-
bricoides infects over a billion, Trichuris trichiura 795 mil-
lion (7), and Strongyloides stercoralis 30—100 million peo-
ple (8). Hookworms such as Necator americanus and Ancy-
lostoma duodenale cause hookworm diseases, which are as-
sociated with blood loss and anemia. Schistosomiasis is the
third most reported global tropical disease caused by trema-
tode flukes of the genus Schistosoma (9). The three most
common species of parasitic trematodes of the family Schis-
tosomatidae are Schistosoma mansoni,Schistosoma japon-
icum and Schistosoma haematobium (1,9). The greatest
numbers of S. mansoni infections occur in Sub-Saharan
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Africa, the Middle East, the Caribbean, Brazil, Venezuela
and Suriname. S. japonicum is localized to Asia, primarily
the Philippines, Indonesia, and China. S. haematobium is
highly prevalent in Sub-Saharan Africa, the Middle East,
and was recently reported in Corsica (France) (2). Schisto-
somiasis is estimated to affect ~200 million people world-
wide (10). Few treatments are available to fight worm in-
fections. In addition, widespread use of drugs such as ben-
zimidazoles selects for drug-resistant parasite strains (11),
and reduced praziquantel efficacy leads to low egg reduc-
tion rates (12). The recent sequencing of the genome of
helminths (e.g. S. mansoni, S. japonicum and S. haemato-
bium (13-15) offers new opportunities to identify novel tar-
gets in key genes of the parasites.

Identifying potential G4-forming sequences (PQS) in key
genes associated with the infectivity of parasitic worms
should allow the prediction of new druggable targets for
G4 ligands. G4 are noncanonical nucleic acid secondary
structures (16) formed by G-rich sequences that are built
of stacked tetrads (also called ‘G-quartets’) constituted of
four Hoogsteen hydrogen-bonded guanine bases. They can
display a wide variety of topologies, resulting from various
possible combinations of DNA/RNA strand directions, as
well as variations in loop size and molecularity (17). G4
are further stabilized by the presence of monovalent cations
such as potassium or sodium, which are abundant in cells
(18). G4 can be found throughout a variety of genomes
(19), and are overrepresented in the promoter regions of
genes, especially regulatory genes involved in cell prolifer-
ation or survival (20,21) as well as in regions which regulate
important biological processes (22) including immune re-
sponse, transcriptional activation, DNA damage repair (23)
and telomere maintenance (24), as shown mostly in mam-
malian cells. The interest in the therapeutic potential of gene
promoters containing G4 has resulted in a rapidly increas-
ing number of studies during the past decade in which small
molecules have been used to act as G4 stabilizers, with re-
ports of transcription inhibition in cell-based assays.

G4 structures have only been investigated in a few Platy-
helminths and Nematode species. For instance, 1,500 PQS
were found in Caenorhabditis elegans using the Quadparser
algorithm, of which ~500 are associated with transcription
start site regions. The peak in PQS density coincides al-
most exactly with the nucleosome depleted region, which
is consistent with the hypothesis that functional PQS may
be located outside nucleosome bound regions (25). G4 sta-
ble under physiological conditions (K*-rich buffer) and sta-
bilized by Pyridostatin (PDS, a specific G4-targeting small
molecule) were identified in C. elegans (26). The presence of
G4 structures in heterochromatin and the difference in G4
staining between somatic and stem cells in germline DNA
of the flatworm Macrostomum lignano pointed out the pos-
sibility that the resolution or suppression of G4 structures
is important for stem cells with regenerative potential (27).
A study conducted on A. lumbricoides shows that the flu-
orescent G4 ligand Q1 binds selectively to the antiparallel
telomeric G4 (28). Very recently, G4 motifs were identified
in the genome of S. mansoni and the authors confirmed the
presence of G4 in adult worms, by means of the BG4 G-
quadruplex-specific antibody (29).

Given the lack of information available in regard to the
nature of G4s formed in infective species of Platyhelminths
and Nematodes, we analyzed differences in potential G4-
forming sequences (PQS) presence, frequency and localiza-
tion in the genomes of six Platyhelminths and four Nema-
todes using the G4Hunter tool. Comparing the genomes
of parasites from these two phyla with different infectivity
(parasitic and non-parasitic worms) may reveal details of
processes driving pathogenicity and new possible drug tar-
gets. Finally, we showed that the recently-identified G4 mo-
tifs found in S. mansoni (29) may be targeted by G4 ligands,
leading to anti-parasitic effects.

MATERIALS AND METHODS
Source of DNA sequences

The set of selected genomes (both mitochondrial and nu-
clear DNAs) of two Clades (Platyhelminths and Nema-
todes) belonging to the Clade Nephozoa (subgroup Pro-
tostomia) was downloaded from the Genome database of
the NCBI. Six Platyhelminths (Schistosoma haematobium,
Schistosoma japonicum, Schistosoma mansoni, Trichobil-
harzia regenti, Dibothriocephalus latus and Tuaenia asiatica),
and four Nematoda (Strongyloides stercoralis, Trichuris
trichiura, Ascaris lumbricoides and Caenorhabditis elegans)
were chosen for an initial analysis. Four additional nema-
tode species (Anisakis simplex, Ascaris suum, Parascaris
equorum and Toxocara canis) were added for comparison
with Ascaris lumbricoides. All accession numbers are pro-
vided in Supplementary Material O1.

Analytical process

All sequences were analyzed using the G4Hunter Web tool
(30)  (http://bioinformatics.ibp.cz/#/analyse/quadruplex)
which can read National Center for Biotechnology Infor-
mation (NCBI) IDs. Unless specified otherwise, parameters
for G4Hunter were set to 25 nucleotides for window size
and >1.2 for threshold scores. This threshold appears
as a reasonable compromise, giving few false positives
(sequences not forming a G4 despite a G4Hunter score
above threshold) and false negatives (sequences able to
form a stable G4 despite having a G4Hunter score below
threshold). Scores above 1.2 correspond to sequences
having a higher guanine content and likely to form stable
G4s. To rank sequences based on score, motifs were binned
in five intervals covering the G4Hunter scores 1.2-1.4,
1.4-1.6, 1.6-1.8, 1.8-2.0 and >2.0. Data were merged in a
single Excel file where was made the statistical evaluation
and are accessible in Supplementary Material 02.

To test whether the PQS occurrence in chromosomal
breakpoint regions is significantly different than in a ran-
domly shuffled sequence, we generated 40 random se-
quences with length and nucleotide content the same as in
original A. suum breakpoints. All sequences were randomly
shuffled using the Sequence Manipulation Suite (https:
/l'www.bioinformatics.org/sms2/shuffle_dna.html) and were
manually analyzed using the G4Hunter Web tool (30). The
parameters for G4Hunter were set to 25 nucleotides for win-
dow size and thresholds of 1.2 or more (several thresholds
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were considered). Sequences were merged in a single Excel
file where was made the statistical evaluation using ¢-test.

LOGO sequences

NCBI sequences in FASTA format were downloaded and
the dataset was uploaded to SnapGene program. For every
PQS we used the corresponding sequences from all analyzed
genomes and alignments were generated using the Clustal
Omega tool. All PQS found were searched in aligned se-
quences and WebLogo 3 was used for generating LOGO se-
quences Supplementary Material 04.

Statistical evaluation

Raw data were converted in .xIsx file format and analyzed
through Microsoft Excel. All data files are available in Sup-
plementary Materials. Correlation was evaluated by the
Spearman’s rank correlation coefficient (r;) and are pre-
sented in Supplementary Material 05.

Samples

Oligonucleotides were purchased from Eurogentec (Bel-
gium) and used without further purification. Stock solu-
tions were prepared at 100 wM strand concentration for the
unlabeled oligonucleotides and at 200 uM strand concen-
tration for double-labeled oligonucleotides in ddH,O. Se-
quences of tested G4 motifs and control G4s, single-strands,
and duplexes are shown in Supplementary Table S5. All
oligonucleotides were annealed (95°C for 5 min and slowly
cooled to room temperature) in the corresponding buffer
before measurements.

UV-melting assay

3 uM oligonucleotide solutions were annealed in K100
buffer (100 mM KCI, 10 mM lithium cacodylate, 90
mM LiCl, pH 7.2). UV-melting profiles were recorded
with a Cary 300 spectrophotometer (Agilent Technologies,
France). Heating runs were performed between 10°C and
95°C, the temperature was increased by 0.2°C/min, and ab-
sorbance was recorded at 260 and 295 nm (31).

Circular dichroism

3 pM oligonucleotide solutions were annealed in K100
buffer. CD spectra were recorded on a J-1500 spectropo-
larimeter (JASCO, France) at room temperature (25°C), us-
ing a scan range of 300-220 nm, a scan rate of 100 nm/min
and averaging four accumulations.

FRET-melting assay

FRET melting assay was performed in 96-well plates
and the fluorescence of dual-labeled G4-forming oligonu-
cleotides (including F21T; sequences are shown in Supple-
mentary Table S7) was recorded using a CFX96 qPCR in-
strument (Biorad). F21T sequence was annealed at 0.23 puM
in K10 buffer (10 mM KCI, 10 mM lithium cacodylate, 90

Nucleic Acids Research, 2022, Vol. 50, No. 5 2721

mM LiCl, pH 7.2), then the oligonucleotide was added to
each well (final strand concentration of 0.2 wM) which was
incubated with or without the tested ligands at 2 and 5 pM
final concentration, to a final volume of 25 pl. Competi-
tion experiments were performed in the presence of non-
labeled sequences, including one auto complementary du-
plex, ds26, one parallel G4, c-myc and G4s from S. Man-
soni. The microplate was incubated at 25°C for 5 min, af-
ter which the temperature was increased by increments of
0.5°C/min to reach 95°C. The collected signal was normal-
ized to 1 and the melting temperature (73,) was defined
when the normalized signal was 0.5. ATy, corresponds to
the difference of T, between the oligonucleotides with and
without the ligands. This FRET-melting assay was done in
duplicates.

FRET-melting competition assay

FRET melting competition (FRET-MC) experiments were
performed in 96-well plates using a HT7900 RT-PCR in-
strument (Applied BioSystem), as previously described
(32). 50 wM oligonucleotide solutions were annealed in K10
buffer. Each well contained 3 wM competitors, 0.2 wM flu-
orescent oligonucleotide F21T in the presence or absence of
0.4 wM G4 ligand (PhenDC3) in K10 buffer, for a final vol-
ume of 25 pl. Samples were kept at 25°C for 5 min, then the
temperature was increased by 0.5°C per minute until 95°C,
and the FAM channel was used to collect the fluorescence
signal. The Ty, of an oligonucleotide is defined as the tem-
perature at which 50% of the oligonucleotide is unfolded.
ATy, is determined as the difference in 7y, with the sample
containing F21T in the absence of PhenDC3. Each exper-
imental condition was tested in duplicate on two separate
plates.

Thermal difference spectra (TDS) and Isothermal difference
spectra (IDS)

Absorbance spectra were recorded on a Cary 300 spec-
trophotometer (Agilent Technologies, France) (scan range:
500-200 nm; scan rate: 600 nm/min; automatic baseline
correction).

- TDS: 3 wM oligonucleotide solutions were annealed in
K100 buffer. After recording the first spectra (folded) at
25°C, temperature was increased to 95°C, and the sec-
ond UV-absorbance spectra was recorded after 15 min
of equilibration at high temperature. TDS corresponds
to the arithmetic difference between the initial (folded;
25°C) and second (unfolded; 95°C) spectra (33).

- IDS: 3 uM oligonucleotide solutions were annealed in Li-
Caco10 buffer (10 mM lithium cacodylate, pH 7.2). Ab-
sorbance spectra were first recorded at 25°C in the ab-
sence of any stabilizing cation. 1 M KCI was added af-
ter recording the first spectrum, to a final potassium con-
centration of 100 mM KCI. The second UV-absorbance
spectrum was recorded after 15 min of equilibration. IDS
correspond to the arithmetic difference between the ini-
tial (unfolded) and final (folded, thanks to the addition
of K*) spectra, after correction for dilution.
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G-Quadruplex fluorescent light-up probes

- ThT (Thioflavin T) was used as previously described (34).
7.5 wM oligonucleotide solutions were annealed in K100
buffer. Each component was added in the order: 10 p.l
K100 buffer, 10 pl oligonucleotide and 5 wl of 10 uM
ThT (dissolved in milli-Q water). The plate was shaken
for 5 min and was incubated for 10 min at room temper-
ature. Fluorescence intensity was collected at 490 nm af-
ter excitation at 420 nm in a TECAN M1000 pro plate
reader.

- NMM (/N-methyl mesoporphyrin IX) was used under the
same condition as ThT, except that fluorescence intensity
was collected at 610 nm after excitation at 380 nm in a
TECAN M1000 pro plate reader.

G-Quadruplex ligands

The synthesis of G4 ligands tested against S. mansoni was
previously described (35-37). Stock solutions were pre-
pared at 10 mM in DMSO.

Antischistosomal activity of G-quadruplex ligands

Newly transformed schistosomula (NTS) drug assay.
S. mansoni cercariae were collected from infected snails
and mechanically transformed to newly transformed
schistosomula (NTS). 30-40 NTS/well were incubated with
the drugs for 72 h at 37°C, 5% CO; in a final well volume
0f 200-250 pl. Compounds were tested in triplicate and the
highest concentration of DMSO (<1%) served as control.
Evaluation was done by microscopic readout (Carl Zeiss,
Germany, magnification 80x) as summarized in a previous
publication (38).

Adult S. mansoni drug assay. Animal studies were car-
ried out following Swiss national and cantonal regulations
on animal welfare at the Swiss Tropical and Public Health
Institute (Basel, Switzerland (Swiss TPH) (permission no.
2070). Female mice (NMRI; age 3 weeks; weight ca. 20-22
g) were purchased from Charles River, Germany. Mice were
kept under environmentally controlled conditions (temper-
ature ~25°C; humidity ~70%; 12 h light and 12 h dark cy-
cle) with free access to water and rodent diet, and acclima-
tized for 1 week before infection.

Adult schistosomes were collected by mechanical picking
from the hepatic portal system and mesenteric veins of mice
49-day post-infection with 100 S. mansoni cercariae. Worms
were incubated with the compounds for 72 h. Wells with 1%
DMSO served as negative controls. ICsy values were cal-
culated using CalcuSyn Version 2.0 (Biosoft, Cambridge,
UK). Phenotypes were evaluated under an inverted micro-
scope and viability scores calculated (38).

RESULTS

We have selected 10 helminth organisms based on their im-
pact on health or relevance as model species. From the
accessible genomes, three of the most pathogenic species
of Platyhelminths (Schistosoma haematobium, Schistosoma
Jjaponicum and Schistosoma mansoni) and three impor-
tant Nematode species (Strongyloides stercoralis, Trichuris

trichiura, and Ascaris lumbricoides) were selected. As refer-
ence organisms we have additionally selected three Platy-
helminths (7richobilharzia regenti, Dibothriocephalus latus,
Taenia asiatica) and Caenorhabditis elegans, one of the best
studied Nematodes. Both mitochondrial DNA (mtDNA)
and nuclear genomes were analyzed by the G4Hunter al-
gorithm for the presence of PQS.

PQS in mitochondrial DNA

At first, we analyzed the mitochondrial genomes of the 10
helminths listed above (Supplementary Table S1). mtDNA
length varied from 13,608 to 15,003 bp, with a GC content
between 23% (S. stercoralis) and 32% (1. trichiura). The re-
sults show that GC content is poorly correlated with the
number of detected PQS: we found only one PQS sequence
for the organism with the highest GC content (7. trichiura)
while S. stercoralis, which has the mitochondrial genome
with the lowest GC content in our dataset, has 6 PQS in
its mtDNA. In total, we found 77 PQS with a G4Hunter
score above 1.2, but none with a score above 1.4 (in other
words, all motifs found are in the 1.2-1.4 interval). A 1.2
threshold is considered as a reasonable compromise to iden-
tify G4 prone motif (45); higher scores correspond to motifs
capable of forming very stable quadruplexes. The majority
of these sequences (40/77) were found in the mtDNA of a
single species, 7. regenti.

To analyze the PQS localization in mtDNA, we down-
loaded their annotations from NCBI and overlaid the PQS
presence with these features (Supplementary Material 03).
The organism with the highest number of PQS in mtDNA,
T regenti, has the majority of PQS in the repeat region of
its mtDNA. However, PQS were also found in gene regions
of this organism encoding cytochrome ¢ oxidase subunit III,
cytochrome b, NADH dehydrogenases subunits 4 and 2 and
ATP synthase FO subunit 6.

For S. mansoni, all (11 out of 11) PQS are located in
the CDS of the genes coding for cytochrome ¢ oxidase and
NADH dehydrogenase subunit. This can be found in Sup-
plementary Material 03 and Supplementary Table S1. The
results demonstrate a nonrandom distribution of PQS in
mtDNA of analyzed organisms according to PQS position
and reveal that the prevalence of PQS is related mainly to
production of NADH dehydrogenase subunits in S. man-
soni. Supplementary Table S2 shows that S. mansoni is the
only organism with an overlap of the PQS with the gene
coding for the NADH dehydrogenase subunits 2, 5 and 4;
the other two PQS are located inside the region coding for
the cytochrome ¢ oxidase subunits I and II.

To explore if the PQS are over-represented in regions cod-
ing NADH dehydrogenase subunits, we took feature tables
containing annotations of known features found in mtDNA
sequences and counted them. We then counted features with
PQS. As mentioned before, the majority of the PQS is lo-
cated inside the mitochondrial genes and coding sequences
(CDS). PQS within the region coding for NADH dehydro-
genase subunits are present in over 17% of all NADH de-
hydrogenase subunit coding regions and over 36% of all re-
gions coding for cytochrome ¢ oxidase subunits. In contrast,
only 10% of rRNA and <2% of tRNA sequences contained
PQS suggesting enrichment in NADH dehydrogenase sub-
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unit and cytochrome ¢ oxidase subunits. Data are available
in Supplementary Material 03. PQS within the region cod-
ing for cytochrome ¢ oxidase subunits are present in each
analyzed organism. The position of this PQS may vary; it is
found either in the region coding for the subunit I (S. hema-
tobium, S. japonicum and S. mansoni) or subunit II (S. man-
soni). A complete table can be found in Supplementary Ma-
terial 03.

Predicted PQS in mtDNA of the three analyzed schisto-
soma species were compared looking for conserved motifs
or sequences. We aligned the predicted PQS and generated
their LOGO using the WEB LOGO tool (39) and the results
are presented in Supplementary Material 04 for the most
conserved sequences among the three Schistosoma species
analyzed here: S. haematobium, S. japonicum and S. man-
soni. A conservation of ~70% is found in these motifs. A
similar level of conservation was seen among all six Platy-
helminths. Evaluation of the PQS position shows that these
most conserved sequences are in the COX1 gene.

PQS in nuclear DNA

Using standard values for G4Hunter (i.e. a window size of
25 nucleotides and threshold score of 1.2), we found over
1.3 million PQS among all 10 genomes. Overall, we do not
advocate the use of a single threshold, but prefer to an-
alyze data for various G4Hunter score windows. For this
reason, we present these with different threshold windows
(Table 1). We do have a good idea on false positive (FP)
rate depending on threshold (<5% for scores >1.25; <2%
for score >1.5 and close to 0 for scores >1.75; (45) and un-
published data; false positives are defined as sequences pre-
dicted to form a stable quadruplex, but cannot be confirmed
experimentally). Our understanding on false negative (FN)
rate as a function of threshold is less reliable, primarily be-
cause we did not explore as many sequences with relatively
low G4Hunter scores (false negatives are sequences forming
stable G4 which are missed by the algorithm). Our unpub-
lished data with Dr Laurent Lacroix suggests that 1.2 is a
reasonable threshold to maximize accuracy (i.e. minimize
the fraction of FP + FN). For this reason, we chose this
value as the minimal threshold considered. Higher thresh-
olds (up to 2.0) tend to select sequences with high stability
and propensity to form G4 structures.

Total PQS counts, percentage of GC and PQS frequencies
characteristics for each organism are summarized in Table
2. The length of analyzed nuclear genomes varied from 42
Mbp (S. stercoralis) to 701 Mbp (7. regenti). The mean GC
content was 34.9%, with a minimum of 22.1% for S. sterco-
ralis, and a maximum of 42.2% for T trichiura. The highest
PQS frequencies were found in D. latus in which 473 thou-
sand PQS were present in a 531 Mb genome (giving a PQS
frequency of 0.89 PQS per 1000 nucleotides) and 7. asiat-
ica with 151,000 PQS in a 168 Mb genome, giving a similar
PQS frequency of 0.90 PQS per kb (exact values provided
in Table 2). In contrast, the parasite with the lowest PQS
frequency was S. stercoralis with only 3,037 PQS for a 42.7
Mbp nuclear genome, giving a PQS frequency of 0.071 PQS
per kb. We then compared the PQS frequency between mod-
erately and highly infective parasites (40,41). Interestingly,
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Table 1. Total number of PQS and their frequencies according to their
G4Hunter score
Interval of G4Hunter Number of PQS PQS frequency per
score in dataset 1000 bp
All
1.2-1.4 1,281,682 0.396
1.4-1.6 29,381 0.010
1.6-1.8 5,631 0.002
1.8-2.0 2,158 0.001
2.0 or more 2,346 0.001
Platyhelminths
1.2-1.4 1,051,587 0.440
1.4-1.6 16,715 0.007
1.6-1.8 976 ~0
1.8-2.0 42 ~0
2.0 or more 24 ~0
Nematodes
1.2-1.4 230,095 0.329
1.4-1.6 12,666 0.014
1.6-1.8 4,655 0.004
1.8-2.0 2,116 0.002
2.0 or more 2,322 0.002

in these groups, the highest % of PQS was found in less in-
fective Platyhelminths (with an average of 2.2 PQS per 1000
nt), followed by less infective Nematodes (1.6 PQS per kb
(Table 2C). Detailed results are shown in Supplementary
Material 02.

PQS frequency partially depends on GC content (a GC-
poor genome is less likely to exhibit local G-rich motifs nec-
essary for G4 formation). We present the global density in
PQS (for all motifs with a G4Hunter score above 1.2) as
a function of GC content for each individual organism in
Figure 1A. A detailed analysis for each G4Hunter score in-
terval is provided in Supplementary Material 06. The Spear-
man’s rank correlation coefficient (1) was used to determine
the association between PQS and GC content (Supplemen-
tary Material 05). PQS frequency is correlated with GC%
(rs = 0.78). This correlation is however far from perfect: for
example, T. trichiura and T. asiatica have almost the same
GC content, but their PQS frequencies differ considerably
(0.263 for T trichiuria vs 0.881 PQS per kb for T. asiat-
ica). When considering all potential G4s (for a threshold
> 1.2), Platyhelminths look enriched with PQS (with a to-
tal of 1,069,344 PQS found) compared to Nematoda (with
a total of 251,854 PQS found).

The results appear completely different if we restrict the
analysis of PQS frequency to motifs with a G4Hunter score
above 1.6 (Figure 1B)—in this case most species exhibit very
low PQS frequencies (<0.002/kb), with the striking excep-
tion of A. lumbricoides, for which the density is at least 10-
fold higher than in any other species.

In contrast with mitochondria (where no PQS with a
score > 1.4 was found), we still found a significant number of
PQS with high G4Hunter scores (Table 1). However, and as
for other species including bacteria (42) and archaea (43),
the number of G4 motifs found drops significantly when
higher thresholds are selected. This observation is valid for
all genomes tested so far, including viruses, bacteria, ar-
chaea and eukaryotes. The majority of the PQS have a score
in the range 1.2-1.4: most PQS sequences have a relatively
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Table 2. G4Hunter analysis results for nuclear DNA. (A) Statistics for all tested organisms and clades. Seq (number of sequences), Median, Short and
Long correspond to the median, min. and max. lengths in the dataset, GC% (GC content), PQS (number of PQS), Mean f (mean of PQS per kb), Min
f (lowest frequency), Max f (highest frequency). (B) Statistics for individual organisms. (C) Statistics for organisms divided into highly and moderately

infective categories

(A)
Doma eg edia 0 g PQ ead a %
All 10 346,434,783 | 42,674,647 | 701,762,036 | 1,321,198 0.409 0.071 0.897 34.9
oup eg edia 0 o PQ ea A %
Platyhelminths 6 406,161,092 | 168,679,183 | 701,762,036 | 1,069,344 0.448 0.190 0.897 35.6
Nematodes 4 87,891,397 42,674,647 | 316,975,410 251,854 0.350 0.071 0.563 34.1
(B)
Organism Length PQS Mean f GC%
Schistosoma haematobium 375,894,156 71,575 0.190 32.11
Schistosoma japonicum 402,743,189 84,683 0.210 31.23
Schistosoma mansoni 409,579,008 88,178 0.215 34.66
Trichobilharzia regenti 701,762,036 200,260 0.285 33.34
Dibothriocephalus latus 531,434,409 473,393 0.891 40.07
Taenia asiatica 168,679,183 151,255 0.897 42.06
Strongyloides stercoralis 42,674,647 20,471 0.071 22.11
Trichuris trichiura 75,496,394 3,037 0.271 42.22
Ascaris lumbricoides 316,975,410 178,583 0.563 36.48
Caenorhabditis elegans 100,286,401 49,763 0.496 35.44

(€)

Infectiousness

PQS/GC%

e el 3 244,436 81,478.67 0.205 0.665 358,253.80 | 32.66

(Schistosomas spp)

Platyhelminths Low 3 824908 | 274,969.33 0.691 2.229 713,947.83 | 38.49
Remeiiests ':l'eg;;‘,']S” exceptC. | 4 202,091 67,363.67 0.302 1.060 183,916.89 | 33.60

low G4Hunter score. PQS in the next interval (1.4-1.6) are
less frequent, and the drop continues for higher values (note
the logarithmic axis on the Y-scale; Figure 2).

Compared to mtDNA, the nuclear DNAs are still poorly
annotated in these species, with exception of C. elegans.
Contrary to mtDNA, where PQS are located in the repeat
region and gene regions, PQS are slightly enriched before
and after gene regions, in the annotations for various RNA
such as ncRNA, tRNA and precursor_RNA. The most sig-
nificant enrichment for PQS were found in the regions be-
fore and after rRNA and prim_transcript (Supplementary
Material 10: Elegans_Annotations-result.xls).

The comparison between phyla is interesting; Homo sapi-
ens, archaea and bacteria are provided for comparison (43).
Of note, PQS with a high G4Hunter score are very rare in
Platyhelminths, while low-score PQS are extremely abun-
dant. Platyhelminths behave like archaea and bacteria, with
a stronger counter selection against very stable G4 than
in Homo sapiens (Figure 2). Very stable G4 are therefore
strongly counter selected in Platyhelminths as compared to
humans: these G4 with high G4Hunter scores are extremely
rare.

We then analyzed individual Nematode species in Figure
2B. We plotted data for each species (Homo sapiens and
the group of three nematodes are again provided for com-
parison). As can be shown, A. lumbricoides is the organ-
ism that maintains the highest relative level of stable PQS
at high thresholds, while the three other Nematoda exhibit
a drop in relative number of PQS that is comparable (for C.
elegans) or even sharper (for S. stercoralis and T. trichiura)
than Homo sapiens.

A. lumbricoides is therefore unique among nematodes,
and actually unique among all species we have studied so
far: while its overall density in all G4 motifs is not remark-
able (Figure 2), it can tolerate high-stability G4 structures,
suggesting that these motifs are not counter-selected at all.
The data is available in Supplementary Material 07.

POS in Ascaris lumbricoides genome. The ability of A.
lumbricoides to maintain the highest relative level of stable
PQS at high thresholds prompted us to analyze its G4 mo-
tifs in more details. To this aim, we selected the 2,313 se-
quences with a G4Hunter score above 2.0 (Supplementary
Material 08) and analyzed them.
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Figure 1. Relationship between GC% and PQS frequency per kb in genomic DNA (Color codes correspond to the groups (see Table 2, blue - Platyhelminths,
yellow — Nematodes). Two different G4Hunter score thresholds were chosen for this analysis: (A) threshold >1.2. (B) threshold >1.6.

The most salient common feature of nearly all these A.
lumbricoides motifs is that they are composed of poly-dG
stretches, (or poly-dC when the score is negative) rather
than other repetitive motifs (GGGT, GGGA, GGGGT,
GGGGA, GGGGC, GGGGTT and GGGGAA would all
give G4Hunter scores above 2.0). Out of 2,313 4. lum-
bricoides sequences with a G4Hunter score above 2.0 (or
<2.0), 2311 (99.9%) contain at least one run of at least 10
C/10 G. The length distribution of these runs is presented
in Figure 3.

We then checked if a similar behavior was found for ne-
matodes closely related to A. lumbricoides (40) (Supplemen-
tary Table S4). T canis contained the highest number of
PQS: 242,923 with a frequency of 0.77 PQS/kb and a GC
content of 37.6% in the total genome. 7. canis is followed
by A. suum, with 182,227 PQS, with a frequency of 0.61
PQS/kb and a GC% of 37.7% (Supplementary Table S5).
The majority of the PQS was found in the G4Hunter thresh-
old 1.2-1.4 (476,476 PQS in total) with a frequency of 0.259
PQS/kb inside this range.

Programmed DNA elimination is a feature of nematodes
such as A. lumbricoides and A. suum. This developmentally
regulated process leads to the reproducible loss of specific
genomic sequences in somatic cells, leaving the germline
genome intact. In-depth analyses of DNA elimination in 4.
lumbricoides and T. canis have been performed recently (40).
We analyzed G4 propensity in the breakpoint regions of 4.
suum, and found that 39 out of 40 regions contained at least
one PQS nearby (within 3 kb), suggesting a possible role of
G-quadruplexes in this process. When it comes to the total
frequency comparison, the majority of the PQS found in A4.
suum are present before or inside the chromosomal break
regions.

To test whether the PQS occurrence in chromosomal
breakpoint regions is significantly different than in ran-
domly shuffled sequences, we generated 40 random se-
quences with the same length and nucleotide content as
original A. suum breakpoints. We found that 38 out of 40
randomly generated regions contained at least one PQS
(compared to the original breakpoint regions where PQS
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Figure 2. Distribution of G4 prone motifs per G4Hunter score: (A) in different phyla and (B) in selected species. A. lumbricoides exhibits an odd behavior
(red curve) with a very high relative number of PQS with G4Hunter scores above 1.4). Data used to generate this panel can be found in Supplementary

Table S3.

occurred in 39 out of 40 regions). However, the mean
PQS count decreased from 9.25 PQS per breakpoint to 5.6
PQS. In addition, there was a highly significant difference
between PQS counts (P < 0.005) in breakpoints and shuf-
fled sequences. We performed a similar analysis with vari-
ous G4Hunter thresholds (1.2-1.6). The higher the thresh-
old, the higher the difference (and significance) between A.
suum breakpoints and shuffled sequences. For a threshold
of 1.6, 35 breakpoint sequences contain a least one PQS,
while only 11 shuffled sequences contain one PQS (Figure
4; data provided in Sup Material 09).

To check if this trend was valid in other helminths, we
performed additional analyzes of the breakpoints in two
related species, Toxocara canis and Parascaris equorum,

thanks to the data collected by Wang et al. (44). We found
a clear overrepresentation of G4 motifs in breakpoints as
compared to shuffled sequences, and this result was valid at
all threshold considered (see Supplementary Figure S7) as
found in A4. suum.

Experimental evidence for G4 formation in vitro

We identified a number of potential G4-forming motifs in
helminth genomes using bioinformatics approaches. While
G4Hunter’s accuracy is reasonable, and actually excellent
for high-scoring motifs (45), we found essential to confirm
experimentally that some of these sequences are actually
forming Gd4s, at least in vitro. To do so, we chose four se-
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these ones is difficult: this problem tends to underestimate the real length of poly dG stretches.

quences from S. stercoralis, three from T. trichiura as well
as 20 sequences from A. lumbricoides. Results for S. ster-
coralis and T trichiura are presented in Supplementary In-
formation (Supplementary Table S6; Supplementary Figure
S1-S2).

For the biophysical characterization of A. lumbricoides
motifs, one should note that poly-dG runs have already
been characterized in previous articles (46). For this reason,
we focused our efforts on A. lumbricoides motifs that do
not correspond to pure homopolymeric runs of guanines.
These 20 sequences, which are 22-39 nucleotide-long, have
G4Hunter scores between 1.46 and 2.48. G4 formation is
considered extremely likely (>98.5%) for sequences with a
score above 1.5 (45) but we wanted to provide compelling
proof of G4 formation.

To demonstrate G4 formation, we used a combination
of techniques, starting with FRET-MC, a method we very
recently introduced (32) (Figure SA). FRET-MC allows to
test multiple sequences in parallel. A negative control (a se-
quence that does not form a G4 but a duplex, ds26) and
two positive controls (sequences known to adopt G4 struc-
tures, Pu24T and c-myc) were used for comparison. The
FRET-MC method measures the ability of a sequence to
compete for binding to a well-known G4 ligand, PhenDC3.
This compound is highly selective for G4s: efficient com-
petitors are able to act as decoys for this G4 ligand, leading
to a strong decrease in AT, of a fluorescent G4-forming
oligonucleotide (29); when added in large excess, these spe-
cific competitors can lead to negligible ATy, values. As can
be seen in this panel, 19 out of 20 sequences considered here
acted as efficient competitors (AL1 was found to be less ef-
ficient), arguing for G4 formation for most motifs.

Concluding on G4 formation based on a single technique
is not recommended (45). Therefore, we used an indepen-
dent approach, and investigated if the fluorescence emission

of G4 light-up probes (47), such as Thioflavin T (34) and
NMM (48) was increased in the presence of 4. lumbricoides
motifs. Two negative and four positive controls were tested
for comparison (Figure 5B, C). As shown in these panels,
most sequences (including AL1 with NMM) induced sig-
nificant increases in fluorescence emission to levels compa-
rable or higher than the positive controls tested.

Finally, we performed additional spectroscopic experi-
ments. G4s give specific signatures in isothermal and ther-
mal difference spectra (IDS and TDS, respectively). The
principle of these experiments is to compare the absorbance
properties of the same oligonucleotide, in folded and un-
folded state. The arithmetic difference between these two
spectra gives a difference spectrum. Unfolding can be
achieved by heating (for TDS) or by omitting stabilizing
cations (for IDS). G4s exhibit a negative peak around 295
nm and a positive peak around 273 nm for both IDS and
TDS (33). IDS and TDS of Ascaris motifs are shown in
Supplementary Figure S3. Circular dichroism spectra of all
AL sequences are presented in Supplementary Figure S4;
interestingly, most spectra were indicative of parallel G4
formation (either exclusively or predominantly), except for
AL14.

Altogether, these experiments confirmed predominant
G4 formation for 19 out of the 20 Ascaris motifs tested. Of
note, the motif for which a G4 may not be the dominant
species and/or is of marginal stability (AL1) is the one with
the lowest G4Hunter score (1.4).

Activity of G-quadruplex ligands against Schistosoma man-
soni

We first verified that the S. mansoni G4 sequences recently
described in (29) formed G4s, using the same techniques as
the ones described for A. lumbricoides. As shown in Sup-
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plementary Figure S5, this is indeed the case for the five
positive sequences described in this article. Interestingly, for
the sixth one (smp-196840), while the CD spectra reported
by Craven et al. could not be associated with any known
G4 CD profile, we were able to conclude that this motif
was also able to form a stable G4, as shown by a combi-
nation of three independent methods (FRET-MC and two
fluorescent light-up probes). The formation of a G4 by this
motif is hardly surprising given its high G4Hunter score
(2.0); smp-196840 sequence is -GGGAGGGGGAGAGA
GAGAGGGGGAGGTAAAGGQG). Overall, we conclude
that all six sequences investigated form stable G4s.

We next investigated whether G4 ligands (i.e. small com-
pounds which selectively recognize this unusual nucleic acid
structure) recently synthesized (Figure 6A) (35-36) would

bind to the S. mansoni G4s described in (29). Six com-
pounds were chosen, with variable levels of stabilization
of G4 structures. We performed a FRET-melting assay,
in which we measured the melting temperature of a dual-
labeled fluorescent G4-forming oligonucleotide (F21T, cor-
responding to the human telomeric motif, but also to
S. mansoni telomeres). The tested compounds have variable
affinities for the telomeric motif, with AT}, of +0 to +14°C.
To verify that the active compounds were also able to rec-
ognize other S. mansoni quadruplexes, we added these se-
quences as unlabeled competitors. As shown in Figure 6B,
the addition of some, but not all of these oligonucleotides
led to a decrease in the stabilization induced by the G4
ligand considered here. This indicates that motifs such as
smp163240 or smp319480 were able to act as efficient ‘de-
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Figure 5. Evidence for G-quadruplex formation with 20 Ascaris lumbricoides sequences. (A) FRET MC results. (B) Thioflavin T fluorescence emission and
(C) NMM fluorescence emission. Both Thioflavin T and NMM are light-up probes for which fluorescence intensity increases in the presence of G4-forming

sequences.

coys’ for the G4 ligands (even more efficient than the c-
myc quadruplex used as a positive control), confirming that
these molecules have an affinity for at least some of the
G4 motifs (telomeric and non-telomeric) found in S. man-
soni genome. In contrast, the ds26 negative control (double-
stranded oligonucleotide) and two S. mansoni quadruplexes
had little or no effect (Figure 6B), suggesting that JG1352
has little or no affinity for these structures. The FRET melt-
ing assay presented in Figure 7A illustrates that the best lig-
ands (e.g. JG1352) stabilize all five G-quadruplexes tested in
this assay to a variable extent, but do not stabilize the hair-
pin double-stranded control (FdxT; AT, ~ 0; sequences
provided in Supplementary Table S7).

The next step was to determine if these G4 ligands would
have an antiparasitic activity. We tested the biological activ-

ity of these six compounds against larval and adult S. man-
soni. JG1057 and JG1352 showed high activity at 100 uM
and 10 wM and moderate activity at 1 WM against the lar-
val stages. Both compounds revealed also high activity at
10 and 1 pM against adult S. mansoni. JG966 revealed a
lower activity in particular against adult S. mansoni, affect-
ing adult S. mansoni only at the highest concentration of
10 pM (Table 3). ICs, values calculated for JG1057 and
JG1352 are in the range of praziquantel (a drug currently
used to treat parasitic worm infections). Interestingly, the
three inactive or weakly active compounds (ligands exhibit-
ing low ATy, values on G-quadruplexes) (Figure 7A) were
also significantly less active towards the parasite (Figure
7B) than two of the three best ligands. This effect was in
particular against adult S. mansoni (both at 1 and 10 pM
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Figure 6. (A) Formula of the G4 ligands tested against S. mansoni. The three most active compounds (as determined by high ATy, values, see below) are
shown on top; less active ligands are shown below. (B) Evidence that JG1352 binds to S. mansoni G-quadruplexes: FRET-melting data.

compound concentrations), suggesting that part of the an-
tiparasitic effect of these compounds was mediated by a G4-
related mechanism.

DISCUSSION

Besides the classical B-DNA double-helix structure, ge-
nomic DNA may adopt a variety of non-canonical struc-
tures which may play important roles (49). Repetitive se-
quences may form G4s (50) or i-DNA, inverted repeats
can adopt cruciform structures (51), while CAG/CTG
triplet repeats form unusual duplexes (52) and homopurine-
homopyrimidine repeats adopt triplex structures (53).
Many of these structures are involved in human patholo-

gies, such as neurological disorders or cancers (53-55). Re-
cently their existence have been confirmed in living cells by
several methods including secondary structures specific an-
tibodies, synthetic compounds, and structure-sensitive se-
quencing (55-57). One of the most important local DNA
structures seems to be G4, which has a better thermal sta-
bility compare to the B-DNA (58,59). Growing full-genome
sequencing data provide an excellent source of informa-
tion for detailed G4 prediction in various organisms. G4
has been shown to exist in archaea (43), bacteria (42,60,61)
and eukaryote domains (19) as well in various viruses (62)
where PQS propensity correlate with their host (63): viruses
causing acute type of infections (including SARS-CoV2
genome) seem to be depleted for PQS (64,65). G4 have been
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Figure 7. (A) ATy, values for the six compounds tested on six different nucleic acid structures, one duplex (FdxT) and five quadruplexes. Values are
provided at two ligand concentrations, 2 (left) and 5 (right) wM. Sequences of the fluorescent oligonucleotides are provided in Supplementary Table S7.
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Table 3. Antischistosomal activity of three G4 ligands tested at 3 different concentrations. Values correspond to growth inhibition (%). Compounds were
tested in triplicate and S. mansoni incubated in the presence of the highest concentration of DMSO (<1%) served as control. The DMSO concentrations
used in the assay (<1%) are routinely used in the lab, well tolerated and do not affect the parasite. Standard deviation is indicated within parentheses

Effect on newly transformed schistosomula (%) (SD) Effect on adult S.mansoni (%) (SD)

Compound 100 pM 10 pM 1 pM 1Csp value (uM) 10 pM 1 pM 0.1 pM 1Csp value (uM)
JG 1057 100.0 (0) 92.5(0.8) 46.7 (6.7) 1.49 98.2 (1.9) 97.9 (2.1) 29.6 (0) 0.11

JG 1352 100.0 (0) 100.0 (0) 56.7 (3.3) 0.4 100.0 (0) 100.0 (0) 31.5(1.9) 0.07

JG 966 97.9 (2.1) 78.8 (7.9) 50.0 (10.0) 1.28 40.6 (0) 39.2(0) ND >10

JG 1085 ND 100 (0) 32.7(1.9) 1.18 48.2 (3.7) 37.4(1.8) ND >10

JG 1060 ND 100 (0) 27.0 (3.8) 1.25 34.5(3.6) 39.2(3.6) ND >10

JG 1033 ND 100 (0) 25.0(1.9) 1.28 48.2 (3.7) 44.6 (1.8) ND >10
Praziquantel® 2.2 0.1

4Reference for the ICs values of praziquantel taken from (80).

suggested to be valuable druggable targets for the develop-
ment of a therapy against various pathogens (60,66). The
recently published genome sequences of helminth species al-
lowed us to perform comparative analyses of PQS in their
genomes including broadly spread pathogenic species (4).
We provided compelling evidence that many of these se-
quences form G4 structures in vitro. This does not nec-
essarily imply that all of them adopt a G4 fold in vivo,
as PQS were tested in the absence of flanking sequences,
their reverse complement sequence, and proteins that could

promote or inhibit folding. Nevertheless, results previously
published on S. mansoni with the BG4 antibody attest that
at least some of the candidate motifs adopt a quadruplex
fold in vivo (29).

Comparison of PQS in nuclear and mtDNA

Far less potential G4 motifs are found in mitochondrial
DNA. This is due to the much smaller size of the mitochon-
drial genome, even when considering the number of PQS
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per kb, a lower density is still found on mtDNA, and this
observation is true both for platyhelminths and nematodes
(Supplementary Figure S6). Overall, and in stark contrast
to humans, where G4 are abundant in mtDNA, G4 seem rel-
atively rare in helminth mtDNA. Differences in GC content
partially account for these differences. Nuclear DNA and
mtDNA of S. mansoni, S. japonicum, S. haematobium and
T. regenti have relatively similar GC content, while for other
helminths (D. latus, T. asiatica, T. trichiura, S. stercoralis, A.
lumbricoides, C. elegans), the GC content of nuclear DNA is
higher by 8% or more over mtDNA. Surprisingly, only one
parasite (7. regenti) has a higher mitochondrial over nuclear
GC content.

This relative paucity in mtDNA prevents an in-depth
comparison of mt G4 density between helminths. Neverthe-
less, some motifs appear conserved between species and are
located in gene regions with potential to regulate their ex-
pression. On the other hand, numerous PQS are found in
the genomes of all ten helminths considered here. Unfor-
tunately, due to lack of annotation in the most species, the
only species for which a detailed analysis of the reference
genome is possible is C. elegans (67,68). These analyses of
PQS localization would be interesting to evidence putative
G4 regulatory function in translation, which have already
been demonstrated in other organisms (69-71).

Telomeric motifs

While Platyhelminths and humans share the same telomeric
motif (TTAGGG), (72), Nematodes have a slightly differ-
ent telomeric repeat (TTAGGC), (73). This one-nucleotide
difference has a strong impact on G4 formation. The hu-
man telomeric DNA motif (TTAGGG), with a G4Hunter
score of 1.5 is able to form a stable G4 both in vitro
(74) and in vivo (75,76). Interestingly, both S. haematobium
and S. mansoni have telomeric-like sequences integrated at
non-telomeric sites (72). In contrast, the Nematode telom-
eric motif (TTAGGC), has a significantly lower G4Hunter
score (0.5). Despite this low score, such motif may form
an antiparallel G4 (7}, ~ 40°C; Marquevielle, submitted),
possibly in competition with a fundamentally different sec-
ondary structure called a foldback (77).

Programmed DNA elimination in nematodes

DNA elimination occurs in a number of species, including
nematodes. It mostly corresponds to repetitive sequences
and germline-specific genes. Previous analyses suggest that
DNA elimination in nematodes silences germline-expressed
genes (44). Their results suggested a sequence-independent
mechanism for DNA breakage. Interestingly, we found that
there is a clear overrepresentation of G4 motifs in break-
points as compared to shuffled sequences, and this result
was valid at all threshold considered (see Figure 4 and
Supplementary Figure S7; Supplementary Material 9) and
for three nematode species: Ascaris suum, Toxocara canis
and Parascaris equorum. This conservation suggests that G-
quadruplex formation may be involved in this programmed
elimination, perhaps by recruiting a DNA cleaving complex
(44). Telomere healing (that would lead to the insertion of a
few telomeric motifs) would not explain this bias given the
low G4Hunter score (see § above) of nematode telomeres.

Ascaris lumbricoides, a unique organism

Using G4Hunter score as a proxy for G4 stability, there
is a strong counterselection against stable G4 in all Platy-
helminths, in a manner similar to what is found in archaea
and bacteria. G4 motifs with G4Hunter scores above 1.8 or
2.0 tend to be very rare, in comparison with the total num-
ber of motifs, as illustrated in Figure 2. This may suggest
that Platyhelminths are unable to cope with very stable G4s,
which cause problems during replication or transcription.
On the other hand, nematodes follow a profile comparable
to humans, where selection against stable G4 is not as strong
as in prokaryotes.

Poly G runs frequency is worth discussing in the light
of the analysis performed by Puig-Lombardi et al. (78).
They analyzed the frequency of (GGGN); GGG motifs (15-
nt sequence), corresponding to four runs of three guanines
plus one extra nucleotide N. When N = G, this corre-
sponds to ‘pure’ Gys runs. This analysis was performed on
over hundreds of genome assemblies. The authors found
that the (GGGA);GGG motif was largely predominant in
placental mammals, including humans, while an excess of
(GGGG)3GGG (pure poly G runs) was found in amphib-
ians, fish, plants, invertebrates and nematodes, including C.
elegans (see Fig. S15 of reference (78)). The authors wrote
that ‘the extreme prevalence (98%) of the G-runs versus the
other GGGX motifs in the C. elegans genome and the find-
ing that these sequences are eliminated by complete deletion
during development and in animals deficient for the dog-1
helicase suggest that different molecular mechanisms can
play a role in handling the equilibrium between the mainte-
nance and the inactivation of short-loop G4-L1 motifs’.

What is unique about A. lumbricoides is therefore not
the presence of pure poly G runs as compared to other
repeats, but the overall abundancy of long PQS with high
G4Hunter scores. A. lumbricoides and related species such
as A. suum have an exceptional density of high stability
G4s (with a high G4Hunter score); far more frequent than
any other species. These results suggest that 4. lumbricoides
must have evolved very efficient mechanisms to cope with
these stable secondary structures. Therefore, we checked
if its genome contained putative helicases susceptible to
unfold G4s. Dog-1 has been found to be involved in the
genomic stability of poly dG stretches in C. elegans. For
this reason, we looked for orthologs of the Dog-1 helicase
domain (aa 80-440) in A. lumbricoides. Interestingly, four
genes had homology, suggesting putative helicases involved
in G4 resolution/unfolding (see Supplementary Table S8).
Of note, one of them is an ortholog of a human ATP-
dependent DNA helicase (also called DDX11, CHLR1 or
KRG?2) reported to act on G4 substrates (79). Further stud-
ies could evaluate the impact of G4 ligands on Ascaris spp.

CONCLUSION

Helminth genomes contain multiple PQS sequences. The
comparison of various nematodes and Platyhelminths
revealed interesting and marked differences between
helminths. Experimental confirmation of G4 formation in
vitro was obtained for four different species. Two of the
G4 ligands able to bind to Schistosoma mansoni G4 motifs
exhibited potent antiparasitic activity both against larval

220z aunp zg uo Jesn enbiuyoalhjod 81003 Aq 0£01S9/61 2Z/S/0S/8101e/leu/woo dno olwapeoe//:sdijy Woll papeojumoc]



and adult forms of this parasite, opening new perspectives
for the use of G4 ligands to fight neglected tropical dis-
eases. These results therefore open new perspectives for the
development of novel therapeutic strategies against these
widespread helminths.
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Abstract: G-quadruplexes (G4s) have been long considered rare and physiologically unimportant
in vitro curiosities, but recent methodological advances have proved their presence and functions
in vivo. Moreover, in addition to their functional relevance in bacteria and animals, including humans,
their importance has been recently demonstrated in evolutionarily distinct plant species. In this study,
we analyzed the genome of Pisum sativum (garden pea, or the so-called green pea), a unique member
of the Fabaceae family. Our results showed that this genome contained putative G4 sequences (PQSs).
Interestingly, these PQSs were located nonrandomly in the nuclear genome. We also found PQSs in
mitochondprial (mt) and chloroplast (cp) DNA, and we experimentally confirmed G4 formation for
sequences found in these two organelles. The frequency of PQSs for nuclear DNA was 0.42 PQSs
per thousand base pairs (kbp), in the same range as for cpDNA (0.53/kbp), but significantly lower
than what was found for mitochondrial DNA (1.58/kbp). In the nuclear genome, PQSs were mainly
associated with regulatory regions, including 5'UTRs, and upstream of the rRNA region. In contrast
to genomic DNA, PQSs were located around RNA genes in cpDNA and mtDNA. Interestingly,
PQSs were also associated with specific transposable elements such as TIR and LTR and around
them, pointing to their role in their spreading in nuclear DNA. The nonrandom localization of PQSs
uncovered their evolutionary and functional significance in the Pisum sativum genome.

Keywords: G-quadruplex; G4 propensity; chloroplast DNA; sequence prediction

1. Introduction

Pisum sativum, commonly known as the garden pea or green pea, is an important and
broadly cultivated crop worldwide. It was domesticated ~10,000 years ago in the Near
East [1]. Its seeds are rich in proteins, fibers, vitamins, minerals, and antioxidants [2]. In
addition, the pea is widely used as a model plant species nowadays [3,4], and also is a
historically important genetic model as the first organism for which the basic genetics
laws were described and demonstrated by the Moravian monk Gregor Johann Mendel in
1865 [5,6]. His systematic work, statistic evaluation, and mathematical descriptions of his
experiments with hereditary of seven independent pea features paved the foundation of
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modern genetics. His discoveries were later called the laws of Mendelian inheritance in
his honor.

G-quadruplexes (G4s) are four-stranded DNA or RNA structures in which alternative
Hoogsteen base pairing (G-G) enables guanine tetrad formation. Each guanine tetrad
corresponds to one stack of G4 structure and is stabilized by an internal spine of positively
charged ions, mostly sodium (Na*) or potassium (K*). Depending on the number of
guanine tetrads (stacks) we can distinguish two-, three-, four-, five-, or even six-stacked
G4s [7]. As described above, G4 formation requires guanines—at least eight for a two-
tetrad structure—and is thus favored in regions locally enriched in this nucleotide. From a
functional perspective, G4s have been documented to influence replication, transcription,
and even translation, which illustrates their importance in basic physiological cellular
processes and indicates the need for their precise regulation [8-10]. A recent study showed
the distinct roles of G4 in the transcription regulation of the rice genome based on its
genomic localization. G4 found in promoters had a potentized effect, whereas gene location
caused repression of gene transcription [11].

The presence of G4s has been demonstrated in viral [12,13], bacterial [14], archaeal [15],
fungal [16,17], and other eukaryotic genomes, including that of humans [18]. However, only
a few genome-wide analyses of G4s in plants have been reported [11,19-22]. Genome-wide
analyses of G4s have not been reported for P. sativum, the genome of which was sequenced
and assembled 3 years ago [23]. P. sativum nuclear genome is composed of two metacentric
and five acrocentric chromosomes [24]. The pea genome is relatively large (4.45 Gb) com-
pared to other Fabaceae, such as Glycine max (soybean)—995 Mb, Medicago truncatula (barrel
medic)—(420 Mb, or Lotus japonicus (bird’s-foot trefoil)—385 Mb, mostly due to genome
expansion of transposons, which comprise about 76% of the pea genome [25]. Several
analysts suggested faster evolution of the pea genome in comparison with the species men-
tioned above due to frequent recombination events mediated by transposons [23,26]. Here,
we performed analyses of the presence and localization of PQSs in the P. sativum genome,
including its linear nuclear chromosomes and its mitochondrial (mt) and chloroplast (cp)
DNA, and we found experimental evidence that sequences found in these two organelles
adopted G4 structures in vitro.

2. Results
2.1. Comparison of PQS Sequences in P. sativum Genome

The fully sequenced genome of P. sativum in the NCBI database consists of seven
chromosomes, mitochondrial DNA (mtDNA), and chloroplast DNA (cpDNA). The length
of P. sativum chromosomes varies between 372 Mbp for chromosome I and 580 Mbp
for chromosome V. P. sativum mtDNA is 363,843 bp long and cpDNA is 122,035 bp long.
G4Hunter analyses with standard values for G4Hunter (i.e., a window size of 25 nucleotides
and threshold score of 1.2), showed over 1.3 million PQSs in P. sativum genome (Table 1).

In total, we found 1,355,394 PQSs, with no obvious strand bias (679,713 in one strand
and 675,681 in the complementary strand). Detailed results for each sequence are presented
in the Supplementary Materials (Table S1). As expected, the most abundant PQSs had a
moderate G4Hunter score (G4HS) in the 1.2-1.4 category (70.1% of all PQSs), followed
by sequences in the 1.4-1.6 (19.2% of all PQSs) and 1.6-1.8 (5.7% of all PQSs) intervals.
Sequences with a high G4HS (1.8-2.0 interval: 28,513 PQSs; 2.0-more: 28,801 PQSs) were
the least frequent. As expected, the number of PQSs tended to decrease with the G4Hunter
threshold. The frequency of the PQSs with the G4Hunter score in the 1.2-1.6 interval was
higher in mtDNA than in nuclear DNA and cpDNA. We compared the distribution of
G4HSs in P. sativum with the relative frequencies of PQSs in various organisms (Figure 1).
While the genome of P. sativum contained more PQSs with a G4HS above 1.8 and 2.0 com-
pared to prokaryotic genomes of Escherichia coli (bacteria) and Haloferax volcanii (Archaea),
the number of PQSs in these categories was higher in animals such as C. elegans and
H. sapiens.
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Table 1. Total number and frequencies of PQSs found in P. sativum genome grouped according to
G4Hunter score (1.2-1.4 means any sequence with a score between 1.2 and 1.399; 1.4-1.6 between 1.4
and 1.599, etc.).

G4Hunter Threshold Number of PQSs PQS Frequency (PQS/kbp)
Genomic DNA
1.2-14 960,462 0.30
14-1.6 260,428 0.081
1.6-1.8 76,552 0.024
1.8-2.0 28,513 0.0088
2.0—more 28,801 0.0089
mtDNA
1.2-14 377 1.04
14-1.6 117 0.32
1.6-1.8 47 0.13
1.8-2.0 16 0.044
2.0-more 16 0.044
cpDNA
1.2-14 40 0.33
14-1.6 15 0.12
1.6-1.8 8 0.066
1.8-2.0 1 0.0082
2.0-more 1 0.0082
G4Hunter threshold
1.2 1.4 1.6 1.8 2.0
1 1 1 1 J
>
Q
c
[
3
o
2 e
L'Q;, 1T —e—Cgenorhabditis elegans o
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0.01 L

Figure 1. Comparison of G4Hunter score distribution across the different phylogenetic groups. Note
the stronger counterselection against high-stability G4s in prokaryotes. P. sativum, with an initial
slope closer to prokaryotes than to the two other eukaryotes studied here, exhibited an increase in
PQS frequency with the highest analyzed G4Hunter score.

We then performed analyses using GC content as an additional parameter to evaluate
the influence of GC content on PQS density. The average GC content in the nuclear DNA
was 30.02%, with a minimum of 29.68% for chromosome II and a maximum of 31.07% for
chromosome I. The frequency of PQSs per 1000 GC for genomic DNA was 1.395. The highest
GC content (45.07%) and the highest number of PQSs per 1000 GC (3.494) were found in
mtDNA. Chloroplast DNA contained 1.531 PQSs per 1000 GC pairs, with a GC content of
34.78%. However, the frequency of PQSs in chromosomal DNA was very similar for all
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chromosomes, and varied between 0.411 PQS per kbp for chromosome II and 0.432 PQS
per kbp for chromosome I, with an average of 0.419 PQS/kbp. The frequency of PQSs in
cpDNA was 0.533 PQS/kbp (i.e., slightly higher than in nuclear DNA), while the highest
PQS frequency was found in mtDNA (1.575 PQSs per 1000 nucleotides, corresponding to
573 PQSs in a 364 kbp genome). In other words, the density in PQSs was nearly four times
higher in mtDNA than in nuclear DNA. The total PQS counts and the percentage of GC
and PQS frequency characteristics for each sequence are summarized in Table 2.

Table 2. The overall number of PQSs found with a G4Hunter score of 1.2 or above; their frequencies
per kbp; GC content; length of all PQSs (all base pairs with potential to form G4) divided by the total
number of bp in the DNA (PQSs); and the number of PQSs per thousand GC for each chromosome,
mtDNA, and cpDNA.

DNA Length Number PQS Frequenc GC Content PQSs o

Sequence (M%) of PQS (/kbp) Y (%) (%) PQSs/GCY%
ChrlI 37217 160,922 0.432 31.07 1.31 1.392
ChrII 427.60 175,744 0.411 29.68 1.24 1.385
Chr III 437.56 181,878 0.416 29.72 1.26 1.399
Chr IV 446.35 184,737 0.414 29.90 1.25 1.384
ChrV 579.27 244,737 0.422 30.13 1.28 1.402
Chr VI 480.42 200,963 0.418 29.81 1.27 1.403
Chr VII 491.38 205,775 0.419 29.87 1.27 1.402
Total nuclear 323474 1,354,756 0.419 30.02 1.27 1.395
mtDNA 0.36 573 1.575 45.07 4.81 3.494
cpDNA 0.12 65 0.533 34.78 1.65 1.531

2.2. Experimental Demonstration of G4 Formation for Pisum mtDNA and cpDNA Sequences

Among the 573 mtDNA and 65 cpDNA PQSs, we chose 12 candidate sequences (six
mtDNA and six cpDNA) spanning G4H scores between 1.25 and 2.0 (Table 3) and represen-
tative of motifs found in these organelles. We used a combination of biophysical methods
to confirm G4 formation in vitro, as illustrated in Figure 2. As inferred from isothermal
difference spectra (IDS) (Figure 2A,B), circular dichroism (CD) spectra (Figure 2C,D), and
FRET-MC (Figure 2E,F) for most (11/12) motifs clearly formed G4s at room temperature,
while some ambiguity remained for 28ps2. Of note, the majority of spectra (8 out of 12)
suggested a parallel fold. This bias was the result of relatively high G4Hunter scores
(average G4H = 1.61) and the fact that we systematically introduced non-G nucleotides at
both extremities, as flanking nucleotides favor a parallel topology [27].

Table 3. Twelve sequences were analyzed using three different biophysical methods (IDS: isothermal
difference spectra; CD: circular dichroism; FRET-MC, a competition fluorescence melting assay).
G4Hunter score is indicated in the column labeled “G4H”. Concl. column indicates the conclusion
reached based on these three methods. “+” stands for positive, meaning that the method indicated
the sequence was forming a G4.

Name Sequence G4H IDS CD  FRET-MC Concl.
Mitochondrial sequences:
40psl TGGGCGTCTGGGGTTGGTTTAAGGAAAAATCGGGGTCGGA 1.25 + + + G4
28ps2 AGGGATCAAGAAACGGATAGGGAGGGGA 1.32 ? + - G4?
37ps3 AGGGAGGACCGGGGGCCAGAGCAAGTTGGGTTGGGGT 1.41 + + + G4
44psd TGGGGCGAGGGTCTTTCATTAAAGGGGGGAAAAGAGGGGTGGGT  1.66 + + + G4
28ps5 CGGGGGCGGGTTCTGAGCAGGATGGGGA 1.68 + + + G4
31ps6 AGGAAGCGGGGGGAGGAACACAGGGGAAGGA 1.61 + + + G4
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Table 3. Cont.

Name Sequence G4H IDS CD  FRET-MC Concl.
Chloroplast sequences:
28psl6 TGGAAGGGGTCAATAAGGGGTTGGGGGA 1.96 + + + G4
32psl7 CGGGGGGTAGATTGGGGCGTGGACATAAGGGT 1.62 + + + G4
25ps18 TGGGATCCGGGCGGTCCAGGGGGGA 1.48 + ? + G4
24ps23 AGGGGTGGGGACAGAGGTTTTGGT 1.67 + + + G4
21ps26 TGGGGGTGGTGAAGGGAGGGC 2.00 + + + G4
24ps27 CGGGGTGGAGACGATGGGGTCGGT 1.62 + ? + G4
Mitochondrial DNA Chloroplast DNA
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Figure 2. Experimental evidence for G4 formation. (A,B) Isothermal difference spectra (IDS); (C,D) cir-
cular dichroism spectra; (E,F) FRET-MC results for the mitochondrial (left) and chloroplast (right)
sequences. In panels E and F, ss and ds correspond to single- and double-stranded negative controls,
while cmyc and pu24t are G4-forming positive controls. F21T corresponds to the delta Tm observed
in the absence of any competitor (S = 1). The red dotted line corresponds to the threshold under
which a sequence was considered to form a quadruplex [15,28].
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2.3. Localization of PQSs in P. sativum Genome

To analyze the localization of PQSs in P. sativum, we downloaded annotations from the
NCBI genome database and overlayed the PQS presence with described features and repeats
identified de novo in RepeatExplorer2. In addition to the direct presence within the features,
we also analyzed the presence of PQSs 100 bp before and after the feature annotations
(Figure 3; Table S2 in the Supplementary Materials). An analysis of PQSs in annotated
features and repeats showed that the distribution of PQSs throughout the genome was
not uniform. The highest frequency of PQSs per kbp in genomic DNA was found within
coding regions (CDS (0.785)), and around repeat regions ((0.580)—retrotransposons and
transposons) within the mRNA (0.534). A notable enrichment in PQSs was also found
within 5'UTR, while few PQSs were present in 3'UTR. The lowest PQS frequency was
found before or after ncRNA (0.23 and 0.16) and within 3'UTR (0.287). The density around
3'UTR (0.315) was also lower than average. The annotations for genomic DNA are shown in
Figure 3A. The telomeric motif of P. sativum has been known for a long time [29]; however,
the telomeres were not annotated in the current assembly. The telomeric repeats of P.
sativum were composed of TTTAGGG repeats, which had a G4Hunter score of 1.29. G4
formation with this motif has been previously demonstrated [30,31], and the stability of
the corresponding G4 was relatively high (Tm = 64 °C in 100mM KC; nearly as high as
the human hexanucleotide GGGTTA motif). There were ~142 TTTAGGG motifs per kbp
of telomeric DNA, which would allow the formation of up to 35-36 G4s per kbp, but the
formation of multiple juxtaposed G4s has not been experimentally investigated for this
plant motif.
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Figure 3. Differences in PQS frequency according to DNA locus. The chart shows PQS frequencies
normalized per 1000 bp annotated locations from the NCBI database. We analyzed the frequencies
of all PQSs within (inside), before (100 bp), and after (100 bp) annotated locations in (A) genomic
DNA, (B) mtDNA, and (C) cpDNA. Dashed lines denote the average PQS frequency in corresponding
DNA. Statistical significance of annotated locations in genomic DNA was related to the average
chromosomal PQS frequencies according to a Kruskal-Wallis test, followed by Dunn’s pairwise
comparison with Bonferroni correction of the p-value. Asterisks denote statistical significance:
* p-value < 0.05; ** p-value < 0.01.
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In mtDNA, the highest PQS frequencies per kbp were found within 100 bp after exon
(4.688), before tRNA (4.444), and after CDS (3.703), followed by region 100 bp after (3.333)
and inside rRNA (2.575). The most notable enrichment of PQSs was found in the regions
before rRNA, where the PQS frequency per 1000 bp reached 10. The lowest PQS frequency
was found within the exon region (1.130). Differences in PQS frequency according to
annotated features in mtDNA are shown in Figure 3B.

In cpDNA, a high PQS frequency within features was also observed 100 bp before (5.0)
and after (2.5) rRNA, similarly to mtDNA. The frequency inside rRNA was almost 5-times
lower than the frequency before this feature (see Figure 3C).

2.4. PQSs in Transposable Elements

Using the G4Hunter algorithm, we analyzed P. sativum repeat regions to determine
the frequency and distribution of PQSs in transposable elements (TEs). In the case of the
P. sativum genome, TEs represented over 80%, with a significant contribution by Ogre
elements, which is a group of LTR retrotransposons (Class I) [32]. LTR retrotransposons
of the superfamilies Ty3-gypsy and Tyl-copia were the dominant group, with over 91%
and over 8.5% of the LTR sequence coverage, respectively. The transposons (Class II)
represented a smaller part of the genome. Over 99% of all Class II transposons were
terminal-inverted repeat (TIR) transposons, and less than 1% were helitrons. Satellite and
ribosomal DNA (rDNA) formed a small fraction of all annotated TEs. Short tandem repeats
annotated as Pararetrovirus were the result of the viral sequence integration [33]. When
only total PQSs were considered, the largest number of PQSs in annotated transposons
was found within Ty3/gypsy, Tyl/copia, and 100 bp before/after Ty3/gypsy. To evaluate
the localization of PQSs within TEs, we overlapped PQSs with annotated locations and
analyzed the frequencies of all PQSs within, 100 bp before, and 100 bp after annotated TEs
(Figure 4). The only TEs with a higher frequency of PQSs inside than before and after were
unclassified transposons and Tyl-copia.
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o
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Figure 4. Differences in PQS frequency by repeat region. The chart shows PQS frequencies normalized
per 1000 bp of annotated transposons. We analyzed the frequencies of all PQSs within (inside), before
(100 bp), and after (100 bp) annotated transposons in genomic DNA. The dashed line denotes the
average PQS frequency in transposons. Statistical significance is shown as in Figure 3. p < 0.05,
*p <0.01, ** p <0.001.

The highest PQS frequency per kbp was observed within TIR transposons. High PQS
frequencies were found before and after unclassified LTRs (almost 1.5-times more frequent
than in gene regions). Repeats and satellites had the lowest PQS frequencies per kbp, and
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their PQS frequencies compared to the gene region were 5 times less frequent than in gene
regions. No PQSs were found at 100 bp before and inside Pararetrovirus. However, this
was not the same when considering PQS frequency per kbp after Pararetrovirus. The data
are available in Table S4 in the Supplementary Materials.

3. Discussion

The recent improvements in the sequencing methods of and computational approaches
to full-genome analyses allowed effective searches for PQSs. The G4Hunter algorithm was
successfully used to select PQSs with a high probability of G4 structure formation and
minimum positive or false negative results in various genomes from viruses, bacteria, and
eukaryotes, including the human genome.

However, the number of plant genomes analyzed for G4 propensity is still limited, and
is mostly performed using older pattern-based algorithms. There are several reasons for
this: the plant genomes are usually huge, and compared to an animal, there are not so many
fully assembled plant genomes; moreover, the number of repetitive sequences in some
plant genomes is enormous, and these repetitive sequences are challenging for the correct
assembly in the genomes. Genomic DNA from P. sativum contained various repetitive
sequences involving transposable elements (TE). Previous studies showed that the TE frac-
tion represented a significant portion of plant genomes, and could vary from 15 to 30% in
Arabidopsis thaliana (thale cress) and Brachypodium distachyon (purple false brome), and from
70 to 80% in species such as Zea mays ssp. mays (maize) and Hordeum vulgare (barley) [34].
In the case of the P. sativum genome, TEs represent more than 80% [32]. Therefore, we took
advantage of the contemporary sequenced genome of P. sativum and performed G4Hunter
analyses to determine the presence and localization of PQSs within classic features, as well
as TEs. PQSs have been identified in various plant genomes, including A. thaliana, Oryza
sativa subsp. Japonica (rice), Populus trichocarpa (black cottonwood), and Vitis vinifera (com-
mon grape) [35]. Previous pattern-based PQS analyses (Quadparser G3L1-7; corresponding
to a motif involving four runs of at least three guanines separated by loops of one to seven
nucleotides) demonstrated that Arabidopsis had only 9 G4 motifs/Mbp, while rice had
92 G4 motifs/Mbp, a 10-fold difference, and the monocot plant sample (barley, maize, and
rice) had a higher PQS frequency compared to dicots (soybean, common grapevine, and
Arabidopsis thaliana) [21,36,37]. 1t is hard to compare various algorithms for PQS prediction;
however, considering only PQSs with a G4Hunter score above 1.4, which represents a very
stable G4 as evaluated in vitro, the frequency of PQSs in P. sativum genome seemed higher
than within previously reported dicot plants.

However, the more interesting aspect was the huge difference in PQSs between nuclear
and organelle DNA, especially mtDNA. While the frequency of PQSs in all chromosomes
was similar (around 0.41 per kbp), mtDNA had more than five times as many PQSs, suggest-
ing a different regulation for P. sativum linear nuclear and circular mtDNA. PQSs also had
different localizations in mtDNA compared to PQS localization in nuclear DNA; therefore,
we suggest that G4-formation and regulatory pathways differ in circular and linear DNAs.
Interestingly the comparison of mtDNA PQS frequencies among various species showed
an increased PQS frequency for vertebrates as well as for land plants, contrary to a lower
PQS frequency in the mtDNA of protists and fungi [38]. In animals, it has been shown
that G4s play a direct role in mitochondrial genome replication, transcription processivity,
and respiratory function [39]. The significantly higher frequency of PQSs in P. sativum
mtDNA compared to those in nuclear DNA suggested that this observation may also be
valid for plant mitochondria. We analyzed a dozen sequences in vitro that were extracted
from P. sativum mitochondrial (mt) and chloroplast (cp) DNA, and provided experimental
evidence that the motifs found in these two organelles were prone to G4 formation in vitro.
This study constitutes, to the best of our knowledge, the first experimental evidence that
chloroplast sequences may form G4s.

Generally, it is accepted that very stable G4s tend to be strongly counter-selected, and
low-scoring PQSs (with a G4HS between 1.2 and 1.6) tend to constitute the vast majority
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of G4-prone motifs. The main reason is probably the high stability of G4s formed by
PQSs with a G4HS > 1.8, which therefore constitutes a physical barrier for most biological
processes such as replication or transcription [40]. Interestingly, there was no significant
drop in PQS density in the P. sativum genome for high G4H scores. This was in contrast
with what has been observed in most other species, as previous analyses revealed that most
of the PQSs found in Platyhelminthes [41], Archaea [15], and bacteria [14] have a relatively
low G4Hunter score, and the number of PQSs in these organisms decreases sharply above a
score of 1.6. Strikingly, nuclear DNA and mt- and cpDNA differ not only in PQS frequencies,
but also in the localization of these PQSs. For circular cp- and mtDNA, there was a strong
abundance around RNA genes, while in genomic DNA, there was a significant difference
in PQS frequency for 3'UTR, where PQS were more than twice as less frequent inside
compared to 5’'UTR. The 5'UTR serves as the binding point for the ribosome, which allows
the ribosome to bind and initiate translation [42]. The higher density of PQSs in this region
suggested important regulatory roles of G4 motifs in the process of translation. Many
G4-binding proteins in animals and humans are known [43]. Recently, it has been shown
that proteins in barley seedlings can bind to PQSs and form DNA-protein complexes [44],
so we can expect that G4-binding proteins also will be present in plant genomes [45].

In conclusion, we analyzed the presence of PQSs in cpDNA and TE for the first time.
The nonrandom localization of PQSs in the genome of P. sativum suggested their regulatory
function and the importance of LTR and TIR transposons. This supported the hypothesis
that TEs may serve as vehicles for the genomic spread of G4s [46]. In addition, the higher
density of PQSs in mtDNA and cpDNA compared to regular chromosomes suggested
specific roles for quadruplexes in organelles.

4. Materials and Methods
4.1. Process of Analysis

The complete DNA sequences of the P. sativum genome, including nuclear, mt, and
cp genomes were downloaded (20 June 2021) in FASTA format from the National Center
for Biotechnology Information (NCBI) [47]. NCBI IDs are listed in Table S1 in the Supple-
mentary Materials. For putative PQS prediction, the new and strengthened computational
core of our DNA analyzer software written in Java programming language was used [48].
For our analyses, we used an actualized G4Hunter algorithm implementation [49] with de-
fault parameters for G4Hunter—a window size of 25 and a G4Hunter score (G4HS) above
1.2 (the chosen value of 25 nucleotides corresponded to the size of a typical intramolecular
G4). The default values for G4Hunter have been previously discussed and validated [50].
G4HSs were then grouped in five intervals: 1.2 up to 1.4, 1.4 up to 1.6, 1.6 up to 1.8, 1.8 up
to 2.0, and 2.0 and more. Data were merged in a single Excel file (accessible in Table S1 in
the Supplementary Materials) for further analyses and statistical evaluations.

4.2. Analysis of Repetitive DNA from Unassembled Reads Using RepeatExplorer2 and TAREAN

Only the conserved coding domains of the repeats were annotated in the available
genome assembly [23]. Therefore, we performed an independent de novo identification of
repeats and annotated genomic loci corresponding to them, including their specific regions
such as LTRs, spacer sequences, etc. We used publicly available low-pass whole-genome
sequencing data in FASTQ format from the Sequence Read Archive of the NCBI (Run
ERR063464) [51]. We performed standard preprocessing, a quality check, and interlacing of
paired-end reads, and ran RepeatExplorer2 and TAREAN analyses with 2,913,990 reads of a
uniform length of 100 nt [52]. The results were manually checked, and the sequences of se-
lected repeats—mobile elements (LTR, Ty1/copia, Ty3/gypsy, TIR, helitron, pararetrovirus),
satellites, (DNA, and unclassified repeats—were used in BLAST against the pea genome for
the purpose of repeat loci annotation according to the feature table (see below) completion.
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4.3. Sequence Matching and Transposon Annotation (BLAST)

The BLAST database was constructed from the pea genomic sequence (accessible in
Table S1 in the Supplementary Materials), and the sequences from our RepeatExplorer2
analysis (see Section 2.2) were used as a query in blastn with parameters as follows: -outfmt
6-max_target_seqs 10000000-num_threads 4-evalue 0.1. The blast match positions were
then used for the feature table completion.

4.4. Analysis of PQSs around Annotated NCBI Features and Repeats from Our
RepeatExplorer2 Analysis

The feature table containing functional annotations of the P. sativum genome was
downloaded from the NCBI database. Features describe the functions and locations of
sequences within the genome of an organism [53]. We performed an analysis of PQS
occurrence inside uploaded features, as well as 100 bp before and after each feature.
Features were grouped by their name stated in the feature table file (gene, rRNA, tRNA,
ncRNA, and repeat region). Further processing was performed in Microsoft Excel, and the
resulting data are available in Table S2 in the Supplementary Materials.

4.5. Statistical Analysis

Outliers were detected using the function chisq.out.test from the outliers package in
R version 4.0.5 [54]. Normal distribution of PQS frequencies in annotated locations was
determined using the Shapiro-Wilk test, and statistical significance was evaluated using
the nonparametric Kruskal-Wallis test. Multiple pairwise comparisons were assessed using
a post hoc Dunn’s test with Bonferroni correction of the significance level.

4.6. Experimental Demonstration of G4 Formation

DNA sequence matching motifs found in Pisum chloroplast and mitochondrial DNA
were synthesized by Eurogentec (Seraing, Belgium) and used without further purifica-
tion. Concentrations were determined using the extinction coefficients provided by the
manufacturer. Isothermal difference spectra (IDS) and circular dichroism (CD) spectra
were recorded as previously described [28]. FRET-MC provided a convenient independent
method to detect G4 formation; detailed experimental protocols can be found in [15,28].
Briefly, in this test, G4-forming competitors led to a marked decrease in the ligand-induced
stabilization effect (ATy,), while nonspecific competitors (e.g., single- or double-stranded
sequences) had little effect.
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Abstract in English

Guanine-rich nucleic acid sequences (both DNA and RNA) can generate four-stranded, noncanonical
secondary structures, so called G-quadruplexes (G4). Generally, a G4 structure can differ by molecularity
and be constituted by 1, 2 or 4 G-rich sequences. In this structure four guanine bases are connected by
Hoogsteen hydrogen bonds (Figure 17a) to form a G-tetrad, or G-quartet, and two or more G-tetrads
assemble to form a G4 structure. G-quadruplexes are polymorphic structures. Depending on strand
orientation and the anti / syn conformations of guanines, G4 can adopt parallel, antiparallel and hybrid
topologies (Figure 17b). G4 structures have been identified in genomes of different species and are
involved in physiological processes, such as telomere maintenance, oncogene expression and genome

instability. G4 may also participate in species evolution.

parallel hybrid
(a) (b)

tetramolecular intramolecular
N>‘8‘ antiparallel

5[
anti
guanine

double chain reversal g syn

lateral

diagonal

) ) cation s :
» 5103 O intramolecular intramolecular
‘chair’ type ‘basket’ type

Figure 17 (a) Guanine tetrads are composed of four guanines that are linked together by eight Hoogsteen

hydrogen bonds. (b) examples of G-quadruplexes topologies.

G4 prediction algorithms and G4 chromatin immunoprecipitation sequencing (G4 ChiP-seq) have been
applied to mining numerous putative G-quadruplex sequences (PQS) in genomes. However, finding a
sequence relatively rich in guanines does not necessarily mean it can form a G4 structure in vitro. Several
well-established biophysical methods can be used to validate G4 structures in vitro. However, the
majority of these technique are either sample- or time-consuming, making them hardly suitable for

characterizing a large number of sequences of PQS. The aim of this PhD thesis is mainly focus on the
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development of novel in vitro high-throughput G4 characterization assays, suitable for validating a vast

amount of PQS identified by in silico G4 prediction methods and CHIP-seq.

In the first work, we modified a classical fluorescence quenching-based melting assay to characterize
intramolecular G4 structures. The two ends of a G4 sequence were labeled with a fluorophore and an
appropriated quencher, respectively. At low temperature, the two labeled ends of an intramolecular G4
are located in close proximity and the fluorescence signal of the fluorophore is quenched by FRET. At
higher temperatures, G4 unfolding occurs, causing the two ends to move far apart; thus, the FRET
process does not occur and the fluorescence of the donor can be observed. The traditional FRET-melting
assay can be performed in multiple-microwell plates by using a real time PCR instrument. However, in
this assay, the reporter sequence should be dual-labeled, which is much more expensive than non-
labeled counterparts. Additionally, not all the G4 unfolds (i.e., parallel tetra-molecular G4s) change the

distance of 5’ and 3’ termini.

Therefore, to characterize the structure of an unknown competitor we decided to tackle this issue by
constructing a novel method, which was named the FRET-melting competition (FRET-MC) assay. A 21
mer telomeric intramolecular G4 was dual-labeled by the chromophore (FAM) and the quencher
(TAMRA), abbreviated as F21T. PhenDC3 is a bisquinolinium derivative G4 ligand, which shows excellent
affinity to all topologies of G4 structures and exhibits low affinity for non-G4 structures such as ssDNA,
ssRNA, and dsDNA. We took advantage of the high selectivity of PhenDC3 towards G4 structures to
challenge the interaction between F21T and PhenDC3 with unlabeled G4 competitors. PhenDC3
stabilizes the G4 structure of F21T and leads to an increase of F21T T, of about 23 °C. An excess of G4
competitors can trap PhenDC3 and decrease the T, of F21T back to the T value of F21T alone, while
non-G4 competitors have little influence on the F21T-PhenDC3 interaction. FRET-MC has been validated
with a reference panel of 65 known sequences. However, FRET-MC suffers from one non-negligible
drawback, as it cannot be used to pin point G4s with low thermal stability, as these weak G4 behave as

ssDNA at the temperature where F21T starts to melt.

To overcome this issue, an isothermal version of the competition was developed. Similar to FRET-MC,
iso-FRET is based on the FRET mechanism and the interaction of PhenDC3 and a G4-forming quencher
(37Q), while the fluorophore is bound to the short C-rich strand (F22) which is complementarity to 37Q.
When the competitor is a non-G4 sequence, PhenDC3 binds to 37Q and stabilizes its G4 formation,
preventing the generation of the 37Q-F22 complex, leaving ON the fluorescence of F22. On the contrary,
an excess of G4 competitor sequestrates PhenDC3, letting 37Q and F22 hybridize leading to
fluorescence quenching. The iso-FRET assay has been validated by 70 known sequences, including both
DNA and RNA strands. Then the assay was used to investigate 23 different viral sequences, and the
results were confirmed by other independent biophysical techniques (CD, IDS, TDS and FRET-MC). Of
note, iso-FRET is not a perfect assay to characterize G4s in vitro: the excess of a G4-forming competitor

characterized by high complementarity with F22 may form competitor-F22 duplex, preventing
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fluorescence quenching and resulting in false negative results. We defined the CF factor to predict the
complementarity level between the competitor and F22, and the results have shown that the majority
of competitors can be well characterized by the iso-FRET assay; competitors with high risk to form a

complex with F22 can be identified from the CF, calculated prior performing the experiment.

In parallel, a study focusing on characterizing the conformation of ‘special’ sequences which are rich
both in cytosines and guanines was conducted. According to bioinformatics studies, there are over
11,000 PQS in the human genome (hg19) comprised at least two-three continuous cytosines, which may
form a duplex instead of a G4 structure in a potassium deficient environment. A well-known human
minisatellite G4 structure, CEB25 (PDB: 2LPW), is taken as a model sequence to study G4 formation in
potassium / sodium mixed ion buffers, which constitute better models of physiological conditions than
the universal-used mono cationic environments. Cytosines are used to gradually replace other bases in
the long central loop of CEB25, to obtain a set of G4 mutated sequences. UV-melting results of the CEB
mutated sequences showed that T, values only change with the buffer rather than with the different
cytosine-contained mutations, implying that cytosines in G4s are not preventing G4 folding, but rather
increasing the possibility of duplex formation. CD spectra illustrated that changing potassium / sodium

ratio could convert the parallel conformation of CEB sequences into other types of G4s.

Key Words: Nucleic acids structures, G-quadruplexes, FRET, Biophysical characterizations.
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Resumé en francais

Les séquences d'acides nucléiques (ADN et ARN) riches en guanine peuvent former des structures
secondaires non canoniques appelées G-quadruplexes (G4). Généralement, ces structures G4s peuvent
différer par leur molécularité en étant constituées de 1, 2 ou 4 brins riches en guanines. Dans cette
structure, quatre guanines interagissent ensemble par des liaisons hydrogénes de type Hoogsteen pour
former une G-tétrade (aussi appelée G-quartet), et deux ou plus G-tétrades s'empilent pour former la
structure G4. Les G-quadruplexes sont des structures tres polymorphiques, qui peuvent, en fonction de
I'orientation des brins et la conformation anti/syn des guanines, adopter différentes topologies :
paralléle, antiparalléle et hybride (Figure 18). Les structures G4s ont étés identifiées dans le génome de
différentes especes et sont impliquées dans de nombreux processus physiologiques, comme la
maintenance des télomeres, I'expression d'oncogenes, et I'instabilité génomique. Les G4s peuvent aussi

participer au processus évolutif.
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Figure 18 (a) Les tétrades sont composées de quatre guanines interagissent ensemble par huit liaisons
hydrogenes d'Hoogsteen. (b) Exemples de topologies des G-quadruplexes.

L'identification de nombreuses séquences G-quadruplexes putatives (PQS) dans différents génomes a
été possible grace a des études bioinformatiques permettant de prédire les séquences G4s par différents
algorithmes, mais également par séquencage de séquence G4s chromatinien isolé par
immunoprécipitation (G4 ChlP-seq). Cependant, l'identification d'une séquence riche en guanines ne

signifie pas forcément qu'elle peut former une structure G4 in vitro, et de nombreuses méthodes
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biophysiques existent déja pour les valider. Par contre, la majorité de ces méthodes sont
consommatrices en temps et en échantillons, ce qui ne les rend pas pratique dans le cas de la validation
d'un trés grand nombre de PQS. L'objectif de la thése se concentre principalement sur le développement
de nouvelles méthodes in vitro a haut débit pour la caractérisation de G4, compatibles avec la validation

d'un grand nombre de candidats identifiés préalablement in silico ou par ChIP-seq.

Pour commencer, nous avons modifié la méthode classique de FRET-melting qui permet de mesurer la
température de dénaturation des G4s, basée sur le principe du FRET avec un couple de fluorophores
donneur et accepteur, pour caractériser la formation d'une structure G4 intramoléculaire. Les deux
extrémités d'une séquence G4 sont fonctionnalisées d'un c6té avec un fluorophore donneur, et de
l'autre, avec un désactivateur (accepteur) compatible. A base température, les deux sondes sont &
proximité et la fluorescence est désactivée par FRET. Au contraire, a haute température le G4 se dénature
et les deux extrémités s'éloignent, le FRET ne se réalise plus et permet I'exaltation de la fluorescence. En
général, le FRET-melting est réalisé en microplaque en utilisant une PCR quantitative. Cependant, pour
cette expérience, toutes les séquences étudiées doivent étre doublement fonctionnalisées, ce qui les
rend plus couteux a utiliser. De plus, la dénaturation de certains G4s intermoléculaires ne permet pas

une variation significative de la distance entre le 5' et le 3' terminal pour étre exploitable.

Par conséquent, nous avons décidé de développer une nouvelle méthode, appelé FRET-melting
compétition (FRET-MC), pour la caractérisation de séquences inconnues par compétition. Pour cela, un
G4 télomérique intramoléculaire de 21 nucléotides (F21T) a été doublement fonctionnalisé avec un
fluorophore donneur (FAM) et un accepteur (TAMRA). Le PhenDC3 est un ligand G4 dérivé de la famille
des bisquinolinium, montrent une excellente affinité pour toutes les topologies des G4s et presque
aucune affinité pour les structures non G4s comme I'ADN simple brin, I'ADN double brin et I'ARN simple
brin. Nous avons exploité cette sélectivité du PhenDC3 pour les structures G4 en réalisant la compétition
de l'interaction entre F21T et le PhenDC3 contre un compétiteur non fonctionnalisé. Le PhenDC3
stabilise la structure G4 de F21T qui se traduit par I'augmentation de sa température de dénaturation
d'environ 23°C. Un excés de compétiteur G4 pieége le PhenDC3 et I'empéche de stabiliser F21T, ce qui
provoque le retour du Tp a la température de dénaturation observée sans ligand. En revanche, un
compétiteur non G4 n'aura aucune influence sur l'interaction et la stabilisation du PhenDC3 avec F21T.
Le FRET-MC a été validé sur 65 séquences connues. L'un des inconvénients du FRET-MC est de ne pas
étre compatible avec des G4s moins stables thermiquement que F21T. En effet, ces séquences sont sous
forme d'ADN simple brin avant méme d'atteindre les températures ou F21T commence a se dénaturer

et donc aucune compétition n'est possible.

Pour répondre a cet inconvénient, une alternative isotherme a été développée. Similaire au FRET-MC,
I'iso-FRET se base toujours sur le mécanisme du FRET, l'interaction du PhenDC3 avec une structure G4
fonctionnalisée avec un désactivateur (37Q), tandis que le fluorophore est lié a une séquence riche en

cytosine (F22) partiellement complémentaire de 37Q. Si le compétiteur est une séquence ne formant
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pas une structure G4, le PhenDC3 va se lier et stabiliser la forme G4 de 37Q, ce qui prévient I'hybridation
de 37Q avec F22 et la fluorescence de F22 reste active. Au contraire, un exces de compétiteur G4 va
séquestrer le PhenDC3, ce qui permet I'hybridation entre 37Q et F22 résultant en la désactivation de la
fluorescence de F22. L'iso-FRET a été validé sur 70 séquences d'ADNs et d'’ARNs connues. La méthode
a également été utilisée pour étudier 23 séquences virales différentes, et les résultats ont pu étre
confirmés par d'autres techniques biophysiques indépendantes (CD, IDS, TDS et FRET-MC). Il est a noter
que l'iso-FRET n'est pas parfait pour caractériser un G4 in vitro : un compétiteur G4 en exces peut
possiblement s'hybrider avec F22 si la séquence est suffisamment complémentaire, ce qui résulterait en
un faux négatif. Pour éviter cela, nous avons défini le facteur CF pour prédire le niveau de
complémentarité entre le compétiteur et F22, dont les résultats montrent que la majorité des
compétiteurs peuvent étre caractérisés avec l'iso-FRET et les compétiteurs a risque peuvent étre

identifiés et exclus avant |'expérience par le calcul du CF.

Pour finir, nous nous sommes concentré sur I'étude de la caractérisation de séquences particulieres
riches en cytosines et guanines. Des études bioinformatiques ont montré que plus de 11.000 PQS dans
le génome humain (hg19) contenaient au moins deux a trois cytosines contigués, pouvant alors former
un ADN duplex a la place d'une structure G4 dans un environnement déficient en potassium. Le
minisatellite humain CEB25 (PDB: 2LPW) peut former une structure G4 et a été utilisé comme modele
pour étudier la formation des G4s dans un tampon mixe d'ions potassium et sodium, ce qui représente
un tampon plus proche des conditions physiologiques plutét que le tampon mono cationique
normalement utilisé. Une série de séquences CEB25 mutées ont été développées ou les cytosines
remplacent progressivement les autres bases au niveau de la longue boucle centrale. Les résultats d'UV-
melting avec les différentes séquences de CEB muté montrent que la valeur du Tm change uniquement
en fonction du tampon et non pas avec le remplacement successif des bases de la boucle centrale par
des cytosines. Cela implique que les cytosines dans la séquence ne déstabilisent pas la formation de la
structure G4, mais augmentent plutot la possibilité de former un duplex. De plus, I'étude par CD montre
que le changement en proportion de potassium et de sodium dans le tampon peut conduire a un
changement partiel de la conformation des séquences CEB de la forme parallele vers d'autres types de

conformations de G4.

Mots clés : Structure des acides nucléiques, G-quadruplexes, FRET, Caractérisation biophysique.
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