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Abstract

KRAS gene codes for a highly mutated GTPase protein acting as a « switch » between an active
and an inactive state, a mechanism found to be important in biological processes such as cell
replication and proliferation. When misregulated, these processes are found to be at the
origin many types of cancer. KRAS mutations are particularly implicated in lung (30%),
colorectal (44%) and pancreatic (97%) cancers. Despite the fact that these mutations are well
known, KRAS is still an undruggable target because all the actual strategies (RAS activator
inhibitors, membrane association inhibitors, and so on) are not efficient enough as cancer
therapies. That is why new strategies have emerged recently, such as directly targeting the
KRAS promoter region and especially some specific structures called G-quadruplexes (G4).
Although we do not understand well the phenomena, there are plenty of evidence in the
literature that these structures can assemble both in vitro and in cellular conditions. It was
shown that G4 within KRAS promoter region can bind transcription related proteins and
disturb transcription process acting as a block when transcription machinery is reading the
genetic sequence. Stabilization of these structures, using small chemical ligands for example,
could become a new area of therapy. In my thesis work, | am focused on a 32 nucleotide
sequence (KRAS32R) which can form G4 and also corresponds to the minimal interaction
domain of transcription proteins such as MAZ or hnRNP1. This last protein is capable of binding
to KRAS32R G-quadruplexes and possibly unfolding it, favoring the transcription of KRAS. This
project is divided into two major parts. One part is to understand the folding of this KRAS32R
G-quadruplex at atomic level. In another part | want to understand how these DNA structures
can interact with small organic molecules that prevent the interaction with transcription

factors that have been associated with the G-quadruplex motifs found in the promoter region.



Résumé en francgais

L'oncogene KRAS code pour une protéine GTPasique hautement mutée qui agit comme un «
interrupteur » entre des états actifs et inactifs, un mécanisme important dans les processus
comme la réplication ou la prolifération cellulaire. Quand ils sont dérégulés, ces processus
sont a l'origine des cancers. Les mutations de KRAS sont particulierement impliquées dans les
cancers des poumons (30%), colorectaux (44%) et pancréatiques (97%). Malgré le fait que ces
mutations soient bien connues, aucune molécule ne cible KRAS car toutes les stratégies
actuelles ne sont pas assez efficaces pour les thérapies contre le cancer. C'est pourquoi de
nouvelles stratégies ont émergé il y a quelques années visant directement la région
promotrice de KRAS et plus précisément des structures appelées G-quadruplexes (G4). Méme
si le phénomene n’est pas encore parfaitement compris, de nombreux exemples dans la
littérature montre que ces structures peuvent se former in vitro et dans les conditions
cellulaires. Il a été montré que les G4 formés dans la région promotrice de KRAS peuvent lier
des facteurs de transcription et perturber le processus en agissant comme un bloc lorsque
I’enzyme vient lire la séquence. La stabilisation ou la destruction des G4, en utilisant de petits
ligands chimiques par exemple, pourrait devenir une nouvelle voie de thérapie. Ce travail se
concentre sur une séquence de 32 résidus (KRAS32R) qui peut former un G4 et correspond
également au domaine minimal d’interaction de certains facteurs de transcription comme
MAZ ou hnRNP A1l. Cette derniére est capable de lier les G4 de KRAS32R et de les défaire
favorisant ainsi la transcription de KRAS. Ce projet est divisé en deux parties majeures. L'une
est de comprendre la formation du G4 de KRAS32R au niveau atomique. Pour les autres, nous
voulons comprendre comment il interagit avec de petites molécules organiques qui
pourraient empécher l'interaction avec les facteurs qui sont associés aux motifs G4 de cette

région promotrice.



Résumé long en francais

L'oncogene KRAS code pour une protéine GTPasique hautement mutée qui agit comme un «
interrupteur » entre des états actifs et inactifs, un mécanisme important dans les processus
comme la réplication ou la prolifération cellulaire. Quand ils sont dérégulés, ces processus
sont a l'origine des cancers. Les mutations de KRAS sont particulierement impliquées dans les
cancers des poumons (30%), colorectaux (44%) et pancréatiques (97%). Malgré le fait que ces
mutations soient bien connues, aucune molécule ne cible KRAS car toutes les stratégies
actuelles ne sont pas assez efficaces pour les thérapies contre le cancer. C'est pourquoi de
nouvelles stratégies ont émergé il y a quelques années visant directement la région
promotrice de KRAS et plus précisément des structures appelées G-quadruplexes (G4). Les G-
guadruplexes sont de structures inhabituelles des acides nucléiques. lls sont formés via un
empilement d’au moins deux tétrades qui sont composées de quatre guanines liées dans un
réseau de liaisons hydrogene de type Hoogsteen et stabilisées le plus souvent par un cation
monovalent. Méme si le phénoméne n’est pas encore parfaitement compris, de nombreux
exemples dans la littérature montre que ces structures peuvent se former in vitro et dans les
conditions cellulaires. Il a été montré que les G4 formés dans la région promotrice de KRAS
peuvent lier des facteurs de transcription et perturber le processus en agissant comme un bloc
lorsque I’enzyme vient lire la séquence. La stabilisation des G4, en utilisant de petits ligands
chimiques par exemple, pourrait devenir une nouvelle voie de thérapie. Ce travail se
concentre sur une séquence de 32 résidus (KRAS32R) qui peut former un G4 et correspond
également au domaine minimal d’interaction de certains facteurs de transcription comme
MAZ ou hnRNP A1l. Cette derniére est capable de lier les G4 de KRAS32R et de les défaire
favorisant ainsi la transcription de KRAS. Cette étude a pour but de déterminer et valider des
cibles G-quadruplexe au sein de I'oncogene KRAS. De plus, elle vise a identifier les groupes
chimiques caractéristiques de ligands pouvant interagir avec ces G4. Cependant, afin de créer
de bons ligands et d’identifier des groupes chimiques clé, il est nécessaire d’avoir des
informations structurales a un niveau atomique concernant les différentes conformations de
G-quadruplexe. L'identification d’éléments structuraux spécifiques de ces G-quadruplexes
permettraient de créer des ligands spécifiques de G4s comme ceux formés au sein de
I'oncogene KRAS. Ce projet est donc divisé en deux parties majeures avec dans un premier

temps la détermination de la structure des G-quadruplexes de KRAS32R pour obtenir des



éléments structuraux et dans un second temps I'étude de I'interaction de ces G4s avec des
protéines comme hnRNP Al ainsi que plusieurs ligands provenant de différentes familles.
Comme expliqué précédemment, obtenir des informations structurales sur la cible est tres
important dans le concept de Drug Design. En effet, cela permet de créer des molécules qui
sont capables de venir cibler spécifiquement les sites de liaison identifiés lors de I'obtention
de la structure. Ensuite lorsque les ligands sont testés, la structure permet l'identification des
groupements essentiels a I'interaction. Concernant la structure de KRAS32R, plusieurs études
ont tenté de la résoudre sans y parvenir. Afin de comprendre comment s’organisent les
séquences riches en guanine de la région NHE de la région promotrice de I'oncogéne KRAS,
nous avons commencé par étudier ce qui a été montré comme étant la plus petite séquence
pouvant former des G4s aussi appelée KRAS21R. KRAS21R représente donc le plus petit G4 de
la région NHE qui est capable, tout comme KRAS32R, d’interagir avec des facteurs de
transcription comme MAZ. En utilisant la séquence KRAS22RT qui posséde une adénine
supplémentaire en 3’ et en incorporant une mutation de la guanine 16 en thymine, nous avons
réussi a garder la conformation principale de KRAS21R tout en améliorant la qualité des
spectres RMN (notamment 2D) pour la résolution de la structure. Grace a la détermination de
cette structure et a de nombreux spectres RMN de la séquence KRAS32R, nous avons tenté
de comprendre comment se formaient les G-quadruplexes de cette séquence. Plus d’'une
centaine de mutants ont été testés avant de comprendre la formation de ces G4s pour
commencer la détermination de structure. A I'issue de toutes ces analyses, il était clair que la
séquence KRAS32R n’adoptait pas une seule conformation mais qu’il y avait un mélange de
deux conformations majoritaires. Ces deux conformations ont été identifiées en tant que G9T
et G25T correspondant aux résidus mutés menant aux conformations correspondantes. D’un
c6té, GIT forme une structure unique dans laquelle G9 n’est pas impliqué mais le dernier
résidu G32 I'est. De plus, elle est stabilisée par la formation d’une triade. De I'autre c6té, G25T
est trés différente avec G9 impliqué dans la formation du G-quadruplexe sans la présence
d’une triade. De plus, la structure reste toujours polymorphique dii a un glissement dans le
dernier tract de guanines entre G26 et G29. |l est également possible que G9 soit responsable
en partie du polymorphisme qui permet I'’échange entre ces deux états. Dans cette étude,
nous avons finalement compris la formation des G-quadruplexes au sein de la séquence
KRAS32R et nous avons déterminé ces structures G-quadruplexe qui sont connues pour étre

hautement impliquées dans la transcription et pouvant interagir avec plusieurs protéines
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durant le processus. Ainsi nous avons pu apporter des informations cruciales concernant les
structure de G-quadruplexes les plus probables au sein de la séquence KRAS32R de la région
NHE. Ces structures tridimensionnelles pourraient représenter de nouvelles cibles essentielles
pour le développement de nouvelles molécules spécifiques aux G-quadruplexes de la région
promotrices de KRAS. En effet, elles pourraient interférer avec la régulation de la transcription
en stabilisant ces G4s ou bien en entrant en compétitions avec des facteurs de transcription
comme MAZ ou hnRNP Al. Grace aux nouvelles informations concernant KRAS22RT et
JRAS32R, nous avons ensuite testé un panel de ligands. En sélectionnant quelques candidats
parmi les meilleurs testés et en étudiant leur interaction avec les G4s a un niveau atomique,
nous pourrions comprendre comment les différents groupements chimiques participent a la
stabilisation globale de la structure G4. En obtenant ce genre d’information nous voulons
comprendre comment les ligands pourraient interagir de fagon plus efficace avec les boucles,
les sillons ou encore les tétrades. Comme les ligands pour G-quadruplexes sont souvent trop
toxiques pour les cellules ou bien a l'inverse pas assez car ils ne peuvent pas passer les
différentes barrieres, c’est aussi un bon moyen d’identifier les groupements chimiques qui
peuvent étre remplacés pour surpasser ces limites. Comme ce travail a été réalisé en paralléle
de la détermination de la structure de KRAS32R, la majorité des résultats des tests avec ligands
a été obtenu avec KRAS22RT. Une fois les structures de KRAS32R G9T et G25T obtenues, nous
avons également obtenu quelques résultats préliminaires. Dans le cas de KRAS32R, le but était
de trouver des ligands capables de stabiliser les G4s mais également des composés qui
seraient capables de déplacer I'équilibre entre les deux conformations G9T et G25T. Un autre
objectif était de trouver des molécules capables de prévenir 'interaction avec UP1, une
protéine contenant uniquement les deux domaines de liaisons a ’ARN de hnRNP A1l. Parmi
tous les ligands testés, aucun ne possédait toutes les propriétés que nous recherchions.
Plusieurs d’entre eux ont cependant montré de bons résultats en terme de stabilisation, de
protection contre la chaine complémentaire ou bien contre la protéine UP1 ou encore en
terme de cytotoxicité et de capacité a rentrer dans la cellule. C8, un dérivé acridine, est
probablement notre meilleur ligand notamment avec son effet stabilisant et sa capacité a
protéger le G4 contre la chaine complémentaire. Cependant, il n’est pas capable d’empécher
I'interaction de UP1 et n’est pas suffisamment spécifique des cellules cancéreuses en terme
de toxicité. D’un autre c6té, le ligand AG, un composé salphen, n’est pas notre meilleur ligand

mais nous avons décidé de mener des études structurales plus poussées du complexe formé
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avec KRAS22RT car il était le plus indiqué pour cela. D’autres composés comme le ligand
PhenDC3, de la famille des phénantrolines, ont montré qu’il était possible d’éviter I'interaction
avec UP1l. Cependant, les mécanismes impliqués n’ont pas encore été identifiés. En
conclusion, ce travail de these a permis d’apporter de nouveaux éléments sur I'organisation
des G-quadruplexes de la région NHE de I'oncogene KRAS avec la résolution de trois structures
par RMN dont deux structures en équilibre dans le cas de KRAS32R. La résolution de cette
structure a longtemps été considérée comme un réel challenge. Ces trois structures ont le
potentiel d’étre utilisées dans une approche de Drug Design pour les G4s de KRAS. Une fois la
cible identifiée et caractérisée, il est donc possible de se concentrer sur le développement de
ligands avec une affinité accrue pour ladite cible. Ce travail représente une étape importante
pour obtenir des informations qui permettront plus tard de trouver de nouvelles molécules
pour répondre aux problémes sociétaux majeurs que représentent les cancers pancréatiques,
des poumons ou encore colorectaux. Ces cancers sont parmi les plus mortels et ce travail
pourrait étre une piste supplémentaire pour lutter contre leur croissance et le développement

de tumeurs.
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Introduction






| would like to start this chapter with a paramount statement that captured my imagination
during the past three years or so: nucleic acids are considered the cornerstone of life. In this
chapter | shall introduce the readers to the some of the concepts needed for the
understanding of my results. One of the main reasons seems obvious and it is related to the
fact that DNA holds the genetic information that each individual needs to survive, grow and
reproduce. So it is without surprise that we expect a tight, sophisticated and intricate level of
“management” of chromosomic DNA. During my early years in academic formation, especially
during my master, | learnt that it was possible thanks to complex mechanisms and unusual
structural motifs. For a long time, these unusual structures were largely unstudied and their
role in all different biological processes seemed to remain rather unknown, especially at
molecular level. In addition, thanks to their involvement in many metabolism processes, they
became very attractive to be studied as possible targets for therapeutic purposes. Nowadays
nucleic acids and their non-canonical structures represent one of the major fields in
fundamental research. Hereafter, | will introduce you to this fascinating field of research that

is the centrepiece of my dissertation.

1. Nucleic Acids

I.1. General information - History

Unlike public opinion, DNA double helix was not discovered by Watson et Crick in the 1950s.
Indeed, the DNA discovery is one century older thanks to Johann Friedrich Miescher, a young
Swiss chemist[® 2. As he was trying to isolate and purify proteins from leucocytes in order to
characterize them, he discovered a substance obtained from the nuclei being insoluble in
acidic conditions. The substance could be dissolved again in alkaline conditions, so without
surprise he called it “nuclein” and though that it represented some storage mechanism for
cells. Although this discovery represented a major step forward in biological sciences,
Miescher could not properly publish his results and it remained hidden from the public for
several years. Then the composition of “nuclein” was discovered by Albrecht Kossel® 4 who
was working on the hypothesis that “nuclein” was participating in the formation of new
biological tissue. A few years later he was able to identified the five nucleobases: Guanine,
Adenine, Cytosine, Thymine only in DNA and Uracil only in RNA. He received Nobel Prize in

Medicine in 1910 for his seminal work. Later in 1919, Phoebus Levene, a Russian biochemist,
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proposed that DNA is composed of four different nucleotides which correspond to a
phosphate group link to sugar with one of the four bases attached. This model is very closed
to the one we know with ribose (RNA) or deoxyribose (DNA) linked at 5° —OH group to the
phosphate group with a phosphoester bond and at 1’-OH to the bases A, G, Cand T (DNA) or
U (RNA) with an osidic bond®! (Figure 1).

+ — +®—b~

Bases
H |-|| CH5 |-||
H N H 0 0 N 0
\(]\”/ \H %\’& Y
N N N N N_ =
H™ \H/ H™ \[( ~H HT H
0 0 H
Cytosine Thymine Uracil
H\N/H 0]
H
N -
N AN 74 N
H—</ | | " : | /L
= H
/)\ N N N7
N N H / |
/ H
H H
Adenine Guanine

Figure 1. Chemical structure of a nucleotide with the different bases implicated in its

composition.

In 1944, a huge discovery that shocked the nucleic acids world was published by Oswald Avery
and colleagues [®! in a seminal paper which proved that DNA is the carrier of genetic
information. Inspired by this new breakthrough, Erwin Chargaff discovered the “Chargaff
rules” which states that in DNA, the amount of purine bases is nearly equal to the amount of
pyrimidine bases with amount of A similar to T and amount of G similar to C but at this point

he did not know that A is paired to T and G to C!”! (Figure 2).
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Purines = Pyrimidines

Figure 2. Simple view of Chargaff’s rule

Finally, in 1953 Watson and Crick, and also thanks to researchers such as Rosalind Franklin,
Maurice Wilkins or Linus Pauling, proposed their model of the DNA double helix [ which leads

to the actual knowledge about DNA (Figure 3).

Hydrogen bond

5’ end 3" end
H

Figure 3. Structure of the double-helical structure of DNA discovered by Watson and Crick

From © 2013 Nature Education.
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In DNA structure, the phosphate backbone is outward facing with bases inside the structure
and allowing formation of hydrogen bonds. A is complementary to T and they are linked with
two hydrogen bonds and C is complementary to G with three hydrogen bonds. In AT base pair,
they are formed between N1(A)/O8(T) as donors and N3(T)/N10(A) as acceptors. In GC base
pair the donors are 06(G)/N3(C)/07(C) and the corresponding acceptors are
N8(C)/N1(G)/N10(G). The DNA double helix is anti-parallel, which means that the 5' end of
one strand is paired with the 3' end of its complementary strand. The model proposed by
Watson and Crick was a right handed helix corresponding to canonical DNA form know as B-
DNA which is the most common form in living cells. But there are also two other
conformations which can be adopted by DNA double helix which are A-DNA also canonical
corresponding to a smaller and wider form of the helix due to the fact that it is found in
dehydrated environment and Z-DNA which is a non-canonical left handed helix know to be a

transient form!®l.,

1.2. Nucleic acids based unusual structures

Watson-Crick base pair Hoogsteen base pair

Guanine Guanine

Figure 4. Differences between Watson-Crick base and Hoogsteen base pairing
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Nucleic acids structures are commonly represented by a double helix such as the DNA model
discovered by Watson and Crick but they can form several other structures. As double-helical
structure, secondary structures are formed via hydrogen bonds and also for example stacking
interaction with m-electron system of nucleobase aromatic rings with high contribution in
terms of energy. Hydrogen bonds implicated in these structures can be Watson-Crick
hydrogen bonds corresponding to the base pairing know in their helix structure but also

arranged in some different configuration called Hoogsteen hydrogen bonds.
1.2.1. Hoogsteen hydrogen bonds

They have been discovered in 1959 by Karst Hoogsteen who wanted to study the structures
of co-crystals containing 9-methyladenine and 1-methylthymine (%, He noticed some new
type of hydrogen bonds between A and T where the adenine was flipped and even if one of
the two hydrogen bond was identical to the one describes by Watson and Crick, the other one
implicated different atoms on another face of the adenine (between N3 and N7 whereas it
should be N3 and N1). Several nucleic acids secondary structures (hairpin, i-motifs, G-
guadruplexes...) formations are possible because of the existence of these hydrogen bonds

(Figure 4).021

1.2.2. Stem-loop structures
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Figure 5. Schematic view of a stem loop structure with the stem and the loop parts
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Both DNA and RNA are capable of forming stem-loop structures even if they most of the time
found in RNA sequences. Stem-loop which are also called hairpin or hairpin loop is formed in
single-strand nucleic acid with a base paired part corresponding to the stem and an unpaired
region forming a loop. Stem part can be formed if a part of the strand is complementary to
another part in the sequence when read in opposite directions!*?! (Figure 5). These structures
can be found in ribozymes (RNA enzymes) and messenger RNA having a role in biological
processes such as translation!’31%, Stem-loop structures can be implicated in long range
interactions and participate in the diversity of RNA secondary structure by forming
pseudoknots and kissing complexes via hydrogen bonds forming between a stem or a loop
part from a stem-loop unit to the stem or the loop part of another stem-loop unit. In the case
of pseudoknots formation (Figure 6), several conformations are possible but the most

common form is called H-type fold where some base of a hairpin loop is going to establish

intramolecular hydrogen bonds with other bases outside the stem.

Ourside strand

Figure 6. Schematic view of the formation of a H-type pseudoknot with the crystal

structure of a viral RNA pseudoknot (code PDB: 1L2X)

This process lead to a pseudoknot with one more stem and one more loop formed(*®l. Another
kind of RNA-RNA dimer can be formed thanks to tertiary interactions which is called kissing
complex (Figure 7). It is the result of the base pairing between the terminal loops of two
hairpins. As simple stem-loop unit, pseudoknots and kissing complexes can be implicated in
the catalytic core of ribozymes in the translation process but one of their main interesting role
is that they can induce a ribosomal frameshifting during translational process especially in
virus!*7-191, This phenomenon is possible because of a higher energetic barrier to cross for the

translating ribosome due to their structural geometry?%. In the case of kissing complexes, one
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of their most known implication is during genome dimerization in HIV-12% 22 |ndeed, for
retroviruses, this phenomenon allows them to keep their RNA copies together by their 5’ end

and overcome immune system defenses [23],

TCGACTGATC Y/ CGeaGCTGATE
TCGACTGATC Gy ¢’ "CGAGCTGATC
AGCTGACTAAGAT ____________ AAATCTCGACTAG

Figure 7. Schematic view of a kissing complex with the crystal structure of an TAR-R06 RNA

kissing complex (code PDB:2JLT)

1.2.3. Triplex structure

DNA triplex is one of the most characteristic secondary structure adopted by nucleic acids in
which Watson and Crick hydrogen bonds and Hoogsteen hydrogen bonds are involved. Triplex
nucleic acids were first discovered in 1957 by Felsenfeld and Rich?* who found that a complex
can be formed between polyuridylic acid and polyadenylic strands if they are put together in
a 2:1 ratio. Then in 1986, by designing DNA-binding moleculel?>], Dervan discovered a DNA
sequence capable of forming a stable specific triple helical DNA complex called triplex forming
oligonucleotide (TFO). It binds to the major groove of the DNA duplex and then can form a
DNA triplex if there are the needed requirements such as physiological conditions and
especially Mg?* salt concentration[?®, TFO should be complementary to one of the two DNA
strand but unlike DNA duplex it is not mandatory to have antiparallel formation. DNA triplexes
can be intermolecular or intramolecular depending of the TFO’s nature (Figure 8A). If TFO
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comes from a second DNA molecule, then an intermolecular triplex can be formed. But the
third strand can be provided by one of the strands of the same duplex if there is some mirror
repeat sequence and the resulting triplex will be intermolecular and is known as “H-DNA”[27
281 Depending on the bases implicated in the triad formation (from the TFO and from the
duplex), two types of DNA triplexes can be formed: parallel and anti-parallel’?®!. Generally,
parallel triplexes would form in case of pyrimidine rich triad such as TAT or CGC where the
TFO bring pyrimidine base and anti-parallel would form in case of purine rich triad such as

GGC or AAT where base from TFO Is purine (Figure 8B).
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Figure 8. (A) Formation of a triplex from a duplex and an external TFO; and in (B)
Representation of the different possible motifs depending on the base coming from TFO
(purine motif if A or G; pyrimidine motif if T or C). Watson and Crick (red) and Hoogsteen
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Several studies about association and dissociation of DNA triplexes showed that the
association can simply be described with a simple model Duplex + TFO = Triplex, and is highly
depending on pH essentially due to protonation of cytosine which can lead to one-step
formation or sequential formation!3?l. For dissociation, a model was proposed with two
different steps with; first a dissociation step of TFO from DNA duplex followed by the
dissociation of the duplex : Triple = Duplex + TFO = 2 Single Stand + TFO. Indeed, studies
revealed that DNA triplex is thermodynamically less stable than bound DNA duplex3l. DNA
triplexes are not only some kind of unusual DNA secondary structure because they also have
some important implication in biological process especially because over 2 million TFO binding

sites have been identified in mammalian genomel32 331,
1.2.4. |-motif structure

The i-motif also called i-tetraplex is a four-stranded structure that can be formed within C-rich
strand with intercalated C-C base pairs at slightly acidic pH. It has been first described in 1993
by Guéron and co-workers34 but formation of C-C pairs base in cytosine-rich polymer was
already demonstrated more than 50 years ago 3> 3¢, However, i-motif is the only know nucleic
acid structure which can be formed via a system of intercalated base pairs. This structure is
formed with two parallel duplexes linked via hemi-protonated cytosine-cytosine base pairs

that are intercalated in an antiparallel orientation37- 38! (Figure 9).
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Figure 9. C-C base pairing with the protonated cytosine and schematic representation of

the i-motif intercalation with TCCT as a simple model
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Formation of i-motif depends on several factors such as the number of implicated intercalated
cytosine 39, loop length (491, or environmental condition. Indeed, it has been shown that i-
motif can even be formed at neutral pH conditions [*!] and supports the idea that i-motif are
dynamic structure over a wide range of pH from a folded structure to a more disorganized
conformation especially at higher pH values. Moreover, i-motif can be formed in a tetramer
with four strand containing at least a stretch of cytosinel®?, in a dimer of a DNA strand
containing two cytosine stretches [*3 or even in a monomer by forming an intramolecular i-

motif with a single strand of four cytosine stretches *# (Figure 10).

Tetramolecular Bimolecular Intramolecular

Figure 10. Examples of i-motifs with four, two and one strand. Tetramolecular i-motif is
the NMR structure of 5" AACCCC 3’ (PDB: 1YBL); bimolecular i-motif is the NMR structure
of the dimer 5’ CCTCACTCC 3’ (PDB: 2AWV) and intramolecular i-motif corresponds to the
NMR structure of 5" CCTTTCCTTTACCTTTCC 3’

The i-motif arrangement is quite stable and generally shows a high melting temperature in
acidic conditions, nevertheless stability is highly dependent on the conditions especially pH
conditions. Concerning kinetics, i-motif often show a very slow association and dissociation
constants depending again on the conditions and the sequencel®. Even if the role of i-motif
remains unclear, there a lot of C-rich sequences such as promoter regions and human
telomeric DNA which could be capable of forming i-motifl*¢l. Other C-rich regions can be found
in minisatellite such as human insulin minisatellite or in the human centromeric a satellitel*”:

8l It has also been reported that some proteins such as the heterogeneous nuclear
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ribonucleoprotein K can bind to the C-rich strand in c-myc NHE (Nuclease Hypertensive

Element) promoter region[*?],
1.2.5. G-quadruplex structure
1.2.5.1. From a nuisance to a molecule of interest

G-quadruplexes also known as G4 are nucleic acids secondary structures that can be formed
within DNA or RNA guanine rich strands. Interestingly, their history is older than the double
helix discovered by Watson and Crick in 1953. In 1910, Bang®® discovered the that guanylic
acid is capable of forming a gel at high concentrations suggesting that G-rich sequences could
form auto associate and form high order structures. Around fifty years later, Gellert and
colleagues®!l used X-ray diffraction and found that guanylic acids can assemble into
tetrameric structures. After several studies’®? >3], the G-quartet (or G-tetrad) (Figure 11) was
finally described as the basic structural motif of G-quadruplexes composed of four guanines
associated in a planar square with Hoogsteen hydrogen bonds. Each guanine is associated to
the two adjacent ones. Stacked G-quartets lead to the formation of a G-quadruplex. For years,
even after being described, G-quadruplexes were seen as a nuisance first and then as an in
vitro artefact until studies show that G-rich sequences at the ends of human telomeric DNA

were capable of forming this kind of structure.

Figure 11. Representation of the G-quartet with the four guanines linked in a Hoogsteen

hydrogen bonds network (red)
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1.2.5.2. G-quadruplexes polymorphism

G-quadruplexes cannot be described as only a simple four-stranded structure. Indeed, G-
guadruplexes are well known to be highly polymorphic structures. This polymorphism has
several explanations such as the sequencel¥, the number of strands implicated in the
formation and their orientation®®, the loops size, orientation and connectivity®®>8], the syn
or anti conformation of the guanines®, the nature of the stabilizing cation®®¢2 and some

other factors depending on the environment.

Number of strands and orientation (Figure 12)

Tetramolecular Bimolecular Bimolecular Intramolecular
Hybrid Antiparallel Antiparallel Parallel
Lateral loop Diagonal loop Propeller loop

Figure 12. Examples of different G-quadruplexes depending on the number of implicated

strands, their orientation and their connectivity (loops)

G-quadruplexes formed with only one strand are called unimolecular or intramolecular G-
guadruplexes. They can be simply described with this kind of model [GnLxGnLxGNLxGn] Where
G is the number of guanines in the tract that can be implicated in the G-tetrad and Lxis the
number of residues which are implicated in the loops and can also be guanines if they are not
part of a tetrad. Generally, G, will contain at least three guanines because even if G-
quadruplexes with only two stacks are possible, they are less stablel®]. G-quadruplexes can
also be formed with several strands with bimolecular G-quadruplex (two strands) or
tetrameric G-quadruplex (four strands). The strand sequence is not necessary the same and
could be different but in most of the cases, sequences are identical. Among this three types
of G-quadruplexes, the most polymorphic one is the bimolecular because the association of

two strands increase topology variation. Recently an example of a triple stranded G-
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quadruplex has been published!® showing that polymorphism due to the number of strand
in the G-quadruplex formation is not totally unsolved. In addition to the number of strands,
polymorphism is also due to the orientation of these strands. Indeed, G-quadruplexes can be
divided into three different groups!(®®l. When all strands are oriented in the same direction, G-
quadruplex is called parallel(®®l, |f there are two strands in a direction and the two other in the
opposite direction, then the G-quadruplex is anti-parallel. In the case of anti-parallel
conformation, the two strands in the same direction can be on the same side in a “chair-
like”[67] conformation or on opposite sides in a “basket-type”®8 conformation. Finally, the last
case corresponds to only one strand in the opposite direction compared to the others strands

and the G-quadruplex is called hydrid ¥ also knowns as “3+1” mixed conformation.

Loops diversity and bulges (Figure 12)

Loops diversity also participates to increase G-quadruplex polymorphism. Loops can only be
formed in bimolecular and intermolecular G-quadruplexes because there is no connection
between strands in tetramolecular G-quadruplexes. Three different types of loops can be
distinguished in G-quadruplexes!’® . First, the propeller type!l’* 72 which corresponds to a loop
linking adjacent parallel strands from a bottom G-tetrad to a top G-tetrad. This kind of loop
can be formed in all type of G-quadruplexes. The two other types of loop that can exist only
in anti-parallel and hybrid G-quadruplexes are known as lateral and diagonal loops. Lateral
loops!”3 connect two anti-parallel strands on the same side and can be separated in two types:
“head-to-head” and “head-to-tail”l’* 7>l. “Head” and “Tail” refer to the opposite faces of a
guanine base. Diagonal loops!’® joins also two anti-parallel strands but on opposite sides.
Another type of connectivity between guanines of tetrad which participate to G-quadruplexes
polymorphism but not considered as loop is bulgel””- 78, Bulges consist in, like loops,
connecting guanines of G-tetrad but unlike loops which connect guanines of opposite sides,

bulges connect two adjacent guanines of the G-core belonging to the same strand.

Guanine glycosidic conformation

In G-quadruplexes, guanine cap adopts two different conformations depending on the
glycosidic angle x: anti and syn7°! (Figure 13). The glycosidic bond links the sugar and the base
(A, T, C, G, U if RNA) between the C1’ and N9 in the case of purine or N1 in the case of

pyrimidines. The corresponding torsion angle x may be really different depending on the
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rotation of this bond. Torsion angle x can be described as the angle between 04'-C1'-N9-C4
for purines and 04'-C1'-N1-C2 for pyrimidines. If x is comprised between -120 and 180° then
the corresponding conformation is anti whereas syn correspond to a torsion angle between 0

and 90°.

anti conformation syn conformation

Figure 13. Representation of anti and syn conformations for guanosine (purines). For

pyrimidines N9 and C4 are respectively N1 and C2

Parallel G-quadruplexes have all guanine in anti conformation but anti-parallel G-
guadruplexes can both anti and syn conformation. There is no rule to predict if it would have
formed one or the other conformation because glycosidic conformation will be unique for a
given topology. The only exception concern RNA G-quadruplexes which generally have anti

oriented guanines and harbor a parallel conformation due to the 2’-hydroxyl group(&% 811,

Nature of the cation

As described before, G-quadruplexes can be stabilized by monovalent cations and their role
in G-quadruplexes stability and polymorphism have been deeply studied. Cations can
contribute to neutralize the global negative charge of DNA but in the case of the G-
quadruplexes their role become central®? 8l Indeed, during G-quadruplexes formation, the
implication and orientation of guanines in the tetrad allow the creation of a central channel
which is highly negatively charged. Due to the orientation of the 06, a strong negative
electrostatic potential is created inside the channel which needs to be compensate by cations
positive charge. Coordination by monovalent cations is possible due to the geometric
arrangement of the guanine 06 pairs of electron. As the most biological relevant cations are
K* and Na*, they are the most known and studied cations in G-quadruplexes formation but

there are several other cations, monovalent or divalent, that can stabilize G-quadruplexes,
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sometimes in a better way. As a result, cations have been identified depending on their
stabilizations potential: K*, Na*, Rb*,NHs*, Ca?+, Mg?*, Pb?* 8487l for the most known of them,
K* being the one with the higher stabilization effect!®®. Depending on the nature of the
cations, position within the G-quadruplex channel can be different. For example, Na+, which
is smaller compared to K+ can be in the same plane as guanines 06 in some case or it can
adopt a configuration similar to K+. Potassium cation which is larger than sodium does not fit
in a planar configuration and has to be equidistant between each tetrad plane be in a
tetragonal bipyramidal electrostatic configuration. The nature of cations can be very
important in G-quadruplexes polymorphism because in some cases, with the same sequence,
different cations can lead to the formation of different conformations, such as in the case of
human telomeric sequence 5’ A(GGGTTA)3GGG 3’. In presence of Na* it forms an antiparallel

G-quadruplex® but with K* it forms a parallel structurel®°,

High order G-quadruplexes structures

Even of most of the studies have been focused on monomeric structures, G-quadruplexes can
adopt a variety of multimeric forms from the smallest represented by a dimer to very large
structures containing hundreds of G-quadruplexes monomers called G-wires!®%®2l, Regarding
the potential high G-quadruplexes concentration availability in eukaryotes, formation of G-
wires structures is particularly interesting. Different types of multimeric structures can be
distinguished to monomeric G-quadruplexes®® ?4: intramolecular or intermolecular; parallel,
antiparallel or hybrid based structures depending on the conformation of G-quadruplex units.
Moreover, each unit can be stacked in three different orientations: 5’ to 3’ “head-to-tail”[®°],
5’ to 5’ “head-to-head”®® or 3’ to 3’ “tail-to-tail”[*’l. Formation of these higher structures is
essentially possible thanks to the m-m stacking of the terminal faces of each G-quadruplex
unitl®, An example of this kind of structure has been described by Neidle and coworkers®®
who described consecutive parallel G-quadruplexes connected by a TTA loop in a “head-to-

tail” configuration.
1.2.5.3. G4-motif localization

In vitro, G-quadruplexes are considered as highly stable structures with melting temperature
much higher than that of duplex DNAP® 190, Dye to their stability, their existence in vivo is still

a critical point in G-quadruplexes studies. However, computational studies revealed more
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than 375,000 G-quadruplexes forming motifs in the human genome!%% 102 syggesting that
they may form in vivo. Moreover, these motifs are not randomly located within the genome
but are concentrated in several regulation key regions'93-191 G-quadruplexes motifs are
essentially present at the end of the chromosome telomeres!®l, in promoter regions1%7],
within UTRs (Untranslated Regions) of messenger RNA'%! and in several other regions such
as mitotic and meiotic DSB (Double Strand Break) sites. All these localisations suggest that G-
guadruplexes could have a biological role in several biological processes such as replication or
transcription acting as a regulator. Several other studies have been performed in other
organism especially in Saccharomyces cerevisiae®® 19 where more than 1,400 G-
guadruplexes forming motifs have been identified which remain quite high regarding the
entire genome of Saccharomyces cerevisiae. Even if G-quadruplexes forming sequences have
been identified in all over the genome, two localisations have been particularly studied:

telomeres and gene promoter’s regions.

G4 in telomeres

Telomeres are specialized DNA nucleoprotein complexes that cap the end of chromosomes(*1-
1131 Their primary role is to protect against gene erosion at cell divisions and attacks from
nucleasel¥. For human (and vertebrate) telomeres consist of a tandem repeat of the
hexanucleotide 5’ d(TTAGGG), 3’ with a length of 5 to 10 kb terminating with a G-rich single
strand capable of forming G-quadruplexes(!'> 116l |n normal cells, each cell replication leads
to the loss of 50 to 200 base in telomeres. This phenomenon is related with cancer, aging and
genetic stability as the loss of bases directly corresponds to an information loss!*'7- 118l |n
somatic cells, each cell replication cycle leads to the loss of 50 to 200 base in telomeres. After
a critical shortening of the telomeres the cell undergoes apoptosis!**®l. In most organisms, the
telomerase, a reverse transcriptase enzyme, is capable of increase the length of telomere by
using its RNA subunit as a templatel'29, Telomerase is inactive is most somatic cells except
when its functions are needed but it is upregulated in most cancer cells leading to immortal
cancer cells(*2l |t has been shown that the G-quadruplexes formation could influence the
telomerase activity with different effects depending on the conformation: intramolecular
antiparallel G-quadruplexes block telomerase whereas intermolecular parallel ones could
favor telomerase activity!'?% 1231, Moreover, in human, telomeres are associated with several

related proteins such as Potl (protection-of-telomeres 1) which has been shown to avoid G-
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quadruplexes formation by interacting and trapping the G-rich single strand?* 1231, As 3
consequence, Potl can enhance telomerase activity. As the potential role of G-quadruplexes
in telomerase activity is known for almost 40 years, several different of studies employing
different methods have been performed in order to determine the structure adopted by

telomeric G-quadruplexes (Figure 14)!126-128],

Two tetrads

Packed

Flipped tetrad

Figure 14. Several examples of telomeric G-quadruplex structures

PDB codes are (from left to right and from up to bottom): 143D, 1KF1, 2KKA, 2HY9, 3IBK
and 5MBR.

Surprisingly, the variety of methods and conditions tested produced a variety of structures.
The telomeric sequence can form different G-quadruplexes much depending on the salt
composition. In Na* buffer seems to form parallel G-quadruplexes or hybrid G-quadruplexes
even if the predominant form seems to be the hydrid one. The parallel conformation may have

been induced by crystallization condition.

G4 in promoter regions

31



Thus, G-quadruplexes forming motifs are particularly present in promoter regions and suggest
a potential function in transcription. Indeed, at least one G-quadruplexes motif have been
found near (1000 nucleotides upstream) TSS (Transcription Starting Sequence) in more than
50% of the human genes!*?°l, This phenomenon is quite conserved across species because it
can also be observed in yeast, plants or bacterial*3® 131, During transcription process, there is
only one strand used as a template and the other is the non-template strand. Depending on
the situation, G-quadruplexes motifs can be located in one or in the other strand and two
hypotheses can be proposed about the role of these structures. The presence of G-
quadruplexes within the sequence can be compared to supercoiling*3? which is a well-known
phenomenon that is thought to affect transcription!33l. Supercoiling can have both positive

and negative effects on transcription that is why two hypotheses are possible (Figure 15).

Transcription inhibition

RNA
polymerase

Transcribed strand
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Transcribed strand

Template strand

Transcribed strand

Template strand

Figure 15. Hypothesizes about the putative role of G-quadruplexes during transcription in

the promoter region

32



In the case where the G-quadruplex motif is located on the template strand, it could inhibit
the transcription by acting as a roadblock and as a result disturb the transcription machinery.
But, if the G-quadruplex motif is located on the other strand (non-template), it could enhance
the transcription by maintaining the transcribed strand in a single-strand conformation. The
main criticism of this model is that the G-quadruplex formation is too slow and the stability of
these structures is too high to be considered as regulation elements. In addition to the two
previous hypotheses, transcription may also be altered by protein binding to G-quadruplexes
especially transcription-related proteins such as transcriptional enhancers or repressors(t34l,
These proteins could affect formation or unfolding of quadruplexes. If these proteins could
act as chaperones!!3> 136 then the time scale for G-quadruplexes formation could be adapted
for a regulatory role. Several transcription-related proteins are known to bind to G-

quadruplexes!’37- 1381 and make their role in transcription more relevant.

c-MYC VEGF Bcl-2

Figure 16. G-quadruplex structures from several oncogene promoter regions
PDB codes are (from left to right and from up to bottom): 1XAV, 2M27, 2F8U, 2KZD, 6AC7
and 203M.
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One of the G-quadruplexes most exhaustively studied is the mammalian MYC (or c-MYC)
oncogene which codes for a transcription factor associated with cell proliferation!*3®!, In more
than 80% of human cancer cells, there is increased level of MYC expression(140: 141 |n MYC
promoter, there is a sequence called Nuclease Hypersensitive Element 1111 (NHE 1111) which is
essential for MYC transcription and capable of forming G-quadruplexes in vitro. Several
structures adopted by sequences within the MYC NHE 1111 and within several other oncogenes
have already been studied (Figure 16)!142144, The role of the G-quadruplex has been studied
by looking at the levels of expression of the gene with a wild type sequence containing the
motif and compared to a mutated sequence without it and the results showed that the motif
in NHE 1111 represses transcription[4>l. Several other oncogenes have been studied such as c-

KIT!146] VEGF147] BCL-2[148] or KRAS with similar results.
1.3. Use in therapeutics

In the last decade’s we have seen some major developments in the field of therapeutics such
as the development of monoclonal antibodies, immune modulators or replacement enzymes
to target over 20,000 “druggable” targets which have been identified*4% 1% both by academia
and industrial researchers all over the world. Unfortunately, a lot of those targets remain
“undruggable”. In order to overpass these limitations new approaches and strategies are
necessary. It is without surprise that some actors in the field have turned to nucleic acids as
possible targets, to the point of creating a new field by itself. This is due to the “explosion” of
fundamental research performed in the field of nucleic acids in the past 30 years. Nucleic acids
have many advantages for building artificial nanostructures in “drug Design” concept!>1-153l;
(1) their secondary structure could be determined; (2) they are easy and rapid to design; (3)
their production is less costly involving chemical synthesis without variability of biologics; (4)
they are stable and (5) they can be combined to increase drugs flexibility. A large variety of
strategies have been developed based on nucleic acids and several applications in
therapeutics and biotechnology have emerged with several patents being accepted both in

Europe and in the USA.
1.3.1. Examples of nucleic acids applications

1.3.1.1. Antisense Oligonucleotide (ASO)
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Antisense Oligonucleotides (ASOs) (Figure 17) are generally single-stranded nucleic acids
(DNA, RNA or chemical analogs). They are chemically modified to have enhanced stability,
affinity and cell penetration augmented and improved specificity to their target in order to
use them as drugs. But, as they need to be recognized by cellular mechanisms, their
modifications need to be carefully chosen and sometimes restricted which limited the
improving of their properties™4. ASO are usually used to bind pre-messenger RNA in order to
modulate the splicing, cause a sequence-specific degradation or even to block polyadenylation

to accelerate RNA decay [1>% 156

| | | | | = ASO
Inhibition of

Alternative splicing Degradation polyadenylation

Ll L 111 Pre-mRNA
Exon 2 Exon 3

Figure 17. Principle of Antisense Oligonucleotides in therapeutics

Modified from Nat Struct Mot Biol, Judy Lieberman, 2018

Depending on the purpose of the ASOs, their chemical modifications will be different. For
example, for a sequence specific degradation, ASO need to bind to the selected part of pre-
messenger RNA and need to be recognized by RNase H which will cleave the targeted
sequence. A good ASO candidate would be around 20 nucleotides long (corresponding to the
classical length of ASOs) with phosphorothiate linkages between nucleosides to form the
backbone. Several bases can be added to the flacking order to increase stability in vivo by
protecting ASO from exonuclease and to improve binding to pre-mRNA. For slicing modulation
or polyadenylation block, it is necessary to avoid degradation by RNase H that is why ASO
would contains bases with other modifications. ASO can also be designed to target mRNA in
order to inhibit or enhance translation. The main problem with this strategy is the ASO
intracellular uptake remaining quite poor that is why only a few drugs antisense-based have
been approved by FDA (USA): fomivirsen(®*”l, an antiviral drug briefly marketed before
effective anti-HIV drugs emerged and mipomersen!?8 159 which is used to treat familial

hypercholesterolemia.

1.3.1.2. siRNAs (short interfering RNA)
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Similar to ASO, siRNAs are operating by an antisense mechanism but they differ in their action
and outcomes. RNA interference was first discovered in a nematode Caenorhabditis elegans
where the delivery of a long, double-stranded RNA (dsRNA) silenced a gene expression by the
degradation of the messenger RNA!®, The mechanism was described as the degradation of
this long double-stranded RNA into small (around 20 nucleotides) double-stranded RNA called
siRNA which is capable of interacting with a multi-protein RNA-Induced Silencing Complex
(RISC). Then, in the RISC, siRNA is unwound and the antisense strand binds to mRNA. AGO2, a
component of RISC recognizes the complex and cleaves the mRNA around 10 nucleotides

downstream from the 5’-end of the antisense strand!*¢! (Figure 18).

| | = Double Strand RNA
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Figure 18. Strategy using siRNA leading to the degradation of messenger RNA (mRNA)
Modified from Nat Struct Mot Biol, Judy Lieberman, 2018

This mechanism was thought not existing within mammalian cells but later studies showed
that they just lack the degradation system of dsRNA and synthetic siRNA can be used to
interact with RISC and degrade mRNA in mammalian cells['6% 1631 siRNAs were rapidly used in
therapeutics with very encouraging results in vitro by inhibiting HIV replication®® by
depleting viral genes and in vivo by protecting mice from autoimmune hepatitis'®, The
principal problems found with siRNA strategies were similar to those found in ASO
applications: they are rapidly degraded and the uptake into the respective targets is quite
poor. In addition, unlike ASOs, chemical modifications are more limited and that is why in
clinical trials, the development of siRNA strategies are focused on the delivery system part.
Two major delivery systems have been studied: (1) using lipid nanoparticles to introduce
siRNAs and (2) by conjugating siRNAs to trivalent N-acetylgalactosamine (GalNac)6® 1671,
These two systems target the liver which is the primary sites of several circulating proteins.

36



The next generation of siRNA delivery system is focusing on the second system as the lipid
nanoparticles can be difficult and the system has side effects due to the immune system

response.
1.3.1.3. CRISPR-Cas9 system

CRISPR is a defensive mechanism adopted by bacteria against viral infections[18 1691 CRISPR is
the abbreviation for Clustered Regularly Interspaced Short Palindromic Repeats. These
clusters are separated by non-repeated DNA sequences corresponding to copies of foreign
DNA encountered by the bacteria which are called CRISPR arrays and act as memory. When
encountering a foreign genetic element again, bacteria produced RNA segments from CRISPR
arrays to target directly pathogen and then use adaptive immune response thanks to
nucleases coded by CIRSPR-associated (Cas) genes. CRISPR cluster has been first reported in
1987 by Yoshizumi Ishino!*’%, biotechnological application remained unexploited until 2013
when CRISPR-Cas9 was formerly applied for human gene editing!*’!l. CRISPR/Cas system has
been classified into six main types (I-VI) and two main classes (1 and 2). Cas9 nuclease belongs
to type Il and class 2. By designing a guide RNA (sgRNA), it is possible to target genes and
having an excised site at the correct location in the gene and then by triggering a cellular DNA

repair mechanism having a precise sequence alteration.
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Figure 19. CRISPR-Cas9 technology principle leading to DNA editing
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Once again, CRISPR-Cas9 technology (Figure 19) relies on the antisense pairing of sgRNAs but
on DNA (chromosomal) instead of RNA for ASO and siRNA. CRISPR/Cas9 system lead to gene
editing field which could allow to correct mutations in coding or regulatory regions of genes
in therapeutics!’> 173, However, as CRISPR-Cas9 modifies the genome, ethical and safety
concerns remain a major problem depending in the effects of direct mutation in the genome.
In order to use CRISPR-Cas9 efficiently, a sgRNA need to be designed to target the selected
sequence and then add in the Cas9 plasmid construction. CRISPR system including sgRNA and
Cas9 need to be delivered at a chosen target that is why delivery system have to be developed
to allow gene editing only where it is needed. This technology remains very interesting
especially in the case of cancers which are genetic diseases and progress for the last 5 years

show that it can be rapidly developed.
1.3.1.4. Triplex DNA

Secondary nucleic acid structures also have applications in therapeutics. Triplexes DNA for
example and more precisely intermolecular triplexes (with external TFO as described before)
attracted attention because of their potential role in inhibiting gene expression[74l. Thus, they
can be implicated in therapeutics concerning cancer or other genetic diseases. The idea is to
design a TFO sequence specific to the target to allow the formation of triplex DNA leading to
gene inactivation, stimulating DNA repair or homologous recombination. TFO represents a
good candidate to bond to duplex DNA with high affinity and specificity as it can be perfectly
complementary to the targeted strand and, similar to ASO, it can be chemically modified or
link to a delivery cargo!’>l. An advantage of using DNA rather than RNA is that there are fewer
copies to target. Moreover, unlike ASO and siRNA, it is possible with TFO and triplexes
formation to mutate or inactivate gene. Different approaches can be considered with triplex
formation. The first application for DNA triplexes in therapeutics is the inhibition of
transcription which could be very interesting in the case of oncogene (Figure 20). This has
been shown two decades ago by Cooney and colleagues'’®! by using a TFO targeting c-MYC
promoter region and since a lot of studies have been performed with several other targets32.
Another way to use triplex DNA is for DNA repair. Indeed, thanks to its properties, it is possible
to design a TFO that can target damage DNA and then the triplex formation will induce DNA

repair to restore the sequence.
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Figure 20. Schematic view of the putative role of triplex formation in transcription

This approach has been applied to c-MYC genel*””] in presence of gemcitabine, an antitumor
antimetabolite, and the results were encouraging to inhibit growth of human breast cells.
Finally, the last strategy is to simply use TFO as a probe to deliver drug to its target[*’8 179 The
TFO has a high affinity for DNA and can be chemically modified to be linked to the drug and to
increase stability, specificity or uptake. Limitations for this strategy remains quite the same
compare to ASO or siRNA especially for cellular uptake but also some problem concerning
triplexes formation. As cytosine N3 need to be protonated, triplex formation induced by TFO
can be prevented by physiological pH which can in G-rich sequence promote G-quadruplexes

formation(180, 181],
1.3.2. G-quadruplexes

Unlike strategies described before, G-quadruplexes are structures that are already present
and formed in DNA sequences that is why there is no need to insert DNA or RNA material to
promote their formation. However, some compounds, especially small chemical molecules (<1
kDa), will be used in most of the cases to promote G-quadruplexes formation and stabilize
them. Considering that G-quadruplexes are implicated in several important biological
processes, interfering with them could be worth exploring in order to find new possible

therapeutic targets.

1.3.2.1. Overview of G-quadruplexes therapeutic strategies
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Depending on the biological process and the G-quadruplexes (G4) implication, several
strategies can be considered. Most of the time, the aim is to stabilize these structures to
influence cells in different ways. In the case of transcription, especially for oncogenes,
stabilizing G-quadruplexes would increase their implication in transcription regulation[182],
Indeed, there is a lot of proteins capable of interacting with G-quadruplexes that can unfold
them and make G-quadruplexes more transient structures. Concerning their implication in
telomeres, the aim is similar in order to reduce telomerase action'83 184 As G-quadruplexes
in promoter, proteins can bind to them and affect their formation such as Pot1l which forces
the single strand conformation. Another application to consider is the destabilization of G-
guadruplexes which makes sense in the hypothesis of G-quadruplexes favoring transcription
when formed on the non-template strand(*8>l, If the G4s are present and stable in the non-
template strand, this favors the single strand conformation of the template strand and
consequently increases the transcription. For these examples, destabilizing G4s would reduce
the efficiency of transcription. Another way to use ligands to influence G-quadruplexes
formation is to act directly on their interaction with proteins. The idea would be to avoid
binding of proteins capable of unwinding G4 structures['8¢! and to increase interaction with
proteins promoting G-quadruplexes formation, either by interacting with G-quadruplexes or
the proteins. In the last case, the major issue remains in the fact that ligands could influence
the activity of the protein which can lead to the defect of its functions or at the opposite an
undesirable increase of their activity. All these strategies need ligands to be designed in ways
adapted to G4 biophysical and structural properties, features that need to be designed case

by case.
1.3.2.2. G-quadruplexes and G-quadruplex-Protein complex ligands

G-quadruplexes ligands are usually small chemical molecules that are supposed to bind to
them with high affinity (binding constant which is generally lower than 10°® mol.L!). Several
ligands from different families have been designed over the years in order to interact and
stabilize G-quadruplexes (Figure 21)'87. 18] These ligands have specific features in common
for G-quadruplex interaction. First, a polycyclic heteroaromatic core favouring m-mt interaction
with the planar aromatic faces of G-core and then, even it is not always the case, some charged
hydrophilic groups can be added for electrostatic interaction with DNA negative charges and

also for water solubility.

40



Telomestatin

el
@/\AEEMD

CX-3543 CX-5461 BRACO-19

Figure 21. Examples of the most studied ligands for G-quadruplexes stabilization which
belong to different chemical families (porphyrin, acridine, fluoroquinolone...)

From Molecules, Zhi-Yin Sun et al., 2019

These small molecules can bind to the planar quartets, the grooves, the loops or a combination
of these possibilities. For example, adding positive charges will lead to improve grooves and
loops interaction. As these chemical ligands are created to be used as drugs, they need to be
stable under physiological conditions and their druggability need to be considered. Beside
ligands designed for G-quadruplexes stabilization only, some other are used to block the
interaction between proteins and G-quadruplexes (Figure 22) by interaction with the
quadruplex such as PIPER or directly with the protein such isaindigotone (SYSU-ID-01)!18
derivative 37[1°% This ligand is capable of inhibiting interaction between NM23-H2 protein
and G-quadruplexes. Protein NM23 (NME/nm23/NDPK) was discovered in 1988[%°1 and it is
known for its implication in transcriptional regulation of gene expression. The original
compound was known to interact with the protein but displays little binding affinity to G-
quadruplexes’® and the modification has been done to reduce the quadruplexes
stabilization. A lot of studies have been performed with ligands and some of them show

promising results that can be used in therapeutics.

41



| HO

0 isaindigotone derivative 37
NSC19630 NM23H2-quadruplex intervenor
WRN helicase inhibitor
HHAO
N
P esered
e OO0
~ (0] ]
H,C CH,4 PIPER
Sgsl1p inhibitor by stabilizing G-quadruplex
3 C He X
HOOC 2Hs NN O F
bismuth porphyrin complex CH, @ASJ\NJ’LN F
SARS-CoV helicase inhibitor H H r F
HOOC
NMM ML216
G-quadruplex-related helicase inhibitor BLM helicase inhibitor

Figure 22. Examples of the most studied ligands designed to block interaction between G-
guadruplexes and associated proteins

From Molecules, Zhi-Yin Sun et al., 2019

1.3.2.3. Examples of G-quadruplexes ligand applications

Braco-19 is a ligand optimized from the acridine derivative family. It is generally known as
telomeric G-quadruplex binder that can interact by stacking and groove binding!*®3!. Braco-19
is mostly known to inhibit telomerase activity which lead to anti-tumor activity on human
epidermoid carcinoma cells!®®¥ or human uterus carcinoma cells!’®*l, The mechanism
explaining this inhibition has been identified and Braco-19 is capable of uncapping 3’ telomere
ends!®®l, Recently Braco-19 has been further studied as anti-HIV agent!®7 1981 Results showed
that the ligand stabilized the viral RNA quadruplexes and during infection, was able to reduce
virus genome copy in cells. The main limitation in using Braco-19 concerns its poor
permeability across biological barriers that is why even if the ligand is soluble in aqueous
environment and considered as a reference in G-quadruplexes research, pharmacological
applications are quite restrained™. TMPyP4 is another well studied ligand for G-
quadruplexesi?%, |t has been designed and optimised from the porphyrin family which has a
similar scaffold to the G-quartet and regroup strong quadruplexes ligands especially by m-nt
stacking. Several studies have shown that TMPyP4 have good affinity for G-quadruplexes and

can inhibit telomerase and expression of several oncogenes such as c-MYC[2°Y or BCL-2. It has
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also shown good anti-tumor activity in several tumor cells including retinoblastoma cell
lines292l or leukaemia cell lines!?%3!, The main criticism about this ligand concerns the fact that
it can bind both quadruplexes and duplexes DNA and lacks specificity. Based on the knowledge
acquired with G-quadruplexes ligand studies, ligands such as pyridostatin (PDS) have been
designed?%4, The properties of this ligand are relying on a rich aromatic surface, a flat
conformation and an ability to form hydrogen bonds by adding donors and acceptors groups.
Even if this ligand is not so well studied compared to the ones described before, it shows
interesting results by increasing telomere stability!?%®!, The last ligand is CX-3543 also called
guarfloxin is one of the most important ligands for G-quadruplexes therapeutics. Indeed, this
ligand is the first quadruplexes ligand to enter human clinical trials, even if it did not finish
Phase Il. It is a fluoroquinolone derivative which can bind to G4 DNA and disrupt their
interaction with the nucleolin protein2%l. A derivative compound CX-5461 has been designed
and show similar mechanism by inhibiting DNA replication and protein translation implicating
Pol 112071 This compound is now in advanced phase | clinical trials (Canadian trial,

NCT02719977, started in May 2016).
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Il. KRAS oncogene

11.1. Generalities

As indicated before, G-quadruplexes motifs can be particularly enriched in several oncogene
promoter regions including KRAS (Kirsten Rat Sarcoma 2 viral oncogene homolog). KRAS is a
proto-oncogene that codes for a small GTPase protein. This protein belongs to RAS
superfamily also called RAS-like GTPases which regroups a large number of triphosphate (GTP)
binding proteins!?%8l, KRAS is one of front-line sensors that controls the activation of several
signaling pathways by allowing the transmission of transducing signals from the cell surface to
the nucleus. The most implicated cellular processes are cell differentiation, growth,
chemotaxis and apoptosis. Understanding KRAS function, mechanism of action, regulation,
partnership interaction, desensitization, and so on, is off upmost importance in order to tackle

many forms of cancers
11.1.1. KRAS and RAS superfamily

In humans, the RAS superfamily consists of more than 100 members which can be divided in
several subfamilies based in their structure, sequence and functions. The 5 main families are:
RAS, RHO, RAN, RAB and ARF[2%1_All proteins among the RAS superfamily share very similar
molecular structures and a common ability to bind guanine nucleotides and hydrolyse them
thanks to G domain. Three RAS genes codes for highly homologous Ras proteins: KRAS, HRAS
and NRASI[?191, Expression of these three genes is highly conserved across species but their
expression levels depends on the tissuel?'. For example, KRAS will be mainly expressed in
pancreatic, colon or lung cells where NRAS and HRAS expression is quite low. In mice, the level
of HRAS transcripts is highest in the brain muscle and skin but lowest in the liver. For KRAS,
they are more abundant in gut, lung and thymus similar to humans and are in skin and skeletal
muscle. Finally, NRAS transcripts are more present in testis and thymus. These three genes
encode for four proteins: Hras, Nras, Kras4A and Kras4B[212l, The last two proteins are the
result of alternative splicing of exon 4 but the dominant form is Kras4B commonly known as
Kras[213l, KRAS oncogene is located on chromosome 12 at position 12.12%4. Kras protein
contains four different domains?!®!: a N-terminal domain which is common to all Ras proteins
and another domain which show low identity. These two regions are very important for the

GTPase function because they form the needed G-domain. This domain includes the GTP-
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binding pocket. The last important region is at C-terminal domain and it is implicated in
posttranslational modifications and membrane anchoring. Contrary to Hras, Nras and Kras4A
which traffic through the Golgi to the plasma membrane, Kras4B traffics through the
cytosol?1®l, Even if four Ras isoform proteins are highly homologous in their primary acid
sequence (around 80%) the differences among them are more predominant in the

hypervariable region (HVR) on the C-terminal domain(?17],
11.1.2. KRAS GTPase mechanism

Newly synthesized Kras protein is a cytosolic and inactive protein. Localization and function of
Kras, and more generally the Ras proteins, are regulated by several post-translational
modifications in the C-terminal “CAAX” motif(?18l, This tetrapeptide contains a Cysteine, two
Aliphatic amino acids and a terminal X amino acid. The different modifications include a
farnesylation of the cysteine by a farnesyltransferase, as well as a methylation by ICMT
(Isoprenylcysteine Carboxyl MethylTransferase) and the proteolytic removal of the last three
residues by RCE1 (Ras Converting Enzyme 1). Adding a methyl group prevents the plasma
membrane repulsion by negating the negative charge. In addition, the plasma membrane
localization of Kras requires a basic poly-lysine region which is located upstream of the C-
terminus?'?, Unlike the Kras4A variant, Kras4B does not need palmitoylation by palmitoyl
transferase to the targeting to the membrane. Once bound to the membrane, Kras cycles
between an active state when bound to GTP and an inactive state when bound to GDP due to
the hydrolysis of the GTP. Switches between these two different states are mediated by two
different classes of proteins!??%l: GEF (Guanosine nucleotide Exchange Factors) and GAP
(GTPase-Activating Proteins). GEF proteins mediates the exchange between bound GDP with
GTP and GAP proteins stimulates the hydrolytic ability of Kras to convert bound GTP to GDP.
Among the GEF proteins, one of the most known is SOS (Son of Sevenless) which controls
exchange between GDP with GTP within Kras. Under physiological conditions, Kras is mainly
bound to GDP. Upon external stimuli, nucleotide binding of GEF is disabled and nucleotide is
released. When bound to GTP, Kras GTPase activity is increased (around 100,000 times)
because of changes in Kras interactions with GAP and the release of GTP is promoted by
affecting interactions with GEF. These changes are mainly due to conformational changes

when Kras binds GTP. One the most well-understood model for studying Kras activation is
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activation implicating epidermal growth factor receptor (EGFR)221 2221 part of the receptor

tyrosine kinases (RTK) family (Figure 23).
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Figure 23. Kras signaling activation in EGF pathway

From Genes & Diseases, Kyle Knickelbein and Lin Zhang, 2015

The binding of EGF to its receptor will induce its phosphorylation and the fixation of GRB2
(Growth-Factor-Receptor-Bound protein 2) which will recruit SOS in the cytosol. Then Kras is
bound to GTP in an active state. Kras mediates a lot of downstream pathways of kinases
including RAF (Rapidly Accelerated Fribrosarcoma)/MEK/ERK and PI3K (Phospholnositide 3-
Kinase)/AKT cascades. The first cascade will propagate the growth signal and the second one
will control apoptosis suppression?23], Studies have shown that GTP-bound Kras could directly
bind RAF protein recruiting another RAF protein to dimerize allowing activation?2% 2231, Then

activated RAF induce phosphorylation cascade to activate MEK and ERK.
11.1.3. KRAS mutations and implications in cancer

RAS is one of the most frequently mutated oncogenes in human cancer but the mutations are

not uniform®2%!, Indeed, 85% of RAS mutations correspond to KRAS mutations??7). Kras4B is

46



the most mutated isoform present in 90% of pancreatic cancers, 35-40% of colorectal cancers
and 15-20% of lung cancers. As a comparison, mutations in HRAS and NRAS in colorectal
cancers are around 5%. The mutated isoform is also present in other cancer types but with
less frequency such as cervical or liver cancer. Perkins and colleagues showed that the most
frequent mutations in KRAS gene occur at codons 12,13 and 61 and with less frequency at
codons 63, 117, 119 and 146228, All mutations lead to a reduced GTPase activity maintaining
Kras in an active state but depending on the implicated mutation, the mechanism could be
different. For example, mutation of glycine 12 affects GAP binding affecting GTP hydrolysis
and mutations of residue 13 sterically clash with arginine with the same consequences.
Glutamine 61 is directly implicated in the catalytic site by positioning a water molecule to
facilitate GTP hydrolysis and that is why G61 mutation directly affects the reaction. Beside the
localization of these mutations, the mutation type is also important[?2% 2301, As an example,
mutation of glycine 12 by a valine has been shown to have a worse prognosis in lung cancers
than the mutation by aspartic acid. In addition of the maintained active state by mutation,
there is another important fact to consider in KRAS-driven cancer. Indeed, it has been shown
for years that the association between wild-type and mutant Kras has in important role in
malignancy?3ll. Kras wild-type exhibits a restraining function of tumor growth in KRAS mutant
cancers because it is capable to antagonize oncogenic Kras resulting in reduced activity.
Unfortunately, this inhibitory effect is overcome during tumor progression because of KRAS
gene allele loss and increasing copy number of the oncogenic form. It has been recently shown
that this effect of Kras wild-type is due to its capacity of dimerization with the mutant form.
Finally, the last type of mutations concerns the tumor microenvironment which increase the
cancer malignancy[?3?, Indeed, cancer cells that expressed mutated Kras are capable of
inducing production of chemokines, cytokines and growth factors implicating in stroma

reprogramming.
11.2. KRAS oncogene therapeutics

For therapies, the common strategy is to used chemotherapy that has important cytotoxic
side effects. It generally uses pyrimidine analogs such as 5-fluorouracil (5-FU) which inhibits
thymidylate synthase required for nucleotide synthesis or other cytotoxic drugs?33 234,
Regarding the huge side effects of this method and its efficiency which is often limited, the

need for more efficient therapies have been pursued by private to governmental institutions
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with dozens of billions of dollars spend annually, and hundreds of billions in indirect social
costs (World Health Organization). As the central role of KRAS oncogene has been broadly
studied and better understood in the last past decades, there were also a tremendous attempt
to target it through different ways. All studies covered the multiple aspects of KRAS activation
in order to finally find a possible Achilles’s heel in order to treat efficiently Kras implicated

cancers (Figure 24).
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Figure 24. Overview of strategies in KRAS-driven cancers

From Trends in Cancer, Meagan B. Ryan et al., 2015

11.2.1. Directly targeting Kras

The first approach to be considered is to directly target Kras and its function. In principle,
designing small molecules that directly compete with GTP for Kras interaction in order to

decrease Kras activity. However, considering different factors difficult to bypass such as
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shallow binding pockets, the high affinity of Kras for GTP which is in the 101 molar range,
together with concentrations ranging in the hundreds of uM for GTP and GDP, it is almost
impossible to find a molecule able to compete with GTP. Over time, as the new strategies to
target Kras have been failing one after the other, Kras has been associated as an unreachable
mountain summit, an “undruggable “target. Recently, a new strategy has emerged specifically
targeting Kras G12C mutation which represents 10 to 20% of all G12 mutations[?3>, In Kras
structure, this mutation is close to the nucleotide binding pocket and the switch regions
implicated in effector interactions. Several compounds have been designed to covalently bind
with the cysteine. Studies show that these compounds bind to the GDP state of Kras, impair
action of SOS, decrease the affinity for GTP and block Kras-RAF association. Among all the
designed compounds, ARS-853 gives good results in vitro but not in vivol?3®! and another last
generation designed ARS compound ARS-1620 shows in vivo anticancer activity?®’]. Both
compounds are actually in preclinical trials. Several limitations can be found in this strategy.
The first one is that it is limited to Kras G12C mutations but recent studies also reported Kras
G12D inhibitors[?38], There are also strategies aiming to reduce KRAS expression by using siRNA
as previously described. The major part of the successful compound is in preclinical trials

except one called AZD-4785 which is studied in Phase I.
11.2.2. Membrane association

Kras requires membrane association for the oncogenic activity that is why several strategies
aim to directly targeting post-translational modifications that modulate Kras membrane
association. One of the first drugs discovered concerns farnesyl-transferase inhibitors (FTIs)
that inhibit the prenylation of Kras required for membrane attachment[?3°l, FTIs triggered
growth suppression in cancer cells in pre-clinical studies but phase Il and phase Il trials were
disappointing because FTIs did not exhibit clinical efficiency as single agents>*9, It was
explained by Kras4B prenylation through alternative mechanisms involving geranyl
transferase | (GGT )21, Geranylgeranylation of Kras is an alternative 20-carbon
isoprenylation that can help Kras bioactivity when farnesylation is impaired. It has been
proven by simultaneous genetic inactivation of farnesyl-transferase (FTase) and geranyl
transferase (GTTase) which reduced KRAS-driven lung tumorigenesis in micel?*2. Dual
inhibitors of FTase and GTTase have been developed (L778, 123) showing efficiency in KRAS-

mediated cancers but also exhibiting high toxicity leading to the prohibition of further clinical
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development!?*3], Another strategy is to inhibit the interaction between Kras and cyclic GMP
phosphodiesterase 6 (PDES) required for the correct localization and signalling of farnesylated
Kras!?*4l, PDES increase Kras signalling by enriching Kras at the plasma membrane. PDES binds
and solubilizes farnesylated Kras enhancing diffusion in the cytoplasm. Recent inhibitors!?4°]
such as deltarasin have been designed to interfere with binding of mammalian PDES to Kras
and avoid Kras localization to endomembrane. They showed inhibition of oncogenic Kras
signalling and supress in vitro and in vivo proliferation of human pancreatic cells. Then a new
generation of compounds has been designed named daltazinon 1 showing high selectivity and

less unspecific cytotoxicity but also less stability[24°,
11.2.3. Acting on metabolism pathways

KRAS-mediated cancers are highly connected to several metabolic pathways[?47: 2481, As
examples, KRAS-mediated colorectal cancers are associated with increased expression of
glutamine metabolic proteins and in human pancreatic cancers, KRAS mutation lead to the
reprogramming of the glutamine metabolism[24% 250, These cancer cells use a pathway using
aspartate derived from glutamine metabolism. Aspartate is transported into the cytoplasm
and converted into oxaloacetate by aspartate transaminase (GOT1). This pathway is essential
for cancer cells growth by maintaining a favourable cellular redox state. KRAS mutation such
as Kras G12D has also been recently reported to reprogram lipid homeostasis which supports
tumorigenesis?>1 2521, All these implications related to metabolism create a new way to treat
KRAS-driver cancers by studying metabolic inhibitors. Several compounds have been test in
preclinical trials and one of them CB-839 which is a glutaminase inhibitor is a compound in

Phase Il trial.
11.2.4. Synthetic lethality

An emerging strategy for targeting oncogenic mutations, including KRAS mutations, which
shows great promise in specifically targeting cancers cells is the exploitation of synthetic
lethality!?>32>4, This mechanism also known as conditional genetics is based on the interaction
of two genes that both contribute, even in a nonlinear way, to essential processes?*>>l. When
only one gene is mutated the cell is viable but if mutations occurs in the two genes, it leads to
cell death. This process is known as synthetic lethality because cells with both gene mutations

are not viable and it is not possible to directly isolate these cells. In the case of cancer
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therapeutics, it is very interesting because cells without the cancer-inducing genotype are
unaffected by such targeting as only one gene exhibit mutations. This approach can obviously
be envisaged for KRAS-mediated cancers (Figure 25). Several tools have been used such as
siRNA, shRNA (small hairpin RNA) and CRISPR library to screen synthetic lethal interactors with

the KRAS oncogenel?36: 2571,
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Figure 25. General principle of synthetic lethality in KRAS-driven cancers

From Genes & Diseases, Kyle Knickelbein and Lin Zhang, 2015

Several agents have been found to have synthetic lethality effects. For example, in a recent
study, a shRNA which screened KRAS-driven pancreatic cells identified several synthetic lethal
interactions with mutant KRAS including depletions of the mitotic protein polo-like kinase-1
(PLK1), anaphase-promoting complex subunits and other components of the proteasome!2>8,
There is increasing number of studies focused on synthetic lethality for several reasons. One
of them concerns combinational therapy. Indeed, even if synthetic lethality agents could be
used as single method, it seems that the best solution is to used them in combination with
cytotoxic chemotherapy and radiotherapy!®. In some cases, the effect of synthetic lethal

interaction will be increased when combined with a genotoxic stress. It would be possible to
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accentuate the efficiency of cytotoxic therapies at lower doses and as a consequence to

reduce side effects and increase therapeutic indices.
11.2.5. Immunotherapy

Cancer immunotherapy is the strategy drawing the most attention in cancer treatment.
Indeed, several immunotherapy strategies using antibodies have been performed several
years ago. For examples, several antibodies have been used as anti-EGFR antibodies known as
cetuximab and panitumumab. These anti-EGFR antibodies can inhibit ligand binding and its
dimerization which is necessary for its auto-phosphorylation for its full activation[260 2611,
Cetuximab is a chimeric human-murine antibody of the IgG1 isotype and panitumumab is a
humanized antibody of the 1gG2 isotypel262 2631 |n addition to their role against the ligand
binding, these antibodies are also capable of inducing EGFR internalization and its degradation
resulting in a decrease level of EGFR at the cell surface. In clinical trials, these two antibodies
have shown some therapeutic benefit as stand-alone agent and in combinational therapies.
However primary and secondary resistance to this therapy has led to the end of the trials.
Indeed, KRAS mutations lead to resistance to anti-EGFR antibodies even if the reason remains
unsolved[264 2651 However, this failed attempt did not stop efforts in immunotherapy field
applied to KRAS mutations. Recently, antibodies against anti-programmed cell death protein
1 (PD-1)2%¢] hamed pembrolizumab have been designed and tested in KRAS mutant NSCLC
(Non-Small Cell Lung Cancer). They have been used in combination with trametinib which is a
MEK inhibitor but it is too early to conclude about some therapeutic benefit in clinical trials.
For the next antibodies generation, studies may focus on FBP1 (Fructose-1,6-BisPhosphatase
1) which has an aberrant expression in natural killer (NK) cells and inhibits glycolysis and
impairs viability. Indeed, it has been shown that KRAS-driven cancer lung cancer are closely

associated with the dysfunctional state of NK cells[267],
11.3. G4 within KRAS promoter region

Despite all strategies used in KRAS-driven cancers, there is actually no good strategies passing
to late stages of clinical trials. As previously described, in the last decades G-quadruplexes
became a possible target at different levels to develop new cancer therapies. Bioinformatics
and other genomic analysis tools showed that promoter regions of several oncogenes contains

G-rich sequence which are capable of forming G-quadruplexes. The most studied oncogene is
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c-MYC but KRAS promoter region has also been examined, although with less attention,
probably due to its more complex DNA-sequence. The promoter region contains a nuclease
polypurine-polypyrimidine hypersensitive element (NHPPE or simply NHE)[268 269 which is
essential for transcription and capable of forming secondary structures such as G-
guadruplexes. The NHE sequence is comprised from -285 to -341 from the TSS in human and
from -273 to -332 from the TSS in mouse. It has been shown that the deletion of this NHE
region led to a significant downregulation of KRAS transcription. Moreover, KRAS promoter
has been targeted by TFO in the triplex strategy for therapeutics!?’% 271, Unfortunately, the
obtained results were not satisfying and the main hypothesis was that the triplex formation
encountered a serious obstacle which could be the formation of G-quadruplexes. G-
guadruplexes forming sequences have been investigated in the promoter region around 300
bases from the TSS!?72l, Three main regions have been identified: a region near the TSS with a
length of around 30 bases; a mid-region of around 50 bases and a far region of around 35

bases (Figure26).

2 TS'?'TCGGGCCGGGCGGCCGCAGAGGGCAGAGCTATCGATGCGTTCCGCGCTCGATTCTTCTTCAGAC
GGGCGTACGAGAGGGAGCGGCTGP{GGGCGGTGTGGGAAg/iaGrGGAAGAGGGGGAGC{CAGCGAG
CGCCGGQGGGGAGAAGGAGGGGGCCGGGCCGG'EIgCGGCGGGGGAGGAGCGGGGGCCGGG|CCG
GCGGAGGAAkSGGGTGGCTGGGGCGG'If?Z[I'AGGGTGGCGAGCCGGGICCGGCTGGAGAGCGGGTCTG

GGCGGCGCCTTGGCGGGAGGAGGGACTGCCG
-324TSS
Figure 26. Identification of the three main G-quadruplex forming sequences within KRAS
promoter region

Modified from BBA, Morgan et al., 2016

The near and mid regions form stable G-quadruplexes. Moreover, the near region is being part
of the KRAS NHE region and the absence of G-quadruplex formation within this sequence (by
inserting mutations G into T) leads to an increase in transcription efficiency?”3l. That is why
this sequence became the main target of studies for the formation of G-quadruplexes. It can
form G-quadruplexes via five tracts of guanines including an another sequence called KRAS21R
was also identified as G-quadruplex forming sequence via four tract of guanines!?’4. It has

been shown that this near sequence name KRAS32R can fold into a dynamic intra-molecular
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G-quadruplex with two conformations in equilibrium. Xodo and colleagues?’>! show that this
KRAS32R G-quadruplex is capable of competing double strand DNA from NHE sequence for
the binding of several nuclear proteins. They used nuclear extract of pancreatic
adenocarcinoma (Panc-1) against KRAS32R G-quadruplex and dsNHE sequence and they
identified several proteins which bind to quadruplex such as Poly [ADP-Ribose] Polymerase 1
(PARP-1), subunits of ATP-dependent DNA helicase 2 (Ku70 and Ku86) and heterogeneous
nuclear RibonucleoProtein A1 (hnRNP A1l). For the last protein, it has also been shown that it
can, with its derivative, destabilize KRAS32R G-quadruplexes and facilitate hybridization to the
complementary NHE strand. This point will be discussed later in the manuscript. Considering
the failure of numerous strategies for cancer therapy and all evidences for G-quadruplexes
roles, we thought that to understand and study if KRAS G4s were a possible new target for
developing new cancer molecules, | had to understand its possible structure, dynamics and its

polymorphism in the NHE region.
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lll. Project overall

This thesis project aims at participating in Drug Design for anticancer therapy applied to KRAS-
driven cancers by targeting G-quadruplex forming sequences within the KRAS promoter
region. The principal goal is to identify a compound capable of becoming a drug in anticancer
therapy by screening and testing several ligands from different families. To this end, we need
to evaluate and validate possible G4s targets in the NHE region of KRAS. My project fits in this
category. This study aims at determining and validating a G-quadruplex target and identify the
best chemical molecules to interact with and stabilize G4 from KRAS NHE region. However, in
order to design good ligands and identify chemical moieties implicated in the interaction, it is
necessary to have structural information at atomic level about the KRAS G-quadruplexes
conformations. Identification of characteristic structural elements of these G-quadruplexes
can allow researchers to design optimized ligands against a specific G-quadruplex such as KRAS
G-quadruplexes. This project is divided in two major parts: the first one is devoted to the
determination of KRAS32R G-quadruplexes structure to obtain atomic structural elements,
and the second one is focused on the study of their interactions with proteins such as hnRNP

Al and several ligands from different families.
lll.1. Determination of KRAS32R G-quadruplexes structure

As explained before, obtaining structural information on the target is very important in the
concept of Drug Design. Indeed, it can help designing molecules that target specific binding
sites identified in a resolved structure. Then, when ligands are tested against the target, the
structure allows to determine the chemical moieties that are important in the interaction. For
KRAS32R G-quadruplexes, structural determinations have been attempted but there is no
structure of the wild type KRAS32R. However, Plavec and colleagues!?’®! determined the
structure of a modified sequence from KRAS32R which is called KRAS32R-3n corresponding to
the removal of the three first residue at 5’ end and the addition of three residues at the 3’
end?”7], It corresponds to a shifts within the NHE sequence. They showed that this sequence
can form a stable dimeric G-quadruplex giving important structural information for ligand
design. The main criticism concerning this work is that the shift of three residues could lead
to major changes in the G-quadruplex formation compared to KRAS32R wild type. It has been

shown by Xodo and colleagues?’! via DMS footprinting experiments that guanines 2 (G2) and
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3 (G3) are implicated in KRAS32R G-quadruplexes conformations. We can assume that the G-
guadruplex formation from 32R-3n could be different from the wild type sequence. Thus, the
first objective of this work is to determine the structure of the major scaffold adopted by

KRAS32R.
11l.2. KRAS G-quadruplexes interaction

The second part of this work is focused on KRAS G-quadruplex interactions. The first goal is to
perform interactions between our structure of KRAS32R quadruplex and the hnRNP Al protein
which has been shown to unfold KRAS32R G-quadruplexes it. We did use a truncated version
of hnRNP A1 to study the interaction called UP1, a shorter version containing both RRM motifs
but without the unfolded domain Gly-rich region. In parallel, | performed ligand binding assays
to find good candidates that can efficiently stabilize KRAS32R G4. These ligands could be used
to increase transcription disturbance or to compete with proteins such as hnRNP A1l to avoid
G4 unfolding and reduce KRAS transcription. Once the best ligands identified, we tried to
obtain structural information to identify the most important chemical moieties in interaction

to design or modify ligands which can overcome common limits of G-quadruplexes ligands.
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qguadruplexes structure






1. Introduction

To understand how are organized the guanine rich sequences in the NHE region in KRAS
promoter we started by studying what is thought to be the smallest sequence that can form a
stable G-quadruplex. Described previously by L. Xodo and coworkers, the 21R sequence
represented the smallest G4 from the NHE region that interact with the transcription factor
MAZ[771 we continued the studies from previous work in the laboratory where the structure
of KRAS 22RT, a mutated version of 21R, was determined at 20 °C (Annexes Article 1). The
first step was to determine the structure at 37 °C in order to have more biological relevance
(structure deposited in the protein data bank with code 6T51). By analyzing this sequence in
a G-quadruplex algorithm such as G4Hunter?’8l which gives a score depending on the
probability of forming G-quadruplex, it showed a similar score compared to KRAS21R (1.45 for
KRAS22RT versus 1.41 for KRAS21R) known to form G-quadruplexes. Then, | started acquiring
NMR and CD spectra of the complete sequence 32R, and | tried to understand how both the
longer and smaller sequence could form G-quadruplexes. Several dozens of mutants were
analyzed and | believed | could solve the structure of the longer sequence. By the end of the
preliminary analysis, it was clear that KRAS32R WT did not adopt a single conformation but
rather a mixture of two main conformers. Discovering how the 32R sequence would organize
and how both conformers 3D structure looks like (at 37 °C) could be important to understand
G4s structures in KRAS promotor region and their interplay with transcription factors. This

become then the central core of my research project.
ll. Determination of KRAS22RT G-quadruplex

I1.1. KRAS22RT studies at physiological temperature (Article 1)

The article below represents the studies that we conducted in order to determine the
structure of KRAS22RT at physiological temperature. What we found out was that the
increasing of temperature from 20 to 37 °C did not affect much the overall folding of the
structure. Nevertheless, even minor changes are important if we want to use the structure for

rational drug design. In next section | will describe in details the findings.
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Abstract

Single stranded guanine rich DNA (or RNA) sequences adopt noncanonical secondary structures called G-quadruplexes
(G4). Functionally, quadruplexes control gene transcription and regulate activities such as replication, gene recombination
or alternative splicing. Hence they are potential targets for cancer, neuronal, and viral related diseases. KRAS is one of the
most mutated oncogenes in the genome of cancer cells and contains a nuclease hypersensitive element (NHE) sequence
capable of forming G-quadruplexes via its six runs of guanines. In our work, we are interested in the NMR structure of the
major G4 scaffold formed in the KRAS NHE region with a mutated sequence of 22 residues. Here, we report 'H, '*C and
5N chemical shift assignments the G4 formed within KRAS22RT sequence.

Keywords KRAS oncogene - Promoter region - G-quadruplex - Structure resonance assignments

Biological context

Single stranded guanine rich DNA (or RNA) sequences can
adopt non canonical secondary structures called G-quadru-
plexes (G4). They are characterised by a stacking of at least
two guanines tetrads. In each tetrad four guanine nucleotide
bases are held together by Hoogsteen hydrogen bonding
network. In Hoogsteen bonds, guanines are linked by the
Hoogsteen face (compared to Watson—Crick face) involving
an amino group at position 1 from one guanine and an oxo
group at position 7 from another guanine (Sen and Gilbert
1988). Tetrads are further stabilized by staking (m—r interac-
tion) and by monovalent cations such as potassium (K*) or,
to a lower extent, Na™ or NH,* (Largy et al. 2016; Wlodarc-
zyk et al. 2005). G4 are highly polymorphic due to sequence
composition, strands (number and orientation), loops (size
and orientation) and ionic environment. Moreover, guanines
are covalently linked to sugar by glycosidic bond giving
two possible torsion angles: syn or anti. Recently, different
approaches using antibodies or specific ligands allowed G4
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and Biology (IECB), Université de Bordeaux, Inserm U1212
— CNRS UMR 5320, 2, rue Robert Escarpit, 33607 Pessac,
France

Published online: 30 November 2017

visualisation inside cells (Henderson et al. 2013; Hansel-
Hertsch et al. 2017). In addition, numerous studies have
demonstrated that G4 play key roles in several biological
processes such as gene transcription, replication, genomic
instability or alternative splicing. Hence they are potential
targets for cancer, neuronal, and viral related diseases (Boch-
man et al. 2012). Indeed, bioinformatics searches in human
genome suggests that G-rich sequences are not randomly
localized within genomes but are specifically enriched in
particular regions such as telomeres, the first introns and
promoters of genes (Stegle et al.2009; Bedrat et al. 2016).
Proto-oncogenes are particularly enriched with G4 motifs
(Huppert and Balasubramanian 2007; Eddy and Maizels
2006) such as BCL2, VEGF, KRAS, MYC and WNT1 which
generally adopt intramolecular conformation. Presence of
G4 in these regions raises important questions concerning
their function, and could be used as target for inhibition of
transcription. Indeed, depend of their localisation, G4 could
slow transcription by disturbing polymerase either by block-
ing it directly or by recruiting transcription repressors (Qin
and Hurley2008). Stabilization of these structures, using
small chemical ligands for example, could become a new
area of therapy, especially for KRAS which is still undrug-
gable target. KRAS is one of the most mutated oncogenes in
the genome. KRAS gene is located on chromosome 12 and
is responsible for the coding of K-Ras, a 23.2 kDa G-protein
that regulates the cell division (Brito et al. 2015). KRAS
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mutations terminate its coding and the signalling activity
of K-ras proteins that potentially affects the normal cells
growth rate. KRAS oncogene is particularly implicated in
lungs or colorectal cancers (30% of these cases) (Bamford
et al. 2004). It is thought that the KRAS oncogene promotes
glycolysis through the activation of downstream signaling
pathways to sustain the energy requirements for uncon-
trolled cellular proliferation, thus contributing to survival
of cancer cells. The KRAS GTP/GDP binding site has a
very high affinity (picomolar range) (McCormick 2015) that
is why it is quite difficult to synthesize molecules to com-
pete with GTP, at millimolar range inside cells, to reduce
KRAS activity. It is no surprise that after many decades of
unsuccessfully battling against the Ras proteins, new strate-
gies emerged such as targeting promoter region with small
ligands. KRAS promoter contains a nuclease hypersensi-
tive element (NHE) sequence capable of forming G-quadru-
plexes via six short domains containing guanines (Lavrado
et al. 2015). In this NHE sequence, a 32 residues sequence
can form G4 via the first five domains. In this work, we are
interested in the NMR structure of the major G4 scaffold
formed in the KRAS NHE by this 32 residues sequence with
a shorter mutated sequence of 22 residues with a guanine
mutated with a thymine at position 16 which prevents the
formation of a minor species and makes it simpler to study
by NMR (Fig. 1a). In a previous work we have determined
the 22 residues KRAS sequence NMR structure at 20°C
(Kerkour et al. 2017) (Fig. 1b) and we want to understand
the behaviour of this structure at physiological temperature
(37°0).

Materials and methods
DNA oligonucleotides synthesis and preparation

The DNA oligonucleotide used for NMR experiments con-
tained 5% "N, °C site-specifically labelled nucleotides. It
was synthesized in our laboratory (INSERM U1212, Bor-
deaux) on an automated Expedite 8909 DNA synthesizer at
1 umol scale on 1000-A primer support (Link Technologies
SynBase CPG). All the standard phosphoramidites (dABz,
dT, dGiBu, dCAc), reagents, and solvents used during the
synthesis were purchased from Glen Research. The dGiBu-
phosphoramidite (U-"°C,,, 98%; U-""Ns, 98%; CP 95%) was
purchased from Cambridge Isotope Laboratories. After the
synthesis, the oligonucleotides were cleaved from the sup-
port and the nucleobases were deprotected with ammonium
hydroxide at 55 °C for 16 h and then lyophilized. For HSQC
"H-13C and HSQC '"H-"N, 5% >N, 13C uniformly labelled
DNA oligonucleotides were synthesized in our laboratory
by enzymatic synthesis using MuLV Reverse Transcriptase
(Moloney Murine Leukemia Virus Reverse Transcriptase).
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Fig. 1 a, Schematic view of KRAS oncogene and magnified on
the NHE sequence with 32 residues sequence (blue arrow) and the
shorter G4 sequence comprising 22 nucleotides (red arrows). b, Sche-
matic representation of the KRAS22RT G-quadruplex

Reaction is catalyzed by the enzyme during 20 h at 37°C
with "N, '*C triphosphate nucleosides and a template
sequence containing a ribosomal base just before the tar-
get G4 sequence in a specific buffer for optimal enzymatic
conditions. Then, newly synthesized strand by cleaving the
ribose base by adding an excess of potassium hydroxide
(KOH) during 6 h, purified by HPLC (Dionex Ultimate
3000) with anionic exchange column DNAPac PA100. After
lyophilization all samples were stored at —20°C. All the
sequences used for NMR were prepared in potassium NMR
buffer (10 mM K,HPO /KH,PO,, 50 mM KCI, pH 6.5, 10%
D,0O)(Tables 1, 2). After dissolving in buffer, the oligonu-
cleotides were heated for 5 min at 95 °C and chilled on ice
several times and then stored at 4 °C until further use.

NMR spectroscopy, resonance assignment and data
deposition

NMR spectra were recorded on Bruker Avance instru-
ments 700, 800 and 950 MHz instruments equipped with
cryogenically cooled probes. Experiments were performed
at 37 °C. For solution NMR, standard 3 mm NMR tubes
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Table 1 'H NMR chemical

bt of KRAS2IRT Residue  HI H2 H8/H6  H5M7  HI H3' H4' H5'7H5" H2'/H2"

shilts o

Gs-quadfup'ex at 310 K in » ADE' 8.14 794 598 487 414 370370  2.51/2.65

i{ﬁﬁ“&ﬁf&‘;&ﬁ‘;‘éﬁo ¢ GUA 172 8.05 609 506 449  4.16/416  2.79/3.03

10 mM KPi; pH 6.5 and 10% GUA® 11.22 7.61 6.16 4.97 4.57 4.34/4.24 2.52/2.92

D,0) GUA* 11.26 7.73 634 517 47 435/438  2.78/2.7%
cYr 8.08 6.24 6.53  5.14 468 433442 2457279
GUA® 11.91 8.11 624 524 451 436/429  2.48/3.00
GUA” 11.34 8.02 633 522 47 439/4.50  2.76/2.90
THY® 8.02 1.83 5.83 4.7 445  438/4.14 2221228
GUA® 11.25 172 6.51 505 471 445435  2.53/3.11
THY'" 7.47 2.02 6.59 523 465 437448  2.58/2.70
Gua'! 11.95 8.19 623 518 453 436/436  2.66/3.04
GUA"? 11.52 7.99 6.07 5.17 493 434443  2.67/3.05
GUAP 11.22 7.76 636 478 39 3.37/3.08  2.51/2.67
ADE" 8.13  8.28 631 495 44 4.17/406  2.75/2.81
ADE" 8 8.5 6.5 514 457  433/416  2.86/3.00
THY' 757 1.95 6.11 514 482  4.14/431  1.73/2.20
ADE" 781  8.13 628 511 439  4.12/400  2.80/2.86
GUA™ 11.48 8.2 6.14 5.1 454 426/426  2.75/3.00
GUA" 11.36 7.95 6.12 512 459  459/434  2.79/3.00
GUA? 10.88 7.65 6.07 499 446 433417  2.52/2.78
ADEY 792 785 6.01 487 433  4.16/4.16  2.39/2.53
ADE™ 789  7.99 6.09 4.89 458  4.11/4.06  2.36/2.48

15 13

T:’lb'e_z ] I}j ‘fi“d ”SRTQ;RT Residue N1 c2 c8/IC6  C5/CT  Cl c3y c4' cs c2'

cnemical snitts o

G-quadruplex at 310 K.in ADE' 1528 1397 84.61 7465 8510  61.89  37.77

i‘ﬁﬁﬁ};‘fggﬁn“;j‘ggw GUA? 1432 1355 8299 7704 8522 6607  38.00

10 mM KPi; pH 6.5 and 10% GUA® 143.4 134.4 82.06 75.96 84.84 66.00 40.10

D,0) GUA? 143.4 135.3 80.88  78.52 64.94  39.84
CYT 141.6 96.87 86.27 7594 8488 6655  39.81
GUA® 143.3 135.4 8486 7789 8564 6566  41.70
GUA” 142.9 136.1 8320  78.06 65.16  40.26
THY® 137.0 11.97 83.76 8343  64.71 37.22
GUA® 143.3 135.5 83.70  77.35 66.58  40.29
THY'? 137.7 11.96 8556  73.84 8479 6583  38.69
GUA" 143.4 135.8 8533 7568 8466  66.57  41.05
GUA"? 143.1 136.2 81.83 75.53 7527 66.77  41.05
GUA™? 1427 1355 82.74 76.86 85.06 65.45 37.96
ADE! 153.1 139.5 8325  75.95 8465 6655  37.24
ADE"P 152.7 140.0 87.22 75.94 84.46 65.48 38.69
THY' 136.7 11.97 85.08 65.78  37.73
ADE" 1524 1394 8276  76.66 8533 6560  37.93
GUA™ 143.4 135.9 8275 7643 8487  66.10  38.93
GUA" 143.1 135.3 82.55  76.65 8467 7005 3891
GUA? 143.3 134.8 8227 7663 8443 6607  37.27
ADE 152.5 135.2 82.52 76.42 83.95 64.91 38.39
ADE? 152.5 139.1 82.03 76.20 84.62 64.66 39.58
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were used. The samples were prepared in potassium NMR
buffer (10 mM K,HPO,/KH,PO,, 50 mM KCI, pH 6.5, 10%
D,0). The oligonucleotide concentrations were between
1 and 3 mM depending on the experiment requirements.
The concentrations of oligonucleotide were between 1 and
2 mM. Usually the signals from 10 to 12 ppm are attributed
to imino protons of guanine residues involved in Hoogsteen
hydrogen bond in tetrads arrangements. Unambiguously
assignment of guanine imino protons (H1) and aromatic
(H8) proton resonances were possible using 5-8% '°N, 1°C
enrichment of sequence-specific oligonucleotides using
solid-phase chemistry. Individual 1D ""N-HSQC spectra
were for recorded at a time for each isotopically labelled
guanine. 2D multidimensional spectra 'H-'3C HMBC were
used to correlate iminos with H8 protons using the '*C5 of
the same guanine. In addition, NOESY, TOCSY and COSY
experiments were used to identify the remaining resonances.
Overall 83% of all protons ("H); 96% of carbons (1*C); 35%
of nitrogen’s ('°N) were assigned. Unfortunately, the gua-
nine amino groups were difficult to assign unambiguously
at 37 °C due to fast exchange with water. All spectra were
processed with TopSpin software version 3.5. Peak picking
and frequency matching was performed within Sparky ver-
sion 3.114. The 'H, '3C and "N resonance assignments have
been deposited in the BioMagResBank (http://www.bmrb.
wisc.edu/) under the BMRB accession code 27,173.

Assignments and discussion

Among our twelve imino peaks, corresponding to H1 pro-
tons implicated in hydrogen bonds, some of them are very
close or even superimposed such as guanines 3, 4, 9 and
13 which makes assignment more difficult. For this rea-
son, we used HSQC '"H-""N experiment to identify each
guanine. Two dimensional experiments with near 5% iso-
topically enriched guanines (N and '3C) labelled samples
allowed us to distinguish all guanines. Then we performed
one dimensional "H-'N HSQC experiments using 5% "N,
13C site-specifically labelled KRAS 22RT on each guanine
to identify individual imino peaks (Fig. 2). In the case of
guanines 3 and 13 we also performed experiments at 20 °C
where peaks are well separated (data not shown). Once the
assignment of this region was successful, we identified NOE
cross peaks between H1 protons of different guanines and
then NOE’s between H1 protons and H8 protons; finally it
was possible to assign all guanines resonances (Fig. 3).
Other residues, especially cytosine 5 and thymine
16, gave distinct and strong signals which allowed us to
unambiguously assign some of their resonances. Finally,
to confirm our assignment and complete the remaining
peaks assignments, we performed HSQC "H-'>C experi-
ments with a 5% "N, 13C all guanines labelled sample. Even
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Fig.2 a, One dimension imino protons region with some peaks not
separated; b, examples of 1D HSQC '"H-'""N spectrum used to assign
guanines peaks; ¢, HSQC 'H-N spectrum used to separate peaks in
BN dimension; All experiments are done at 310 K, in NMR buffer
using 700 MHz spectrometer
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Fig.3 2D 'H-'"H NOESY spectrum obtained at 37 °C and acquired in
a 950 MHz spectrometer. The spectra focus in the imino 'H-'H NOE
correlations between the different guanines implicated in the forma-
tion of the G-quaruplex core

with these spectra, some resonances remained difficult to
assign, especially protons of -NH, groups which exchange
too fast with water at 37 °C and did not give a good NMR
signal compared to the signal we observed at 20 °C in our



'H, 13C, and "N chemical shift assignments of a G-quadruplex forming sequence within the...

previous work (Kerkour et al. 2017). By careful Nosy spectra
comparison, and thanks to the previous structure we deter-
mined for 22RT at 25 °C (PDB entry: 5I12V) and the spectra
of circular dichroism we can tell that we have an all-parallel
G4 with full anti guanines. In our '"H-'"H NOESY spectra,
the anti-conformation can be easily seen by looking at the
intensities of correlations between H1' (n) and H8/H6 (n+ 1)
protons of nucleotides consistent with anti glycosidic torsion
angles (NMR spectroscopy of G-quadruplexes; Adrian et al.
2012) for all guanine residues. The assignments at 37 °C
enable us to calculate the structure at a physiological rel-
evant temperature, necessary to understand ligand binding
in biological relevant conditions, also required for cellular
drug toxicity testing.
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11.2. Comparison between KRAS22RT G-quadruplexes at 20°C and 37°C

Based on the results obtained in our KRAS22RT studies at 37°C we determined the G-
guadruplex structure of KRAS22RT with PDB deposition with code 6T51 and BMRB deposition
with code 27173 (Figure 27).

NMR Restrains H,O
distance restrains 489
intraresidue distance restrains 371
sequencial (i, i+1) distance restrains 77
long-range (i, i+2) distance restrains 20
short-range non sequencial distance restrains 21
dihedral restrains 12
H bonds restrains 24

Structural statistics

structure calculation

total calculated structures 750
NOE violations
number (>0.3 A) 0.04
RMSD of violations (A) 0.11+0.02
molecular dynamics
simulation time (ns) 1.0
extracted structures (lowest energy) 10
RMSD
All heavy atoms (A) 0.6

Figure 27. The ten lowest structures deposited on PDB under code 6T51 with a table
containing restrains used in structure calculation and statistics about the calculated

structures

This 3D folding was determined after structure calculations with ARIA/CNS software based on
distance retrains obtained by NMR. Usually 750 final structures were calculated and the ten
lowest energy were selected. At the end, an NMR refinement protocol was performed with
AMBER molecular dynamics software and the ten best structures based on energy deposited
in the PDB. A more detailed protocol concerning structure calculation and refinement is
described in the KRAS32R G-quadruplex structure determination part. As there is a difference
of 17°C degrees between the previous determined structure and the new one, we compared
these two structure features. Indeed, the additional energy brought to the system by this
temperature difference did allow an increased motion, especially in the most external parts

such as G-quadruplex ends or loops. This phenomenon could lead to the creation of new
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binding sites or difficulties for ligands by changing the pockets accessibility or increasing the
size of grooves and the azimuthal dispersion of loops. In the case of KRAS22RT G-quadruplex
(Figure 28) the change in temperature did not trigger major changes in the structure but there

are several minor changes that can be interesting for ligands studies.

. A14-A17
loop

A14-A17
loop

| - 20°C (PDB code 512V)

3’ end
A21-A22 - 37°C (PDB code 6T51)

Figure 28. Comparison between KRAS22RT G-quadruplex at 20°C and 37°C with views from

the top and from the side.

These minor changes essentially concern the loop between G13 form the bottom tetrad and
G19 from the top tetrad. The bases in the two loops seem to be oriented at opposite directions
leading in the 37°C temperature structure to a slightly narrower loop. The other difference
that can be observed concerns the 3’ end of KRAS22RT G-quadruplex. Indeed, 3’end

extremities are oriented once again in opposite directions. At 20°C, A22 is oriented toward
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the center of the G-quadruplex whereas A21 is oriented toward the outside. At 37°C, both of
the residues are oriented toward the inside of the structure leading to a partial obstruction of
a potential binding site. There is no other noticeable change between these two structures.
Based on the results we obtained with KRAS22RT G-quadruplex structures, especially at 37°C,

we then started to study structure KRAS32R G-quadruplex.

lll. Determination of KRAS32R G-quadruplex

ll.1. Structure of Two G-quadruplexes in equilibrium in the KRAS promoter

(Article 2)

This article was submitted on November 6% (2019) where | am the first author. The main
results indicated that two main conformations can be formed within KRAS32R. | determined
the NMR solution structure of these two conformers called KRAS32R GI9T and G25T. These
results were obtained after analyzing over 10 NMR 2D spectra and more than 100 1D spectra.
Several of them have been recorded at CEITEC (Central European Institute of Technology)
where | went in order to perform NMR experiments and learn more about this technique. |
would particularly like to thank Radovan FIALA for all these advices and the time he dedicated

to me.
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Structure of Two G-quadruplexes in equilibrium in the KRAS promoter.

Julien MARQUEVIELLE', Coralie ROBERT!, Olivier LAGRABETTE', Mona WAHID!, Anne
BOURDONCLE!', Luigi XODO?, Jean-Louis MERGNY', Gilmar SALGADO""
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ABSTRACT: KRAS is one of the most mutated oncogenes and still considered an undruggable target. An alternative strategy would
consist in targeting its gene rather than the protein, via the formation of G-quadruplexes (G4) in its promoter. G4 are secondary
structure implicated in biological processes, which can be formed among G-rich DNA (or RNA) sequences. Here we have studied
the major scaffold of the commonly known KRAS32R or simply 32R, a 32 residue sequence within the KRAS NHE (Nuclease
Hypersensitive Element) region. We have determined the structure of the two major conformers that 32R can adopt which are stable
and in slow (> ms) equilibrium with each other. By using different biophysical methods, we found that G9, G235, 28 and G32are
particularly implicated in the exchange between these two conformations. We also showed that a triad at the 3” end further stabilizes
one of the G4 conformations, while the second conformer remains more flexible and less stable.

Cancer is one of the most predominant causes of death around
the world representing a major issue for human health, accord-
ing to the international Agency for Research on Cancer (IARC).
Among all different types of cancer, some remain very deadly
without therapeutic solutions such as lung, pancreatic and col-
orectal cancers, where KRAS is particularly implicated'. KRAS
is one of the most mutated oncogenes located on chromosome
12 and is responsible for the coding of a G-protein of 23.2 kD
57, It plays an important role in cell proliferation, differentiation
and survival®, Recent studies have also found that KRAS repro-
grams the metabolism and controls the redox homeostasis in
pancreatic cancer® The KRAS protein promotes oncogenic
events switching from an inactive form bound to GDP to a con-
stitutively active form bound to GTP'®!", However, even if its
implication is well documented in a broad range of cancers,
KRAS is known for being almost undruggable still remaining
one of the least successfully therapeutically targets, with very
limited efficient treatments and huge side effects'>!>. A broad
range of therapies against KRA4S-mediated cancers have been
developed in the past decades. Most of these therapies have
been designed to target either the KRAS protein directly or the
enzymes involved in its association to the plasma membrane or
downstream effector pathways®'*'". Moreover, recent discov-
erics on the effect of KRAS on cancer metabolism gave new
therapeutic opportunities'®. As these strategies have yet to be
efficient enough for clinical applications ®, new therapeutic ap-
proaches focus on upstream elements, by targeting mRNA or
directly the gene and its promoter regions'. The promoter se-
quence of several oncogenes, including KRAS, is highly rich in
guanine thus allowing the formation of non-canonical structures
called G-quadruplexes (G4)**?'. G4 consists in the stacking of
at least two G-tetrads which are planar structures involving four
guanines linked in a Hoogsteen hydrogen bonds network®*,

Due to their base composition, number of strands or loop
length, these structures are highly often polymorphic adopting
structures much different from those observed in canonical dou-
ble helical DNA??. As they are present in several key regula-
tory regions of genes, G-quadruplexes structures have been
tested as possible therapeutically targets®, including
KRAS'?1431-3 Tt is particularly attractive to think that small lig-
ands can bind specifically to G4 structures without having any
influence on canonical DNA. Moreover, in certain cases the lig-
ands can prevent the binding of proteins that modulate KR4S
transcription®™*, reducing the activity of this oncogene near the
beginning of the network pathway in KRAS metabolism. Here
we examined the major structure of the commonly known
KRAS32R or 32R, a 32 nucleotide sequence within the KRAS
NHE (Nuclease Hypersensitive Element) region®’. Knowing
the high resolution 3D structure of such unusual DNA element,
we may be able to understand the folding and its role in KRAS
regulation. In addition, the 3D structure is necessary for rational
drug design and validation of new targets in KRAS-related can-
cers. The 32R sequence also corresponds to the minimal inter-
action domain of several transcription factors and related pro-
teins such as MAZ, PARP-1 and hnRNP A1, It has been
shown that a small (21R) and a longer 32-mer (32R) region can
form stable G-quadruplexes in vitro which were revealed using
Taq polymerase extension assays®’ and shown to interact with
these proteins®**%°, Several studies have been conducted to an-
swer questions about KRAS G4 including one of our previous
studies where we proposed some structural insights by resolv-
ing structure of a G4 forming in a sequence similar to 2 1R*#
already used to screen for G4 ligands*>*. Concerning the longer
sequence 32R, structual insights have been proposed using a
truncated sequence™® and Cogoi et al.,*" showed that it is capa-
ble of forming two parallel G-quadruplex conformations. In this



work, we determined the high-resolution 3D structure of both
32R conformers that co-exist in equilibrium using solution
NMR methods.

RESULTS and DISCUSSION

KRAS 32R WT forms two major distinct conformers with
different topologies

In this work, we have used solution NMR spectroscopy to de-
termine the high-resolution structure of the 32R sequence con-
taining six tracts of guanines in KRAS NHE region (Figure
1A). The 1D 'H NMR spectrum of 32R is depicted in Figure
1B. The spectrum showed seven well-resolved single-peaks and
four double-imino peaks. In addition, other non-resolved broad
regions are present such as the one near 11 ppm. Taken to-
gether, the number of imino peaks and the peak broadening sug-
gest an important structural polymorphism. We used CD spec-
troscopy to inspect the polarity of the chain. The CD spectrum
shows a clear maximum positive and a negative around 260 nm
and 240 nm respectively** (Figure 1C), indicative of a paral-
lel structure. Next, we used 1D '“N-labeling filtered NMR ex-
periments with copies of 32R sequences, each bearing an indi-
vidual labelled guanine residue. Each guanine was enriched
with ~5% of 15N- isotope®, enough for individual identifica-
tion of individual guanines. We can observe some interesting
results from the individual spectra plotted in Figure 1D. Some
nucleobases produced clear individual peaks such as G25-G28,
while the majority of the guanine bases such as G3, G7 or G13
clearly depicted two or more peaks. All samples presented in
the figure were re-synthesized and each respective spectra re-
peated twice. Taken together, the NMR results suggested either
the formation of an asymmetric dimer, the existence of a large
G-tetrad core composed by more than 3 tetrads, or a mixture of
conformers. Native polyacrylamide electrophoresis for the na-
tive sequence 32R and single substitutions G=»T mutations
shown in Figure 2A, allowed us to exclude dimer formation,
except for 9-25% that is a double substituent. The correspondent
CD spectra for each mutant are displayed in Figure 2B. We also
observed that the remaining guanines did not have '"N-filtered
imino peaks (Figure S1). Cogoi et al 2006, 2011 using DMS-
footprinting reported a parallel G-quadruplex structure com-
posed by three G-tetrads and three loops and excluded a dimer
possibility. Although some mutants (G2T, GI1T, G3IT,
G32T), showed a gel-band corresponding to a hypothetical di-
mer, these sequences presented a 1D '"H NMR spectra far from
what was observed for the 32R native sequence Figure 2C.
These mutated DNA sequences have a very complicated 1D
NMR spectrum with broad peaks supporting oligomerization.
The results imply important structural rearrangements upon
G=>T changes emphasizing the importance of those respective
guanines. The exception is G2T that does not display any imino
peaks as observed for the other G=» T mutants. The results in-
dicated that high order and/or unstable species not observed in
the NMR time scale, are present since the CD signal and the
native gel indicates the presence of parallel G4 structure with
exception for the CD spectrum of G32T. Other base mutations
(X=>T) were tested (Figure S2) in order to understand the role
of each residue in the structure of 32R. The respective 'H NMR
spectrum of the imino regions showed different results depend-
ing on the mutated residue and we could distinguish four differ-
ent categories of mutations (Figure S2). (1) Mutations of resi-
dues already known to be important for the folding of the G-
quadruplex core, confirmed by '"N-filtered experiments. These

mutations lead without surprise to a dramatic effect on the G-
quadruplex imino region. For example, the G2 or G11 muta-
tions seem to disrupt completely the imino folding pattern that
otherwise should be responsible for the existence of a single
conformation in the sample, but when analyzed by CD an all-
parallel conformer seems to exist. The results point that the CD
observes a broad mixture of parallel conformers, which reduce
significantly the signal in the NMR spectra giving the impres-
sion that the G4 is almost inexistent. The respective native gel
sample displays a band compatible with a dimer or some other
high order species. (2) Mutation of some of the guanine not im-
plicated in the tetrad core such as G18 and G23 resulted in much
cleaner spectra with sharper peaks. We presume that these mu-
tations lead to the elimination of minor confirmation sub-states.
(3) The last three residues (A30 to G32) mutations unexpect-
edly had a great impact in the imino peak-pattern, although not
as severe as G2 or G11 mutations. A G-quadruplex imino re-
gion was well visible but without sharp peaks, indicating that a
large number of different conformations co-existed. (4) Finally,
the last type of G= T mutations we observed were those corre-
sponding to residues identified to be part of the tetrad core, and
showed well-resolved spectra such as G9 and G25. Among
those, we can distinguish two patterns of imino peaks. One
group composed by G9, G18-G23 and G29, and a second group
by guanines G25, G26, G27 and G28. Hereafter and for simpli-
fication, we refer to those two groups of mutants as G9T and
G25T respectively. The spectrum of G9T showed thirteen well-
resolved imino peaks. For G25T it was more difficult to cor-
rectly quantify the number of peaks due to the superposition
around 11.3 ppm. Both mutants had a parallel signature in CD
(Figure 2b) and the native gel showed a unique band with the
same migration as the wild type. The imino peaks profile for
G25T is more complex and different compared to G9T. We can
easily identify an overlapped region around 11.2 ppm similar to
the one we can observe for 32R WT (Figure 2C). The for-
mation of these two principal groups of imino-peaks pattern in-
dicates that two major distinct conformers may coexist among
other minor populations, forming together the species observed
in the 32R WT sample. To test the possibility that KRAS32R
WT adopts alternative stable-conformers besides the G9T and
G25T structures, we performed double mutations and inspect
those using NMR and CD spectroscopy (Figure S3). We ob-
served that the double mutant G9TG25T could not form a
proper G4, although some multiple peaks with much smaller
intensities are visible in the imino region. As observed before,
replacing G2 for a thymine severely affects both G4 conform-
ers. We hypothesize that G2 may be important for the folding
initiation and stabilization as observed before with WT se-
quence. Overall G9T is unique because no other guanine can
take its place and give rise to a single well folded conformer.
For example, G9T and G32T or G31T double mutants present
multiple imino peaks with characteristic of multiple confor-
mations. On the other hand, the G25TG26T double mutant still
produces a clear imino pattern with twelve sharp peaks similar
to what we found with G25T (Figure S6). The results indicate
that there is a sliding in the last track passing from G25-G27 to
G27-G29, which produces a less-stable conformer with an al-
most identical imino pattern.

Both KRAS 32R GYT and G25T adopt parallel confor-
mations with propeller loops topologies. G9T contains a syn
fold-back 3’ end that increases its stability.

In order to get insight in the topologies adopted by G9T and
G25T, we performed additional CD and NMR experiments. CD
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and 1D '"H NMR was used to perform melting experiments and
obtain a T, (Figure S4A). The CD melting results shows that
32R WT, GI9T and G25T melt with temperatures of 59, 57.5
and 56 °C respectively for the forward (heating) experiment,
and 50, 52, and 48 °C respectively, for the backward (cooling)
experiments. The NMR melting (Figure S4B) confirms that
G25T is the least stable conformer. These and the 1D 1H spec-
tra results support our hypothesis that the G9T conformer is
more stable than the G25T conformer. We proceeded to identify
each guanine implicated in GO9T and G25T conformers using
site-specific low-enrichment '"N-labeling (Figure S5). The re-
sults revealed that each imino proton in G9T mutant was impli-
cated in a single conformation and, in the case of the G25T mu-
tant, some of the imino peaks were involved in multiple confor-
mations, such as G4, G7 and Gl1. Interestingly, the 1D 1H
NMR spectra of G9T presented thirteen peaks instead of the
twelve expected for a G-quadruplex with 3 tetrads of guanines.
Together with through-bond HCCNH-TOCSY and the through-
space {'H-"H} NOESY spectra (250 ms as mixing time), we
were able to identify all imino protons and stablish the correla-
tions with the respective aromatic protons (H8) for G9T and
G25T mutants, (Figure 3 and Figure S6 respectively). From
there, all the H6/8-H1” NOE sequential connectivities could be
mapped for all 32 bases (Figures S7 and S8 respectively). Ad-
ditional experiments with mutants by 1D '"H NMR, CD and
PAGE (Figures S9, S10 for G9T and S11, S12 for G25T) to-
gether with 2D classical NMR experiments such as {*'P-'H}
HSQC, {"C-'H} HSQC, {'H-'H} TOCSY and COSY were
used to interpret and support the assignments. We identified
that the three tetrad-layered guanine core was composed by G2-
G6-G11-G25, G3-G7-G12-G26, G4-G32-G13-G27 for G9T
and by G2-G6-G11-G26, G3-G7-G12-G27, G4-G9-G13-G28
for G25T. According to the H1'-H8 correlations observed in the
'H-'H NOESY spectrum, all guanine bases, except G32, were
in the anti glycosidic position”’. In G9T, G32 folds back within
the third strand and completes the tetrad formed at the 3’ tail. In
addition to the tetrad core with a folded-back guanine, G9T
showed NOEs connectivities between G28, A30 and G31 com-
patible with the formation of a triad. Some of the NOEs in-
cluded correlations between A30 (H8) and G28 (NH2), between
A30 (H8) and G31 (H8), and between G31 (H8) and G28
(NH2), among other diverse sugar correlations. Both mutants
have three tetrads of guanines as central core with parallel
strands connected differently in terms of loops. G9T has a short
one-base propeller loop (C5), one three-base propeller loop
(T8-T10) and a long propeller loop composed by eleven-nucle-
otides (A14-G24). Finally, G28 through G31 form a diagonal
loop that encase a triad formed by G28-A30-G31. Together
with the diagonal loop, the triad caps and stabilizes®"** the 3’
tail of the G9T conformer. In the case of G25T conformer, it
contains two short one-nucleotide propeller loops (C5) and
(T10), a bulge (T8), and a long propeller loop composed by
eleven-nucleotides (A14-T25). A simple folding topology of
both models is depicted in Figure 4. The conformation ex-
change between both structures is achieved in G9T by G25 base
sliding-out from the tetrad core and simultaneously G26 takes
its place; G27 slides to the central tetrad and finally G28 slid-
ing-in forming part of the tetrad core in G25T. This sliding ef-
fect in the same direction is also present in the case of'a double
mutant G25T-G26T where the imino peak of G29, which is not
observed in G25T, is well visible in G25T-G26T (Figure S13).
One of the consequences was that G32 could not fold-back and
be part of the guanine tetrad core of G25T conformer. A second
important consequence is the loss of the triad (G28, A30 and

G31) at the 3’-end in the G25T mutant. Overall G25T has less
stable structural elements, in agreement with CD and NMR
melting experiments.

NMR solution structure of KRAS 32R G9T and G25T

Unless otherwise specified, the NMR solution structures of both
GOT and G25T mutants were calculated with spectra collected
at 37°C. The necessary restraints were extracted from {'H-'H}
NOESY experiments with a mixing time of 250 ms. A total of
873 and 564 NOE-derived restraints were obtained for G9T and
G25T, respectively (Tables S1 and S2). Figure S depicts the
ten lowest-energy structures superimposed obtained after MD
simulations for structure refinement purposes in presence of
water and K™ counter-ions (cf. Material and Methods). G9T had
all principal structural motifs (loops and tetrad-core) converged
during the MD simulation, with a final heavy-atom RMSD of
1.5 A. On the other hand, due to the increased peak broadening
and less amount of NOEs obtained, G25T have a looser global
conformation with a heavy-atom RMSD of 1.9 A. That was par-
ticularly evident in the long propeller loop and in the 3’-end.
The results are supported by the difference in the number of
NOE:s collected from both mutants, and most importantly for
the nucleotides in the long propeller loop. Consequently, the
long propeller loop in G9T presents more m-m interactions be-
tween bases such as A24, G23 and A22 and less dispersion of
the nucleotides (Figure 5). In addition, the bases from A1, T10
and A24 nucleotides in G9T also participate in mt-m interactions,
further stabilizing the top of the first tetrad (G2-G6-G11-G25).
At the 3’-end, G32 folds back and participates to the third tetrad
(G4-G32-G13-G27). In the case of G25T, only Al and T8 seem
to provide the same sort of stabilization over the tetrad core.
The triad observed in G9T runs diagonally and connects two
opposite tracts composed by G6-G7-G32 and G25-G26-G27 re-
spectively. The triad structure is stabilized by m-m interactions
with the closest tetrad of guanines and by a network of hydro-
gen bonds (HB) comprising one formed between G28 with A30
and two between G28 and G31. In the case of G28-A3, one of
the hydrogens (H21) of the amine group acts as donor and N6
from A30 is the acceptor. Two other HBs can also be observed
between G28 and G31, involved the same type of atoms, and
between G28 and G31 using H1 and 06, respectively. In addi-
tion, we observed that G28 and G31 have their respective HI
protons outwards in exchange with the solvent, and that may
explain why we could not observe the corresponding imino
peaks in “N-filtered 1D NMR experiments at 37 °C (Figure
S1), nor when spectra were acquired at 4°C. The formation of
the triad was also supported from observed inter-NOEs corre-
sponding to H8 protons from both A30 and G31, which come
closer and share several NOEs with respective sugar protons
nearby. The triad structure has the inter-proton NOEs color
mapped depicted in Figure 6. NMR spectra collected at 47 °C
still had the respective H8-HS8 inter-base NOEs between A30
and G31(data not shown). In addition, when we inspected the
32RWT {'H-'H} NOESY spectra we could identify to the ex-
ception of G31H8-G28H21/22, all the same respective cross-
peaks correlations, indicating that the triad is well preserved in
the WT sample, including G28 with A30 and between G28 and
G31 (Figure S14).

Conclusions



G-quadruplexes have emerged in the last decade as possible
new therapeutically targets for developing new anticancer strat-
egies™™, Validating the G4’s as possible targets requires a
deeper understanding of their organization, structure and mode
of action. In this study, we have determined the high-resolution
structure, at physiological temperature and in K" solution, of
two G-quadruplexes existing in a 32-mer G-rich sequence in the
NHE region of the KRAS promotor sequence. We found that
two G4s coexist in equilibrium giving rise to two different G4
structures. Both structures are parallel-stranded and have nearly
identical stability. Both conformers contain long loops that have
little influence in the global stability of each respective struc-
ture, but one of the structures presents a folded-back guanine
and a 3-end triad that increases the thermal stability. Both struc-
tures support the DMS footprinting pattern exhibited by the 32-
mer G-rich sequence of KRAS*. Our new results also demon-
strate that simple DNA sequences rich in guanines can sample
multiple conformations giving rise to stable ensembles of G-
quadruplexes. They may look similar under certain biochemical
methods, but high resolution structures can unveil important
differences worth exploring in the development of small mole-
cules for therapeutic purposes.

Material and methods
DNA Samples Preparation

Uniformly {"*C, "*N}-labeled KRAS32R WT DNA was pur-
chased from Silantes GmbH. and G9T and G25T samples were
produced in our lab using M-MuLV enzyme from New England
Biolabs and dNTPs from Eurisotop. Non labelled samples were
purchased from IDT (Integrated DNA Technologies; USA).
They were synthesized on the 250 nmole scale and purified by
reverse HPLC. 5% "N, BC site-specifically labelled samples
were synthesized in our laboratory (INSERM U212, Bor-
deaux) on an automated Expedite 8909 DNA synthesizer at 1
umol scale on 1000-A primer support (Link Technologies Syn-
Base CPG). All the standard phosphoramidites (dABz, dT,
dGiBu, dCAc), reagents, and solvents used during the synthesis
were purchased from Glen Research. The dGiBu-phospho-
ramidite (U-"C10, 98%; U-"*N35, 98%; CP 95%) was purchased
from Cambridge Isotope Laboratories. After the synthesis, the
oligonucleotides were cleaved from the support and the nucle-
obases were deprotected with ammonium hydroxide at 55 °C
for 16 hours and then lyophilized. Oligonucleotides solutions
were prepared in 1X buffer (10 mM K:HPOJ/KH>PO4; 50 mM
KCI; pH 6.5). In order to form G-quadruplexes, samples are
heated at 95°C during 5 minutes then quickly cooled in ice. This
process is repeated 4 times and sample are conserved at 4°C.
All NMR samples presented in the manuscript were re-synthe-
sized and each spectra repeated more than once.

Circular Dichroism

All Circular Dichroism experiments were realized with a Jasco
J-1500 CD spectrapolarimeter using Spectra Manager software.
Quartz cuvets were used and contained 500 pL of 5 pM oligo-
nucleotide samples in 1X buffer. The CD spectra were meas-
ured in the region between 220 and 320 nm with a scan speed
of 50 nm/min and a response time of 1 s. Three scans were
collected and averaged. All experiments were done at 37°C de-
grees.

CD melting studies were performed on 5 uM DNA sample
alone. CD melting was performed in the single wavelength

mode. The data were collected at several wavelengths. Temper-
ature was changed from 4 to 90 °C with 1 °C interval, and 0.4
°C/min rate. These parameters lead to an overall acquisition
time of 1h per 10 °C temperature change.

Native Gel Electrophoresis

Native gel experiments were performed using 8% acryla-
mide/bisacrylamide (19:1 ration) gel containing 10 mM KCl
and 1X TBE buffer with a running buffer containing also 10
mM KCI and 1X TBE buffer in native conditions by cooling
down the system at 4°C. A low molecular weight DNA ladder
purchased from New England Biolabs had been used (range
from 25 bp to 766 bp) in each gel. Each sample was diluted in
20 pL of 1X buffer with 6 puL sucrose to reach a final concen-
tration at 25 uM. Before loading samples, a migration was per-
formed in order to eliminate impurities. Then samples were
loaded and migrated for 3 hours. Stains-All coloration was used
to reveal oligonucleotides bands.

NMR Spectroscopy

NMR spectra were recorded on Bruker Advance 700, 850 and
950 MHz spectrometer equipped with cryogenically cooled
probes. Experiments were performed at 37 °C. For solution
NMR, standard 3 mm NMR tubes were used. The samples were
prepared in 1X buffer with 10% D;O. The concentration of
DNA samples was between 0.35 mM and 2 mM. "N and "*C
HSQC experiments were performed using full labelled samples
or partially with sing 5% "°N, °C site-specific low-enrichment
labelling for imino protons for assignments.

To unambiguous assign the intranucleotide exchangeable imino
to the nonexchangeable purine H§ and pyrimidine H6 protons
through-bond connectivities, we used HCCNH-TOCSY exper-
iment in uniformly {"°C, "N}-labeled DNA®'. Melting experi-
ments were performed using 500 uM of oligonucleotides. The
tube was put in spectrometer to a start temperature of 4°C
(277K). After 5 minutes enough time for temperature stabiliza-
tion, a 1H spectrum was recorded. The same process was re-
peated until a maximum temperature of 60°C (333K).

Structure calculation

32R G9T and G25T G-quadruplex structures were calculated
using a ARTA2/CNS based on NMR-derived distance and dihe-
dral constraints. Distance constraints were manually extracted
from volume obtained by integrating peaks in Sparky and
CCPNMR software and classified as weak (4.0-6.5 A), medium
(2.5-4.5 &), and strong (1.8-3 A). Dihedral angles were con-
strained based on intraresidue H1'-H8 NOE peak intensities and
the canonical B-DNA backbone conformation for the stem-
loop. After calculation two different structures which had lower
violations were chosen for AMBER refinement. More detailed
protocols are provided in Supplementary Information.

Data Deposition

The NMR chemical shifts of 32R G9T and G25T have been
deposited in the Biological Magnetic Resonance Bank (acces-
sion code 34431 and 34441) and their coordinates have been
deposited in the Protein Data Bank (accession code 6SUU for
G9T and 6T2G for G25T).
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KRAS: V-ki-ras2 Kirsten Rat Sarcoma Viral Oncogene Hom-
olog

NHE: Nuclease Hypersensitive Element

GDP: Guanosine Di-Phosphate

GTP: Guanosine Tri-Phosphate

G4: G-quadruplex

NMR: Nuclear Magnetic Resonance

CD: Circular Dichroism

DMS: DiMethylSulphate

MD: Molecular Dynamics

NOESY: Nuclear Overhauser Effect Spectroscopy

COSY: COrrelated Spectroscopy

TOCSY: TOtal Correlation Spectroscopy

HSQC: Heteronuclear Single Quantum Coherence spectros-
copy
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Figure 1. KRAS32R characterization with in A) its localisation within KRAS NHE sequence in the
promoter region; B) its 1D proton NMR imino region at 37°C in 700MHz spectrometer with several
countable peaks; C) its CD spectrum at 37°C from 220 to 320 nm with positive peak around 260 nm
and negative peak around 240 nm characteristic of parallel G4 and D) determination of the
guanines implicated in KRAS32R tetrads using 15N-filtered NMR spectra of samples containing =5%
of 15N-enriched isotope. All experiments were performed in buffer 1X (50 mM KCl; 10 mM KPi; pH

6.66).
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Figure 2. A) Native gel experiment of KRAS32R and several simple mutants and one double mutant
showing that some mutants harbour the same conformation as wild type whereas several mutants
such as G2T or G32T severely impact G4 formation; B) KRAS32R mutants’ CD spectra at 37°C show
that most of the mutations do not affect G4 conformation showing all parallel conformation with
characteristic peaks around 260 nm (positive) and 240 nm (negative) except G32T showing signal
similar to hybrid G4; C) KRAS32R mutants imino region at 37°C showing different effects of
mutation in agreement with results obtained in native gel demonstrating the existence of two
major conformations and the role of the 3’end residues. Imino region comparison between
KRAS32R wild type (blue), GIT (red) and G25T (green) showing that profiles from G9T and G25T can
be found in wild type spectra as an evidence of the model. All experiments were performed in

buffer 1X (50 mM KCl; 10 mM KPi; pH 6.66).
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Figure 3. A) NMR HCCNH-TOCSY experiment of KRAS32R G9T showing intra-residue H1/H8
correlations in order to identify H8 of guanines implicated in G9T G-quadruplex and NOESY inter-
residue H8/H1 correlations in B) and in C) NOESY inter-residue H1/H1 correlations were used to
determine tetrads pattern in D). All experiments were performed at 37°C in buffer 1X (50 mM KCl;
10 mM KPi; pH 6.66).



KRAS 32R WT

Figure 4. KRAS32R wild type contains two conformers in equilibrium, presenting different structural
features depicted here by two families of mutants. Both mutants are formed by a three-layered
tetrad core of guanines. GIT (left) has a fold-back guanine in syn glyosidic conformation (G32,
green) and it is capped in the 3’-end with a triad (G28, A30 and G31). Conformer G25T (right) has

all guanines in anti-position and contains three regular propeller loops.



Figure 5. Side view of the superposition of the ten lowest-energy structures at 37°C based on all
heavy-atoms for 32R G9T and G25T in A and E, respectively, and the corresponding up view in B
and F (with guanines in blue, adenines in orange, thymines in green and the only cytosine in brown).
C and G show just only one structure of G9T and G25T, respectively, and the geometric
arrangement of the loop in each conformer. D and H show same structure as C and G with surfaces.
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Figure 6. Representation of the triad within the KRAS32R GOT calculated structure in A with
guanines 28 and 31 in blue and adenine 30 in orange. Several peaks proving the existence of the
triad at 37°C found in KRAS32R G9T 1H-1H NOESY spectrum are show in B involving aromatic and
sugar protons from the three bases implicated in the triad and the nearby residues. The
corresponding restraints are shown in the calculated triad in C with the corresponding colours.
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NMR structure calculation
NOE distance Restraints

Distance between the protons of KRAS32R G9T and G25T were obtained from NOESY experiments at
37°C with a different mixing time (250, 500 ms). In the final structure calculations, only data from the
250 ms mixing time was used. Peaks assignment was performed with Sparky and peaks volumes were
extracted from the spectra with manual correction depending on the reliability of the integration. NOE
distance restraints were then calculated using CCPN Analysis software using chemical shifts and peaks
list from Sparky with Thymine H6-H7 distance as a reference.

Hydrogen Bonds

Hoogsteen hydrogen bonds between guanines were restrained using H21-N7 distance (2.0 £ 0.3) and
N1-06 distance (2.0 £+ 0.3). Hydrogen bond between guanine and adenine in KRAS32R GIT triad used
H21-N3 distance (2.0 £ 0.3)

Planarity restraints

Planarity restraints were used for G22G6—2>G11->G25, G32>G72>G12->G26, G4>G32>G13>G27
tetrads and for G28—>A30—>G31 triad in the case of KRAS32R G9T conformer.

Planarity restraints were used for G2-2G6>G11-2>G26, G3—>G72>G12>G27, G4>G9>G13>G28
tetrads in the case of KRAS32R G25T conformer.

ARIA2/CNS structure calculation

All restraints files were included in ARIA2.3/CNS1.2 for structure calculation. Eight iterations of
calculations were performed with 100 to 750 structures per iteration with mixed Cartesian and torsion
angle dynamics during the simulated annealing runs. The protocol contains several stages. First, an
initial high-temperature torsion angle simulated annealing of 10,000 steps at 10,000 K followed a
torsion angle dynamic cooling stage of 10,000 steps from 10,000 to 2000 K. Then, a Cartesian dynamics
cooling stage of 5,000 steps from 2000 to 1000 K, and finally a Cartesian dynamics cooling stage of
4,000 steps from 1000 to 50 K with 3 fs per step. For distances and hydrogen bonds, 10 kcal molA2
was applied during the initial stage of dynamics and was increased up to 50 kcal mol™*A for the
remaining steps of the dynamics. For dihedral restraints, different energy constants were applied
depending in the calculation phase: 5 kcal mol*A2 for the high temperature steps and then 25 and
200 kcal mol™A? respectively for the first and second cooling step. An energy constant of 25 kcal
mol"*A-2 was applied for planarity restraints. In the final run, the best twenty structures were extracted
and analysed to choose structures for AMBER refinement.

Structure refinement in Explicit Solvent (AMBER12)
Before neutralizing the system by using K* cations, two K* cations were included in the G-tetrad core
of the two best structures obtained from ARIA calculation. Then, the system was solvated with water



molecules (TIP3P) in a truncated octahedral box. Distance restrains and planarity restrains were
imposed during molecular dynamics refinement. The system was first minimized with harmonic
potential position restraints at 25 kcal mol™ A2 over 1000 steps of steepest descent minimization. Then
it was heated from 100 K to 310 K during 20 ps with constant volume and the same potential position
restraints as before. Then a several equilibrations were performed using gradually reduced positional
restraints: 22, 20, 17, 15 and 12 kcal mol A2, Finally, the system was equilibrated without positional
restraints for 5 ns at 310K and the ten lowest-energy structures were chosen.
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Figure S1. 15N-filtered NMR spectra at 37°C of samples containing 5% of 15N-enriched
isotope of residues not implicated in KRAS32R G-quadruplex. All experiments were
performed at 37°C in buffer 1X (50 mM KCl; 10 mM KPi; pH 6.66).
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this study to better understand the KRAS32R G4 formation and the implication of the
different residues with in B) the corresponding CD spectra at 37°C. All experiments were
performed in buffer 1X (50 mM KCl; 10 mM KPi; pH 6.66).
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Figure S3. A) 'H spectra imino regions of double mutants performed within KRAS32R WT
at 37°C to identify exchanges among bases implicated in tetrads with in B) the
corresponding CD spectra. These results confirm the models for G9T and G25T and give
more information on the role of G2 and the guanines in the last tract. All experiments were
performed at 37°C in buffer 1X (50 mM KCl; 10 mM KPi; pH 6.66).
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Figure S4. In A, CD spectra of wild type (black), G9T (red) and G25T (blue) from 10°Cto 90°C
(square) show very close melting temperatures but from 90°C to 10°C stabilization is the
same compared to NMR observed in B) NMR melting experiment of wild type, G9T and
G25T conformers in A from 4°C to 60°C showing that G9T conformer seems to be more
stable than wild type which is itself more stable than G25T especially when looking at the
5°C spectrum. All experiments were performed in buffer 1X (50 mM KCI; 10 mM KPi; pH

6.66).
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Figure S5. Determination of the guanines implicated in KRAS32R G9T and G25T tetrads
using 15N-filtered NMR spectra at 37°C of samples containing =5% of 15N-enriched
isotope. G9T imino protons give only one peak meaning that each of them is implicated in
only one conformation whereas in G25T, several imino protons such as G4 or G7 are
implicated in more than one conformation. All experiments were performed at 37°C in
buffer 1X (50 mM KCl; 10 mM KPi; pH 6.66).
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Figure S7. A) NMR HCCNH-TOCSY experiment of KRAS32R G9T showing intra-residue H1/H8
correlations used to identify H8 from guanines implicated in the G4. Then in B) Inter-residue H8/H8
correlations were identified between these guanines. All these results together help to determine
KRAS32R GIT “walk” identifying inter-residue correlations H1’/H8 in C) between H1’ from a residue
and H8 from the next residue. Some of these correlations are missing, especially for residues
implicated in triad formation due to its particular geometry and cross-peaks are also missing in
bulges. All experiments were performed at 37°C in buffer 1X (50 mM KCl; 10 mM KPi; pH 6.66).
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Figure S8. A) NMR HCCNH-TOCSY experiment of KRAS32R G25T showing intra-residue H1/H8
correlations used to identify H8 from guanines implicated in the G4. Then in B) Inter-residue H8/H8
correlations were identified between these guanines. All these results together help to determine
KRAS32R G25T “walk” identifying inter-residue correlations H1’/H8 in C) between H1’ from a
residue and H8 from the next residue. Cross-peaks in bulges are mostly missing. All experiments
were performed at 37°C in buffer 1X (50 mM KCl; 10 mM KPi; pH 6.66).
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Figure S9. All NMR spectra imino regions of KRAS32R G9T mutants at 37°C used in this study. A0
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to the corresponding length of sequence. These results confirm the implication of G28, A30 and
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mM KCl; 10 mM KPi; pH 6.66).
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Figure S10. A) Native gel experiment of KRAS32R G9T and several mutants with also modified
sequences. Most of the mutations do not affect migration but several of them especially mutations
of the last four residues lead to higher weigh complexes. B) KRAS32R GOT mutants’ CD spectra at
37°C show that most of the mutations do not affect G4 conformation showing all parallel
conformation with characteristic peaks around 260 nm (positive) and 240 nm (negative). All
experiments were performed in buffer 1X (50 mM KCl; 10 mM KPi; pH 6.66).
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NMR Restrains H,O

distance restrains

873
intraresidue distance restrains 503
sequencial (i, i+1) distance restrains 199
long-range (i, i+2) distance restrains 116
short-range non sequencial distance restrains 55

dihedral restrains 15
H bonds restrains 28
Structural statistics
structure calculation
total calculated structures 750
NOE violations
number (>0.3 A) 0.13
RMSD of violations (A) 0.26 £0.03
molecular dynamics
simulation time (ns) 5.0
extracted structures (lowest energy) 10
RMSD
All heavy atoms (A) 15

Table $1. Table containing NMR restrains for KRAS32R G9T G-quadruplex structure calculation with
structural statistics after structure calculation and refinement by molecular dynamics

NMR Restrains H,O
distance restrains 564
intraresidue distance restrains 381
sequencial (i, i+1) distance restrains 109
long-range (i, i+2) distance restrains 37
short-range non sequencial distance restrains 37
dihedral restrains 12
H bonds restrains 24
Structural statistics
structure calculation
total calculated structures 750
NOE violations
number (>0.3 A) 0.09
RMSD of violations (A) 0.33+0.03
molecular dynamics
simulation time (ns) 5.0
extracted structures (lowest energy) 10
RMSD
All heavy atoms (A) 1.9

Table S2. Table containing NMR restrains for KRAS32R G25T G-quadruplex structure calculation
with structural statistics after structure calculation and refinement by molecular dynamics.
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WTT *H-'H NOESY spectrum.
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l11.2. Additionnal NMR dynamics relaxation experiments
111.2.1. Introduction

| used NMR solution state relaxation to understand the dynamics of exchange between the
two conformers reported as G9T and G25T. In NMR, relaxation corresponds to the changes
occuring to the signal with time. Generally, time causes deterioration of the signal which
becomes weaker and broader. The deterioration of the signal can be splitted into two separate
process T1 and T2. T1 (or longitudinal relaxation) is responsible for the loss of signal intensity,
whereas T2 (or transverse relaxation) is associated with the brodening of the signal. The
analysis of these two parameters allows to obtain site specific information about motion in G-
guadruplexes, especially in the case of base exchange or formation of intermediate structures.
The longitudinal and transverse relaxation rate constants (R1 and R2) and °N-H steady-state
nuclear Overhauser effect (NOE) of a given imino °N are influenced mainly by dipolar
interaction with its attached proton and by >N chemical shift anisotropy. The strength of the

dipolar interaction is determined by the motion of the N-H bond vector.
111.2.2. Experimental parameters

Imino 15N T1, T2 relaxation and NOE/noNOE measure-ments data were acquired on an
850MHz spectrometer at 310 K with a fully labelled *3C and >N KRAS32R (isotopic purity is
>98 %) wild type sample produced by enzymatic synthesis. Full labelled KRAS32R WT was
purchased from Silantes. Delays for relaxation were chosen based on the estimation of the
relaxation time from the first increment (0.85 seconds for T1 and 170 ms for T2) so the
intensity would drop by 10% in each of the 10 data sets to uniformly sample the relaxation
curve. For T1, delays are: 10, 90, 190, 300, 430, 590, 780, 1020, 1370 and 1960 ms. For T2,
delays are: 17, 34, 51, 85, 102, 136, 170, 220, 288 and 407 ms.

111.2.3. NMR dynamics results

In these experiments, we looked at the the imino region with signals corresponding to the
guanines implicated in the KRAS32R wild type G-quadruplex structure. As we prevoously
performed NMR experimentd using 5% 15N, 13C site-specific low-enrichment labelling, we
had imino protons assignments. Even if we had several peaks for several guanines we were

capable of assigning peaks corresponding to the major conformation within wild type that we
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determined later as G9T. We analysed evolution of T1 and T2 for each residue as well as the

value of their NOE. Results from our NMR relaxation experiments are presented in Figure 29.
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Figure 29. KRAS32R wild type relaxation measurements at 37°C in 1X buffer. Longitudinal
(T1), transverse (T2) relaxations and imino >N NOE effect were plotted for each residue of

KRAS32R G-quadruplex.

When we looked at T1 and T2 relaxations, it was pretty clear that G9 is the most involved
residue in KRAS32R G-quadruplex dynamics. This result is also confirmed in NOE experiments
because it has the more important variation in its NOE. Another residue which seems to be
quite dynamic is G28. Indeed, even if it is not so clear by looking at T1 relaxation, its T2
relaxation is far less important compared to the other residue. However, it seems similar to
the others in NOE experiments. The other residue we could identify implicated in KRAS32R
dynamics is G25 especially in NOE experiments but results are not so clear compared the the
previosu residues. As a conclusion, these NMR relaxation experiments supported the model

we proposed with our two main conformation G9T and G25T. Indeed, the important motion
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of G9 is in favour of the idea that it could be implicated in only one conformation and its
exclusion of the structure coud lead to the other conformation. Relaxation results for G28
could be explained by its role in the triad formation in G9T conformation and not in G25T.
Concerning G25, even it is pretty unclear, we could assume that its motion is due to the fact
that it is implicated in G9T conformation and also in G25T with the slide betwwen the last
guanines we observed in this conformation. However, we could observe that the results we
had were not so clear as the results we expected. Indeed, we are clearly looking at a wrong
time-scale here. The rates of T1, T2 and heteronuclear NOE can reveal the motions on the
nanosecond time-scale or faster while the exchange between the conformers is likely to occur
at time-scales slower by at least three orders of magnitude. As a conclusion, we need to think

about other methods allowing us to observe dynamics in the ms range such as CPMG and XESY

(Figure 30).
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Figure 30. Different NMR methods that can be used for dynamics studies with the
corresponding time scales and structural changes that can be observed in each
experiment. From 102 to 103 seconds time scale, NMR provide a panel of tools to study
several mechanisms.

From Gabriel Ortega, Miquel Pons, Oscar Millet, Advances in Protein Chemistry and

Structural Biology, 2013
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Unfortunately, | han no more time to perform these experiments and bring new elements for

the understanding of KRAS32R G-quadruplex dynamics.
IV. Conclusion

In this part, we wanted to determine the major scaffold adopted by the G-quadruplex formed
within KRAS32R sequence. As this G-quadruplex seemed to be highly polymorphic, the
structure determination, especially by NMR, represented a huge challenge. Despite the fact
that KRAS22RT and KRAS32R G-quadruplexes shared common characteristics especially in the
implication of the first and third tracts of guanines, the overall structure remained quite
different. Indeed, in KRAS22RT, the last tract implicated in the G-quadruplex formation is G18-
G19-G20 but in KRAS32R, these residues are not implicated in none of the conformations
leading to the existence of a loop with a quite important size. Our study about KRAS32R G-
guadruplexes showed that this sequence can adopt two major conformations that we
identified as G9T and G25T corresponding to the mutated residue leading to the
corresponding conformations. On one hand, G9T is a unique conformation stabilized by the
formation of a triad by the 3’end residues in which the residue G9 is not implicated. On the
other hand, G25T is very different as G9 is implicated in the G-quadruplex formation and there
is no triad formation. Moreover, the structure is still polymorphic due to a slide in the last tract
of five guanines between G26 to G29 residues leading to different implications of the guanines
such as G26-G27-G28 or G27-G28-G29 in the G-quadruplex. It is also possible that G9 is also
responsible for a part of the polymorphism by exchanging between two states. In the wild
type structure, G9T conformation represents around 70% of the structure and G25T around
25% looking at the intensities in KRAS32R wild type two dimensional *H-H NOESY spectrum.
Unfortunately, it seems that these two conformations are not the only ones formed by
KRAS32R. Indeed, when we looked at the results with selectively labelled guanine samples in
KRAS32R wild type we found that several peaks show more than the two expected peaks in
the case of two conformations. (Figure 31). In this study, we finally understand the G-
guadruplex formation within KRAS32R sequence and we resolved the structure of this G-
guadruplex which is known to be highly implicated in transcription and interact with several
proteins during transcription. We brought some crucial information concerning the possible
and most plausible structures of the 32R sequence in the NHE region of KRAS. The 3D

structures could represent important new targets for the development of new drugs targeting
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the organization of the G-quadruplex in the NHE region and interfere with regulation by

proteins such as MAZ or hnRNPA1 transcription factors.

KRAS 32R WT

GoT G25T Other minor conformation

Figure 31. Schematic view of our model for the formation of KRAS32R G-quadruplex with

G9T, G25T and the sliding phenomenon in equilibrium with other minor conformation
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Part 2: KRAS G-quadruplexes interactions






1. Introduction

G-quadruplexes represent alternative targets in cancer therapies due to their localizations and
their roles in biological processes such as transcription. They are mainly targeted by small
chemical compounds that specifically bind to G-quadruplexes to stabilize them or inhibit their
interaction with proteins. Many studies have been conducted to screen ligands from different
chemical families. Thanks to the structural information we obtained by determining the 3D
structures of KRAS22RT and KRAS32R G-quadruplexes, we can screen a panel of ligands. By
selecting few good candidates and study their interaction at the atomic level, we might be
able to identify how chemical groups contribute to the overall stabilization of the G4 structure.
Our goal is to obtain such structural information and find how ligands could interact more
strongly with certain loops, grooves or tetrad sites. As G-quadruplexes ligands often have
cytotoxicity or cellular uptake issues, it is also a good way to identify and replace chemical
groups that are not needed for interaction but implicated in these problems. In parallel to
KRAS32R G-quadruplex structure determination, we also studied ligands against KRAS22RT
structure to obtain structural features and performed a first screen against KRAS G-

guadruplexes (Figure 32).
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Recently, when the structures become available, we started using these data for studies
against KRAS32R G-quadruplex conformers G9T and G25T as well as the wild type. The main
goal of this project was to find ligands to stabilize G-quadruplexes but also to shift the
equilibrium between conformers of KRAS32R G-quadruplexes. We also wanted to identify
ligands able to inhibit interactions with proteins such as hnRNP A1, shown to unfold KRAS G-
quadruplexes!?79-281_hnRNP A1 belongs to the hnRNP family that are ribonucleoproteins. This
family is composed of 20 majors hnRNPs including hnRNP Al in the family named A. This
protein shares common structural elements found in hnRNP family with two RNA recognition
motifs (RRM) that are the most common RNA-binding domains (RBDs) found in hnRNP family.
It also has another common RBD that is a RGG box consisting of repeats of Arginine-Glycine-
Glycine. In addition to these RBD domains, hnRNP A1l also has an auxiliary domain that is a
glycine-rich domain whose role is to mediate protein-protein interaction or subcellular
localization. hnRNP Al is involved in RNA transport (thanks to its capacity to bind mRNA by
interacting with the nascent transcript), is implicated in alternative mRNA splicing and has also
a role in the transcription process (by associating with multiple promoter sequences and also
by interacting with G-quadruplexes and unwinding them to facilitate transcription).
Unwinding Protein 1 also called UP1 is an acid proteolytic product of hnRNP Al of 196 amino

acids which contains only the two RRM domains (Figure 33).
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Figure 33. Schematic view of hnRNP Al and UP1 proteins with two RRM domains and the
glycine rich domain containing RGG box in hnRNP Al whereas UP1 only contains the two

RRM domains
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It has been shown that this protein is also capable of interacting with KRAS G-quadruplexes
and unwinding them. As a consequence, we wanted to confirm that the G-quadruplexes
formed by our sequences (22RT, 32R wild type and conformers) could interact with UP1 and
assess if these structures can be unfolded. The structure of UP1 has already been deposited
in the PDB[?82] (PDB code 1L3K) making the study of the interaction straight forward. The last
part of this chapter will be focused on the preliminary experiment we performed using the
best ligands we identified by FRET melting and 1D NMR, in order to assess whether they can
compete and prevent binding of UP1 to different KRAS G4s. As we determined 22RT and 32R
G4s structures at physiological temperature, all experiments with ligands have been

performed at 37°C as well.

Il. Material and methods

11.1. Oligonucleotides samples preparation

Non labelled samples were purchased from Eurogentec (Belgium) and IDT (Integrated DNA
Technologies; USA). They were synthesised with 250 nmoles or 1 pmole scale and purified by
reverse HPLC. Oligonucleotides solutions were prepared in 1X buffer (10 mM
K2HPO4/KH2P04; 50 mM KCI; pH 6,5). In order to fold G-quadruplexes, samples were heated
at 95°C during 5 minutes then quickly cooled in ice. This process is repeated 3 times and

sample are conserved at 4°C.
11.2. Labelled and Non-labelled UP1 Production

Recombinant protein UP1 tagged to with GST were expressed in Escherichia coli BL21 using
plasmids pGEX-Upl. After transformation, the bacteria were grown for the night in Lysogeny
Broth (LB) medium (10 g/L Yeast Extract, 10 g/L Tryptone, 10 g/L NaCl) at 37°C with 100 pg/mi
ampicillin. Then bacteria were transferred in Terrific Broth (TB) medium (24 g/L Yeast Extract,
20 g/L Tryptone, 4 mL/L Glycerol, 100 mM Phosphate Buffer (KH2PO4/K2HPOQ4)) for non-
labelled production and in M9T medium (300uM CaCl,, 1mM MgS0s, 6g Na;HPQa4, 3g KH2PO4,
0,5g NaCl, 1mg Vitamin B1, 1g NH4Cl **N, 2g Glucose 3C) for *°N, 13C labelled production with
the same concentration of ampicillin and grown to an A600 of at least 2.0 prior to induction
with IPTG (1 mM final concentration). Cells were allowed to grow for the night before

harvesting. The cells were centrifuged at 5000 RPM., and 4°C. After centrifugation the
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supernatant was removed. The pellet was re-suspended in a solution of PBS with PMSF 100
mM and DTT 1 M. The bacteria were lysed by sonication (40%: 45sec ON, 45sec OFF for 4 min
and 30 seconds). The lysate was then centrifuged for 10 min at 4°C at 10 000 r.p.m.
Glutathione Sepharose 4B (GE Healthcare) (50% slurry in PBS) was added to the supernatant
and incubated for 30 min at 4°C on a shaker. The mix was centrifuged for 5 min at 500 g and
the pellet was washed 5 times in PBS and eluted with elution buffer containing 20 mM NaCl,
20 mM reduced glutathione, 200 mM Tris—HCI, pH 9.5 for Al elution and pH 7.5 for Up1l
elution. Alternatively, to re-move the GST tag, the mix was centrifuged for 5 min at 500g,
washed with PreScission Cleavage buffer (GE Healthcare) and centrifuged 5 min at 500g. The
pellet was incubated for 4 h at 4°C with PreScission protease to cleave the GST tag from the
purified proteins. After PreScission cleavage, the UP1 moieties were detached from GST which
remained bound to the Glutathione Sephadex beads. The reaction mixtures were centrifuged
for 5 min at 500g, 4°C, and the untagged proteins collected from the supernatant. Finally, the

purification of tagged and un-tagged UP1 protein was checked by SDS—PAGE.
11.3. Ligands origin

All the ligands used in this work had different origins with some of them commercially
available, but the majority was issued from ongoing collaborations. Their structures are all
presented in Figure Al (Annexes) with their corresponding chemical families. Braco19,
PhenDC3 and Quarfloxin were purchased from commercial companies such as Sigma Aldrich.
Salphen ligands!?83l were provided by the laboratory of Fabrice Thomas (Prof.) from Grenoble
(France). Phenantroline ligands (except PhenDC3), IP5 and NaphTrip were provided by Carla
Cruz group in Beira Interior (Portugal) and JL205?741 by Alexandra Paulo group in Lisboa
(Portugal). Naphthalene Dilmide (NDI) ligands[?84-28¢] were provided by Mauro Freccero from

Pavia (ltaly). 20A was synthesised by chemists from our unit INSERM U1212.
11.4. FRET melting experiments

FRET melting experiments have been used to screen ligands by studying their capacity to
stabilize KRAS G4s. In order to perform the experiment, we need to use labelled sequences
with two different fluorophores that are compatible for emission and quenching
phenomenon. Quenching is happening when the emission spectrum of one of the

fluorophores is overlapping the absorption spectrum of the second fluorophore leading to
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extinction of the second one. The condition for quenching is that the two fluorophores have
to be close in space. Based on this concept, we can use our G4 forming sequences with
fluorescein (FAM) as a 5' label and tetramethylrhodamine (TAMRA) as a 3' label observing
FAM fluorescence. When the G-quadruplex is formed we cannot observe any FAM
fluorescence and the by increasing temperature, we will recover fluorescence because of G4
denaturation which leads to an increased distance between fluorophores. All FRET melting
experiments were done with Statagene Mx3005P device. Buffer contains 10 mM LiCaCo, 10
mM KCl et 90 mM LiCl a pH 7,2 for KRAS22RT experiments and we used 1X buffer for 32R
experiments. Each well contains 0.2 uM of 22RT sequence or duplex sequence. Ligands are
tested at different two concentrations 0.4 and 1uM corresponding to 2 and 5 ligand
equivalence conditions. Negative control contains water instead of ligand and we used
PhenDC3 ligand as a positive control knowing its stabilizer effects on G-quadruplexes. Each
well is duplicated in each plate and experiments were repeated three times per ligand. In the
case of testing ligands that are capable of absorbing the same wavelengths as our
fluorophores, we would test their stabilization effect by Circular Dichroism melting

experiments.
11.5. Circular Dichroism

All Circular Dichroism experiments were realized with Jasco J-1500 CD spectrometer using
Spectra Manager software. Quartz cuve were used and contains 500 pL of 5 uM
oligonucleotide samples in 1X buffer. The CD spectra were measured in the region between
220 and 320 nm with a scan speed of 50 nm/min and a response time of 1 s. Three scans were

collected and averaged. All experiments were done at 37°C degrees.
1.5.1. Titrations

Ligands were diluted from their stocks to 1 mM with water and kept on ice during the titration.
Some ligands where previously diluted in 10-20% D6 DMSO before diluted in water. Before
starting the titration experiments a spectrum without ligand is recorded to check the G4
signal. Ligands were added starting at 0.5 equivalent and incubated for 10-15 min after which
CD spectra were collected. Then addition was done at 1, 1.5, 2, 2.5, 3, 4 and 5 equivalents

(total volume change for the G4 sample was < 10 %).

11.5.2. Melting experiments
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CD melting studies were performed with 5 uM DNA sample alone or in the presence of
different equivalent of ligand. CD melting was performed using either a full wavelength or a
single wavelength mode. In the former case, the data were collected in the wavelength range
350-220 nm with 0.5 sec averaging (DIT) time, 2 nm bandwidth, 100 nm/min scan speed, two
accumulations and 0.2 nm step. Temperature was changed from 4 to 90 °C with 1 °Cinterval,
and 0.4 °C/min rate. These parameters lead to the overall acquisition time of 1h per 10 °C
temperature change. All data collected in this manner were examined for the presence of
possible intermediates during the melting process. However, the overall shape of the CD
signature remained unchanged for every sample examined. Thus after completion of the full
wavelength scan for each sample additional melting data were collected at specified
wavelengths of 264 nm (characteristic for a parallel G4) and of 330 nm (used as a reference to
factor out instrument fluctuations), the averaging time 32 s, and the bandwidth was 2 nm.
Temperature was changed from 4 ° C to 95 °C and back at 1 °C/min rate. This set of
experiments allowed us to test the reversibility of the melting process and to obtained

thermodynamic parameters.
1l.6. Native gel experiments

Native gel experiments were performed using 8% acrylamide/bisacrylamide (19:1 ration) gel
containing 10 mM KCl and 1X TBE buffer with a running buffer containing also 10 mM KCl and
1X TBE buffer in native conditions by cooling down the system at 4°C. A DNA ladder containing
polythymine samples with different lengths (9 to 90 nucleotides) have been used. Each sample
contains 25 uM of DNA and different equivalents of UP1 and ligands. Before loading samples,
a migration was performed in order to eliminate impurities. Then samples were loaded and

migrated for 3H hours. Stains all coloration was used to revealed oligonucleotides bands.
1.7. Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) experiments were performed using a Microcal VP-ITC
instrument (GE Healthcare) at 37°C. All samples were thoroughly degassed while being stirred
prior to use. Titrations were conducted with the different DNA sequences (KRAS32R WT, G9T,
G25T and double mutant G9TG25T. For the ITC titrations, the sample cell was filled to capacity
with a dilute solution of UP1 at 10 uM and titrated with DNA at 100 uM. A typical titration

involved the injection of 16 (6-12 uL) aliquots of titrant with titrant injections made at 400 s
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intervals. The integrated heat data were corrected for the heat of dilution and blank effects
and the corrected data fit for a binding model by nonlinear regression. The binding isotherms
were sigmoidal and well fit with the standard one-site binding model incorporated into the

Microcal Origin VP-ITC software.
11.8. NMR experiments

NMR spectra were recorded on in house Bruker Avance NEO 700 and 800 MHz and 400 MHz
(Bruker Avance lll). In addition, some spectra were collected at CEITEC (Central European
Institute of Technology, Masaryk University, Brno) of in 850 and 950 MHz spectrometers
equipped with cryogenically cooled probes (850 and 950 MHz). Experiments were usually
performed at 37 °C for routine experiments, otherwise temperatures from 4 °C up to 60°C
were used for different experiments such as NMR melting profiles. For solution NMR, standard
3 mm NMR tubes were used. The samples were prepared in 1X buffer with 10% D,0. Most of
the 'H 1D spectra were recorded using an echo pulse sequence, which selectively removes
resonance due to water without affecting other resonances including those which are in fast
exchange with water. Resonance assignments were made using 5% °N, 13C site-specific low-
enrichment labelling for imino protons. The resonances of the KRAS22RT G4-ligand complex
were assigned through the peak assignments of the free G-quadruplex by using exchange
cross-peaks (in NOESY) between the free and ligand-bound species obtained at 2 equivalents

of ligand. Interproton distances were measured by using NOESY experiments.
11.8.1. NMR ligand titrations

Concentration of oligonucleotide samples used were 350 uM. Ligands were added at different
equivalent increments depending on the ligand studied. Then H 1D spectra were recorded

after mixing oligonucleotide with ligand.
11.8.2. NMR ligand competition experiments

Samples contained 350 or 500 uM of KRAS22RT oligonucleotide (depend on the experiment).
For the competition assay without ligand, 500 uM of 22RT complementary strand were added
and sample put immediately in the spectrometer to measure spectra at different period times
after ligand addition and follow kinetics of duplex formation and G4 disappearing. For

completion with ligands, before adding complementary strand, we included 2 equivalent of
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ligand. Then, we selected an unchanged peak, usually an isolated aromatic peak (before and
after addition of complementary strand) to scale all different spectra and integrate the duplex
region. We converted the integration data into concentration using the initial concentrations
of 22RT and its complementary strand. Then we plot duplex concentration in function of time.
To fit the data, we use a simple model for hybridization of two DNA independent chains in an

exponential model equation (1):
y=ax(1—exp(—k*x))

where a is the maximal concentration of duplex formed and k the speed constant of the duplex

formation.

We also determined t1/2 duplex using a second order equation (2):

1

t= 2w k=Co

11.8.3. 2D H->N HSQC NMR UP1 titrations

Kinetics for the interaction between UP1 and KRAS32R conformers G9T and G25T have bene
followed by using 2D 1H-15N HSQC NMR with 15N, 13C isotopically enriched samples of UP1
allowing us to identify each residue with its backbone —NH connection. Assignment was done
by using the deposited data from PDB structure 1L3K. Then we added increasing amounts of
G4 samples (0.25, 0.5, 0.75, 1 equivalent of 32R GI9T or G25T) and we followed peaks shifting.

We calculate shift for several peaks using the equation (3):
§ = V(SH*(5)?)

with 8H the shift in *H dimension and 8N the shift in >N dimension. Shifts were then plotted

in function of the corresponding residue in Origin 8.6
11.9. Cell Viability Assay and Cellular Imaging

These experiments have been done in collaboration with Dr. Carla Cruz and her PhD student
Josué Carvalho at the University of Beira Interior in Portugal and with David Santamaria and

his colleague Benjamin Drogat at European Institute of Chemistry and Biology.

11.9.1. Cell Viability Assay

112



Hela, NHDF non-malignant cells (normal human dermal fibroblasts) and KRAS-mediated
cancer cells were seeded in 48-well plates (5x104 cells/well) and exposed to various
concentrations of compounds. After 72 h, 50 uL of 1 mg/mL methyl thiazolyl tetrazolium (MTT)
solution was added to each well, and the cells were further incubated for 4 h in the dark at 37
°C. At the end of the incubation period, dark purple formazan crystals were formed. These
crystals were solubilized in dimethyl sulfoxide (DMSO) (250 pL per well for 10 min), and the
absorbance was measured at 570 nm using Biorad xMark™ microplate reader. The experiment
was repeated three times. The IC50 values were derived from the curves of the cell viability
against the compound concentration. The extent of cell death was expressed as the

percentage of cell viability in comparison with control cells.
11.9.2. Cellular Imaging

The Hela cells were grown on p-Slide 8-well plates from ibidi at a density of 3 x 104 cells/well
for 24 h at 37 °Cin a 5% CO2/air incubator. Cells were then incubated with 10 uM of AG and
1 uM of TriPropil for 3 h. Following incubation, cells were washed three times with PBS and
stained with 1 uM of Hoechst 33342 (nuclear stain) for 15 min. Confocal images were recorded
using a Zeiss AxioObserver LSM 710 confocal laser scanning microscope and ZEN software
(Carl Zeiss Microimaging, Gottingen, Germany), using 4,6-diamidino-2-phenylindole (DAPI),
green fluorescent protein (GFP) and Rhodamine/Texas Red channels at 405-, 488- and 514-
nm laser excitation, respectively. An appropriate emission band was selected for the three
fluorescent channels by using a Plan-Apochromat 63x, 1.4 N.A. oil immersion objective (Carl
Zeiss) to ensure high-resolution images. Images were processed with LSM Image Browser

(Zeiss) and Adobe Photoshop.

lll. KRAS22RT G-quadruplex ligands study

Besides the study that we conducted with 22RT sequence, other studies have been performed
by different laboratories using our deposited structure?®’], including our collaborators with
Carla Cruz lab (Annexes Article 2). In this study, a novel panel of acridine orange (AO)
derivatives was tested against KRAS22RT G-quadruplexes. These ligands have an AO moiety
with an aliphatic side chain with a different number of ethylene groups and an iodobenzene
moiety. Overall, all ligands from the AO series, i.e., C3, C5 and C8 named according to the

number of carbons in the arm between the acridine and the iodobenzene group, show good
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results in term of thermal stabilization: 18, 29, and 40°C for C3, C5 and C8 respectively,
obtained using CD melting experiments. However, their specificity for KRAS G-quadruplex
when tested against DNA duplex was very modest. In cytotoxicity assays, these ligands show
high toxicity against Hela cancer cells but also against non-malignant cells which has to be
improved for the next generation of AO ligands. A positive point observed by confocal
microscopy, is their good capacity to cross the cellular membrane and localize in the cell
nucleus. This series of ligand and especially C8 seems to be good candidates for KRAS22RT G-

guadruplexes as several other ligands we also tested.
lll.1. FRET melting screening

The first step in ligand studies against G-quadruplexes is to screen a large number of ligands
from different families with FRET melting assay (Figure 34). For a matter of simplification in
the analysis we decided that the temperature cut-off will be the following: < =5 °C, low
stabilization properties, not worth investigating; 5 - 12 °C, average stabilization effect, worth
pursuing studies; > 13°C good stabilization properties and worth testing by 1D NMR

experiments).
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Figure 34. FRET melting experiments with a panel of ligands against KRAS22RT G-
guadruplex. All ligands have been tested at 2 and 5 equivalent of ligand. ATm have been

obtained by subtracting Tm of negative control in Tm of each well. 114



From the figure 34 we can observe that the lowest stabilization effects have been observed
with 38Phen, 20A, NaphTrip and IP5 (0, 2, 1.5 and 3.5°C respectively, at 2 molar equivalents
of ligand). As a consequence, these ligands cannot be considered as good stabilizers for 22RT
as well as JL205 which gave a stabilization temperature of 5.5°C. Braco19 can be considered
as a good stabilizer (20°C) for 22RT. Among the salphen, family we tested several modifications
such as aliphatic chain length, the nature of the coordinated metal, and the presence of
additional chemical substituents. The ATwm for AG, BG, DG and HG are respectively 9.5, 6.5,
14.5 and 3.5°C at 2 ligand equivalents. Regarding the results, the most effective modification
if we consider AG as the reference compound, is the addition of a dimethyl imidazole group
(Figure A1). With this modification, an extra planar conjugated system is available to interact
via m-1t stacking and can explain this increased stabilization. We also tested three different
phenantroline ligands from the same family as PhenDC3 which is known as one of the best
ligand for G41288. 2891 A|| of them show relatively low stabilization temperature (9°C for 32Phen
which is the best one) compared to PhenDC3 which means that this kind of modifications are
not beneficial for 22RT G4 stabilization. These low stabilizations could be explained due to the
size of 32Phen and 38Phen ligands with their long aliphatic chains. In the case of 16Phen, the
absence of positive charges is probably the main reason for the low ATwv observed. We finally
used ligands from NDI family. They all gave good stabilization results as they all have a ATwm
superior to 15°C, the best one is TriPropil with a stabilization of 25°C which is better than
PhenDC3. Among this family we chose TriPropil as the reference ligand on which modifications
have been done such as addition of tertiary amines or side chains. Regarding the results, these
modifications decreased the stabilization and did not increase specificity toward duplex DNA
(Figure A2). All the other ligands did not show significant DNA duplex stabilization except DG.
After this first screening, the most promising ligand for 22RT G-quadruplex are PhenDC3, AG
and DG from salphen family, TriPropil from NDI family and Braco19. Considering the DNA
duplex stabilization obtained for DG we decided to use AG as principal ligand from this family

to pursue further NMR studies.

111.2. Ligands effect on KRAS22RT G-quadruplex by CD titrations
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Figure 35. CD titrations of the best ligands identified in FRET melting experiments against

22RT G-quadruplex. We added increasing amount of ligand up to 5 equivalents

In parallel to FRET melting experiments, we also perform Circular Dichroism titrations to
observe the effects on the conformation of 22RT G4. We looked at the modifications on the
two characteristic peaks at 260 and 243 nm of parallel conformation obtained for 22RT. Figure
35 is showing spectra of the best ligands identified in FRET melting experiments. The
remaining spectra are presented in Figure A3. All CD titrations with all the ligands are showing
similar results. Indeed, it is clear from observing the spectra that all the different ligands tested
did not change 22RT G4 conformation. However, we could notice some slightly change with a
decrease of the signal at 260 nm and also at 243 nm in spectra which could be a hint for an
interaction but it is only a qualitative observation. The only exception is PentaNMe2 ligand
because in the spectrum, we can observe a more pronounced decrease in intensity and a slight
shift at 260 nm and 243 nm than the other ligands, together with an increasing at 290 nm, a
characteristic signal of antiparallel conformation. This result means that this ligand seems to

be able to change part of 22RT conformation.

11l.3. NMR titrations
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We also performed NMR titrations with ligands against KRAS22RT G-quadruplex. These
experiments could provide useful information. First, as the assignment of KRAS22RT imino
region is known, we could follow the peaks shifting by increasing the amount of ligand. Then,
NMR titrations could be analysed to determine the exchange between the G-quadruplex free

state and ligand bound state (Figure 36).
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Figure 36. Different profiles we can observe in NMR titrations with ligands to determine
the type of exchange we encounter

From BBA, I.R. Kleckner and M.P. Foster, 2011

In the case of slow exchange indicating a tight binding, transition is quite difficult to observe
in the NMR signature with only initial and final states. Signals are disappearing and reappear
only when saturation state is almost reached. In the case of fast exchange indicating a weak
binding, we can easily follow the peaks when other factors such as aggregation do not broaden
the peaks of interest. Intermediate exchange is characterised by a mix between the two others
with peaks that almost disappear in a non-resolved region and that reappear faster than slow
exchange. Another crucial information that can be obtained from the NMR titrations is the
binding affinities for each ligand. Unfortunately, many of the tested ligands do not allow to
correct follow individual peaks due to the exchange nature of the ligand complex, but also due
to severe ligand-induced aggregation when interacting with DNA in a nonspecific manner.
Finally, the last information we can extract from NMR titrations is the possibility of performing
structural studies on the complex in 2D dimensional NMR depending on the quality of the
spectrum during titrations. Among all the tested ligands, we selected the ones with the best
ability to stabilize G4 and also some other criteria such as solubility, their chemical family,

cytotoxicity and imino peak dispersion. Without a clear imino peak dispersion we would not
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be able to proceed to 2D NMR without huge ambiguities. So with that in mind, the best 1D
NMR titrations that | selected are presented in Figure 37 and the remaining titrations are

presented in Figure A4.
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Figure 37. NMR titrations performed with the best stabilizers with increasing amount of

ligands, depending of the saturation in each complex

From combining good stabilization with best 1D NMR peak dispersion, AG had the best results.
All 12 imino peaks were well resolved indicating a single conformation in complex with 2
ligands molecules, probably with two independent binding sites. Looking at the profile of the
transition, it seems that AG induces an intermediate exchange of 22RT. For the case of both

TriPropil and Braco19 the imino profile did not had the 12 well resolved peaks as expected,
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only a few peaks could be distinguished (around 6). Looking at the different transitions, we
also have intermediate exchanges. For TriPropil, JL205 and Braco19 saturation is respectively
reached at 2, 3 and 2 equivalents of ligand suggesting the corresponding number of binding
sites. Among the other tested ligands, PhenDC3 which has one of the highest ATm values, did
not produce a profile that could be properly analysed as the imino region became quite broad
with no resolved peak. To the exception of AG that was a limiting factor for pursuing 2D NMR
studies with different ligands. We could observe similar results with PentaNMe2. For the case
of NaphTrip and IP5 we can observe sharp peaks up to 4 molar equivalents, and then an
aggregation phenomenon where most probably the oligo desolvates and precipitates.
Nevertheless, those ligands have not good ATm values and will be used in further studies. In
the case of 20A and 16Phen, we could assume that ligands could partially unfold the G-
guadruplex looking at the imino region but it is also possible that it is still in a transitional state
with an unfinished titration, so the results need to be completed. As a results of these titration
experiments, together with melting studies, we found that the best ligand for NMR structural

studies in complex with 22RT was AG.
111.4. NMR competition experiments

In G-quadruplexes studies, it is not unusual to use competitors such as duplex DNA to probe
the ligand efficiency to prevent hybridization of the G4 sequence with the complementary
sequence. That is why we thought about performing NMR competition experiments in order
to see the G4 protection from the complementary chain for each ligand and at same time get
information about the first and the last tetrad to be unfolded. The complementary sequence
represents the best competitor as it is capable of unfolding G-quadruplex by forming the
corresponding double stranded DNA in cells. NMR would allow us to follow the disappearance
of G-quadruplex along with the appearance of the corresponding duplex (new peaks in the
region of 12.5-14 ppm). We wanted to know if the ligands we studied were also able to
maintain the G4 integrity despite the presence of the complementary chain. By integrating
the peaks corresponding to the duplex region at different periods of time we were able to
determine the association constant of 22RT with its complementary strand to form a duplex.
We also determined duplex formation half-life time (ti2 duplex) by using second order
reaction equation. NMR competition results without ligand used as control are presented in

Figure 38.
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Figure 38. NMR competitions results (without ligand) with the disappearance of imino

peaks corresponding to G4 between 10.5 and 12 ppm, and the appearance of peaks

corresponding to the duplex formation between 12.5 and 14 ppm.

In the case of competition assay without ligand, the duplex formation is a very fast event since
after 32 minutes the G4 is almost totally unfolded and hybridized. As a result of the data fitting
using equation (1), we obtain a ti2 of 19 minutes without ligand, which can be used as
reference to assess the efficiency of a ligand to protect G-quadruplexes against
complementary strand. Figure 39 shows the results we obtained with AG and TriPropil ligands.
Even if TriPropil is a better stabilizer than AG in terms of ATm, in NMR competition
experiments, AG had the best protector properties and the longest with a t1/2 of 170 min (k =
5.87x1073+8.12x10* mM.min!) whereas TriPropil had a half-life time of 46 min (k = 31.0x10
3+3.27x10-3 mM.min). Compared to the control experiment, TriPropil only slightly increases
the protection of the G-quadruplex meaning that it can well stabilize 22RT G-quadruplex but
it is not able to avoid duplex formation in presence of complementary strand. AG is not the
best stabilizer but increase the protection by almost a factor 10. We also tested several other
ligands presented in Figure A5 JL205 and NaphTrip. For NaphTrip, the obtained half-life is even
worst compared to TriPropil which means that this ligand is no good in stabilization or
protection neither. JL205 gave an average result with a t1/2 of 90 min increasing the protection

of the G-quadruplex by a factor 4.5.
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Figure 39. NMR competitions results for AG and TriPropil with NMR spectra and the

corresponding fit

Nevertheless, this result needs to be carefully taken since it very difficult to correctly integrate
the duplex signal. In the acridine orange paper (Article 2 in Annexes) we identified the C8
ligand as a very good stabilizer with promising cytotoxicity results and an interesting cellular

colocalization. The NMR competition assays with 22RT are depicted in Figure 40.
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Figure 40. NMR competitions results for C8 an acridine orange derivative ligand tested in

a previous study

It gave the best results in terms of NMR competition with a t1/2 of 3780 minutes, which is more
than 20 times superior to all the other ligands. Its capability to protect 22RT G4 from
complementary hybridization looks very interesting as it gives hints about a possible binding

pocket with several interacting points. All competition results in this study have been resume

in Figure 41.
Ligand K (10° mM.min") t,, (min)
None 50.9+10.8 19
NaphTrip 33.8 + 1.68 30
TriPropil 31.0 £ 3.27 46
JL205 11.1+0.77 90
AG 5.87 £+ 0.81 170
C8 0.38 £ 0.03 3780

Figure 41. NMR competitions results for all ligands tested in this study with also results
without ligands. Compounds have been classified depending on their efficiency in

protecting KRAS22RT G-quadruplex from complementary strand

Although we expected the hybridization profile (corresponding to duplex signal) to be similar
with the different ligands, it was obvious that it was influenced and target by each ligand

because the peaks profiles were quite different.

111.5. Cytotoxicity assays and cellular imaging

122



AG TriPropil

100

o
=]
i

o
=)
MTT reduction

MTT reduction
(% control)
{% control)

1007 il

MTT reduction
(% control)
w
<

MTT reduction
(% control)

Figure 42. Relative cell viability of HelLa cancer cells (first line) and NDHF cells (second line)
measured by the MTT assay after 72 h incubation with ligands AG and TriPropil at different

concentrations. Bars represent the mean of cell viability relative to control cells (no

treatment)

For these experiments, we first decided to test two ligands: AG and TriPropil in Hela cells and
NHDF cells. AG was chosen because of the results obtained in NMR titrations and competitions
and TriPropil was chosen because despite the poor results we obtained in NMR, it is still a very
good stabilizer for 22RT G-quadruplex. Results obtained for cell viability in HeLa and NHDF
cells are presented in Figure 42. These experiments have been performed with our
collaborators in Portugal. Results indicated that TriPropil caused a remarkable decrease in cell
viability of HeLa with IC50 of 0.24 uM. At higher concentrations of TriPropil (1-5 uM) less than
5% of Hela cells were viable but this compound also affected the normal cells even at low
concentration, suggesting that TriPropil is not selective for HelLa cancer cells. The compound
AG is less cytotoxic to Hela and normal cells. At the highest concentration of AG (200 uM)

about half of the cancer cells survived (47 %). In the case of normal cells, at the same
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concentration, the cell viability is 59 % suggesting a modest selectivity for cancer cells. As a

conclusion, none of these ligands is specific to cancer cells.
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Figure 43. Relative cell viability of the different cancer cell line measured by the MTT assay
after 72 h incubation with ligands at different concentrations. Results with different cells

lines are plotted in graph and in a table with summarized values

Indeed, we studied G-quadruplex formed within KRAS promoter region that is why we decided
to test again our ligands but in KRAS-driven cancers cell lines A549, H23, H358 and H460
respectively with mutations in Kras G12S, G12C, G12C and Q61H. The last one has been chosen
in order to study another mutated residue which is not G12. In this assay, we tested as before
AG and TriPropil but also PhenDC3 which is a good stabilizer and C8 the best ligand we tested
(Figure 43). These experiments have been done with our collaborators at IECB. AG and
TriPropil showed similar results that the ones obtained in Hela cancer cells with TriPropil

which is too toxic with ICso under nanomolar range and AG which is not enough toxic with ICso
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superior to 100 uM in every cell lines. Concerning the other ligands PhenDC3 and C8, they
show interesting results with ICsp around 1 uM for PhenDC3 and C8 with an ICsq in the
nanomoles range which corresponds to the desired value for an ICso. Unfortunately, C8 also
showed similar toxicity for NHDF cells in the previous studies. However, another critical point
to assess whether a molecule is a good candidate considered as a potential drug is the cellular
uptake and localization. Among all the G-quadruplexes ligands that have been tested cellular
uptake remain a major issue and need to be improved. That is why we tested AG and TriPropil
to see their localization by cellular imaging in Hela cancer cells with confocal microscopy

(Figure 44).

Hoechst Ligand Merge

AG

TriPropil

Figure 44. Confocal microscopy images of the subcellular localization of compounds AG
and TriPropil in Hela cells after 3 h incubation at 10 and 1 uM concentration, respectively.

Cell nucleus was counterstained with Hoechst 33342 (blue)

We were able to study localization of these two compounds thanks to their fluorescence
properties. AG emits green and TriPropil red fluorescence, upon excitation at 488 and 514 nm,
respectively. Even if AG is a poor fluorophore compared to TriPropil, the emission is sufficient
to clearly identify their cellular localization by merging with nuclear staining fluorescent

compounds. As a results, we could identify TriPropil localization in the nucleus, whereas AG is
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more abundant in the cytoplasm. These results indicate that AG does not have the ability to
pass as easily through the nuclear pore nor diffuse over the nucleus double membrane.
Looking at the structures of the two ligands, we can hypothesize that the cause can be related
to both the aliphatic chain which makes AG longer and the Ni?* cation. Taken together, the
biophysical preliminary studies with different ligands allows to select a few ligands worth
solving the structure in complex with 22RT. Among them, we identify AG, TriPropil and C8 as
the most interesting ligands. We started the 2D NMR experiments with AG since it had the
best peak dispersion in the imino region. To unambiguously identify the position of each imino
we proceeded with *H-°N 1D HMQC experiments in different individual samples containing

an isotopically labelled guanine at each position.

1lI.6. Structural studies of KRAS22RT G4 in complex with AG ligand

G3 WV\WWWJ\"NMWMW

Figure 45. Imino peaks assignment of KRAS22RT in presence of AG using *H->N 1D HMQC

-filtered NMR spectra of samples containing =5% of °>N-enriched isotope

In order to directly find interactions between both molecules, we first needed to assign proton

peaks from each molecule. | was able to identify all 12 imino peaks in presence of AG from the
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1D *H-N HMQC (Figure 45). One of the first observations from the 1D titration experiments
with AG, was the fact that some peaks disappear and reaper later on. So, the 1D HMQC
experiment was crucial to identify slow exchange peaks that underwent large chemical shift
displacements such as G9 residue which had a chemical shift near 11.2 ppm and moved to
10.7 ppm, experiencing a difference of 0.5 ppm. Then, | proceeded to record 2D NMR spectra
such as 'H-13C HSQC, 'H-'H TOCSY and 'H-'H NOESY in order to characterize and assign all
possible peaks and compare with free 22RT. Once assignments were completed from an
exhaustive observation of different *H-'H NOESY spectra acquired at different temperatures,
we were able to assign (as much as possible) cross-peaks between 22RT and AG. In order to
be able of doing that it was also necessary to assigned the individual protons of isolated AG
samples. Fortunately, imidazole protons such as the methyl group, imid-H2, -H3 and -H4,
together with aromatic protons (arol and aro2) and the aliphatic chain (-CH2 protons) were
simple to identify from 2D NMR spectra. The last proton is located near to the cationic ion Ni%*

and called H,y (Figure 46).

CH2-2
arol —H2
~aro2-H,
Cj::.,lj
8.0 7.0 4.0 3.0 2.0 1.0
H ppm

Figure 46. Structure of AG ligand with all protons and the corresponding peaks assigned in

1D *H NMR spectrum
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Upon complexation formation with 22RT all peaks experience broadening and collapsing
(Figure A6). Some of the cross peaks between 22RT and AG are depicted in Figure 47. The
most important interacting peaks that we could unambiguously assign were imid-H2 and imid-
H4 with H1’ protons from G3, C5, G6, G7, G11, G12, A14, G18 and G19. Some cross peaks of
imid-H2 and imid-H4 were also identified interacting with H3’ of C5, G11, G18. Since AG is a
symmetric molecule, we only named half of the protons because they are isochronous with
the second half. So it is without surprise that we have several cross peaks from AG with so

many different bases.

G6-H1' G19-H1’

Lo ,G18-H3’
C5-H1’ G7-H1 G3-H1" ._.-612_H1c51’1-H1'C5-.‘H3 i G11-HY
7.20 R S e e
730 o
@
7.40

H ppm

8.40 O
8.50 @ GC'D O ’ % . (\Q;/Cf)

66 = 64 62 60 . 58 - 52 5.0 4.8
H ppm
A14-H1" C5-H5 G7-H1" G3-HT" Gro-Hy

G11-H1’ C5-H3* G11-H3’

Figure 47. Interactions between AG ligand and KRAS22RT G-quadruplex observed in 1H-1H
NOESY spectrum implicating protons from ligand imidazole group and several residues

from KRAS22RT

Considering the interaction pattern and the number of ligand used until saturation, AG is likely
interacting in two different binding sites that | was not able to solve. Further studies need to
be performed before we could decipher the exact location of both binding sites. After
validating the list of cross-peaks with AG a molecular dynamics run over several hundreds of
ns would probably be necessary to understand correctly the binding mode of the different

chemical moieties.
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IV. KRAS32R G-quadruplex ligands study

By studying ligands against 22RT structure, we identified good candidates that could be used
for ligand development. But before that we need to test them against longer sequences from
KRAS that have also a propensity to fold into G4 structures. So we studied the same ligands
against 32R, which is also a parallel G4 but contains a large propeller loop with 11/12 bases,
depending on the conformer. We were expecting that the interaction behaviour could also be
different. We tested the previous ligands against 32R wild type, G9T and G25T conformers. By
looking at the results with the three different sequences, we wanted to know if we could find
the same trend in the WT as in both G9 and G25 conformers or simply if any of the ligands
could shift the equilibria of WT towards a single conformation. Similarly to what we did before,
we tested a panel of ligands against all three sequences in order to obtain ATy values from

FRET and finally 1D NMR titrations.

IV.1. Stabilization assays against KRAS32R G-quadruplexes

o4um [ 1w B G257
B GoT
TriPropil m T

JL205

HG
DG

BG
AG
38Phen =
32Phen

16Phen

0 5 10 15 20 25 30 35

PhenDC3

Temperature (°C)
Figure 48. FRET melting experiments with a panel of ligands against 32R G-quadruplexes

using wild type, G9T and G25T. All ligands have been tested at 2 and 5 molar equivalents
of each ligand. ATm have been obtained by subtracting the Ty of a negative control from

the Twm of each well 129



Similarly to what has been done with 22RT, we performed the same type of FRET melting
experiments to assess the stabilization of different compounds against KRAS32R. We also
performed Circular Dichroism melting experiments to test C8 ligand as it cannot be tested by
FRET because it absorbs at the same wavelength as the fluorophores used in KRAS sequences.
The FRET melting results are presented in Figure 48, showing the stabilization temperatures
with the three sequence, wild type (WT), G9T and G25T at 2 and 5 equivalents of ligands. Once
again, PhenDC3 was used as positive control and gave very good results with a stabilization
around 25°C for both G9T and G25T, and around 33°C for WT at 5 equivalents. Other ligands
from the phenantroline family produced poor results (under 10°C for all three sequences at 5
equivalents with 16Phen and 38Phen). In the case of 32Phen the results indicate a stabilization
of G9T and G25T by 10°Cand more than 20 for the wild type. Another ligand which gave similar
results to PhenDC3 is TriPropil with stabilization of more than 20°C for G9T and G25T and
almost 35°C for WT. Concerning the salphen family, DG showed the best results with a
minimum stabilization by 14°C for G9T and a maximum stabilization at almost 30°C for WT.
Then AG and DG gave similar results (between 10 and 15°C for G9T and G25T and between
15°Cand 20 and between 15°Cand 20°C for WT at 5 equivalents). Still from the salphen family,
BG is the ligand that gave the poorest results. Finally, the last ligand we tested so far in FRET
melting, JL205 reported poor results for G9T and G25T and gave correct results for WT (around
15°C at 5 equivalents). After analysing the results in figure 48, a major observation that can
be made is that all ligands gave a better stabilization with the wild type sequence. We can
hypothesize that we were measuring the stabilization of the multiples conformations that
could form aggregates in presence of ligands making some sort of macromolecular complex
difficult to interpret. Results obtained with 32R G-quadruplexes are similar to 22RT for
PhenDC3, TriPropil and AG ligands. As we obtained similar results with these ligands, we also
wanted to assess the stabilization of C8 ligand which was the ligand with the best results in
terms of ATm with 22RT. As we could not use FRET melting we performed CD melting
experiments (Figure 49). Results from this experiment show that C8 is capable of stabilizing
32R G-quadruplexes but not as efficiently as 22RT. Even if the stabilization is lower than the
one observed with 22RT (around 40°C at 3 equivalents) it could stabilize 32R WT, G9T and
G25T with a respectively temperature of 14, 10 and 19°C at 5 ligand equivalents. It seems that
C8 could stabilize with a better efficiency WT and G25T compared to G9T and this seems to

be inversely proportional to Tm values of each sequence without ligand. This phenomenon
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was also observed in FRET melting experiments but the difference is that in CD melting the

stabilization for WT at 5 equivalents seemed to be an average between G9T and G25T values.
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Figure 49. CD melting experiments with C8 ligand against 32R G-quadruplexes using wild

type, G9T and G25T sequences. The table on the right summarizes the variation of Ty in

presence of ligand.

Considering the differences between FRET and CD melting experiments, we could assume that

our hypothesis concerning aggregation in FRET melting wells may be a valid point. Despite the

fact that C8 had lower stabilization effects on 32R G-quadruplexes, it remains a good stabilizer.

In addition, these results also reinforce the hypothesis that C8 ligand interacts in a tight

binding pocket in 22RT made by a short propeller loop composed by 4-nucleotide (A14, A15,

T16, A17), located near G11 which imino had an important cross-peak with C8 ligand (Figure

5, article 2, Annex). The 32R sequences do have a longer propeller loop that most probably

does not make such tight binding pocket.

1V.2. NMR titrations
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As previously reported, NMR titrations provide useful information by monitoring the chemical
shifts of isolated peaks, inspecting possible exchange events and determine if samples have
enough quality to be involved in further NMR structural studies. In order to have robust results
about the interaction between 32R G-quadruplexes and ligands, we continued to study WT,
GIT and G25T in the same conditions. Based in the FRET results and cellular cytotoxicity we
decided to use PhenDC3 and C8 ligand as a starting point for the new set of NMR titrations

resumed in Figure 50.
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Figure 50. NMR titrations performed with the best stabilizers with increasing amount of

ligands up to the point we started observing aggregate formation in the NMR tube.

From this figure it can be concluded that the interaction with 32R WT sequence induced the
formation of multiple indistinguishable peaks. The presence of the two ligands does not
induce the appearance of a single conformer and lead to small aggregates. In the case of G9T

and C8, the titration depicts a nice profile with well-resolved peaks in which we could clearly
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identify the isolated peaks even at 4 molar equivalents of ligands. At ratios off 1:1 (C8:G9T), it
seems clear that intensities of the three imino peaks (G2, G6, G11) belonging to the 5’ side
tetrad together with G25, are severely diminished compared to the remaining residues (G25
is not unambiguously detected in 1D spectra). The behaviour is characteristic of an
intermediate exchange processes (us-ms) and could be indicative of a preferred binding site
region. It is difficult to extract more information from 1D spectra, but it shows good quality to
proceed with 2D NMR characterization. At the same amount of ligand, G25T showed a better
imino profile, with a completely set of unresolved imino peaks, hinting that multiple
conformations are in exchange in the NMR time scale. G25T shows severe peak coalescence,
which is lower limit of intermediate exchange with multiple unspecific binding events.
Unfortunately, PhenDC3 ligand interaction were not completed up to 3 or more equivalents
of ligand. We can observe that for all 3 sequences the co-existence between the free and
bound states of the G-quadruplexes that are shifted upfield. In G9T profile, a new set of well
resolved peaks is appearing around 10-11 ppm. In G25T profile, even if not so well resolved
compared to G9T, we also could distinguish a second set of peaks in the same region whereas
WT presents multiple small and undistinguishable peaks. At 1 molar equivalent of PhenDC3,
the free state of the G-quadruplex cannot be seen anymore indicating the saturation and as a
consequence one preferred binding site. Regarding the evolution of the imino profile, the
exchange is at intermediate regime, indicating a medium binding mode in the order of uM.
Considering future NMR structural studies, WT will be almost impossible to follow, G9T could

be studied with both ligands but for G25T, only PhenDC3 seems to be a valid candidate.
V. KRAS G-quadruplexes interaction with UP1

In the ligand interaction studies, we were able to identify good candidates that can be used as
G4s stabilizers for further structure preliminary studies. Next we wanted to know if the same
ligands were capable of interfering with transcription in cancer cells. But before that we need
to observe if the same ligands can be used to inhibit the interaction with proteins such as
hnRNP A1l in vitro. If ligands could have both stabilization and capping properties, i.e., could
prevent transcription factors from binding and unwinding the G4 structures. Before directly
using the ligands against KRAS addicted cancer cells, we performed several experiments in
order to characterized the interaction between all KRAS G-quadruplexes we studied so far

(22RT, 32R, GI9T and G25T). Indeed, the role of hnRNP Al and UP1 has been shown for 32R
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WT and 21R[?7% 281 byt we did not have any data concerning the isolated conformers G9T and
G25T. In this part, | describe the tests concerning binding and functional properties in presence

of UP1, and a possible unfolding mechanism, using PAGE, ITC and NMR.

V.1. Interaction studies between KRAS G-quadruplexes and UP1 by

native gel experiments

| performed native gel experiments to assess the interaction between KRAS G-quadruplexes
and UP1. This assay would directly allow us to see if there is any interaction with a shift of the
band corresponding to G4 in case of interaction. Moreover, by using a ladder including a panel
of different sizes we could also have an idea of the stoichiometry of the complex formed. |
performed the native gel experiment with 22RT, 32RWT, G9T and G25T. | also included a
sequence of 32 residues corresponding the wild type sequence but with several mutations (G

into T) in all guanines tract to avoid G-quadruplexes formation (32R mut) (Figure 51).

32R  32R 32R  32R
22RT Wt GoT G25T Mut
L ] ol

|

TOO
T60 [

T45 |
T30 |
T15
T9

Figure 51. Native gel experiments to assess KRAS G-quadruplexes and UP1 by using
different sequences: KRAS 22RT, 32RWT, 32RG9T, 32RG25T and 32RMut in presence of 1
and 2 equivalents of ligand. A ladder has been added containing several polythymine
sequences T9, T15, T30, T45, T60 and T90 respectively corresponding to 2.7, 4.5, 9.0, 13.6,
18.2 and 27.3 kDa.
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As G-quadruplexes are more compact structures compared to linear polythymine samples, the
corresponding band are below the expected size (under T30 for 32R samples and under = T15
for 22RT). In the case of 22RT, in the presence of 1 equivalent of UP1, two bands are visible
=T90 (27 kDa) and above, while the band of the G-quadruplex becomes less intense. This
means that the addition of UP1 induced the formation of two different complexes with the
binding of one or two molecules of protein. By adding 1 more equivalent of UP1, the two
bands corresponding to the different complexes sizes becomes more intense and the free G4
band almost disappeared. For the 32R G4 sequences, we observe similar results with
additional complex bands with lower mobility in the gel than those observed for 22RT. We
could also notice that UP1 is not specific for G4 sequences. Indeed, with the addition of UP1,
the 32R mutated sequence is also forming a complex with the protein with the highest band
appearing above the T90 mark. We can conclude that all G4s sequences have a pattern that is
compatible with the formation of 1:1 and 1:2 complexes as observed before and the negative
control seems to form predominantly a 1:1 complex. The nonspecific interaction of UP1 makes
sense as it corresponds to two RRM domains which are known to bind to nucleic acids and not
only to G-quadruplexes. Moreover, no sufficient differences can be seen between interaction
with 22RT and 32R G4s despite their structural differences. Concerning the unfolding role of

UP1, this experiment did not allow us to conclude about the capacity of UP1 to unfold G4s.
V.2. Interaction parameters obtained by ITC

After the confirmation that 32R WT and conformers are capable of interacting with UP1, we
wanted to obtain interaction properties such as stoichiometry, Kp and other thermodynamics
parameters in order to better characterize and understand this phenomenon. Due to low
yields in expressing UP1, titrations were conducted with UP1 in the sample cell and DNA in
the injection syringe as a reverse titration. In addition to WT, G9T and G25T, we also tested
the double mutant G9TG25T known not to form a stable G4 but rather multiple different

conformers in slow exchange. So, G9TG25T cannot be used as a pure negative control.
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Figure 52. Thermodynamics parameters obtained from Isothermal Titration Calorimetry

bonding studies with UP1 protein as target and WT, G9T, G25T and G9T G25T sequence as

ligands at 37°C with the corresponding curves

136



The results (Figure 52) showed that UP1 has a moderate binding affinity for the KRAS
guadruplexes in the order of uM, i.e., 1.1, 0.5, 0.79 and 1.1 uM for WT, G9T, G25T and
GI9TG25T respectively. The differences are not significant in view of the experimental errors.
Interestingly, the double mutant G9TG25T has the same affinity for UP1 as the WT. Although
there are in the literature examples with both 1:1 and 2:1 ratio (protein: DNA), in our case G9T
displays a 2:1 stoichiometry. In the case of WT, G25T and G9TG25T the results deviate from
this model and we relate that to the apparent extra degree of flexibility that those sequences
seem to have from NMR spectra. The AG results have mild differences between all four
sequences and the more structural-flexible sequences have a better enthalpic component.
The entropic component seems to be far more important for the better folded model, G9T.
With ITC experiments, we also expected to have information concerning the unfold of KRAS
G4s by UP1. However, the ITC experimental data did not allow us draw a definitive conclusion.
Regarding the results, we cannot clearly see a difference between interaction with the
different conformers maybe because the way the titrations have been performed (reverse
way) cannot reveal the diversity of the interactions with different conformers. | think this work
needs to be repeated with the oligonucleotide in the cell compartment and the protein in the

syringe.
V.3. Interaction studies by NMR

Next, we were interested in following the capacity of using previously identified ligands to
disrupt and prevent UP1 binding to the KRAS G4s. It is more difficult and expensive in terms
of preparing °N isotopically enriched oligonucleotides so we decided to proceed and express
UP1in E. coli. Isotopically labelling the protein also permits to follow the folding state, i.e., we
can observe the formation of the complex. We were only able to do part of the experiments
involving each G4 and UP1 to characterize their binding properties. After forming the complex
at 1:1 molar equivalents, the sample started to precipitate and the ligand experiments were

not conducted.

137



95 90 8.5 8.0 75

! L L L 1 L L L L 1 L L 1

100+ I UP1 alone @—G165 r100
1 FUP1 + 0.25eq GOT ?
I UP1 + 0.5eq GOT
| EEUP1 + 0.75eq GOT Gr4
| MMUP1 + 1eq GIT 57 a31
|
105- & ® 105
1 Zg G122
;4
1101 : -110
£ FIE s
4
g oie Fso \@ vsz H11278% a5
i Ysare
s 34— y T13
T3
Me5—&
] R171 ‘@ & .
120- K80 D20 §‘ Qs \|155 120
V58 137&
K172 ‘ R5 Yo -
HYO'? H16 g, T1627 A3 |
R48~= f e
et D
E28—&
1254 L9 F101$ 125
C168—1
N164’ Q
rF F146 E128 1124
D73
130+ 130
95 90 85 80 15

®,-"H (ppm)

Figure 53. Superimposition of N-'H NMR HSQC spectra of UP1 showing each residue with
NH bond of the backbone, measured alone and with increasing amount of KRAS32 G9T G-

quadruplex

We performed titrations using isotopically labelled protein and followed with 2D *H->N HSQC
NMR spectroscopy allowing us to follow the evolution of each protein residue upon the
addition of DNA. We could extract chemical shift deviations (A8 / ppm) for the amide group

for the most affected amino acids. We measured HSQC spectrum without G4 sequences and
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then we measured again after each addition of DNA. Finally, | superimposed all the spectra to

assess shift of the most implicated residues in the interaction (Figure 53 and 54).
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Figure 54. Superimposition of 15N-1H NMR HSQC spectra of UP1 showing each residue
with NH bond of the backbone, measured alone and with increasing amount of KRAS32

G25T G-quadruplex

The spectrum of UP1 alone showed peaks which were separated and well resolved. Upon

addition of DNA G-quadruplexes it became more complex and we cannot clearly see all peaks
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especially in a central region around 8.5 ppm for *H dimension and around 122.5 ppm for 13C
dimension. Among the remaining peaks that could be analysed, some peaks do not shift or
disappear. The first ones are probably not involved in the interaction but for the second set of
peaks, it is difficult to conclude about their role. Then, when possible, we measured shifts in
each dimension for peaks and calculated a global shift with an equation described in Material

and methods. All shifts where plotted with the corresponding residue in a graph in Figure 55.
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Figure 55. Plotted chemical shifts with their corresponding residue with a schematic view
of UP1 structure to identify regions implicated in the interaction with KRAS32R G9T and

G25T G-quadruplexes

Despite the fact that we missed several residues shifts due to the overlapping of peaks in the
spectra, we had enough data to observe that the main regions interacting with G9T and G25T
G4s corresponded to the two RRM domains of UP1. This result is not surprising considering
that RRM domain is known to interact with a variety of nucleic acids sequences, and for the
case of G9T and G25T with almost a perfect match between them. There is only one exception

in the peaks we identified in the interaction which corresponds to Leucine 9. Indeed, this
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residue does not belong to RRM domains but it seems to be highly implicated in UP1 binding

and can be coloured- visualized in UP1 structure in Figure 56.

GOT

RRM 1

Bl RRM2

Figure 56. UP1 structure with the two RRM domains with the most shifted residues in NMR

colored (red for strong shifts and orange for medium shifts)

By looking at the UP1 interactions identified with G9T and G25T, we could see that in both
cases most of the residues that belong to the RRM domains but the residues involved are not
exactly the same. Concerning the peak shift observed for Leucine 9, even it is not part of RRM
domain 1, it is structurally close to this motif. Although we obtained some structural
information about the interaction, especially in UP1 structure, this experiment does not
provide direct observation that UP1 unfold the G4. For this end, we have to perform the same
experiments looking at the G-quadruplexes structure instead of UP1, using labelled DNA
sequences. Concerning the mechanism of interaction, if we considered a 1:1 stoichiometry, it
means that two RRM domains from one UP1 molecule are needed which has to form a kind
of “sandwich” with the G-quadruplex. In the case of a 2:1 stoichiometry then four RRM
domains from two UP1 molecules are necessary for the interaction thereby for the unfolding

process.
V.4. NMR preliminary studies of the unfolding by UP1

As we did not have any information about the unfolding process of GO9T and G25T G4 by UP1

we tried to follow the event by 1D NMR experiments, similarly to the experiments we

141



performed in NMR competition studies with ligands. We looked at the imino profile of G9T
and G25T G-quadruplexes before and after adding 1 equivalent of UP1 protein. The NMR
spectra were acquired at different time periods (Figure 57) and the samples were kept at 37°C

for a week.

GOT G25T

t =7 days

t =3 days

t=2days

t=1day WM

t=0 min

12 11 10 12 1 10
ppm ppm

Figure 57. 32R G9T and G25T G-quadruplexes imino region after the addition of 1

equivalent of UP1 at different time periods.

The unfolding process of UP1 is not clear. Ninety minutes after the addition of UP1, we have
the impression that very mild or almost no unfolding process did occur with G9T sample. In
the case of G25, almost all G4 peaks disappeared, with the exception of the peaks of the
central tetrad around 11.3 ppm. Visible changes were 24h after including UP1 in samples. In
this case, the G9T spectra remain virtually the same but some peaks in G25T seemed to have

reappeared. Even the peaks around 11.3 ppm look more resolved. After several days of
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incubation at 37°C both G9T and G25T samples looks to start losing peak intensity and
resolution. These results indicate that further unfolding is occurring and at same time samples
are precipitating. The precipitation can be induced by both protein and DNA unfolding. | did
not explore the conditions further due to a lack of UP1. For example, | would like to repeat
the same experiment but in conditions where UP1 would be in excess (2:1) molar ration of
oligonucleotide. Nevertheless, | was more encouraged with these experiments because G25T
in presence of UP1 really looks that was partially unfolded. Since | was expecting a refolding
back event it is not surprising the reappearance of some imino peaks after a certain amount

of time.
VI. Preliminary results from ligands studies in UP1 interaction

Even without conclusive results about the unfolding role of UP1, assessed the action of ligands
against the complex formed between KRAS G4s and UP1. We were obtained preliminary
results with native polyacrylamide gel experiments. In these experiments | chose to use
PhenDC3 and C8 ligands because they were tested with 22RT and 32R G4s giving good overall
results. | included 2 equivalents of each UP1 and ligand (Figure 58). As described before, |
observed that a complex is formed with 22RT upon addition of UP1. Upon addition of
PhenDC3, the band corresponding to this complex becomes less intense and new bands
appeared with higher MW. This means that the ligand induced formation of a high-order
complex with the protein and is also capable to protect the G4 by interacting with it. Similar
results were obtained with 32R WT and the conformer G9T. For GO9T we observed a band with
a lower mobility compared to the absence of ligand meaning that PhenDC3 is interacting with
GIT. For G25T, it seems that PhenDC3 is not capable of protecting the G4 from the interaction
with UP1. In the case of the mutated 32R sequence, PhenDC3 was also capable of partially
avoid the interaction with UP1 and looking at the new band corresponding to the sequence in

presence of PhenDC3, it is also capable to induce the formation of a more compact structure.
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32R  32R 32R  32R 32R  32R 32R 32R

22RT WT G9T L G25T Mut 22RT WT G9T L G25T Mut
UP1T ++ ++ ++ ++ o+ 4+ UP1 ++ ++ ++ + + + +

PhenDC3 + + + + + C8 + + + + +

T90

T60

T45

T30
T15
T9

Figure 58. Native gel experiments to study the role of PhenDC3 and C8 ligands in UP1
interaction. We used KRAS 22RT, 32RWT, 32RG9IT, 32RG25T and 32RMut and added 2
equivalents of each UP1 first and the ligand after. A ladder has been added containing

several polythymine sequences T9, T15, T30, T45, T60 and T90

For C8 ligand, | observed that the addition of ligand did not have any effects with oligo/UP1
interaction. However, the ligand seems to enhance the interaction between UP1 and G-
guadruplexes probably by interacting and stabilizing the formed complex. In conclusion,
PhenDC3 seems to be a good ligand to inhibit UP1 interaction whereas C8 is not a good
candidate in this end. We also tested the effect of PhenDC3 on the UP1 interaction by Circular
Dichroism (Figure 59). | first recorded the spectrum of 32R WT and the two conformers G9T
and G25T. | obtained a parallel signal for all sequences. | then added 2 equivalents of UP1. |
observed that the signal corresponding to the protein which appears as a negative signal
around 225 nm. However, there were no sign of the G-quadruplex unfolding since the parallel
signal remained unchanged. We finally mixed 2 equivalents of PhenDC3. G-quadruplex and
the protein signals were severely modified with the disappearance of protein CD signature
and the reduction of the G4 signal (about one third of the signal intensity). This observation
could mean that the ligand has probably an effect on G4-UP1 interaction by interacting and

modifying G-quadruplex structure.
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Figure 59. CD signal of KRAS32R WT, G9T and G25T upon the addition of 2 equivalents of
UP1 and then PhenDC3. All G-quadruplexes showed parallel signal. Signal corresponding

to the protein appeared around 225 nm

VIl. Conclusions

In this part of the study, we tested a panel of different ligands from several chemical families
in order to find good candidates for G-quadruplexes stabilization and prevent UP1 interaction
through competition. Among all the ligands we tested, there is no ligand with desired
properties. Several of them gave good results in term of thermal stabilization, protection from
the complementary strand or UP1 protein, cytotoxicity or cellular uptake. We have tested
several interesting ligands, among those PhenDC3 which can efficiently stabilize KRAS G-
qguadruplex, gives a good IC50 in KRAS-driven cancer cells and can inhibit UP1 interaction.
Another one was TriPropil revealed to be a good stabilizer but it was too toxic. C8 is probably
our best ligands regarding its stabilization effect and its capacity to protect KRAS G4s against
complementary strand. Unfortunately, it seems that it cannot avoid UP1 interaction,
nevertheless it has good cytotoxicity results with good ICso but not enough specific for cancer
cells. Although AG is not the best ligand, we decided to performed advanced structural studies
with 22RT because it was the best candidate to this end. We wanted to obtain structural
information of the interaction to know which part of the ligand is important for the
interaction. We obtained a list of cross-peaks giving distance restrains that we could use in
molecular dynamics between 22RT and AG, and finally determine the structure of the
complex. For 32R G-quadruplexes, the best candidates for these studies would be G9T

conformer with PhenDC3 looking at the spectrum we obtained in NMR titrations. Concerning
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the characterization of UP1 interaction with KRAS G4s, we confirmed that this protein is
capable of interacting with them and we obtained some structural information about UP1
binding and G25T partial unfolding. Our preliminary studies with ligands showed that it is
possible to avoid interaction with UP1 as demonstrated with PhenDC3. However, the

mechanism of its action remains unclear and additional experiments such as 2D NMR or ITC

need to be performed.
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Part 3: Discussion and Perspectives






The overall aim of this thesis was to understand how G-quadruplex from the NHE promoter
region of KRAS organizes and folds into a stable 3D structure. Knowing about the 3D high-
resolution of structures fits the global objective, understanding how molecular machines
work. In addition, my project also aims identifying and characterizing new targets related to
cancer, where numerous private and public laboratories do huge efforts to develop new drugs
against cancer. Since no FDA-approval drugs that directly bind G4s are yet available, G-
guadruplexes still need to be validate as important targets. So a global effort must be pursued
to assess the relevance of nucleic acid unusual structures and at same time work at the level
of drug development since both studies complement each other and help to achieve a steady-
progress in the field. The goal is to design or find existing molecules that are capable of
increasing the effect of G-quadruplexes which are known to reduce the efficiency of the
transcription process. As G-quadruplexes have multiple putative roles in transcription by
directly disturbing the process acting as a roadblock or indirectly by recruiting effectors
(activators or repressors), we have two major possibilities. The first one is to find molecules
that can bind and stabilize G-quadruplexes, the second one is to find molecules capable of
inhibiting interaction between G-quadruplexes and effectors, with ligand that can bind to G-
guadruplexes or to effectors. In this work, we focused on KRAS G-quadruplexes and especially
the sequence called KRAS32R looking for molecules that can be used as candidates for cancers
therapies. We were identified good stabilizers of KRAS32R and inhibitors of interaction with
UP1, a hnRNP A1 derivative known to unfold KRAS G-quadruplexes (21R and 32R). Previous
studies have identified ligands against KRAS G-quadruplexes, however, there is no structural
information concerning this interaction and only few information concerning KRAS G-
guadruplexes structure alone. In order to give new insights in the field of KRAS G-
guadruplexes, we determined the major scaffold adopted in KRAS32R and we studied the

interaction between this G-quadruplex and ligands by also assessing the interaction with UP1.
I Determination of KRAS32R structure G-quadruplex

In this work, we successfully provided new structural insights by determining two structures
of KRAS32R G-quadruplexes at physiological temperature. Indeed, we rapidly saw and
confirmed by NMR that KRAS32R is polymorphic adopting several different conformations.
After performing several mutations to understand the G-quadruplexes formation, we

proposed a model with two major conformations in equilibrium along with uncharacterized
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minor conformations (<5%). These conformations, named KRAS32R GI9T and KRAS32R G25T,
are the two structures we determined. Before using mutated sequences, we tried to isolate
one conformation in the wild type sequence by influencing the equilibrium. We tried to
change the experiment conditions (temperature, pH or ionic strength). In addition, we
performed ligand and protein binding interactions to see if we could induce the formation of
a preferred conformation. Unfortunately, | was not able to shift the equilibrium far enough by
playing with the experimental conditions. A future work to be done to better understand the
exchange between conformers of 32R and characterize a possible intermediate could be to
perform temperature-induced folding and unfolding events using 2D H-'H NOESY type
spectra. By looking at the appearance and disappearance of peaks, we could in principle
decipher the transition between both states. But those experiments would require to analyze
the extremely complex 32R WT in addition to G9T and G25T at different conditions. It would
require a steady access to a high field an instrument > 900 MHz. Another possible issue has
also to be addressed. In our model, we proposed the two major structures that also coexist
with minor confirmations. | identified a sliding in the last tract of guanines in G25T
conformation that could lead to the existence of one of these minor conformations. The
implication of guanines in minor confirmations is not clear as we cannot observe any other
base involved in KRAS32R G-quadruplexes except the ones we already observed and
characterized in the G4 core and triad. This observation means that the base exchange leading
to minor conformations could be too slow to be observed in our experiments. Thanks to these
new insights we have now structural information that could be used to study interaction of
both ligands and transcription factors such as the truncated version of hnRNP Al (UP1). We
also studied the structure of KRAS22RT G-quadruplex which corresponds to the major scaffold
adopted by KRAS21R. This sequence is a part of KRAS32R and has been shown, as 32R, to have
an effect on transcription when it is deleted and it is able to interact with hnRNP Al. In a
previous work, KRAS22RT structure has been determined at 20°C and we then studied this
structure at 37°C. In addition to the help in the more heavily studies about KRAS32R. The
shorter G4 structure of KRAS could be used as structural base to study the effect of ligands
and UP1. In this sequence of studies, | also think that now it will be possible to further extend
the KRAS sequence and try to understand the G-quadruplex structures that could be formed
in longer sequences (5 AGGGCGGTGTGGGAAGAGGGAAGAGGGGGAGGCAGCGAGCGCCG 3')

called KRAS44R, which is also known to form G-quadruplexes. When compared to KRAS32R,
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the additional residues, contain five additional guanines but not in a tract meaning that they
will not be implicated in the G-quadruplex formation, and five additional cytosines which
could be implicated in the formation of a duplex segment. Thus duplex stem could further
stabilize the G-quadruplex formation and influence the equilibrium between G9T and G25T
species. Finally, another point that need to be discussed is related to the comparison between
the structures | determined in vitro and how these results could be expanded in vivo or ex vivo
conditions. A major difference is the staggering amount of possible partners and soft
interactions that could emerge in complex media that can be found in cells. The G4 structure
and G4 folding could be modulated by proteins such as transcription factors, histones, zinc-
fingers, polymerase and so on. Despite the fact that they could have an effect on G-quadruplex
formation and structure, their quantity will also lead to an increased viscosity in the cell which
is far from our NMR conditions. One way to simulate this condition is to use polymer such as
PEG or Ficoll to increase viscosity in our sample and looked at the effect on our G-quadruplex
structure. So, one important aspect that must be investigated is the effect of high viscosity
environment in the G4 equilibrium. A similar approach was studied by the group of Prof. N.
Sugimoto (Konan University Japan). They studied the effect of (poly)ethylene glycols (PEG)
with different lengths on G-quadruplex formation. And determined G4 structures in presence
of different cosolutes!?®, They found that the G4 core remained unchanged in presence of
PEG but they observed several changes especially in loops. Indeed, their results showed that
PEGs are capable of interacting with G-quadruplexes mainly due to dehydration. Moreover.
Heddi and colleagues determined the structure of a tetrameric G-quadruplex in presence of
PEGI?°Y, They showed that this G4, which was known as polymorphic, could formed a
monomorphic structure in crowed solution. It is therefore reasonable to consider that

viscosity may affect our equilibria between G9T and G25T.

Structure determination of KRAS32R conformers, as well as KRAS22RT G-quadruplex at
physiological temperature brought new structural features that could be used in interaction
study with ligands or proteins. Indeed, we could specifically identify moieties implicated in
interaction with both ligands and proteins, which could allow for example the design of better

ligands or competitors that ultimately would interfere with G4 metabolism in the cell.

Il. UP1interaction with KRAS G-quadruplexes

151



In this work, we tried to assess the interaction that takes place between KRAS G-quadruplexes
and the hnRNP A1l derivative UP1. As demonstrated by the group of L. Xodo (Univ. Udine —
Italy), UP1 is capable of interacting and unfolding KRAS21R and 32R G4s. We decided to test
the activity of UP1 on the KRAS G4 forming sequences KRAS22RT, 32R and both G9T and G25T
conformers. We showed that UP1 could interact with each of the four sequences to form a
molecular complex of different oligomerization states. Nevertheless, it is also capable of
interacting with a mutated sequence which cannot form a G4 structure. These results were
not so surprising considering that UP1 RRM domains are not very selective in terms of DNA
binding sequence. In collaboration with Anne Bourdoncle and Samir Amrane, we performed
ITC experiments and showed that UP1 had very similar binding affinities for all four G4
sequences and an unfolded control-sequence. We also found that two proteins, or four RRM
domains, are involved in each G4-UP1 complex. In addition, HSQC experiments showed that
the interaction with G9T and G25T G4s and isotopically labelled UP1 resulted in very similar
results in terms of binding. We were not able to decipher exactly which nucleotides interact
with UP1, but in terms of protein surface the results were very similar. Further experiments
need to be performed with a non-forming G-quadruplex sequence such as the one we used in
ITC. Concerning the unfolding role of UP1, our preliminary studies did not confirm the
hypothesis according to which UP1 unfolds G4 structures. However, we only used one
equivalent of UP1, and it seems that two proteins may be required to form G4-UP1 complex.
Even with one equivalent of UP1 we saw that G-quadruplexes started to be partially unfolded
which could support the unfolding role of UP1. However, these results have to be carefully
taken because our sample may aggregate. These experiments need to be repeated with an
increased amount of UP1, different incubation times and amounts of K* salt in order to
decrease re-folding process of the G4 once unfolded by UP1. Although we had only proven
that the UP1 is capable of interacting with KRAS G-quadruplexes, it is enough to start looking
for ligands which can inhibit this interaction, which is one of the main objectives of my

research work.
lll. Ligands binding studies with KRAS G-quadruplexes

My research time was also focused on the screening of ligands with high affinity for the KRAS
G4 sequences. We first focused on 22RT since we completed the structure calculations on the

smaller G4 from KRAS and we then started our investigations on 32R WT, G9T and G25T
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sequences. In the initial screens for ligands against 22RT, we tested a pool of compounds
representing a large spectra of chemical families. Compounds were selected from FRET
melting results and the best compounds in terms of ATm were subjected to different
biophysical experiments in order to assess not only the G4 stabilization, but also the capacity
to protect G4 from the complementary strand, the cytotoxicity and cellular localization. We
also investigated peak dispersion in 1D and 2D NMR spectra to continue characterize the
structure of a drug-G4 complex. Some biophysical methods were not well suited for ligand
binding studies due to many reason: among those methods SPR and ITC were the most
deceiving. Nevertheless, | identified candidates showing good results in several of the tests,
which allow to proceed to structural studies. For example, C8, an acridine derivative, was able
to stabilize both 22RT and 32R (with 40°C ATm at 2 equivalents for 22RT and 20°C ATm at 5
equivalents for G25T for example), was also good to protect the G4 against duplex
hybridization, and was also capable of entering the nucleus and killing KRAS-driven addicted
cancer cells. Unfortunately, it exhibited a high degree of cytotoxicity in non-malignant cells.
TriPropil, from (Naphthalene Dilmide) NDI, showed very good results in stabilization and
cellular penetration (being localized in the cell nucleus), but not a good capacity to protect
22RT G4 from complementary strand hybridization. It was also found to be cytotoxic in normal
cells. Regarding the NMR titrations results, both ligands showed a decent peak separation that
would render them capable for further structural studies in order to determine the complex
with 22RT G4. One of the best ligands that showed an excellent profile for NMR structural
studies was a Ni-Salphen derivative (AG). This ligand only showed average results in
stabilization and protection from complementary strand hybridization and it was not efficient
in entering the nucleus, leading to poor cytotoxicity properties for both normal and cancer
cells. However, we started to study this ligand to identify chemical moieties involved in the G4
interaction. Based on these results, we could modify the ligand to remove the useless parts
for the interaction and include chemical moieties that would for example, improve passage
through the membrane and localization to the nucleus. The same experiments need to be
repeated with the longer KRAS sequences. This global strategy needs to be used for other
ligands such as C8 and TriPropil to increase their selectivity against KRAS G-quadruplexes. This
is the first point | want to discuss. Indeed, most of the actual studies are focused on inspecting
ligands for their stabilization and cytotoxicity capacity, and modified them depending on the

results obtained. These modifications comprise often the addition of aliphatic arms or the
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modification of the metal cation but without structure-based strategy. Within all studies that
have been performed with ligands against G-quadruplexes (KRAS or not), several good
candidates have been identified. It is necessary to performed structural studies with the best
identified candidates to improve their properties or design new derivatives to be close to be
the “perfect” ligand. This approach “rational structure-based drug design” is well stablished
in other segments of drug development such as in the case of kinases where several block
buster drugs were design such as Imatinib or the antiviral Zanamivir. There are still too many
studies performed so far looking for good ligands against G4s structures focused primarily in
stabilization studies obtained from screening large libraries with a big “fishing net”. The results
have not been good at all and | assume that it is not the proper way to tackle the problem. |
understand that this strategy is also the result of lack of proper numbers and quality of
structures of G4s. Fortunately there is also some excellent research that uses ligands in original
and relevant ways such as using a mixture of several molecules in order to maximize the effect
against tumors. The main idea is to select several good candidates and improve their effects
thanks to structural studies to maximize their potential. | think that in the future we will be
find very good G4 ligands that will have the potential to be included in a “drug-cocktail” in
order to improve the synergy between drugs and maximize the chance of tumor-growth

inhibition.

IV. Global conclusion

We provided novel structural insights concerning the organization of G-quadruplexes in the
NHE region of KRAS. | solved the structure of three G-quadruplexes by NMR methods,
including a small and two large G4s that are in equilibrium under in vitro conditions. The
structure determination of 32R was considered as a huge challenge for years among our peers.
We also used the previous structure of KRAS22RT at 20°C to translate this structure at
physiological temperature also. Any of these three structures have the potential to be used
for rational drug design. Now we have a target we could focus on to develop ligands with
increased affinity for KRAS G4s. | believe this is a major step for studying the complexes
between these G-quadruplexes and ligands that have been identified as good candidates in
order to extract information concerning the implication of the different moieties, and improve
ligand selectivity. We started to perform studies in order to find good ligands and obtain some

structural information with a complex formed between KRAS22RT and ligands (AG, C8). The
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next steps of this work will be to continue looking to the complexes formed with KRAS G-
guadruplexes and good ligands at atomic level and improve the salphen and the acridine
derivatives. For KRAS32, more ligands need to be tested especially with NMR titrations to
identify good candidates for further NMR structural studies. This work can be used in drug
design applied to KRAS G-quadruplexes and can help to solve the major societal problem
represented by pancreatic, lung or colorectal cancers. These cancers are among the deadliest
cancers in the world and this work could be an additional step to fight their cancer growth and

tumor spreading.
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Article 1: High-resolution three-dimensional NMR structure of the
KRAS proto-oncogene promoter reveals key features of a G-

quadruplex involved in transcriptional regulation
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Non-canonical base pairing within guanine-rich DNA and
RNA sequences can produce G-quartets, whose stacking leads to
the formation of a G-quadruplex (G4). G4s can coexist with
canonical duplex DNA in the human genome and have been
suggested to suppress gene transcription, and much attention
has therefore focused on studying G4s in promotor regions of
disease-related genes. For example, the human KRAS proto-
oncogene contains a nuclease-hypersensitive element located
upstream of the major transcription start site. The KRAS
nuclease-hypersensitive element (NHE) region contains a
G-rich element (22RT; 5'-AGGGCGGTGTGGGAATAGG-
GAA-3’) and encompasses a Myc-associated zinc finger-bind-
ing site that regulates KRAS transcription. The NEH region
therefore has been proposed as a target for new drugs that con-
trol KRAS transcription, which requires detailed knowledge of
the NHE structure. In this study, we report a high-resolution
NMR structure of the G-rich element within the KRAS NHE. We
found that the G-rich element forms a parallel structure with
three G-quartets connected by a four-nucleotide loop and two
short one-nucleotide double-chain reversal loops. In addition, a
thymine bulge is found between G8 and G9. The loops of different
lengths and the presence of a bulge between the G-quartets are
structural elements that potentially can be targeted by small chem-
ical ligands that would further stabilize the structure and interfere
or block transcriptional regulators such as Myc-associated zinc fin-
ger from accessing their binding sites on the KRAS promoter. In
conclusion, our work suggests a possible new route for the devel-
opment of anticancer agents that could suppress KRAS expression.

Non-canonical base pairing within guanine-rich DNA and
RNA sequences can produce G-quartets stabilized via eight
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hydrogen bonds involving both the “Watson-Crick” and
“Hoogsteen” edges of each guanine. Stacking of the planar
G-quartets (also called a G-tetrad) leads to the formation of a
G-quadruplex (G4).> G4s are maintained by the presence of
cations such as K and to a lesser degree Na™ and NH,*. The
stacked G-quartets constitute the nearly invariant core of all G4
structures (1-3). This core is stabilized by cooperation between
three key factors: hydrogen-bonding dipole interactions, metal
coordination, and -7 stacking. The orientations of the loop
regions within G4 structures are tightly related to strand direc-
tionality and give rise to the heterogeneity of G4 structures
(4—-6). G4 structures interfere with replication (7-9), transcrip-
tion (10-13), and recombination (14 —16). Bioinformatics anal-
yses have provided evidence that sequences with potential to
adopt G4 are not randomly localized within genomes but are
specifically enriched in particular regions such as telomeres and
promoters of genes (17-20). Proto-oncogenes are particularly
enriched with G4 motifs, whereas tumor suppressor genes are
not (21, 22). The formation of intramolecular G4s has been
studied in vitro for motifs found in different human promoters
regions, including c-myc (23-25), c-kit (26), and bcl2 (27).
G-rich elements found in other proto-oncogenes such as KRAS
have received less attention. KRAS is located on chromosome
12 and encodes a GTP/GDP-binding protein. Previous studies
showed that mutant alleles of KRAS are prevalent in pancreatic,
biliary tract, colorectal, and lung carcinomas (28 —-33). Muta-
tions in the KRAS promoter are found in about 30% of these
cases. Itis thought that the KRAS oncogene promotes glycolysis
through the activation of downstream signaling pathways (34)
to sustain the energy requirements for uncontrolled cellular
proliferation, thus contributing to survival of cancer cells. The
very high affinity of the RAS GTP/GDP-binding site (picomolar
range) (35, 36) has made it difficult to synthesize molecules that
effectively compete with GTP at millimolar range inside cells to
block KRAS activity (37). It is no surprise that after many

3 The abbreviations used are: G4, G-quadruplex; NHE, nuclease-hypersensi-
tive element; MAZ, Myc-associated zinc finger; DMS, dimethyl sulfate;
DOSY, diffusion-ordered spectroscopy; r.m.s.d., root mean square devia-
tion; dABz, N®-benzoyl-2'-deoxyadenosine; dCAc, N*-acetyl-2'-deoxycyt-
idine; dGiBu, N*-isobutyryl-2’-deoxyguanosine; HSQC, heteronuclear sin-
gle quantum coherence; TOCSY, total correlation spectroscopy; HMBC,
heteronuclear multiple bond correlation.
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Figure 1. A, representation of human KRAS gene showing sequences of the NHE (13) and 32R and 21R(46). EX, exon. B, CD spectra of 21R and 22RT KRAS
sequences at 5 um (left) and CD melting profiles at 3 um. C, sequences of KRAS NHE fragments (left) and corresponding imino region 1D NMR spectra obtained
at 1 mm strand concentration at 20 °C in a pH 6.5 buffer containing 20 mm potassium phosphate supplemented with 70 mm KCI. mdeg, millidegrees.

decades of unsuccessfully battling against the RAS proteins new
strategies in the field of drug design have emerged. Among
those, some target alternative binding sites in the GTPase
domain (38), others target the altered metabolic pathways (39),
whereas some target the mRNA with antisense oligonucleo-
tides (40). Alternatively, several strategies, including ours, tar-
get the promotor region in an effort to block KRAS expression
(41). The KRAS promoter contains a polypurine nuclease-hy-
persensitive element (42) that plays an essential role in tran-
scription. Its deletion results in a significant down-regulation of
KRAS transcription (12, 43, 44). The promoter region of the
KRAS gene comprises more than 500 bp and is susceptible to
digestion by nucleases such as DNase I, micrococcal nuclease,
and other endogenous nucleases (45). A particular sequence
inside the NHE, between positions —327 and —296 nucleotides
upstream of the main transcription initiation site, is particularly
rich in guanines (sequence 32R; Fig. 14). 32R contains six gua-
nine stretches and is able to form several G4 conformations.
Among those stretches of guanines, two regions overlap and
includes the Myc-associated zinc finger (MAZ)-binding sites,
the recognition sequence for a transcription factor that recog-
nizes GGGCGG and GGGAGG sequences (46). Recent bio-
physical studies using circular dichroism and DMS footprinting
(43, 47) suggest that oligonucleotides corresponding to 32R are
able to adopt different intramolecular G-quadruplex topologies
depending on which G-runs are included. Some of the topolo-
gies were tested as decoys for sequestration of MAZ (48). In
addition, certain G4 structures in this region are stabilized by
G-quadruplex-interacting ligands (12, 13, 43, 49) such as gua-
nidine-modified phthalocyanines that interfere with KRAS
transcription by competing with MAZ and poly(ADP-ribose)
polymerase 1 proteins. Here we studied the conformations
adopted by different stretches within the 32R sequence using

SASBMB

NMR spectroscopy. The G4 conformation revealed by our
studies provides a model that could potentially be used for in
silico drug screening for ligands that stabilize the G4 structure
in the KRAS promoter. The approach targeting unusual motifs
present in genomic DNA is actively being pursued and can be
seen as a new alternative strategy with promising results (1, 28,
29, 41).

Results and discussion

We began our study with circular dichroism (CD) and NMR
analyses of oligonucleotides within the sequence NHE (Fig. 14).
To make spectral assignments possible, different oligonucleo-
tides were evaluated (supplemental Table S2) with the objective
of identifying a sequence that formed a single G4 conformer
based on the dispersion and intensities of imino peaks observed
in the NMR spectra. The sequence 21R and three other related
sequences display a 1D imino peak pattern that corresponds to
a single conformer as shown by 1D '"H NMR spectroscopy (Fig.
1C). The similar imino signatures suggest the presence of a
predominant conformer within the human NHE of KRAS gene.
The sequence 22RT with a G16 to T16 mutation displayed a
better resolved imino peak pattern and a slightly better stabili-
zation observed by the CD melting studies (Fig. 1B). In addition,
DMS footprinting (50) and our '*N-filtered 1D NMR experi-
ments (results not shown) demonstrated that G16 did not par-
ticipate in the tetrad formation. Oligonucleotides of the native
sequence with four G-tracts, 21R and 22R, and those with single
G16 to T (16G—T) mutations, 21RT and 22RT, respectively,
appeared to adopt a predominant conformation based on anal-
ysis of the imino proton region from 10 to 12 ppm. The
sequence and the respective 'H 1D NMR spectra are presented
in Fig. 1C. Remarkably, 22RT showed a better resolved peak
pattern in both imino and aromatic regions (not shown) than
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NMR structure of a G-quadruplex from the KRAS promoter region

did 21R or 22R. For stability purposes, we have included an
additional A at the 22RT 3'-end. These modifications resulted
in better imino and aromatic peak resolution when compared
with 22R and 21R. The CD spectral signatures are similar
between 21R and 22RT. The spectrum of each includes a posi-
tive band at 263 nm and a negative band at 243 nm suggestive of
a parallel G4 fold (Fig. 1B, left). The thermal stability of 21R and
22RT was determined through CD melting experiments. The
melting temperatures (7,,,) in 90 mm K™ were 49.2 = 0.2 and
51.8 = 0.3°C for 21R and 22RT, respectively (Fig. 1B, right).
The molecularity of 21R and 22RT was assessed by inspecting
the UV-visible melting curves and by diffusion NMR experi-
ments (supplemental Figs. S2 and S3, respectively). The results
demonstrate that both 21R and 22RT fold into a monomeric
structure, inferred from the reversible and superimposable
cooling versus heating UV-visible curves in the concentration
range that spans an order of magnitude from ~5 to ~50 um.
These experiments showed that melting transitions are revers-
ible and independent of DNA concentration, demonstrating
that the G4 structures formed by both 21R and 22RT are uni-
molecular. As the melting process was reversible, model-depen-
dent van’t Hoff enthalpies of folding could be calculated. The
AH®, values for 21R and 22RT were 164 * 4 and 191 * 7
kJ/mol, respectively. Diffusion NMR spectroscopy was used to
determine the diffusion coefficient value for 22RT. From diffu-
sion-ordered spectroscopy (DOSY) experiments, we obtained a
diffusion coefficient of 1.54 X 10~ ' m* s ' (logD ~ —9.81),
which is in the range of those found for monomeric G4 oligo-
nucleotides of similar size such as the human telomeric
sequence (22AG) observed elsewhere (23, 51, 52). The results
support a model where 22RT is monomeric under the experi-
mental conditions probed in this work. For reference, we report
a diffusion value of 8.9 X 107" m? s~ ' (logD ~ —10.05)
obtained for the oligonucleotide KRAS 44R from the NHE
region that contains the sequence 32R at the 5-end (supple-
mental Table §2). The imino proton spectrum of 22RT is char-
acterized by 10 individually well resolved and sharp peaks in the
10.5-12-ppm region (Fig. 1C) plus one additional broad peak
that was later identified as G19 and G7 overlapped imino peaks.
The imino pattern in this region is often used as a fingerprint for
G4 structures. The pattern observed suggests the formation of
three G-quartets, each involving four imino protons. Based on
the specific intraquartet characteristic guanine H1-H8 NOE
correlations (Fig. 2B), the folding pattern of the 22RT G4
involves three G-quartets: G2-G6:G11-G18, G3-G7-G12:G19,
and G4-G9-G13-G20 (Fig. 2). For clarity, we have selected the six
lowest-energy structures after refinement of the best 20 struc-
tures with a heavy atom r.m.s.d. value of =~1.5 A (Fig. 3). When
depicted against the calculated mass-weighting principal axis,
the tetrad core is placed with its averaged planes almost in a
perpendicular fashion (Fig. 3). The G3:G7:G12:G19 residues
form the central tetrad of the quadruplex core as the imino
protons on these residues are better protected from water/deu-
terium exchange than are those of other guanines of 22RT (sup-
plemental Fig. S4). In addition and as expected, the guanines in
a central G-quartet have by far the strongest NOE inter-residue
connectivities between exchangeable protons (e.g. NH2/H1),
supporting the increased protection of these protons from
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exchange with water. Interestingly, G3 is the only base that has
NOE cross-peaks to both amino-exchangeable protons (NH21/
NH22). These protons are probably protected by the single-
nucleotide chain reversal C5 loop, which bridges and com-
pletely blocks the groove between G3 and G7. The 22RT G4 has
an ~30° helical twist on average and a rise of 3.4 A for each
G-tetrad step. On average, the four grooves are of medium size
with similar widths in the range of 12 + 2 A as defined by the
distances between phosphates of opposing guanines in the
structure. The orientations of the aromatic bases toward
the sugars are determined by the conformation of the glycosidic
bond angle, which is determined by the intraresidue NOE cor-
relation intensities between the H8 aromatic proton and H1’
sugar proton. All the guanine glycosidic torsion angles are in
the anti conformation as reflected by the medium/low intra-
guanine NOE cross-peaks observed between H8 and H1' pro-
tons (Fig. 24). These glycosidic torsion angle conformations are
expected for a parallel G4 as suggested by the CD spectra of
22RT (Fig. 1B). Our CD and NMR results are consistent and
indicate that 22RT adopts a parallel G4 as shown schematically
in Fig. 2C. The three G-tetrads are connected by four linkers:
two single-residue loops (C5 and T10), a bulge (T8), and one
four-nucleotide loop (A14, A15, T16, and A17). C5 and T10
each form double-chain reversal loops that allow these single
residues to bridge three G-tetrad blocks. Inspection of r.m.s.d.
values and conformation diversity for C5 indicates hingelike
motions parallel to the mass-weighting principal axis. The T10
base is oriented toward the 3'-end of the oligonucleotides, and
fewer distinct conformers are observed. Interestingly, T8 forms
a bulge projected out of the G-tetrad core. Although over
700,000 G-quadruplexes with single or multiple bulges may
exist in the human genome (53, 54), only a few G-quadruplex
structures have been deposited in the Protein Data Bank, and
besides our model, only another deposited structure (Protein
Data Bank code 2M4P) has a bulge between G-tetrads. This
unusual structural feature within the 3D fold may be attractive
to design ligands specific for KRAS G4 in silico. The fourth
linker is composed of Al4, Al5, T16, and A17 and forms a
medium-size propeller loop that crosses all three tetrads. The
size of the loop allows several water molecules to fit between the
G4 core surface and the loop residues. At both oligonucleotide
extremities, two adenine residues, A1 and A22, cap the 5'- and
3'-ends of 22RT, respectively (Fig. 3). Al interacts with A17,
and both are tilted inward, capping the G4 core surface at the
5'-end. At the 3'-end, A21 and A22 interact through - stack-
ing and are tilted toward the tetrad surface, which is much more
exposed to the solvent than the opposite end (Fig. 3b). In most
of the lowest energy conformers, A21 partially blocks one of the
grooves. T10 shows a profile slightly different from T8 and T16.
T10 methyl protons do not make cross-correlations with any
other proton except with T10 H2'/H2", and the cross-peak with
its own H1’ is very weak, indicating free rotational motion
around the C1" and N1 of the pyrimidine base without any
appreciable out-of-axis torsion of the base. For T8, we observe
low-intensity NOEs, which indicate that the T8 methyl slightly
interacts with G4 and G9; there is a low-intensity cross-corre-
lation between the T8 methyl and the G9 H8 and a very weak
correlation from the methyl of T8 to G4 H1, indicating that the
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Figure 2. A, 2D "H NOESY spectra at 300-ms mixing time in "H,O showing H6 to thymine methyl (top) and H5-H6 cytosine (middle) correlations from 2D 'H
TOCSY spectrum and H8/H6-H1’ sequential walk assignments (bottom). B, H1/H8 correlations from 2D 'H NOESY spectrum at 300-ms mixing time. C, sequential
imino-H8 intertetrad NOE connectivities observed by NMR. D, schematic representation of the G-quartets of 22RT. Guanines are numbered based on position
in the 22RT sequence. All experiments were performed at 20 °C in a buffer containing 20 mm potassium phosphate, pH 6.5, supplemented with 70 mm KCl and
~2 mm DNA. Characteristic guanine imino-H8 NOE connectivities were observed for the following tetrads: G2:G6:G11-G18, G3-G7-G12-G19, and

G4-G9-G13-G20.

methyl may be positioned in the edge of the top tetrad. Finally,
both sugar CH2 protons of T16 have strong cross-peaks with
the A17 H6 and H8 protons, not observed in any other of the
two thymines. Overall, we observe a more restricted mobility of
T16 compared with the other two thymines. Fig. 3a shows the
ensemble of structures chosen by the lowest total energy crite-
rion. Structures were refined in water and deposited under Pro-
tein Data Bank code 512V. Of the 11 structures deposited, only
six are shown in Fig. 3 for clarity. Two K* counterions are
expected per conformer coordinated between three G-quartet
planes. In the ribbon diagrams shown in Fig. 3b, the ribbon
thickness is proportional to the all-atom r.m.s.d. A1 and T8
have the highest r.m.s.d. values (=3.5 A) of all nucleotides in the
molecule. This was expected as these two residues have fewer
inter-residue correlations in the NOESY spectra. The propel-
ler-type loops are also characterized by above average r.m.s.d.

SASBMB

fluctuations. G-quadruplexes are highly polymorphic, and
sequences with G4-forming potential are suggested to be
formed in different key genomic regions, mainly in telomeres
and gene promoters. Recently, high-resolution models of sev-
eral different folding topologies have been reported, and some
were highlighted in the aim to develop interesting pharmaco-
logical compounds that could be exploited as new anticancer
drugs (47, 55— 64). The G4 structure presented here is in agree-
ment with the topology calculated for 21R (50) using DMS foot-
printing and may serve as a template to target and design new
drugs that may diminish or inhibit KRAS expression. Interest-
ingly, our structure contains a four-residue loop that covers one
of the four grooves. Itis well documented that the stability of G4
structures somewhat decreases as bulge and loop sizes increase
(65, 66). We observed a more important and expected struc-
tural heterogeneity in the region of the four-nucleotide loop
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NMR structure of a G-quadruplex from the KRAS promoter region

Figure 3. g, depiction of the ensemble of the six lowest-total-energy refined structures of 22RT. All guanines are in the anti conformation. K™ counterions are
depicted in purple, and the yellow line represents the principal axis of the six averaged all-atom mass-weighting principal inertial axes. On average, each
conformer structure principal axis spans nearly 26 X 44 A. The average groove width is 12 = 2 A. In the depiction on the right, the 5’- and 3’-ends of the
oligonucleotide are at the top and bottom of the image, respectively. b, the average structure calculated from the six lowest-total-energy conformers. The
ribbon thickness is proportional to the all-atom r.m.s.d. numerically represented by the color (see key for code in A). A1 and T8 in red have the largest r.m.s.d.
values (=3.5 A) of all residues. ¢, electrostatic surface of 22RT calculated using the Adaptive Poisson-Boltzmann Solver (APBS). The map was calculated using
multiple Debye-Huickel boundary conditions and a nonlinear Poisson-Boltzmann equation with 40 points as the surface density at 293 K. The scale is reported
in dimensionless units. The electronegative tunnel/cavity (red) represents a unique feature not usually found in canonical nucleic acid structures. In the bottom

panels (d-f), the structure has been rotated (90°) so that the view is down onto the G-quartet plane that contains the 5'-most G.

with a significant degree of plasticity as indicated by the low
number of inter-residue NOEs from the loop nucleotides. The
four-base loop blocks the groove but creates an additional nar-
row backbone-backbone interface in the region where A17
links to G18 (Fig. 3, cand f, red colored surface, and supplemen-
tal Fig. S5). The conformation seems unique to this G4 fold and
could be an interesting site to target small ligands. In our view,
this medium-size loop presents in terms of drug design another
interesting feature, i.e. together with the G4 core surface it
makes a sort of tunnel or cavity with negative electrostatic
potential values significantly lower than those found on the rest
of the surface (blue). The cavity could be targeted by ligands
with non-bulky side arms usually hanging out from the aro-
matic core that conventionally targets the more exposed tetrad.
This cavity/tunnel is similar to the one found in the structure of
a G4 adopted by a G-rich region of c-kit2 (Protein Data Bank
code 2KQG) (67). As opposed to KRAS 22RT, c-kit2 G4 coex-
ists in two parallel-stranded propeller-type folds that are sim-
ilar but dynamically distinct substates.

Conclusion

In summary, G-quadruplex DNA structural motifs can
behave as transcription repressors (12, 68), and KRAS is an
important target against many forms of cancer that so far have
very poor responses to standard therapies (38). We have deter-
mined a 3D high-resolution NMR structure of a stable G-quad-
ruplex from a sequence located in the nuclease-hypersensitive
element of the promoter region of the KRAS proto-oncogene.

8086 . Biol. Chem. (2017) 292(19) 8082-8091

The structure may be one among others potentially available in
the promotor region and may offer new, interesting possibilities
for selective recognition by small ligands (69 —73). In that sense,
developing inhibitors of KRAS that target G-quadruplex motifs
may be an interesting alternative route in the fight against cer-
tain types of cancers, as important as others currently being
pursued against the intricate signaling network involved in
oncogenic KRAS activation (74). Current existing strategies
involve targeting post-translational modifications to prevent
membrane association (75), small GTPase-targeting peptides
(76), SOS-mediated nucleotide exchange (77), and inhibitors
that allosterically control GTP affinity (38).

Materials and methods
DNA oligonucleotides

The unlabeled DNA oligonucleotides used in this work were
purchased from both Eurogentec (Belgium) and Integrated
DNA Technologies. They were synthesized on a 200-nmol or
1-umol scale and then purified by reverse-phase HPLC. The
sequences were supplied lyophilized. The 5% "°N,*C site-spe-
cifically labeled 22RT used in this study was synthesized in our
laboratory (INSERM U1212, Bordeaux, France) on an auto-
mated Expedite 8909 DNA synthesizer at a 1-umol scale on a
1000-A primer support (Link Technologies SynBase CPG). All
the standard phosphoramidites (dABz, dT, dGiBu, and dCAc),
reagents, and solvents used during the synthesis were pur-
chased from Glen Research. The dGiBu phosphoramidite
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(U-2C,,, 98%; U-""N,, 98%; CP, 95%) was purchased from
Cambridge Isotope Laboratories. After the synthesis, the oligo-
nucleotides were cleaved from the support, and the nucleobases
were deprotected with ammonium hydroxide at 55 °C for 16 h
and then lyophilized. All the sequences used for NMR were
prepared in potassium NMR buffer (20 mm K,HPO,/KH,PO,,
70 mm KCI, pH 6.5, 10% D,0O). For CD and UV-visible studies,
samples were prepared in KP; buffer (20 mm K,HPO,/KH,PO,,
70 mm KCl, pH 6.5). After dissolving in buffers, the oligonucle-
otides were heated for 5 min at 95 °C and chilled on ice several
times. After the last annealing cycle, they were refrigerated for
24 h before use. Supplemental Table S2 lists some characteris-
tics of the sequences used in this work.

CD spectroscopy

CD experiments were performed on a Jasco J-815 spectrom-
eter using Spectra Manager software. Each DNA sample was
prepared at 3—5 uM in KP, buffer and annealed at 90 °C for 5
min, cooled slowly by turning off the heating block (about 3-5
h), and then incubated overnight at 4 °C. The CD spectra were
measured in the region between 220 and 330 nm using a scan
speed of 50—100 nm/min and a response time of 1 s. Three
scans were collected and averaged. Data were processed as
described elsewhere (78). CD melting studies were performed
on ~3 um DNA samples using either a full-wavelength or a
single-wavelength mode. In the former case, the data were col-
lected in the wavelength range 330 -220 nm with 0.5-s averag-
ing time, 2-nm bandwidth, 100-nm/min scan speed, two accu-
mulations, and 0.2-nm step. The temperature was raised from 4
to 90 °C with 1 °C intervals and a 0.4 °C/min rate. These param-
eters lead to the overall acquisition time of 1 h/10 °C tempera-
ture change. All data collected in this manner were examined
for the presence of possible intermediates during the melting
process. However, the overall shape of the CD signature
remained unchanged for every sample examined. Thus, after
completion of the full-wavelength scan for each sample, addi-
tional melting data were collected, monitoring at 264 (charac-
teristic for a parallel G4) and 330 nm (used as a reference to
factor out instrument fluctuations) with an averaging time of
32 s and a bandwidth of 2 nm. The temperature was raised from
4 to 95 °C and then cooled to 4 °C at a rate of 1 °C/min. This set
of experiments allowed us to test the reversibility of the melting
process and to obtained thermodynamic parameters. Melting
data were processed as described in a previous report (78).

NMR spectroscopy

NMR spectra were recorded on Bruker Avance 700- and 800-
MHz instruments equipped with cryogenically cooled probes.
Experiments were performed at 20 °C. For solution NMR, stan-
dard 3- or 5-mm NMR tubes were used. The samples were
prepared in potassium NMR buffer. The concentrations of oligo-
nucleotide were between 1 and 5 mm depending on the exper-
iment requirements. Most of the "H 1D spectra were recorded
using the 1-1 echo pulse sequence (79) (based on the use of
“double pulsed field gradient spin-echo”), which selectively
removes resonance due to water without affecting other res-
onances, including those that are in fast exchange with
water. The gradient pulse was a smoothed square shape
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(SMSQ10).100. Resonance assignments were made using 5%
15N, '3C site-specific low-enrichment labeling for imino pro-
tons and 'H-">C HSQC for aromatic H8 protons. To correlate
imino and H8 protons of the same guanine via the '>C5 carbon
at natural abundance through-bond correlations, the "H-'>C
HMBC experiment were performed at natural abundance. Thy-
mines were unambiguously identified using the following
mutants: 22RT T8 to C8 and 22RT T10 to C10 (supplemental
Table S2). The remaining resonances were identified using
TOCSY and COSY experiments and were independently veri-
fied using NOESY experiments.

DOSY experiment

A reference 1D 'H spectrum was recorded before the DOSY
experiment. The pulse program stebpgpls191d was used for
the 1D DOSY spectra, and stebpgplsp9pr was used for the 2D
DOSY spectra. The sequences used simulated echo with a bipo-
lar gradient pulse pair and one spoiled gradient, and 3-9-19
WATERGATE (80) solvent suppression was also applied. Sixty-
four scans were recorded for the 1D DOSY experiment, and
1024 were recorded for 2D DOSY. A relaxation delay of 2 ms
was applied, and a 20-us delay was used for water suppression.
The time domain was fixed to 8000 points for the F2 dimension
and 32 points for the F1 dimension. The diffusion time (A) was
150 ms, the gradient length (8) was 1 ms, and the recovery delay
after gradient was fixed to 200 us. The gradient strengths
applied were set between 5 and 95%, and the gradient strength
change was set to linear. The data processing was performed
using Bruker-designed DOSY software. The following equation
was applied to fit the curve of diffusion,

| = [,e ~ OY9?Hs ~ 3= 7/2) (Eq. 1)
where [/ is the observed intensity, I, is the reference intensity
(unattenuated signal intensity), D is the diffusion coefficient, y
is the gyromagnetic ratio of the observed proton, g is the gradi-
ent strength, 8is the length of the gradient, and 7is the diffusion
time. The diffusion coefficient D for a given molecule is
described by the Stokes-Einstein equation,

D kT
"~ 67Rs

(Eq.2)

where k is the Boltzmann constant, T is the temperature, 7 is
the viscosity of the liquid, and Ry is the (hydrodynamic) radius
of the molecule.

UV-visible spectroscopy

Thermal difference spectra—Thermal difference spectra
were obtained in KP; buffer by collecting UV-visible wavelength
scans from 220 to 350 nm at two temperatures, one well below
(usually 4 °C) and another well above (usually 95 °C) the melt-
ing temperature of the DNA secondary structure. The differ-
ence spectra were obtained by subtracting the data at 4 °C from
the data at 95 °C. Both 21R and 22RT showed thermal differ-
ence spectral signatures characteristic of G4 structures (81).

UV-visible melting of 21R and 22RT—Concentration depen-
dences of the melting transitions of 21R (5'-AGGGCGGT-
GTGGGAAGAGGGA-3') and 22RT (5'-AGGGCGGT-
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GTGGGAATAGGGAA-3') were determined in UV-visible
melting experiments by monitoring the signals at 295 and 335
nm using an Uvikon XL spectrophotometer. The former wave-
length is sensitive to the G4 folding state, and the latter wave-
length was used as a reference to monitor instrument perfor-
mance. The extinction coefficient of the DNA at 335 nm is
negligible. Five separate samples with concentration ranging
from 5.0 to 50 uMm were annealed in KP; buffer as described
above and equilibrated at 4 °C overnight. Samples were placed
in cuvettes with 1.0- or 0.2-cm path lengths depending on
strand concentration. The temperature was measured with the
temperature sensor inserted in the cuvette holder next to the
DNA sample. The temperature was changed at a rate of 0.2 °C/
min, and the averaging time was 0.3—0.5 s. Each experiment
included two temperature ramps from 95 to 0.5°C with a
15-min hold and from 0.5 back to 95 °C. The experiments were
repeated twice. The value of signal at 335 nm was subtracted
from each data set. The data suggest that the folding/unfolding
of both 21R and 22RT is reversible as the melting and cooling
data are nearly superimposable, consistent with our CD melting
study. The melting curves were analyzed assuming a two-state
model with temperature-independent enthalpy, AH® (82).
Starting and final baselines were assumed to be linear, and
melting temperature and enthalpy of unfolding were adjusted
to get the best fit. Data were also analyzed assuming non-zero
heat capacity. This analysis included an additional parameter
but did not lead to significant improvement of the fit. Melting
temperatures and AH® obtained from CD and UV-visible data
are in good agreement with each other.

NMR structural calculations based on NOE distance restraints
and simulated annealing

NOE-derived distance restraints were calculated from spec-
tral densities obtained from different 'H-'H NOESY spectra at
various mixing times (50, 200, 300, and 400 ms). In the final
structure calculations, only data from the 300-ms mixing time
was used. All NMR restraints were obtained from spectra col-
lected at 293 K unless otherwise stated. The peak volumes were
classified as weak (4.0 -6.5 A), medium (2.5-4.5 A), and strong
(1.8-3 A). Planarity restraints (20 kcal/mol/f\z) were intro-
duced for the following tetrad architecture: G2:G6:G11-G18,
G3-G7'G12-G19, and G4:G9'G13:G20. Hydrogen-bond and
planarity restraints were defined between 1.9 and 2.1 A and
between 2.9 and 3.1 A for the bonds established between H1
and O6 and between H21 and N7, respectively, and were only
applied to the guanine bases involved in tetrad formation. The
anti conformation was defined by the glycosidic torsion angles
(x) determined from the H1'-H8 intrabase distances. They
were restrained to be in the range of —130 = 40°. Altogether,
the hydrogen bonds and the artificial planarity restraints kept
the G-quartets in their quasiplanar conformation during the
first steps of the ARIA-CNS calculations; these restraints were
removed during the refinement process. The integration of
NOE volumes, calibration of distances with a relaxation matrix
spin diffusion correction, and setting of lower and upper
bounds were done by ARIA2.3/CNS1.2. Two distinct steps
were used to calculate the final assembly of 20 structures. First,
eightiterations of calculations were carried out using 200 struc-
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tures per iteration in ARIA2.3/CNS1.2 (83, 84) with mixed Car-
tesian and torsion angle dynamics during the simulated anneal-
ing runs. The protocol contains four stages: (#) an initial high-
temperature torsion angle simulated annealing of 50,000 steps
at 10,000 K with 27 fs for each step, (b) a torsion angle dynamic
cooling stage of 10,000 steps from 10,000 to 2000 K, (¢) a Car-
tesian dynamics cooling stage of 10,000 steps from 2000 to 1000
I, and finally () a Cartesian dynamics cooling stage of 20,000
steps from 1000 to 50 K with 3 fs per step. For all bonds, angles,
and improper dihedral energy terms of the force field, the stan-
dard CNS dna-rna-allatom topology and parameter files were
used with uniform energy constants. For distances and hydro-
gen bonds, 10 kcal mol 'A~? was applied during the initial
stage of dynamics and was increased up to 50 kcal mol 'A~?
for the remaining steps of the dynamics. For dihedral restraints,
energy constants applied were 5, 25, 200, and 200 kcal
mol A~ for the phases a, b, ¢, and d, respectively. An energy
constant of 25 kcal mol *A~? was applied for planarity
restraints. Distance restraints together with G-tetrad hydro-
gen-bonding distance restraints, glycosidic angle restraints,
and planarity restraints were used during this calculation step.
In the second step, we performed the necessary refinement of
the t20 best structures in explicit water molecules as solvent.
For that purpose, the SANDER module of Amber 12 (Univer-
sity of California, San Francisco) was used. The calculation was
performed with the AMBER force field FF12SB, which contains
the AMBER force field for nucleic acids and Barcelona changes
(85). Two K™ ions were included between the G-tetrads, and 21
additional K ions were included to counter the negative
charge of the DNA. The 20 structures were solvated by a trun-
cated octahedral box of TIP3P water molecules (86). The
structures were energy-minimized using harmonic position
restraints of 25 kcal/mol/A2, First, 1000 steps of minimization
were carried out holding the system fixed and minimizing just
the water box, including ions with 500 steps of steepest descent
minimization followed by 500 steps of conjugate gradient min-
imization. Then, 2500 steps of minimization were performed
for the entire system with 1000 steps of steepest descent mini-
mization followed by 1500 steps of conjugate gradient minimi-
zation. Afterward, 20 ps of simulated annealing was acquired
with heating from 0 to 300 K during 5 ps under a constant
volume while maintaining the position restraints at 25 kcal/
mol/A Finally, we performed a cooling step to 100 K during
13 s; during this step, the time constant for heat bath coupling
was varied in the range of 0.05-0.5 ps. A final cooling stage was
also performed with more rapid cooling (0.1-0.05 ps) to bring
the system to 0 K. The weight of distance restraints was
increased gradually during this simulated annealing from 0.1 to
1 in the first 3 seconds and was then kept at 1 for the rest of the
annealing procedure.

NMR assignments

Using site-specific low (5%)-enrichment [**C,'*N]guanine-
labeled samples, the imino H1 and the aromatic H8 protons for
each guanine were unambiguously assigned (supplemental Fig.
S1A). The guanine H8 aromatic protons were assigned using
classical "*C-"H HSQC spectral analysis for each guanine sep-
arately (supplemental Fig. S1B). The assignments were also
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confirmed by natural abundance through-bond correlations
using a jump and return (JR) HMBC experiment, which corre-
lates guanine imino protons with H8 aromatic protons through
13C5 (supplemental Fig, S1C). The complete spectral assign-
ment was achieved by combining through-bond (TOCSY and
COSY) and through-space (NOESY) experiments. An 'H-'H
TOCSY experiment allowed unambiguous correlation of
H5-H6 protons of the cytosine at position 5 and the H6 methyl
protons of thymines at positions 8, 10, and 17 (Fig. 24). The
remaining proton assignments such as those of sugar protons
(H3', H4', H2'/H2", and H5'/H5") were determined as
described previously (5, 6).

Restraints used in structure calculations

NMR restraints used for the calculations are listed in supple-
mental Table S1.

Data deposition

Water-refined structures of KRAS 22RT G-quadruplex were
deposited in the Protein Data Bank under Protein Data Bank
code 5I2V.
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KRAS is often found mutated in lethal cancers and should be an important target for anticancer drug
development. However, no effective inhibitor has been reported so far, prompting the scientific com-
munity to describe the RAS proteins as nearly “undruggable”. Recent approaches developed to modulate
KRAS protein expression comprises the targeting of G-quadruplex (G4) structures formed within the
nuclease hypersensitive element of KRAS promoter region, by designing small and specific ligands to
stabilize the tertiary fold and reduce gene expression. In this work, we report in vitro and in silico studies
of novel acridine orange (AO) derivatives (C3-Cg), developed as G4 stabilizing agents. The results show
that the ligands bind with high affinity and stabilize KRAS22-RT G4 with modest specificity over duplex
DNA. The most promising ligand Cg stabilizes the structure by = 40 °C. Molecular docking using NMR-
derived distance restraints reveal atomic details about the ligand structural features in the interaction
with KRAS22-RT G4. In vitro studies with HeLa cells show that the ligands are cytotoxic with IC50 values
between 0.9 pM and 5.7 uM. Moreover, the ligands tend to localize in the nucleus as shown by confocal
fluorescence microscopy. Overall, these results show that the reported AO ligands display favourable
properties as G4 ligands and this study provides structural detail for the development of lead KRAS G4

ligands.
© 2017 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
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Acridine orange ligands
NMR spectroscopy
Fluorescent probes

1. Introduction

The KRAS proto-oncogene encodes for a GTPase (p21¥®%5) which
cycles between GTP-bound active and GDP-inactive states, influ-
encing key signalling pathways related to cell proliferation and
apoptosis [1,2]. Due to activating mutations occurring in 30% of all
human cancers, the mutated p21*fS protein remains in activated
state leading to increased cell proliferation, anti-apoptotic effects

* Corresponding author.
** Corresponding author.
E-mail addresses: apaulo@ctn.tecnico.ulisboa.pt (A. Paulo), carlacruz@fcsaude.
ubi.pt (C. Cruz).
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and consequently to cancer development [2,3]. KRAS mutations are
found in a wide variety of cancers such as pancreatic, colorectal,
lung and cervical cancers with high incidence in the top-ranked
lethal cancers [1,3]. Moreover, p21¥RAS is associated with the
epidermal growth factor receptor (EGFR) and its mutation has been
shown to increase the resistance to anti-EGFR therapies and con-
ventional chemotherapy [3,4]. Therefore, KRAS is an attractive
target for cancer therapeutics, despite no effective KRAS inhibitor
has been approved thus far. The reported approaches focus on the
development of mutated KRAS protein inhibitors, blocking down-
stream or upstream effectors, and on gene silencing by miRNA or
siRNA. However, these strategies failed in achieving a suitable
clinical response due to cancerous cell adaption and resistance to
inhibitors and inefficient delivery of gene suppressors [1].

0300-9084/© 2017 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights reserved.
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One alternative approach to modulate KRAS protein expression
relies on the targeting of G4 structures formed in the nuclease
hypersensitive element (NHE) of KRAS promoter. Those structures
were shown to have a regulatory role in the expression of KRAS
[2,5,6]. Quadruplexes modulate important mechanisms such as
gene transcription, translation and telomere elongation, and are
appealing therapeutic targets for the development of specific small
molecules that bind and stabilize the G4 structures [7—10]. The
KRAS NHE region comprises a particular 32-mer sequence (32R)
which contains 6 guanine tracts prone to G4 formation, whose
structure was already shown to be highly polymorphic adopting
different intramolecular topologies [11]. A smaller 21-mer
sequence (21R) adopts the major G4 conformation of 32R.
Recently, Salgado and co-workers determined the NMR structure of
a 22-mer sequence (22RT) within the NHE which folds into a stable
parallel-stranded G4 with 3 G-tetrads [12]. This structure (PDB
code: 512V) shows unique structural elements such as the presence
of a bulge and a 4-nucleotide loop, which can be used for G4-
targeted ligands design. Different families of ligands have been
synthesized and evaluated in the past decade, among those are
porphyrins, acridines, anthraquinones, phenanthrolines, perylenes
together with natural compounds such as telomestatin and
berberine [13,14]. These compounds interact with the G4 structure
through a variety of modes namely external stacking and groove
binding [15]. The interest in acridine derivatives is due to its
favourable characteristics such as a large planar moiety prone to -
stacking with the tetrads of the G4 structure, possibility of a
cationic central ring nitrogen atom, intrinsic fluorescence and
cellular uptake with known nucleus penetrating ability [16]. The
compound BRACO-19 for instance, is an acridine derivative that
binds telomeric G4s specifically over duplex DNA, inhibits telo-
merase and induces DNA damage with significant in vivo anticancer
activity in tumour xenografts [17].

In this study, we have evaluated a series of Acridine Orange (AO)
derivatives (Fig. 1) as a new class of G4 ligands. To tackle this goal,
we studied their ability to bind and stabilize the quadruplex found
in the KRAS promoter sequence (KRAS-22RT) using spectroscopic
techniques such as circular dichroism (CD), fluorescence and nu-
clear magnetic resonance (NMR). Moreover, restrain-assisted mo-
lecular docking simulations using Autodock 4 [18] were performed
in order to understand how this family of ligands interact with

Groove Binding

KRAS-22RT GA4. Finally, we have assessed their inhibition properties
against cancer cell proliferation using HeLa cell line and normal
fibroblasts. These cytotoxicity tests were performed by MTT assays.
Moreover, the intracellular localization of the compounds was
studied by confocal fluorescence microscopy.

2. Materials and methods
2.1. Oligonucleotides and AO derivatives

All oligonucleotides were obtained from Eurofins MWG Operon
(Ebersberg, Germany) or STAB VIDA Genomins Lab (Lisbon,
Portugal) with HPLC-grade purification and further purified using
Vivaspin® centricons. The following oligonucleotide sequences
were used: KRAS-22RT: 5-AGGGCGGTGTGGGAATAGGGAA-3’; c-
MYC: 5'-TGAGGGTGGGTAGGGTGGGTAA-3’; 22AG: 5-AGGGT-
TAGGGTTAGGGTTAGGG-3’ and ds26: d(5'- CAATCGGATCGAATTC-
GATCCGATTG-3'). Stock solutions of approximately 500 uM were
prepared using Milli-Q water and stored at —20 °C until used.

The synthesis and purification of 10-(3-(4-iodobenzamide)pro-
pyl)-3,6-bis(dimethylamine) acridinium iodide (C3), 10-(5-(4-
iodobenzamide)pentyl)-3,6-bis(dimethylamine) acridinium iodide
(C5) and 10-(8-(4-iodobenzamide)octyl))-3,6-bis(dimethylamine)
acridinium iodide (Cg) were performed as previously described
[19]. Stock solutions of the compounds were prepared as 10 mM in
DMSO. The following dilutions were done using Milli-Q water.

2.2. Circular dichroism assays

CD spectra were recorded with a Jasco J-815 spectropolarimeter
equipped with a temperature control Peltier system. All measure-
ments were made at 25 °C using previously annealed KRAS-22RT
G4 (heating to 95 °C for 10 min, followed by cooling in ice) in
10 mM K-phosphate buffer pH 7.0 containing 50 mM K" or in
physiologically relevant conditions buffer mimicking the intracel-
lular salt environment (25 mM HEPES (pH = 7.2), 10.5 mM Nacl,
140 mM KCl, 130 nM CaCly, 2 mM MgCl,). Test compounds were
dissolved in Milli-Q water at 1 mM stock solution and the titrations
performed by adding the required amount directly in a 1 mm path-
length quartz cell containing 10 tM G4 DNA. Spectra were collected
between 200 and 340 nm using an instrument scanning speed of
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Fig. 1. Schematic diagram showing the structures of C3, Cs and Cg and how the ligands stabilize KRAS G4 structure hence inhibiting the expression of KRAS protein. The acridine
moiety interact with the G-tetrads surface through end stacking interactions (red). The alkylamide substituents interact through groove binding and a positively charged nitrogen in
the acridine ring is able to occupy a position similar to that of the G-tetrad central ion (blue). The iodobenzene is expected to enhance the cellular uptake while providing additional
interactions with the G4 grooves/loop interface (green). Interaction of the AO derivatives with the G4 structure is expected to maintain the “gene-off” state induced by the
conversion of the double stranded “gene-on” form to a G4 “gene-off” form (model for the regulation of KRAS gene transcription on the right).
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100 nm/min, 1 nm bandwidth, 2 s response time and averaged over
three scans. All spectra were corrected by subtracting a buffer
spectrum. For CD-melting experiments, KRAS22-RT G4 in the
absence and presence of the compounds was heated between 20
and 110 °C (temperature set by the Peltier system), with a heating
rate of 2 °C/min, while monitoring the ellipticity at 263 nm.
Competition assays were performed by adding an excess of ds26 to
the cuvette. Additionally, c-MYC and 22AG G4s were tested while
monitoring the ellipticity at 263, 290 and 295 nm for parallel,
hybrid-1 and antiparallel topologies. For these, buffer conditions
were adjusted to favor different topologies and so that the G4s
would melt around 50 °C: ¢-MYC in 100 mM LiCl; 22AG hybrid-1 in
10 mM KCI and 90 mM LiCl; 22AG antiparallel in 100 mM Nacl.
Annealing was performed as described above. Data was converted
into fraction folded (0) plots using the following equation:

,_ CD—copn )
CDmax _ cpmin

where CD is the ellipticity of the monitored wavelength at each
temperature and CD™" and CD™** are the lowest and highest
ellipticity, respectively. Data was fitted to a Boltzmann distribution
(OriginPro 8) and the melting temperatures (Ty,) determined.

2.3. Fluorescence binding studies

Fluorescence spectra were recorded with a Horiba FloroMax4
fluorometer equipped with a temperature control system. Ligands
were excited at 498 nm and fluorescence emission collected be-
tween 530 and 700 nm in 10 mM K-phosphate buffer pH 7.0 con-
taining 50 mM KCl at 25 °C using a quartz cuvette with a path
length of 1 cm. Similar experiment was conducted using physio-
logically relevant buffers as described above. Excitation and emis-
sion slits were fixed at 2 nm. The association between G4 or duplex
DNA and ligands was assessed by titrating the oligonucleotides and
measuring the change in fluorescence. The titration was performed
by adding previously annealed G4 solution or duplex DNA, followed
by 3-min equilibration time. Data was converted into fraction of
bound ligand () plots using the following equation:

I— ,{ree (2)

o=
bound ree
tound — 7

where I is the fluorescence intensity at 530 nm at each ligand:DNA
ratio and Ifree and Ipoung are the fluorescence intensity of the free
and fully bound ligand, respectively. Data points were then fitted to
a hyperbolic function (OriginPro 8) and Kp values were determined
from the following saturation binding model [20]:

~ [DNA]
“~Kp + [DNA] (3
where « is the fraction of ligand bound and [DNA] is the concen-
tration of the DNA, When required, the saturation binding Hill slope
model was used [21]:

[DNA]"
- (4)
Kp + [DNA]
where h is the Hill constant which describes cooperativity of ligand
binding.
The Job plot analysis of ligand Cg was performed by continuous
variation of the ligand/DNA molar fraction while keeping a constant

total (DNA + ligand) concentration of 1.5 pM. The excitation
wavelength was set at 498 nm and the emission fluorescence
recorded at 530 nm.

2.4. Nuclear magnetic resonance spectroscopy

"H NMR spectra were recorded at temperature of 310 K on a
Bruker Avance IIl 700 MHz spectrometer equipped with a liquid TXI
TH/3C/>N/?H with Z-gradient probe. Oligonucleotide concentra-
tion was typically 0.5 mM in 3 mm tubes with a total volume of
200 pL. G4 samples were annealed as described above in 20 mM K-
phosphate buffer pH 6.5 containing 70 mM KCl and supplemented
with 10% D,0. NMR titration was performed by adding increasing
amounts of ligand to the G4 solution.

2D 'H-H NOESY and 1D "H-'>N HSQC spectra NMR spectra were
recorded in 3 mm tubes at 37 °C unless otherwise stated. Usually
the samples were prepared in K-phosphate NMR buffer
(20 mM KzHPO4/KH3PO4, 70 mM KCl, pH 6.5, 10% D,0). The con-
centrations of oligonucleotide were close to 1 mM. Water sup-
pression was achieved with double pulse-field gradient spin echo
(DPFGSE) methods. All spectra were processed with the software
Topspin 3.2 and analyzed with MestReNova. Chemical shifts ()
were measured in ppm.

2.5. Cell viability assay

Normal human dermal fibroblasts (NHDF) and human cervical
cancer cells (HeLa) were grown in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine serum, and
1% antibiotic/antimycotic (DMEM/F-12 was used for NHDF cells).
Cultures were maintained at 37 °C in a humidified atmosphere
containing 5% CO;. Cells were seeded in 48-well plates
(1 x 10* cells/well) and after 24 h these were incubated with the
compounds at seven different concentrations ranging from 50 nM
to 100 uM for 24 h. Wells containing untreated cells were used as
control, as well as vehicle control (DMSO) and a common cytotoxic
agent 5-fluorouracil (5-FU). At the end of incubation, the media was
replaced with fresh media containing 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide salt (MTT) and further incubated
at 37 °C for 2 h. Finally, MTT containing media was removed, for-
mazan crystals were dissolved in DMSO and absorbance was
recorded in a Bio-Rad xMark™ microplate reader at 570 nm. Cell
viability data was expressed as mean + SEM from at least three
different experiments in comparison with control cells. IC50 values
were determined using GraphPad Prism 6.

2.6. Confocal fluorescence microscopy

Hela cells were cultured in glass bottom culture dish coated
with poly-p-lysine (1 x 10° cells/dish) for 37 °C in a humidified
atmosphere containing 5% CO,. After growth, cells were incubated
in the dark with 10 uM of compound at different times ranging
from 5 min to 24 h. At the end of incubation, the excess of probe
was washed off by rinsing with PBS three times. For the co-
localization studies, cells were further treated with 1 uM nuclear
probe Hoechst 33342 for 15 min. Prior to visualization, excess probe
was washed off by rinsing in PBS three times. Cells were observed
using a Zeiss AxioObserver LSM 710 microscope with 405, 488 and
514 nm laser excitation for the 4,6-diamidino-2-phenylindole
(DAPTI), fluorescein isothiocyanate (FITC) and rhodamine channels,
respectively. Appropriate emission bands were selected for the two
fluorescent channels, taking into account the spectral overlap and
potential bleed-through between both channels. Images were
processed with Zeiss ZEN software.
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3. Results
3.1. AO ligands design

Most of the G4 ligands described in the literature share the same
characteristics such as a large aromatic core suitable for m-w
stacking interaction with the external G-tetrads and side chains
enable to establish additional interactions with the grooves/loops
of the G4 structure which confer selectivity over duplex DNA.
Herein, three acridine orange derivatives with alkylamide side
arms containing an iodobenzene substituent were synthesized and
evaluated for their G4 binding ability (Fig. 1). These ligands were
introduced originally by Paulo and collaborators who also reported
the synthesis of their radioiodinated counterparts [19]. Interest-
ingly, the possibility of obtaining the radioiodinated congeners
might allow to speed-up the preclinical evaluation of this class of
compounds, through biodistribution and in vivo stability/meta-
bolism studies based on quantitative gamma-counting measure-
ments and/or nuclear imaging techniques [19,22]. The planar
acridine chromophore was already shown to be an interesting
moiety for G4 ligands in the synthesis of 3,6,9-trisubstituted acri-
dine BRACO-19 [17]. The ability of acridine to bind G4s is in part
attributed to the fact that it is protonated at physiological pH being
able to take advantage of the negative electrostatic potential of the
G-tetrads central carbonyl groups [13,23]. The addition of the
alkylamide side chains could provide additional interactions be-
tween the ligands and the grooves/loops and/or phosphate back-
bone of the G4 by H-bonding through the amide groups. Moreover,
as reported previously, the inclusion of a halogenated substituent
such as iodine may increase the binding affinity and stabilization
degree of the ligands as well as the cellular uptake [24—26]. This
reasoning led us to consider that the AO derivatives presented in
Fig. 1 would present the structural requisites necessary to act as
potent and selective G4-binders.

3.2. Binding and stabilization of KRAS-22RT G-quadruplex

Circular dichroism (CD) studies were performed to evaluate the
ligands ability to bind and stabilize KRAS-22RT G4 structure. CD
spectroscopy is an interesting technique to study the conformation
of a G4 structure regarding its strands orientation and to assess the
binding potential of G4 ligands [27]. KRAS-22RT adopts a parallel
topology in the presence of K" cations showing the typical CD
spectrum of such conformation (Fig. S1), with a maximum positive
band around 263 nm and a weak minimum negative band around
240 nm. Upon addition of the compounds, only a slight decrease in
ellipticity was observed for all ligands, which suggests the prefer-
ential binding of the pre-folded parallel topology without dis-
rupting or converting the G4 conformation (Fig. S1). The ligand
ability to induce thermal stabilization of KRAS-22RT G4 structure
was then evaluated by CD melting experiments. The melting tem-
perature (Ty,) of the G4 in the absence and presence of 2 molar
equivalents of ligands was determined by monitoring the ellipticity
at 263 nm and increasing temperature. In the experimental con-
ditions used, KRAS-22RT G4 yielded a melting temperature of about
51 °C. Upon addition of the ligands, the stability of KRAS-22RT was
clearly enhanced as denoted by the higher T, values (Fig. 2,
Table 1).

C3 promoted an increase in the Ty, of 17.8 °C, while C5 and Cg
stabilized the G4 structure by 29.0 and 40.7 °C, respectively. The
ATy, value of near 40 °C obtained for the ligand Cg was also
corroborated by 1D NMR spectroscopy (Fig. S2). The increase in the
length of the alkylamide side chain seems to promote a higher
thermal stabilization degree as ligand Cg was the best stabilizer.
This feature was studied with more detail by molecular docking
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Fig. 2. CD melting curves of KRAS-22RT G-quadruplex at 5 uM in the absence and
presence of 2 molar equivalents of ligands, in 10 mM K-phosphate buffer and 50 mM
KCl. Data points were recorded at 263 nm. The Boltzmann curve fitting of the data
points is shown. Temperature corresponds to the temperature set by the Peltier
system.

studies (see Supporting Information). The obtained stabilization
values for C5 and Cg are higher than those previously reported for
other KRAS G4 ligands such as porphyrin TMPyP4 [21,28]. In
addition, a competition assay was conducted with the self-
complementary DNA sequence ds26, in order to evaluate the
specificity of the ligands towards G4 DNA over duplex DNA (Fig. S3).
Competition melting studies have been used before to assess
whether ligands can bind preferentially to G4 structures compared
to duplex DNA [28,29]. The ratio of the measured AT, values in the
presence and absence of competitor ds26 was used as a measure for
specificity (S). In the presence of an excess of ds26 the ATy, induced
by the ligands was almost unchanged as shown by the S values
around 0.9. These results suggest a reasonable specificity of the
ligands for KRAS-22RT G4 over duplex DNA.

To assess the selectivity of the ligands towards KRAS-22RT G4, we
performed a similar CD melting study with other known G4 struc-
tures such as the promoter c-MYC and telomeric sequence 22AG.
Promoter sequence ¢-MYC folds into a parallel G4 conformation
while the telomeric sequence 22AG can form several distinct con-
formations depending on the cation in solution, namely hybrid-1
and antiparallel, in the presence K™ or Na', respectively [7]. CD
melting curves of the three different G4 conformations in the
presence and absence of 2 molar equivalents of ligand were acquired
(Figs. S4-S6). Despite using different type of cations, the ionic
strength was kept equal for all G4 samples used. Moreover, KRAS-
22RT G4 has a very robust and stable conformation even at a KCl
concentration 10 times higher than the oligonucleotide concentra-
tion and at different pH in the range of 6.0—7.0 (checked by NMR,
Figs. S7-S8). Therefore, the salt conditions used should affect the
binding of the AO derivatives in a lesser degree, being the results
comparable. The ATy, values for each G4 are summarized in Table 1.
The results indicate that the ligands are able to stabilize other G4
structures, despite the lower degree of stabilization observed. A
similar trend to that of KRAS-22RT is observed as Cg promotes the
higher stabilization while C3 is the less effective stabilizer, for all G4
structures. The ligands seem to have a binding preference towards
the parallel G4s as the experiments with c-MYC shown the higher
ATqvaluesranging between 18.5 and 33.9 °C, when compared to the
hybrid-1 and antiparallel structures of 22AG. The results suggest the
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Table 1
Ligand-induced thermal stabilization of various G4s measured by CD melting experiments in the absence and presence of ligands.
ATy (°C)°
Ligand KRAS-22RT c-MYC 22AG-h" 22AG-a“
C3 17.8 + 0.2 185+ 03 6.4 +0.1 15+02
Cs 29.0 + 0.2 220+02 7.6 +0.1 27+0.2
Cs 40.7 + 0.3 339+ 0.7 13.2 £ 0.1 6.8 +0.2

2 AT, represents difference in melting temperature [AT;, = Ty, (DNA + 2 molar eq. ligand) — Ty, (DNA)]. The buffer was 10 mM K-phosphate buffer, pH 7.0. The T;, values are
51.2 + 0.1 °C [KRAS-22RT (5 uM) in 50 mM KCl]; 51.2 + 0.2 °C [c-MYC (5 pM) in 100 mM LiCl]; 54.4 + 0.1 °C [22AG hybrid-1 (5 uM) in 10 mM KCl + 90 mM LiCl]; 56.3 + 0.2 °C
[22AG antiparallel (5 M) in 100 mM NaCl]. Values reported are average of three measurements with the estimated standard deviation.

b Hybrid-1 topology.
¢ Antiparallel topology.

order KRAS-22RT > c-MYC > 22AG-h > 22AG-a in terms of thermal
stabilization by the ligands.

It is also important to investigate the stabilization effect of the
ligands in physiological buffer conditions [30]. Therefore, the CD
melting studies (Fig. S9) with KRAS-22RT G4 were reconducted in a
buffer mimicking the intracellular salt environment (25 mM HEPES
(pH = 7.2),10.5 mM NaCl, 140 mM KCI, 130 nM CaCl, 2 mM MgCl,)
[30]. Under these buffer conditions, the T, of KRAS-22RT G4
structure is 57.9 + 0.1 °C, which is higher than that obtained pre-
viously (51.2 + 0.2 °C) possibly due to the ionic strength. The ob-
tained ATy, values were 9.5 + 0.2,16.4 + 0.2 and 31.5 + 0.3 °C for Cs,
Cs and Cg, respectively. Despite a slightly lower stabilization (in

KRAS-22RT G4

terms of relative ATy,) as compared to the results shown in Table 1,
the absolute Ty, values of KRAS-22RT in the presence of the ligands
were roughly the same (68.9, 80.4 and 92.1 °C vs 674, 74.3 and
89.4 °C for C3, C5 and Cg, respectively). The difference in the ATy,
could be a result of the higher Ty, value of the G4 structure alone
due to the ionic strength.

3.3. Fluorescence binding studies with KRAS-22RT G4

The interaction of the ligands with KRAS-22RT G4 was further
studied using fluorescence spectroscopy. The ligands excitation at
498 nm produces the emission of light with a broad band centered

e 1.0 12
- 16 1.0 - 8 o - 1.0
4 .8/ =}
v 14 0.8 x 7 | - 0.8
x . 06 /s x 10
o 06 /| 3 . S o 3 0.6,
g 12 04 s i | | g g S o4l
2 10 0.2 [ £s 02 2 0.2
2 S 0.0, 2 ‘
| I 0.0 g4 8 6 0.0/° S———
£ 0 2 46810 <., 0 2 4 6 8 10 & 0 2 4 6 8 10
§ 6 [KRAS-22RT] (M) § [KRAS-22RTI (M) & 4 [KRAS-22RT] (uM)
) e 2 @
o 4 o o
§ 3 1 g 2
g2 E $
Lo, w o [T
550 600 650 700 550 600 650 700 550 600 650 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)
(1)  ds26-DNA
7 | 5,
-« 1.0/ - 1.0 8 1.0]
r =] 0.8 @O |
- - . s7
2 % 4 0.6 %
E] E] 56
s s | 0.4 s
23 j >5
g‘ £ 3 0.2 z
c
§ § 0.0 ‘ §4
£ 10 15 20 £, 0 5 10 15 20 E 5 10 15 20
8 [ds26] (M) g [ds26] (M) g3 [4526] (uM)
Q o @ |/
Q Q 1 o 2
g g1 5')
] ] o 1/
= 3 2
i i o “ ol i ; .
550 600 650 700 550 600 650 700 550 600 650 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 3. Fluorescence emission spectra of (A) C3, (B) Cs and (C) Cg with increasing concentration of (I) KRAS-22RT G4 (0.5—-10 pM) and (II) DNA ds26 (0.5—20 uM) in 10 mM K-
phosphate buffer and 50 mM KCI. Insets: fraction of ligand bound plots fitted to the saturation binding equation.
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Table 2
Apparent dissociation constants (Kp) obtained from fluorescence titration experiments.
Kp (M)*
Ligand KRAS-22RT c-MYC 22AG ds26
G 55 % 1077 1.8 x 1077 58 x 1077 1.9 x 1076
Cs 51x 1077 27 %1077 58 x 1077 17 x 10°°
Cg 44 % 1077 7.4 x 1077 6.4 x 1077 14 % 10°¢

4 Determined from fitting the fluorometric titration points to Equation (3) or 4 in the case of c-MYC. The buffer used was 10 mM K-phosphate buffer, pH 7.0.SD < 1.2 x 1077,

at 568 nm. Spectrofluorometric titrations were performed with G4
and duplex DNA and the apparent dissociation constants (Kp)
determined for the different ligands (Fig. 3 and Table 2) in 10 mM K-
phosphate buffer and 50 mM KCl. Upon titration of pre-annealed
G4 solution, up to =10-fold fluorescence enhancement was
observed (Fig. 3-I). The Kp values are presented in Table 2, The
fluorescence titrations were also conducted in a buffer mimicking
physiological conditions (same buffer used in CD) and the fitting of
the data points to the saturation binding model are presented in
Fig. S10 of Supporting Information. The Kp values obtained were
33 x 1077,1.4 x 1077 and 2.6 x 1077 for C3, Cs and Cg, respectively.
The values are similar to those reported in Table 2 and both are
indicative of high affinity in the sub-micromolar range, similar to
those of potent ligands such as pyridostatin [31].

In the case of ds26 (Fig. 3-1I), the Kp values obtained are about
3.5-fold higher than those obtained for KRAS-22RT G4, indicating
weaker binding and modest specificity (both by S and Kp values).
Although the specificity was less than that obtained for telomes-
tatin or Phen-DCs [32], these results are in line with compounds
such as quinacridines (MMQs) [33], indicating that the AO de-
rivatives are interesting scaffolds for further development of G4
specific compounds. For all the complexes formed with G4 and
ds26, no variation in the emission wavelength maximum was
observed. This suggests a similar chemical environment for the
complex formation, although different structures are formed in
each complex. However, the fluorescence enhancement upon
binding G4 DNA is higher than that observed for ds26 (=3—7 fold).
The varying extent of fluorescence enhancement caused by
different DNAs suggests a stronger interaction between the ligands
and G4 DNA [34].

These results for ds26 are also in agreement with the CD-
melting competition assays and indicate some binding preference
of the ligands towards G4 structures.

The Kp values for the interaction of the AO derivatives with c-
MYC and 22AG G4s were also determined and are presented in
Table 2 and Figs. S11 and S12. Intriguingly, the binding curves of the
ligands with ¢-MYC G4 show a sigmoidal rather than hyperbolic
shape which may indicate a cooperative mechanism of binding
(Fig. S11). Therefore, the data points were fitted to Hill equation
assuming cooperative binding sites oppositely to that of KRAS-22RT
which assumes independent and equivalent binding sites [21]. C3
has a higher affinity towards c-MYC and the ATy, was higher when
compared with other G4s; Cg has lower affinity and AT}, towards c-
MYC G4 when compared to KRAS-22RT. The Hill constants (h) were
greater than 1 for all ligands (1.9, 1.8 and 3.5) which denotes
positively cooperative binding, i.e. the binding of one ligand in-
creases the affinity of other ligand molecules [21]. In the case of
22AG, the affinity was lower for all ligands when compared to the
other G4s studied (Table 2), which is in agreement with the lower
degree of stabilization observed in CD melting studies (Fig. S12).

An increase in the alkylamide chain length seems to promote
more ligand plasticity, further increasing the binding contacts be-
tween the ligands and the G4 structures. This fact may be the
explanation for the different ATy, values obtained for the ligands
since the binding affinities are quite similar between ligands.

Furthermore, between different G4 structures, similar Kp values in
the order of 10~7 M are also observed, indicating that the binding
modes are different between the different ligands and the various
G4 architectures used.

3.4. NMR studies with KRAS-22RT G4

NMR spectroscopy was used to study the complex formation
between the AO ligands and KRAS-22RT G4 (Fig. 4, Figs. S13 and
S14). The imino region of KRAS-22RT 'H NMR spectrum shows 12
well resolved peaks corresponding to a single G4 conformation
with three G-tetrads [12]. Titration of KRAS-22RT G4 with the
strongest ligand Cg is shown in Fig. 4.

Upon addition of the ligand, the imino peaks became signifi-
cantly broader at low ligand concentration. At 2:1 ratio, the imino
peaks coalesce and become almost undetectable. This behavior is
observed by many different ligands probed against the same
oligonucleotide sequence (results not shown), and indicate the
formation of higher order complexes with shared ligand molecules
which slowly tumble in the liquid state optimal time scale (us-ps)
[35]. In addition, the occurrence of multiple binding modes and
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Fig. 4. Imino region of KRAS22-RT G4 'H spectra upon titration with compound Cg at
310 K. The assignment of free KRAS22-RT is shown: top 5" G-quartet protons are
labelled in green, middle tetrad in blue and bottom 3’ tetrad in red.
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Fig. 6. Confocal microscopy images of Hela cells treated for 1 h with 10 uM Cg (middle). Nuclear probe Hoechst 33342 (left) was used for co-localization (merge, right). Scale bar is

20 pm. C3 and Cs shown similar results.

conformations in the ensemble, means that one nucleus can have
multiple peaks; hence, in the intermediate timescale the averaged
NMR signal will be broadened and may disappear. Finally, at high
ligand concentrations, the signals re-appear, indicating the satu-
ration of the binding sites. At a ligand:DNA ratio above 4:1 the
imino protons signals did not change significantly. These results
suggest a 4:1 ligand:DNA binding ratio. In order to confirm the
binding stoichiometry of the Cg ligand, Job plot analysis was per-
formed using the fluorescence titration data with KRAS-22RT
(Fig. S15). The molar fraction (%) of 0.2 was determined for Cg by

the intersection of the linear regressions for high and low molar
fractions, which suggests a 4:1 binding ratio. This supports the
stoichiometry observed in the 'H NMR titrations.

The imino peaks were coherently and significantly shifted up-
field, which is described as being associated with m-7 stacking
interactions between ligands and the G-tetrads [36,37]. Such
interaction mode is expected with the large aromatic acridine
moiety of the ligands. Following the determination of the 4:1
stoichiometry for Cg, the CD melting experiment was carried using
4 molar equivalents of ligand which further increased the KRAS G4
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thermal stabilization (>45 °C). However, the melting temperature
was not possible to be determined due to the temperature range
limitation. Regarding C3 and Cs, the analysis of the 'H NMR titration
(Figs. S13 and S14) suggest the same ligand:DNA binding stoichi-
ometry of 4:1. The imino protons signals did not change signifi-
cantly at higher ligand concentrations, suggesting the saturation of
the binding sites. Additional 'H-'H 2D-NOESY experiments at 37 °C
were performed using the most promising ligand Cg at a
ligand:DNA ratio of 4:1. Despite the overlapping between the sig-
nals of KRAS22-RT G4 and Cg, several NOE cross-peaks are clearly
observed between the ligand and the DNA, namely with the alky-
lamide chain aliphatic protons of Cg (Fig. 5). Using '°N-labelled G4
samples it was possible to assign unambiguously G11. Two other
imino-protons (G2 and G6) are overlapped and were assigned to
the same chemical shift (= 11.95 ppm). In addition, the cross-peaks
show almost a two-fold peak volume compared to G11 imino,
suggesting that both iminos could participate in the cross peak with
aliphatic protons i, g and h. Since G2, G6, G11 and G18 belong to the
same tetrad it is reasonable to think that the top 5’ tetrad is the
principal binding site, although other binding sites are expected
due to the 4:1 binding stoichiometry. However, the overlapping of
signals volume hinders the unambiguous assignment and analysis
of other NOE coming from the 4 ligands bound. Nevertheless, the
assigned peaks denote a strong interaction and are expected to
correspond to the principal binding site.

A deeper insight on the binding mode between ligand Cg and the
G4 structure was obtained by molecular docking studies using the
NOE distance restraints obtained in a 250 ms mixing time homo-
nuclear NOESY NMR experiments. The NMR structure of KRAS-
22RT (PDB code: 512V) was used as docking target for simulation
using Autodock 4.2. The results depict the interactions involved in
the recognition of the apparent principal binding site, according to
the NOE signals observed (see Supporting Information for further
discussion).

3.5. Cell studies: cytotoxicity and intracellular localization

The effect of the ligands on cell proliferation was assessed on a
cervical cancer cell line (HeLa) and non-malignant human cells
(NHDF) by the MTT assay. KRAS gene appears frequently mutated in
cervical cancer [38]. The anticancer drug 5-fluorouracil (5-FU) was
also used as a control. All the compounds had an effect on the
viability of the cancer cells (Fig. S16). The concentrations inducing
50% proliferation inhibition (IC50) were remarkably lower for the
AO ligands when compared with the reference agent 5-FU. C3 had
an IC50 value of 5.7 uM, while Cs and Cg had a lower value of 2.4
and 0.9 uM, respectively. Notably, 5-FU presented an IC50
value > 100 uM which is >100-fold greater than the value obtained
for Cs. As seen previously, the increase in length of the alkylamide
chain seems to be important for the activity of the ligand as there is
a relationship between higher stabilization degree, affinity and
cytotoxicity, and side chain length. Regrettably, the compounds
induced a similar anti-proliferative effect on NHDF cells showing
non-selective cytotoxic effect. The IC50 values for NHDF cells were
3.7, 2.5 and 0.7 for C3, C5 and Cg, respectively.

Taking advantage of the intrinsic fluorescence of the ligands,
confocal fluorescence microscopy was employed to assess their
intracellular localization. All the ligands emit green fluorescence
upon excitation at 488 nm. After treating the cells with the com-
pounds, the acridine orange derivatives seem to preferentially
localize within the nucleus and particularly in the nucleolus, despite
some localization in the cytoplasm (Fig. 6). Nucleolus accumulation
of ligands often means G4 RNA binding, thus being possible that the
ligand binds these types of structures intracellularly as well [39].

The cellular uptake seems to be fast as considerable green fluores-
cence was observed even at 5 min incubation time of the ligand
(Fig. S17). The intracellular localization is similar for the three li-
gands. Acridine orange is known for penetrating the nucleus of cells,
thus this aromatic moiety may be responsible for the ligands
behavior [40]. The intracellular uptake and nucleus/nucleolus
accumulation of the ligands suggest that these compounds may
actually reach their intended intracellular target.

4. Conclusions

KRAS plays an important role in the pathogenesis of several
types of cancer and is therefore an attractive target for anticancer
drugs. Targeting G4 structures formed within KRAS promoter to
block transcription and expression has attracted the scientific
community in the past years despite no effective suppressor has yet
been found [2]. Thus, the selection of molecules capable of binding
to KRAS G4s is still on demand. Overall, this study shows the po-
tential use of AO-based ligands for anticancer drug development
based on KRAS oncogene promoter targeting and modulation. Ac-
ridine derivatives have been shown already to successfully recog-
nize G4 DNA with antitumor effect, in particular BRACO-19 [17].

The AO moiety together with the alkylamide side chains led to
high affinity and reasonable selectivity towards KRAS-22RT G4,
promoting a thermal stabilization of about 40 °C for the best ligand
Cs. The observed degree of stabilization for Cg is competitive with
other ligands reported for KRAS G4 such as triarylpyridines, indo-
loquinolines or TMPyP4 [21,28]. Additionally, the S values of around
0.9 and 3.5-fold higher Kp of the ligand in the presence of duplex
DNA shown a modest but significant G4 specificity. The ligands
were shown to improve the thermal stability of other known G4
structures but to a lesser extent. Studies using physiological buffers
indicate that the ability of the ligands to bind and stabilize G4
structures in a cellular environment is maintained.

The ligands showed high toxicity against HelLa cancer cells;
however the toxicity against non-malignant cells should be
improved. To overcome these issues, we plan to introduce addi-
tional side chain functionalities in order to increase selectivity to-
wards G4, for instance, by substituting the iodobenzene group with
other promising moieties containing fluorine or chloride (work in
progress). Another strategy could be to increase the size of the ar-
omatic moiety to limit its access to the smaller surface area of AT
and GC base pairs of a typical duplex DNA. Moreover, the nuclear
penetration ability and the fluorescence properties of the ligands
make them attractive for the development of potential probes for
G4 labelling in cellular environment. In brief, the in silico and the
structural results that we provide in this work will greatly help in
designing ligands with better selectivity for KRAS G4 and with
promise for G4 DNA based therapeutics.
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Titre : Etudes structurales par RMN des acides nucléiques G-quadruplexes de

KRAS et leur interaction avec des ligands.

Résumé : L'oncogéne KRAS code pour une protéine GTPasique hautement mutée qui agit comme un
« interrupteur » entre des états actifs et inactifs, un mécanisme important dans les processus comme
la réplication ou la prolifération cellulaire. Quand ils sont dérégulés, ces processus sont a I'origine des
cancers. Les mutations de KRAS sont particulierement impliquées dans les cancers des poumons (30%),
colorectaux (44%) et pancréatiques (97%). Malgré le fait que ces mutations soient bien connues,
aucune molécule ne cible KRAS car toutes les stratégies actuelles ne sont pas assez efficaces pour les
thérapies contre le cancer. C'est pourquoi de nouvelles stratégies ont émergé il y a quelques années
visant directement la région promotrice de KRAS et plus précisément des structures appelées G-
quadruplexes (G4). Méme si le phénomeéene n’est pas encore parfaitement compris, de nombreux
exemples dans la littérature montre que ces structures peuvent se former in vitro et dans les conditions
cellulaires. 1l a été montré que les G4 formés dans la région promotrice de KRAS peuvent lier des
facteurs de transcription et perturber le processus en agissant comme un bloc lorsque I'enzyme vient
lire la séquence. La stabilisation ou la destruction des G4, en utilisant de petits ligands chimiques par
exemple, pourrait devenir une nouvelle voie de thérapie. Ce travail se concentre sur une séquence de
32 résidus (KRAS32R) qui peut former un G4 et correspond également au domaine minimal
d’interaction de certains facteurs de transcription comme MAZ ou hnRNP Al. Cette derniére est
capable de lier les G4 de KRAS32R et de les défaire favorisant ainsi la transcription de KRAS. Ce projet
vise a comprendre la formation du G4 de KRAS32R au niveau atomique ainsi que son interaction avec
de petites molécules organiques qui pourraient agir sur la transcription

Mots clés : G-quadruplexe, RMN, Ligands, Cancer, KRAS

Title: NMR structural studies of G-quadruplexes nucleic acids from KRAS and
their interaction with ligands.

Abstract: KRAS gene codes for a highly mutated GTPase protein acting as a « switch » between an
active and an inactive state, a mechanism found to be important in biological processes such as cell
replication and proliferation. When misregulated, these processes are found to be at the origin many
types of cancer. KRAS mutations are particularly implicated in lung (30%), colorectal (44%) and
pancreatic (97%) cancers. Despite the fact that those mutations are well known, KRAS is still an
undruggable target because all the actual strategies (RAS activator inhibitors, membrane association
inhibitors, and so on) are not efficient enough as cancer therapies. That is why new strategies have
emerged recently, such as directly targeting the KRAS promoter region and especially some specific
structures called G-quadruplexes (G4). Although we do not understand well the phenomena, there are
plenty of evidence in the literature that these structures can assemble both in vitro and in cellular
conditions. It was shown that G4 within KRAS promoter region can bind transcription related proteins
and disturb transcription process acting as a block mechanism when transcription machinery is reading
the genetic sequence. Stabilization of these structures, using small chemical ligands for example, could
become a new area of therapy. In my thesis work, | am focused on a 32 nucleotide sequence (KRAS32R)
which can form G4 and also corresponds to the minimal interaction domain of transcription proteins
such as MAZ or hnRNP1. This last protein is capable of binding to KRAS32R G-quadruplexes and possibly
unfolding it, favoring the transcription of KRAS. This project aims to understand the folding of this
KRAS32R G-quadruplex at atomic level and its interaction with small organic molecules that would
have some effect on transcription process.

Keywords: G-quadruplex, NMR, Ligands, Cancer, KRAS
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