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ABSTRACT

Suppression of oncogenes transcription represents an ideal tool to integrate the currently
available therapeutics to treat several cancer types and to overcome the potential
occurrence of resistance. An experimentally validated mechanism of intervention is
represented by the induction/stabilization of G-quadruplex structures in genes promoter
by small molecules. G-quadruplexes are DNA non-canonical secondary structures
consisting of stacked G-quartets, cyclic arrangements of four guanine residues held
together by Hoogsteen hydrogen bonds and stabilized by a central cation. At the moment,
none of the identified G-quadruplex ligands reached the clinic. Several reasons can
contribute to this poor outcome comprising both the plastic structural features of nucleic
acids and the multiple metabolic pathways which might be affected when a small
molecule interacts with G-quadruplex structures. Thus, one of the major issues lies on the
proper structural analysis of targeted G-quadruplex.

To overcome this bias, in this Ph.D.’s thesis kinetic and thermodynamic behaviours of G-
quadruplexes have been characterized to obtain an improved description of these
structures as potential pharmaceutical targets. The study has been focused on G-rich
sequences within c-KIT and EGFR oncogene promoters.

By applying a set of complementary structural and biophysical approaches, the folding
pathways of these G-quadruplexes and influence of flanking regions in terms of structural
stability and folding rearrangement have been described. The obtained information
indicates that the promoter architecture might be not properly derived by analysis of
minimal G-quadruplex forming sequences at the thermodynamic equilibrium, commonly
used for screening assayes. Indeed, reported data suggest the existence of different
unigue mechanisms/pathways involved in the regulation of these oncogenes
transcription which comprise kinetically favored folding intermediates or unprecedented
structural arrangements.

The final outcome of Ph.D.’s project is a deeper understanding of nucleic acid
tridimensional arrangement of EGFR and c-KIT promoters which might help in setting up
new drug-design programs based on models of G-quadruplex target more closely related

to the physiological ones.
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3 Preface

G-quadruplexes are non-canonical tetra-helices formed in guanine-rich regions of the
genome. The building block of G-quadruplex is the G-quartet or G-tetrad, a planar array
of four guanines interacting one to the other through H-bonds in Hoogsteen geometry
(Figure 1).
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Figure 1. Building blocks of G-quadruplex structures. A) Four guanine residues bond

through Hoogsteen base pairs forming a G-quartet. M* stands for monovalent cation, as

K* or Na* ions. B) Schematic representation of a G-quadruplex structure.

Stacking interactions between two or more G-quartets constitute the core of G-
quadruplex structures (named G-core) (Figure 2B). Carbonyl group of each guanine
residue faces the internal cavity of the G-quartet making it strongly electronegative.
Coordination of monovalent cations counterbalance this electron-density which in
principle could lead to unfolding of the structure. lonic and crowding conditions as well as
the presence of small molecule ligands or G-quadruplex-binding proteins influence the

stability of these DNA arrangements.
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Figure 2. Schematic structural features of G-quadruplexes. A) Strands directionality. B)

Syn/Anti base orientation of residues. C) Loop arrangements.

In a structural point of view, G-quadruplexes can be roughly divided into three main

topologies depending on the relative orientation of the four strands (Figure 2A): parallel



structures which strands share the same orientation; antiparallel G-quadruplexes in which
two strands show opposite directionality then the others; and hybrid (3+1) structures
which present only one strand with opposite orientation. The torsion angle of glycosidic
bond between nucleotide base and deoxyribose sugar pushes each residue into syn or
anti conformation (Figure 2B). Syn/anti bases orientation and strands directionality
contribute to define four grooves dimensions (narrow, medium or large size).

Another degree of structural complexity is provided by loops arrangement. They connect
different strands in four principal manners (Figure 2C): edgewise loops, connecting
adjacent strands with opposite directionality; diagonal loops, bridging two opposing anti-
parallel strands; double-chain-reversal loops, connecting neighboring strands with same
directionality; V-shaped loops, bridging two corners of the G-core in which one G-column
is missing. Additionally, sequence composition of loops can increase structural diversity

due to formation of base pairing within loops or interaction between loops and G-core.
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Figure 3. Examples of G-quadruplex polymorphisms (from Yaku H., Chem. Commun., 2012,

48, 6203-6216).

As a result, all these features determine a huge level of polymorphism among G-
quadruplex structures (Figure 3) which can account for their different function roles and

which can be selectively used to make them suitable therapeutic targets.

In the next chapters, | am going to present a structural perspective on different G-
guadruplexes formed in promoter regions of two oncogenes, c-KIT and EGFR, focusing
on their folding kinetics and thermodynamics.
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ABSTRACT

Background: G-rich sequences undergo unique structural equilibria to form G-
quadruplexes (G4) both in vitro and in cell systems. Several pathologies emerged to be
directly related to G4 occurrence at defined genomic portions. Additionally, G-rich
sequences are significantly represented around transcription start sites (TSS) thus leading
to the hypothesis of a gene regulatory function for G4. Thus, the tuning of G4 formation
has been proposed as a new powerful tool to regulate gene expression to treat related
pathologies. However, up-to date this approach did not provide any new really efficient
treatment.

Scope of Review: Here, we summarize the most recent advances on the correlation
between the structural features of G4 in human promoters and the role these systems
physiologically exert. In particular we focus on the effect of G4 localization among cell
compartments and along the promoters in correlation with protein interaction networks
and epigenetic state. Finally, the intrinsic structural features of G4 at promoters are
discussed to unveil the contribution of different G4 structural modules in this complex
architecture.

Major Conclusions: It emerges that G4s play several roles in the intriguing and complex
mechanism of gene expression, being able to produce opposite effects on the same
target. This reflects the occurrence of a highly variegate network of several components
working simultaneously.

General Significance: The resulting picture is still fuzzy, but some points of strength are
definitely emerging, which prompts all of us to strengthen our efforts in view of a selective

control of gene expression through G4 modulation.
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1. INTRODUCTION

G-quadruplexes (G4) are non-canonical tetrahelical nucleic acid structures in which the
basic structural element is a G-tetrad formed by the association of four guanines through
Hoogsteen hydrogen bonding. These nucleobases can be isolated or can derive from G-
rich sequences (potential G4 forming sequences, PQS), thus opening the chance for G4

occurrence in cells.

Gene promoter

Ribosome

Cytoplasm

Figure 1. Distribution of potential G4 structures among different cellular compartments

(PANEL A) and their possible location around TSS (PANEL B) [3].
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The formation of G4 arrangements in physiologically relevant DNA sequences has been
initially proposed to occur at telomeric level where G-rich repeats are present within an
extended 3’ single-strand protruding portion. This unique condition was considered
suitable to allow the fold-back required for the formation of the tetrahelical
intramolecular arrangement. Later on, G-rich sequences were identified in other portions
of the genome (Figure 1A). Interestingly, bioinformatic analyses showed that they are not
randomly distributed along the genome but cluster at defined regions like
immunoglobulin switch regions, recombination sites and gene promoters [1,2]. In
particular, the significant PQS enrichment around transcription start sites (TSS) lead to the
hypothesis of a gene regulatory function for G4 [3]. Soon, studies with mutated promoters
supported the importance of these sequences to control gene expression. However, the
ultimate attribution of a transcription regulatory role to the conformational shift from the
canonical double helix to the tetrahelical arrangement (and not merely to the presence
of a G-rich sequence) derived only later, when formation of G4 at promoters was observed
in living cells by multiple approaches [4,5,6,7].

Up-to-date, the G4-mediated regulation of transcription has been confirmed for genes
involved in differentiation, in cancer progression and even in metabolic regulation.
Interestingly, this mechanism appears to be a conserved feature not only in vertebrates
but also in several microorganisms ranging from yeast, to bacteria down to viruses with a
rapid evolutionary expansion starting in metazoan organisms [8,9,10,11,12].
Furthermore, recent studies highlight precise connections between G4 nucleic acid
arrangements and several diseases, as a consequence of mis-regulation of gene
expression as well as of genetic and epigenetic instability arising from difficult processing
of non-canonical DNA structures [13]. The list of putative G4-related diseases is quite
impressive. Moreover, the presence of G4 motifs in important pharmacogenes encoding
metabolic enzymes, receptor proteins, folate transporter and proteins involved in
potassium voltage-gated and sodium channels significantly impacts pharmacogenomics
and drug development projects [14]. As a result, the emerging roles for G4 at gene
promoters are highly variegate and with impressive therapeutic implications.

Although PQS distribution around TSS is clearly connected to G4 as transcription
controllers, at the moment it is hard to predict the functional effects of the tetrahelical
formation. G4s in proximal promoters mostly cause a down-regulation of gene expression

but several examples in which they induce an up-regulation are reported [15]. A closer
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look at PQS distribution showed that they can be located on the sense or the antisense
strand, in front or behind TSS, in UTR as well as introns (Figure 1B). We expected that this
distribution reflects distinct physiological effects, but it appears to be insufficient to safely
predict them [16]. Consequently, a huge validation in vitro and in cell is required in order
to consider each PQS as a good potential pharmacological target.

In addition, only if we are able to fully understand the processes ruling the structural shift
of a double helix toward a G4, we can design proper tools to modulate it according to our
needs. Focusing on the consequences on gene expression, this approach can be
transformed into a novel therapeutic strategy. If we consider that for any hallmark of
cancer one of more factors contain G-rich sequences in the promoter, the relevance for
medicinal applications of G4-directed small molecules is striking. At the same time, this
would represent a highly valuable molecular biology methodology to dissect the
interconnection of several pathways in order to identify, ultimately, therapeutically most
important sites of intervention.

The exponentially growing number of papers concerning G4 in promoters clearly reflects
the willingness to turn on the light on these potentials. Thus, studies on G4 structure,
stability, ligands recognition, protein recruitment and so on are rapidly accumulating.
However, as it often happens in sciences, the more we discover the more unclear matter
emerges. This review is not going to provide the reader a detailed report of all the main
achievements on which we can finally refer on. Several recent outstanding reviews
already cover these topics [17,18,19,20,21,22,23]. Conversely, we aim at using the most
recent experiences to highlight the main issues concerning the correlations between the
structural features of G4 formation in promoters and the role these systems

physiologically exert.

1.1 An historical leading example: c-MYC promoter

In order to highlight the main issues concerning the comprehension of the molecular
mechanisms related to a direct control of gene expression through a modulation of the
promoter conformational state, a good overview is provided by c-MYC. It represents one
of the first oncogene whose promoter was extensively investigated in connection to G4
formation but, actually, the interest for this genomic portion was anticipated by studies

aimed at understanding the mechanisms of regulation of c-MYC expression in various
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tumors. Chromatin mapping identified more than one DNAse | hypersensitive sites at the
5’ of the human c-MYC gene [24]. Among them, the nuclease-hypersensitive element Ill;
(NHE Ill;) located upstream the P1 promoter received great attention since it is the
preferred transcription origin and controls 80-90% of gene transcription [25]. Remarkably,
only an unwound (or non-B) form of NHE IlI; was efficiently cleaved by nucleases, whereas
the B-helix was not: this suggested a controversial connection between DNA structure and
regulatory signal(s). The equilibrium between these two DNA conformational states was
found to be slow and shifted towards the nucleases-sensitive conformation by helix

supercoiling [26].
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Figure 2. Schematic representation of the two models proposed for the regulation of c-

MYC expression by G-quadruplex.

Notably, NHE Ill; comprises a pyrimidine-rich coding strand and a purine-rich noncoding
strand and it was found to represent an arrest site for polymerase with an efficiency
directly related to KCl concentration, thus suggesting a G4 arrangement for the nuclease-

sensitive form. This was in line with chemical footprinting data of a 27-bp G-rich sequence
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(Pu27) corresponding to the fragment located between position =142 and -115 upstream
the P1 promoter in the presence of potassium: they fitted with an intra-strand fold-back
DNA tetraplex formed by a core of 3 G-quartets further stabilized by two AT bp terminal
capping domains [27]. Although all experimental evidences pointed to the formation of a
G4 structure in the purine-rich strand, it was not clear how this structural element could
regulate c-MYC transcription. The design of a model connecting the solved DNA structure
and gene expression was preliminary prompted by the concomitant identification of a
relevant number of proteins able to bind homopyrimidine or homopurine strands. Among
them, those showing a significant sequence-selective affinity for the NHE Ill; in human c-
MYCwere sorted and used to fill the puzzle. This provided the model summarized in Figure
2 (MODEL 1). Accordingly, the first critical step is the recruitment of a helicase (Nucleotide
diphosphate kinase B, NDPK-B or NM23-H2) to unwind the double helix and trap the
homopyrimidine strand. This is important to separate the G-rich strand to let it free to
fold into a G4. The resulting tetrahelix is further stabilized by other G4 selective proteins
(i.e. cellular nucleic acid binding protein, CNBP, and heterogeneous nuclear
ribonucleoprotein A1, hnRNP Al). At this point, the unpaired C-rich loop can recruit
transcription factors with high affinity for the homopyrimidine strand (i.e. heterogeneous
nuclear ribonucleoprotein K, hnRNP K) to ultimately attract the RNA polymerase
machinery. The overall outcome is expected to be an increment of transcription.
According to this picture, the use of competitor G4 (decoy, aptamers) was envisaged to
trap the above-mentioned proteins and, consequently, to repress c-MYC expression.

The advantage of this first theoretical model rested in the conversion of the double-
stranded G-rich segment in the promoter into a system more similar to the telomeric
overhang where G4 formation was already confirmed. However, the requirement for
specific proteins to regulate process apparently reduced the therapeutic targets. Indeed,
proteins properly work only at a subset of sequences thus, in principle, excluding some G-
rich sequences as potential sites of intervention irrespectively from their PQS content.
This was soon overcome by the discovery that small molecules able to bind and stabilize
c-MYC G4 were actually able to shift NHE 1ll; towards the tetrahelical form even in the
absence of proteins and with an efficiency sequence-dependent, thus opening the chance
for targeted intervention [28,29]. Actually, these small molecules were also extremely
valuable as molecular probes to clarify physiological effects of G4 on c-MYC expression

and to highlight the structural behavior of NHE Ill;.
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In particular, the use of G4 binders confirmed G4 as a suppressor of gene expression This
was in contrast to the first model but in agreement with in cell data acquired in the
presence of properly designed constructs containing the c-MYC promoters in its wt or
mutated form: thus, a second model was derived (Figure 2, MODEL 2). A critical analysis
of these two models is useful for our purposes.

First of all, in both models, G4 regulates gene expression through a fine tuning of the
recruitment of the transcriptional machinery. This differs from the original approach
proposed for telomerase inhibition upon G4 formation where the tetra-helix was
considered sufficient to block the enzymatic activity. Thus, the role of proteins is as
important as the one of G4.

Interestingly, the two models derive from a different role attributed to NM23-H2, the
helicase, with high affinity for the homopyrimidine strand. In the first model this protein
was assumed to work as a transcription activator [30]. Conversely, upon ranking all the
above mentioned proteins according to their affinity for specific DNA secondary
structures, only an accessory role was attributed to NM23-H2, whereas CNBP and hnRNP
K were indicated as the real regulatory effectors for transcriptional activation [31]. This
means that modest variation in affinity or activity can dramatically alter the overall output

in such complex systems.

Pu27 5 —-TGGGGAGGGTGGGGAGGGTGGGGAAGG — 3’

Figure 3. Models describing the basket (A) and the chair (B) G-quadruplex arrangements

assumed by the c-MYC promoter sequence Pu27 in potassium containing solutions.
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From a structural point of view, pioneering studies performed by Hurley with a perylene
derivatives, PIPER, indicated the formations of two different secondary structures starting
from the double helix form of NHE: a kinetically favored tetramolecular G4 and a
thermodynamically favored intramolecular G4 [28]. Moreover, even in the absence of
ligands, the presence of six G-tracts in Pu27 allows the formation of different
intramolecular folded G4 structures among which two species appear to be the most
relevant in solution (Figure 3) [29]:
- One “basket” form with tetrads formed by guanines in the 1%, 2", 4" and 5% G-rich tracts
(from 5’)
- One “chair” form, kinetically favored, derived from pairing of guanines of the 29, 39, 4t
and 5™ G-tracts. Mutational studies and luciferase reporter constructs indicated this form
as the principal responsible for the control of c-MYC expression. As recently supported by
single molecule techniques, this form is actually the most abundant in solution.
Nevertheless, inclusion in the study of mutated and truncated sequences provided clear
indication that the Gs in the first tract as well as the last two may contribute to finely
tuning the kinetic and structural features of this folded species [32,33].
It is worth to note that several concerns are still present on the relevance of one single
form in controlling the overall transcription process. Indeed, NHE Ill; contains more G-
tracts than those considered in the Pu27 fragment: in principle, all of them can be involved
in the formation of secondary structures with different effects on gene transcription
[24,34,35]. In addition, it is not possible to rule out that the cellular environments, as well
as the insertion of the G-rich tract into a long nucleic acid context, can actually promote
the formation of G-tetrads deriving from the pairing of different guanines in comparison
to those identified in a short single stranded sequence. As an example, this was
experimentally observed by changing the DNA topology of the double helix containing the
G-rich substrate [36].
To summarize what we learned from the c-MYC experience is that, in order to understand
the multifaceted effects of G4, we have to keep a constant exchange of biophysical,
biological, cellular and computational evidences focused at two main levels:

- the first one refers to an outlook of the complex cellular environment in which

PQS are immersed in order to define the intricate network affecting G4 inside the

cell;
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- the second one is more strictly related to a fine description of the structural
features of “physiological” G4, to delineate clearer structure-function
correlations.

Their combination provides the fundamental hints to transform G-quadruplexes into
successful targets for therapeutic intervention. These issues will be dissected in the

following sections.

2. EFFECTS OF G4 FORMATION ON GENE TRANSCRIPTION: the contribution of the

cellular environment

As above described, the rational explanation of cellular effects of G4 formation within c-
MYC promoter was largely derived from a detailed exploration of proteins functions at
this nuclear region. At G-rich sites, the two macromolecular components exert
concomitant activities: proteins are important to modulate the nucleic acid structural
equilibria as well as the G4 works as a “selector” for protein recruitment. This plastic
interconnection might help to address the major limits of the G4 targeting approach.
Indeed, data so far collected on several promoters containing G-rich domains confirmed
that both up- or down-regulation can be promoted according to the system under
investigation. The resulting outcome is even harder to be described since the modulation
of one gene expression can cause a wide deregulation of several pathways apparently not
directly related, through multifaceted loops.

A recent well described example is represented by the RAS family. The promoter region
of KRAS contains multiple G-rich sequences. As confirmed by reporter gene assays each
of them contributes to different extent to the suppression of gene expression according
to its ability to fold into G4 [37]. However, in human pancreatic cancer cells, a more
articulated mechanism involving multiple cellular pathways was dissected. In particular,
it was observed that the oncogenic KRAS signaling is inserted in a complex loop in which
Integrin-linked kinase (ILK) works both as downstream effector of KRAS and a regulator of
KRAS expression through the recruitment of E2F1 (which supports KRAS-induced
expression of ILK) and of hnRNP A1l (that destabilizes G4 in KRAS promoter) [38,39]. Thus,
overall, also ILK inhibition blocks growth factor-stimulated KRAS expression and, as a

result, the associated aggressive phenotype.
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2.1 G4 and DNA topology

It is clear that the G4-protein interaction world is extremely wide since several families of
proteins bind these DNA or RNA tetrahelices to exert a precise synergic regulation of
almost all of the nucleic acid processing pathways [19,20]. Frequently this derives from a
direct interaction between the two counterparts, although some peculiar exceptions are
known.

Focusing on the theme related to G4 in promoters as mediators for transcription, one
example is superhelicity. In the chromatin environment, negative supercoils cause a
destabilization of the double helix that, consequently, melts more easily. At the same
time, G4 formation counterbalances negative supercoiling. The sum of these two
structural effects provides the needed energetic contribution for G4 formation in
negatively supercoiled regions. Thus, the topological state of the promoter can control
the distributions of the G4 population [40]. Interestingly, the progression of RNA
polymerase machinery tends to accumulate positive and negative supercoils in front and
behind, respectively. Consequently, as confirmed on c-MYC promoter, this stimulates G4
formation upstream the TSS, impairs the binding of transcription factor (TF) and
suppresses transcription [41]. Changes in DNA topology are known to be produced by
Topoisomerases, thereby affecting the probability of G4 formation in PQS. Additionally, a
direct interaction between G4 and Topo | has been reported, suggesting mutual
interference [42,43,44,45].

Helicases are effective G4 binder proteins which produce unwinding of DNA and RNA
duplexes. These enzymes are currently divided into 6 superfamilies according to their
sequence [46]. Additionally, the oligomeric state of the active form, the substrate
preferences (DNA, RNA, DNA-RNA hybrids) as well as mechanistic differences can be used
to further cluster them. Recently, an increasing number of helicases able to resolve non-
canonical DNA structures emerged, mostly with specific activity at G4 level. Among them
G4 helicases Pifl, FANCJ, BLM (Bloom syndrome) and WRN (Werner syndrome) are well
characterized and help giving a general overview of their G4 processing abilities (for a
recent review see [47]). Also Human helicases XPB and XPD, key members of the
Transcription Factor IIH complex, are recruited atG4 forming sites since their binding sites
overlap PQS [48]. However mechanistic information thus far available are not sufficient

to assess their functional participation in G4-related events.
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The high number of enzymes able to resolve G4 is considered necessary due to the large
variability of G4 structures that can be formed along the genome. This implies that G4-
targeted helicases are required during all the metabolic processes of nucleic acid, both in
front and behind TSS. As far it concerns transcription, an interesting breakout in dissecting
the function of G4-helicases interconnection has been recently obtained by using the
fibroblasts of patients affected by the Bloom Syndrome (BS) and the Werner Syndrome
(WS) as “natural knockdown” models [3]. The above severe pathologies are associated to
loss-of-function mutations of BLM and WRN, respectively. These proteins are widely
studied for their activity at telomeres where they bind G4s, solve them and recruit
additional proteins. BLM and WRN are crucial to safely replicate these regions and to
avoid telomere loss or chromosome aberrations. In patients affected by BS as well as WS
unexpected up-regulation of genes with high PQS frequency at TSS and within first introns
were observed [49,50]. This evidence clearly relates the loss of BLM and WRN to a reduced
capacity to resolve G4 but it doesn’t provide any explanation for the observed preferential
gene up-regulation. A significant correlation of PQS presence and transcriptional changes
emerged from a careful sequence analysis of the 4 kbp sequences centered at the TSS of
all genes with differential expression in the two knockout models vs wt cell line [3]. In
agreement with a generally accepted model in which G4 in promoter causes a reduction
of gene expression, in BS and WS, PQS were found to be under-represented in up-
regulated genes. However, this study highlighted that besides abundance, the position of
PQS is crucial to drive the effect.

Indeed, whereas PQS in the antisense strand have a general downregulation effect, in the
sense strand some slots located downstream the TSS (at positions 140-270; 1750-1770;
1900) significantly correlate to the up-regulated genes. To take account of these
evidences a new model has been proposed in which G4 formation in the 140-270 bp
region made the antisense strand more accessible to RNA-polymerase, thus promoting

the initiation of the transcription (Figure 4).
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Figure 4. Differential consequences of BLM and WRN helicase suppression on the
transcription of gene containing PQS downstream the TSS in the sense (blue) or antisense

(red) strand.
2.2 G4 and protein trafficking

Among the large number of G4 interacting proteins a mention must be reserved to
nucleolin (NCL), since it represents one of the most abundant phosphoproteins in
eukaryotic cells. A peculiar feature of this protein is its involvement in the control of
different processes: in addition to regulation of several genes’ expression, ribosome
biogenesis and reply to stress conditions are the most specialized. This panel of variegate
activities has been attributed to its ability to recognize different nucleic acid targets
thanks to its modular structure which comprises four highly conserved globular RNA
binding domains and a basic C-terminal domain in addition to an acidic N-terminal portion
[51]. Additionally, its phosphorylation state further implements the range of its abilities.
It has been clearly demonstrated that nucleolin binds G4 and works as transcriptional
regulator of G4-containing promoters. On c-MYC, experimental evidence localizes NCL at
NHE 111 where it induces G4 formation and represses the transcription promoted by the
transcription factor SP1 [52,53]. However, NCL effects are not conserved among genes
containing G4 in the promoter. For example, it activates VEGF transcription upon binding
to the G-rich domain of the promoter [54].

A more articulated NCL-mediated regulatory mechanism was observed on the expression
of the non-selenocysteine containing phospholipid hydroperoxide glutathione peroxidase

(NPGPx) [55,56]. In the gene coding for this protein, the promoter region ranging between
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position -60 and +14 is highly G-rich and comprises up to 4 SP1 binding sites. NMR and
footprinting analysis performed on the antisense strand indicate that the 5’ portion folds
into a G4 whereas at the 3’ terminal base pairing supports a stem-loop hairpin. Both of
these two structural domains are required to control gene expression. Indeed, in order to
preserve the secondary structure content, the promoter activity and the ability to
efficiently recruit nucleolin only the loops (in the hairpin or in the G4) can be mutated.
Accordingly, it was proposed that in standard conditions, SP1 binds the promoter and
allows transcription at a basal level. Under stress conditions, nucleolin (NCL) binds the
proximal promoter through recognition of the hairpin-quadruplex element and displaces
SP1. However, this new complex helps in keeping the dsDNA open thus finally resulting in
transcription enhancement. The molecular factors concomitantly involved in this pathway
are still object of debate. An interesting issue concerns the phosphorylation state of NCL
that possibly controls shuffling of the phosphorylated form from the nucleolus to
nucleoplasm and thus regulates the relative distribution of the protein between the two
compartments. In this way, the kinase cascade behaves as a controller of NCL localization.
Due to the high affinity of NCL for G4, the same function can be exerted by the
tetrahelices, with G4 working as NCL recruiter and G4-ligands as competitors. This model
was actually first proposed by studying the interplay between nucleolin and the G4 binder
CX-3543 on rRNA biogenesis [57]. The activity profile of this drug rests on a high affinity
for G4 and on its localization at nucleolar level. This is the compartment where the rDNA
transcription leading to rRNA synthesis occurs. rDNA is highly GC rich and G4 formation in
the non-template strand promotes the dense spacing of RNA Polymerase | (Pol I) required
to skip the rate-limiting step of ribosome biogenesis [58]. In cells treated with CX-3543,
the drug concentrates in the nucleoli where it displaces nucleolin from the rDNA.
Consequently, the protein translocates into the nucleoplasm where it induces and
stabilizes new G4s (i.e. at c-MYC promoter) [59]. At the same time, nucleolin depletion in
the nucleoli reduces rRNA production.

A similar regulation of protein trafficking mediated by protein-G4 interactions has been
proposed for another nucleolar phosphoprotein, nucleophosmin (NPM1). This protein is
a multifunctional protein that interacts with several counterparts comprising both
proteins and nucleic acid substrates. NPM1 continuously shuffles between the nucleus
and the cytoplasm and it has an affinity for G4 in the low micromolar range [60]. Both the

nucleolar localization and the high G4 affinity depend upon a three-helix bundle motif
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located in the C-terminal domain of the protein. In analogy with nucleolin, the binding of
NPM1 to PQS in the non-template strand of rDNA “traps” the enzyme in the nuclear
organelles. Accordingly, mutation of the DNA binding domain of the protein causes its
release from the rDNA and its migration into the cytosol. Extensive structural studies
revealed that two of the three helices (H1 and H2) in the bundle domain are primarily
responsible for G4 recognition and are in direct contact with it [61,62]. However, also a
flanking unfolded region is crucial for the efficient formation of an encounter complex
through long-range electrostatic interactions that contribute to enlarge the protein-DNA
contact surface. They are not detectable in the NMR time scale but persist in molecular

dynamics simulations: this area can represent the site of choice for a targeted therapy.

2.3 G4 location along the gene

Besides the requirement of further efforts to better define the detailed functional
mechanisms of NCL, these studies open other interesting perspectives toward a rational
description of down- vs up-regulation mediated by a single effector. For example, an
assembled G4-hairpin motif is present in NPGPx and in VEGF promoters (both activated
by nucleolin) but not in c-MYC. This envisages possible correlation between the geometry
of the DNA-protein complexes and the transcriptional effects and suggests a novel
rationale for an efficient drug design. Additionally, in NPGPx the G4 domain is closer to
the TSS if compared to NHE Ill; in c-MYC. Since the transcription of the first gene is
activated by NCL whereas the second one is suppressed, this points to differential effects
based on their location with reference to TSS.

A closer look to PQS distribution around TSS showed that PQS frequency has one main
peak located at about -100 and others in the 5’UTR and at the 5’-end of the first intron
[16]. However, for a comprehensive analysis, their localization on the sense/antisense
strands must be taken into account, too. As above anticipated, recent data suggest that
G4s in the antisense strand substantially inhibit transcription, whereas the effect can be
more variegate when they are on the sense strand since they can help in keeping the
replication fork open [3,63]. In this context, a genome-wide analysis of the -500 to +500
region indicated a non-symmetric distribution of PQS between the coding and the
template strand [64] with a predominance of G4 in the coding strand, downstream the

TSS. Actually, this condition can generate a highly articulated output on the protein
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expression. Indeed, if transcription is not suppressed, it will generate G-rich sites in the
5’UTR mRNA or in the pre-mRNA which potentially affect translation as well.

In other instances, conserved effects are observed irrespectively of the gene position
where the protein-G4 complex is formed. This concept was nicely highlighted by
dissecting the role of ATRX (alpha-thalassemia/mental retardation X-linked) on
transcription. This protein is a chromatin remodeler helicase and its presence is enriched
at heterochromatin regions. ATRX mutations or deletions are known to induce
chromosome instability according to a modification of histone deposition. In the a-globin
gene, chromatin immunoprecipitation sequencing studies revealed that ATRX efficiently
recognizes G-rich variable number tandem repeats region (VNTR) located 1 kb upstream
of the TSS. VNTR consists of CGC(G4CGa)n repeats: the length of tandem repeats is strictly
related to the severity of the so-called a-thalassemia/mental retardation syndrome gene
and to a downregulation of a-globin expression [65].

Conversely, in the ancestral pseudoautosomal region (aPAR) genes, ATRX binding sites are
preferentially localized in the body gene [66]. In both cellular systems, ATRX depletion
reduces gene expression likely due to stall of DNA replication fork as a consequence of G4
accumulation. This leads to the idea that ATRX helps transcription indirectly by binding
and unwinding repressive G4 arrangements. Indeed, the protein contains a helicase
domain and competes with 4 binders. However, in vitro data did not confirm the
unwinding of the tetrahelices by ATRX. Conversely, ATRX promotes the incorporation of
histone variant H3.3 at G-rich sites thus actually impairing G4 formation and allowing the
transcriptional fork to proceed through G-rich sequences.

This proposal well fits the experimental evidences of G4 enrichment at well-defined
chromosome domains i.e. nucleases hypersensitivity sites and heterochromatin where

their presence has been related to nuclear organization and cellular differentiation [67].

2.4 G4 and Epigenetics

The mutual correlation of histone deposition and G4 formation clearly indicates that we

cannot disclose other epigenetic modifications to better define and explain the variable

gene expression patterns.
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The principal molecular processes involved in epigenetics include DNA methylation at
cytosines, histone modifications and chromatin organization. These natural, carefully
coordinated events activate and deactivate parts of the genome at appropriate times and
specific locations and become heavily influenced by age, environmental factors, lifestyle
and state of disease. For a comprehensive review see [68]. A number of papers appeared
anew, mutually linking the non-canonical G4 structure to epigenetic cellular processes.
For example, in terms of distribution of replication origins, a high-resolution genome-wide
investigation divided them into three main classes depending upon organization,
chromatin environment and sequence features [69]. Class 3 origins are characterized by
the presence of G-rich repeats potentially organized as G4. Interestingly, the latter are
located at nucleosome-depleted regions upstream of the initiation sites. In this context,
G4s are believed to operate at the pre-replication complex sites, rather than in origin
opening, destabilizing proximal double stranded DNA structures. Not surprisingly, recent
in cell analysis, showed that nucleosome-depleted chromatin and transcriptional activity
shape the endogenous human G4 DNA landscape with clear evidences of enriched G4

formation in the promoters and 5' UTRs of highly transcribed genes [70].
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This sequence distribution leads also to a partitioning of DNA polymerases. Indeed,
enzymes specialized to work on specific DNA structures are known [71]. With reference
to the c-MYC promoter, the 1| enzyme exhibits a 6.2-fold preference for binding to G4
over non-G4 DNA, while the € polymerase binds both with nearly equal affinity and with
drops to 4% in the activity on the G4 substrate. Quite remarkably, the relative replication
fidelity for copying the c-MYC-related G4 is two orders of magnitude higher for the |
polymerase. From these figures a model is proposed for the replication of G4 sequences,
according to which kinetic partition of polymerase activity could facilitate fork progression
across the non-canonical DNA structure.

It is worth to stress that as epigenetics affects G4 formation and stability, at the same time
G4 affects epigenetic outcome. A significant example derives from recently disclosed
notions on helicases that concertedly work with G4 to control dsDNA unwinding. Among
them, Pifl helicase shows superior efficiency in disrupting quadruplex arrangement and
in suppressing G4 related epigenetic instability [72,73]. Interestingly, this stimulation
derives from G4s directly. Indeed, they activate the dimerization of Pifl that is necessary
to perform efficient unwinding of the canonical double helix. The main consequence is
that we can ultimately consider G4 as an epigenetic event, although transient. This
explains why failure to resolve these DNA motifs generates genetic and epigenetic
instability. The consequence of this connection is a modulation not only of gene
expression but of all DNA processing events covering gene switching on/off, DNA
replication origin and progression, recombination, damage repair responses as well as
disease onset and progression with important physiological and pathological implications

[74,75].

2.4.1 G4 and DNA methylation

Focusing on the latest significant advances in connection to transcription, we must
mention cytosine methylation: it is one of the most significant epigenetic modifications
and it profoundly affects transcriptome (Figure 5A). Its connection with G4 is easily
predictable since CpG steps often overlap PQS. In general, in normal tissues,
hypermethylation favors closed chromatin (thus reducing the chances of G4
conformations), while hypomethylation produces open chromatin. At the same time, G4s

have the potential to directly affect methyl transfer to C [76,77]. Indeed, a genome-wide
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analysis of CpG methylation in humans showed an even distribution of this modification
according to the sequence composition. In particular, poorly methylated sites were
enriched in G-quadruplex forming sequences. The picture however can still refer to yet
unknown balance of multiple components. Indeed, C-5 methylation of cytosine in the BCL-
2 promoter causes unexpected stabilization of the G4 structure which makes it more
difficult for DNA polymerases to proceed through the ordered secondary structure,
producing an epigenetic regulation of gene transcription [78]. This connection has severe
consequences in several pathologies. For example, the myotonic dystrophy type 1 is
associated to an expansion of CTG repeats on the coding strand of DMPK, the gene
encoding for the dystrophia myotonica protein kinase. A close by G-rich sequence
(G4C2G4C2G4C,G3) within the low methylation repeat, 2kb from the 3’ end of DMPK is likely
organized as a stable G4 thus favoring the repeat expansions [79].

A similar link between DNA methylation and G4 has been proposed for the D4Z4 repeat
arrays. D4Z4 is an interesting genomic region as it is connected to fascioscapulohumeral
muscular dystrophy, a very serious inherited disease. Within an overall hypermethylated
genomic region, a reduced methylation is observed in a sub-region of D4Z4, characterized
by a G-rich composition and predicted to form G4 structures. Thus, G4 might impair the
DNA methylation process, while participating in the generation of high-order chromatin
packaging [80].

A final remark concerns the effects of C methylation/C hydroxymehtylation of the C90rf72
repeat (G1Cz)n*(G2Ca)n related to serious pathologies such as amyotrophic lateral sclerosis
and frontotemporal dementia. Both C-rich and G-rich strands are characterized by
heterogeneous structures with G4 features, quadruplexes being stabilized by G- and C-
containing tetrads. Protein (hnRNP K) binding occurred at C-rich, but not at G-rich strands.
As a general conclusion quadruplex formation in GpC islands should be considered
irrespectively of the strand composition, C methylation playing a crucial regulatory role in

structure stabilization and, consequently, in epigenetic processes modulation [81].

2.4.2 G4 and DNA damage/repair

Another significant issue refers to handling of endogenous or exogenous DNA damage

occurring at the G4 level. Indeed, guanines represent hotspots of DNA damage produced

by electrophilic or radical species, with potentially widespread consequences (Figure 5B).
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These lesions caused by a variety of environmental toxicants like vincolozim, bis-phenols
and phthalates actually result in epigenetic transgenerational inheritance of disease and
phenotypic variation. From a molecular point of view the observed alterations include
modifications in the programming of germline, which are transmitted to the next
generation. The observed alterations affect methylation, zinc finger motifs and G4
structures, the latter being effective in increasing chromatin accessibility thus
contributing to remodeling processes [82].

In in vitro systems the presence of 8-methyl-2’-deoxyguanine largely impacts the
structure, stability and formation kinetics of both in intra- and inter-molecular G4
[83,84,85]. The outcome is highly dependent upon sequence context. Methylation at
position 8 significantly stabilizes the parallel G-quadruplex structures, especially when the
lesion is located at the 5’-end, consistent with findings referring to 8-amino or 8-bromo
analogues. Interestingly, NMR studies indicate the formation of all-syn tetrads when the
first or the fourth guanine of TGsT and TG4T are methylated at position 8, whereas
modification of the second guanine leads to anti-glycosidic bonds. Moreover,
replacement of the third guanine produces unstable G4.

The issue of the possible in vivo occurrence of 8-methyl dG adducts still awaits
experimental confirmation. Nevertheless, the above data show subtle modulation of
glycosidic bond conformation by local chemical changes in the G4 affecting both
thermodynamics and kinetics of quadruplex formation, which anticipate significant
effects in vivo as the result of G damage at position 8. This is extremely important since
reactive oxygen species are highly effective in producing DNA base oxidation. Among
modified Guanine derivative 8-oxo-7,8 dihydro guanosine (80G) represents one of the
major naturally occurring lesions hence, with expected effects on G4 assembly [86]. In
terms of reactivity, oxidation of guanines paired in the quadruplex is twice as fast as
oxidation of the same sequence in a duplex context. In terms of folding and stability, site-
specific substitutions of 80G for G are compatible with G4 but they impair the tetrahelical
stability. Additionally, substitution in the middle of a GGG triplet produced multiple
structures.

An interesting issue relates this guanine modification to the possible onset of mutations
as a consequence of altered base-base recognition. Combination of 80G with Xanthine
(X), another important base lesion deriving from guanine deamination, was found to allow

the formation of peculiar tetrads (i.e. G-G-X-80G or -X-80G X-80G, see Figure 5C) [87].
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They can drive reversal of the hydrogen-bond polarity of the modified G-tetrad while
preserving the original fold of the unmodified G4. The X-80G pairing is hard to be
generated biologically, as it would involve a cytosine to guanosine mutation on one
strand, followed by different concomitant damage events (deamination or oxidation) at
the mismatch. At the same time, the control exerted over G-tetrad polarity by joint X-80G
modifications will be suitable for the design of G4 with preset structures and properties
and may be used for therapeutic or nanomaterials applications [88].

A key aspect concerning these damaged sites is related to their repair. Indeed, 8-oxo-7,8-
dihydroguanine as well as other guanine oxidation derivatives (i.e.
spiroiminodihydantoin) are not substrates for base-excision repair. Thus, the worry that
accumulating base damage would soon threaten the genomic integrity of our DNA has
clearly come into view [89,90]. A novel, unexpected finding consists in the observation
that a large number of oncogenic G4s harbor an additional G-rich tract slightly apart from
the four engaged in the quadruplex. The idea has emerged that this fifth track could play
the role of a “spare tire” to favor repair of damaged G4s. Biophysical studies confirm that
the fifth G-track is capable of replacing a damaged G-run containing an oxidized guanine,
by placing the lesion in a large loop for effective removal of the damaged portion through
a classical base excision repair mechanism, hence restoring full genetic functionality. This
looping out mechanism likely occurs both at oncogene promoters and at the telomere
level. In a sense, G-rich sequences can be considered as sensors of oxidative stress to
which they counteract triggering epigenetic effects on gene expression to foster DNA

repair.

3. EFFECTS OF G4 FORMATION ON GENE TRANSCRIPTION: the fine tuning by nucleic acid

sequence and structure

This second section is well summarized by the concept that not all G4s are created to work
comparably. This easily refers to the different base composition in PQS that ultimately
produces distinct overall structures. From a medicinal chemistry point of view this feature
is actually the key to realize selective drug recognition. However, it must pair with the fact
that different G4 structures can play different roles according to their shape. Additionally,
G4 stability and formation kinetics are crucial to select the physiologically relevant forms

among a wide population of possible structures.
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3.1 G4 polymorphism and stability

This variegate picture is strictly related to the well-known G4 polymorphism issue. Indeed,
in analogy to the telomeric sequence for which numerous intramolecular conformations
are possible, also short G-rich sequences derived from gene promoters frequently fold
into multiple dissimilar structures. Each single member of the resulting population is
different in terms of overall shape and location of chemical recognition elements, thus
representing a unique biological entity eventually with specific biological functions. Up to
date different strategies can be applied to prove G4 formation in physiological
environment. However, the molecular features of the functional G4s remain vague. This
is often linked to the experimental procedures used to resolve them: these can enrich the
sample in forms that are not actually present in vivo, thus providing inappropriate models.
Among several techniques designed to overcome this bias, Size Exclusion
Chromatography (SEQ) provides a suitable balance between high and low resolution
approaches [91,92]. SEC analysis performed on several G-rich promoter fragments
actually succeeded in identifying several folded forms assumed by a single wt sequence.
However, the structure/function correlation remains a tricky point: indeed, among the
whole population of isoforms those endowed with too low formation kinetic or too fast
unfolding rate can be assumed to be less relevant as regulatory elements for transcription.
This aspect has been addressed in solution according to several experimental approaches.
Among them, single molecule techniques appear to be the most innovative in dissecting
these issues. As an example, when applied to the c-MYC-derived sequence pu27, magnetic
tweezer experiments provided new insight into its thermodynamic profile. In agreement
with in solution studies, they confirmed that the main “chair” form covers around 80% of
the folded population. Additionally, it is characterized by an extremely low unfolding rate
(10 s at zero force) when compared to other PQS, thus sustaining its function as kinetic
barrier to transcription [32].

An even more complex picture arises when multiple G-stretches are confined in a short
sequence. In this condition, the formation of a heterogeneous G4 population in which
each member derives from the pairing of a different combination of G-stretches can
derive. As above mentioned, this is occurring in c-MYC but it represents a quite common
event. Indeed, bioinformatics searches frequently identify sequences containing eight or

more consecutive short G-tracts in the human genome [93,94,95]. In these conditions it
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is even harder to identify the most relevant components for transcription regulation due
to the potential overlap of possibly opposite effects promoted by each single folded
species. This has been experimentally determined within the Human Tyrosine
Hydroxylase Promoter. Here, a 45nts domain with seven G-stretches is present. Available
data indicate that this full-length sequence is required to promote gene transcription [96].
However, selective mutation of the 5’ or 3’ G-run leads to G4 elements which behave as
a repressor and as an activator of gene transcription, respectively. This behavior is even
more intriguing if we consider that the introduced mutations do not affect any of the

functionally confirmed transcription factor binding sites.

3.2 Structural elements deriving from the loops

Another level of complexity reflects the potential recruitment of apparently non-
consecutive G-runs into a single G4. This idea was proposed in a work on the
complementary strand of the 5-"UTR region of the B-RAF gene. In this instance, the
monomeric G4 form was not the preferred one. Conversely, solution and crystallographic
data agreed to indicate an intertwined dimer as the dominant species in potassium
containing conditions [95]. The functional role of this dimeric arrangement might be
limited in cells since only intramolecular structures are generally assumed to be involved
in the regulation of gene transcription. Nevertheless, this model can represent a reliable
functional structure for sequences contacting eight or more G-runs.

At the same time, these data turn on the light on the potential involvement into a single
G4 of spatially separated G-repeats. This interesting novel perspective has been further
exploited by extending the analysis of G-rich sequences distribution in terms of half-G4
(G2c) i.e. nucleic acid segments comprising only two runs of at least three consecutive
guanines [97]. A correlation between distal cis regions and G2c in the sense strand was
evidenced thus suggesting a potential functional role. Its explanation was based on the
inclusion of a long loop into the G4 in which two columns are provided by G-repeats of
the distal cis-regulatory region and two by the promoter itself: this “bimolecular” G4
should allow the promoter to be properly localized in proximity to the enhancer. The
resulting structure is expected to be sufficiently stable to play a significant role but not to

trap it, thus behaving exactly how it is required by a regulatory element.
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VEGF 5 - CGGGGCGGGCCGGGGGCGGGGT -3

Figure 6. NMR structural model for VEGF promoter. Data were derived from the sequence
containing G-T mutations at position 12 and 13 (PDB ID: 2M27). The residues highlighted

in purple behave as capping elements, guanines involved in G-tetrads are in blue.

These novel models are sustained by several studies devoted to elucidate the role of the
loops. G4s comprising short loops are generally highly stable: this allows to accommodate
a very long central loop when the other two are sufficiently short [98]. In any events, on
model sequences, a good negative correlation between the total number of bases in the
loops and the G4 thermal stability was found in potassium containing solution. However,
on natural sequences derived from gene promoters, this relationships is lost [99]. Lack of
such correlation further points out that not only loop length but also loop base
composition contributes to the thermodynamic features of the tested sequences. Indeed,
several examples in which bases of the loops are structural elements directly involved in
stabilizing the overall G4 arrangement are available. In these cases, the bases are
principally forming base pairing or triplex arrangements which work as G4 capping
elements. A well characterized model is provided by the 22mer human VEGF promoter
sequence, Pu22 [100]. It prevalently folds into a G4 isomer comprising a 1:4:1 nts loops
combination actually driven by an articulated capping architecture. This involves both the
3’ and 5’ flanking regions and the middle loop. In particular NMR studies identified a
guanine (G21) stacked at the 3’ G-tetrad whereas the G13 of the middle loop stretches
over the 5’ G-tetrads to cap it along with G2 (Figure 6). This overall architecture is unique,

and thus it represents a useful site of intervention for therapeutic purposes.

Published — Rigo, R.; Palumbo, M.; Sissi, C. Biochim. Biophys. Acta. 2017, 1861 (5 Pt B), 1399-1413



As well as VEGF, also its receptor VEGFR-2 contains a G4 -forming sequence located
between positions -117 and -94 of the promoter. The resulting G4 element is
characterized by an antiparallel arrangement, which can be stabilized by small interacting
ligands, thereby impairing tumor angiogenesis. These findings support the idea of G4s
representing valuable targets for therapeutic intervention at different steps of a common
methabolic pathway [101].

In the case of G4s comprising long loops, their contribution to the overall structure can
derive from more variegate interactions of different modules. A curious model is BCL2,
where up to two G-rich segments in the P1 promoter were found to fold into G4. Both
folded structures comprise long loops which actively contribute to defining the G4 core

structural features.

A
Pu39 5 - AGGGGCGGGCGCGGGAGGAAGGGGGCGGGAGCGGGGCTG— 3’
Pu30 bcl2Mid
5" — AG,CG3CGCG;AGGAAG;CG;A—- 3’ 5’ —-G;CGCG;AGGAAttG;CG;— 3’
B

P1G4_wt 5 - CGGGCGGGAGCGCGGCGGGCGGGCGGGC -3’

()

Figure 7. Schematic representation of G4 structures identified by NMR within the P1
promoter of BCL2. G-runs are underlined. PANEL A: folding of Pu39 identified by the
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analysis of Pu30 and bcl2Mid (containing two G-T mutations) sequences; PANEL B:

structural equilibria determined for the P1G4 sequence.

The so called Pu39 sequence located from position -1489 to -1451 upstream the TSS
contains six G-runs (Figure 7A). The 5’-fragment comprising the first 30 nts (Pu30) was
found to assume a main parallel folding which comprises a series of 1-13-1 nts-long loops
and the pairing of guanines of the 1°, 2", 4" and 5 G-tracts [102]. This arrangement was
unexpected since the formation of a stable three-tetrad mixed parallel/antiparallel G-
quadruplex with three loops of 3, 7, and 1 nt was previously reported for a truncated
sequence of 23 nts comprising the 2", 3™, 4t and 5™ G-runs (bcl2MidG4) [103]. The higher
thermodynamic stability of 1245G4 counterbalanced by the faster kinetic formation of
bcl2MidG4 suggested that the two different structures can interchange to allow a fine
tuning of gene expression.

From a structural point of view, even more peculiar is the behavior of the P1G4 sequence
located in the same promoter between position -1439 and -1412 [104]. In this case, the
28-nts wt sequence is in dynamic equilibrium between two forms which actually share
two unique G4 stabilizing motifs (Figure 7B). The first one is a long middle loop (12 and 11
nts, respectively) which is arranged in a stem-loop duplex conformation supported by the
presence of two GC Watson-Crick base pairs. The second one is a capping element
provided by unpaired guanine likely hydrogen bonded on the 3’ G-tetrad. Thus, the
difference in the two structures is represented by the substitution of G8 (paired in the
bottom tetrad in the structure with 1-12-1 nt loops) with G19 from the long loop: as a
result, a G4 comprising a broken strand and with three 1-nt loops and one 11-nt is
obtained.

The presence of hairpins in the loop is not odd since a limited number of base-pairs are
sufficient to provide a relevant stability to the hairpin. Interestingly, this stabilizing effect
is positively extended to the overall G4, as well described in a study on the promoter
sequence of the gene coding for n-myc, a member of the myc family of transcription
factors [105]. This observation was fully supported by a comprehensive analysis of the
mechanical unfolding and refolding process for a G-rich fragment of hTERT (human
telomerase reverse transcriptase) promoter. This 44 nts sequence (5'-
GsCTG3C,G4AC5G3AG4TCG3ACG4CG4-3’) is interesting since it folds into a G4 comprising a

stem-loop duplex [106]. A laser-tweezers approach provided the analytical evidence for

Published — Rigo, R.; Palumbo, M.; Sissi, C. Biochim. Biophys. Acta. 2017, 1861 (5 Pt B), 1399-1413



the coexistence of sequential and cooperative refolding events. This means that the
shortest hairpin motif works as seeding element to drive G4 formation, by bringing distant
G-tracts in close proximity. In addition, it supports a tertiary interaction between the two
DNA structural modules.

A completely different folding pattern is followed by a very peculiar sequence located in
the WNT1 promoter (WT22, 5’-G3C,AC,G3CAGsCGs-3’) [107]. In the absence of K*, the
single stranded G rich sequence forms a stable hairpin; to allow G4 formation it must melt
and this represents the rate limiting step for G4 formation since the hairpin-G4 transition
is very slow (time scale of 4800 s). In contrast with most G-rich sequences at promoters,
NMR structural characterization confirmed that this sequence folds according to a (3+1)
topology, which closely resembles the arrangements found for the human telomeric
sequence. This results from the combination of intermediate loops length (5, 4, 1) and of
a GC pairing in the middle diagonal loop that has a critical role in distorting the Hoogsteen
hydrogen bond network of the top G-tetrads. It is worth noting that this pairing is not a
residual group deriving from the hairpin, but it represents a unique structural element of
the G4 architecture.

These new duplex-quadruplex interfaces can represent an attractive novel platform for
ligands recognition. Consequently, in addition to their features, also the genomic
distribution of these “stem-loop/G4” ternary structures has been explored [108,109].
They appear to be clustered in genes associated with brain tissues with enrichment at
transcriptional/mutagenesis hotspots and cancer-associated genes, thus reinforcing a

potential physiological meaning for these peculiar structures.

3.3 G4-G4 neighbor modules

Another common condition at promoters is the presence of several G-rich stretches that
are compatible with the formation of multiple close-by G4 modules. Relevant examples
are found within c-KIT, HRAS, KRAS, cMYB, BCL-2
[37,94,102,103,104,110,111,112,113,114,115,116,117,118]. In terms of regulation of
gene expression, they can work independently one from each other. This indicates that a
precise control of the transcription process might benefit by a modular arrangement of

the promoter region. However, we cannot forget that these modular arrangements can
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impact also on the structure and the thermodynamic stability of the overall system in

comparison to the isolated units [119,120].

BEADS ON A STRING MODEL

CROSS-TALKING BEADS MODEL

Figure 8. Models for proximal G4 modules.

Pioneering works about long sequences containing multiple PQS focused on the telomeric
DNA and succeeded in identifying and characterizing the formation of G4s which behave
as interacting units [106,121,122,123,124]. The output has been summarized into two
main models that can be easily extended to multiple G4s in promoter sequences, too

(Figure 8).

3.3.1 “Beads on a string” model

Depending upon the structures and the reciprocal distances, in one gene promoter we

can find G4s that do not interact one to each other. They are expected to work

independently on gene regulation: in this case, the overall effect consists of the sum of

the different contributions of the single structures in silencing or enhancing the
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transcription. This condition refers to the “beads on a string” model
[94,102,103,104,114,116,118].

This model perfectly fits the organization of the HRAS promoter. This DNA portion
contains several G-rich spots, four in the non-coding strand, and two in the coding strand
[39]. The most investigated sequences are two PQS upstream TSS, named hras-1 and hras-
2, that, independently, fold into stable G-quadruplex structures [115].

In potassium containing solutions hras-1, assumes an antiparallel G4 conformation
whereas hras-2 that is located closer to the transcription start site, folds into a more stable
parallel G-quadruplex. Chromatin immunoprecipitation and Electrophoretic Mobility Shift
Assays showed that hras-2 contains two binding sites for Sp1. In addition, hras-1 and hras-
2 contain one and two MAZ (myc associated zinc finger protein) binding sites, respectively.
MAZ binds both G4s with an affinity lower in comparison to the corresponding duplexes.
This allows the protein to unfold them and to promote their pairing to the complementary
strands [125]. Since both G4s suppress HRAS transcription, MAZ works as an activator.
Interestingly, by luciferase assays, Xodo and coworkers observed that by inducing both
quadruplexes it is possible to block completely the transcription of the gene whereas if
only one G4 is stabilized, the effect on transcription is reduced to 50%. Thus, the G-
quadruplex forms of hras-1 and hras-2 equally contribute to the downregulation of HRAS.
This condition is not conserved for all sequences fitting the “beads on a string” model.
Indeed, in some genes, each single G4 can contribute to a different extent to the
regulation of gene expression. This is the case of Bcl-2 P1 promoter. Taking into account
Pu39 and P1G4 it was shown that G4 induction leads in both instances to repression of

gene transcription but with a dominant role exerted by P1G4 [104].

3.3.2 “Cross-talking beads” model

The effects of multiple G4s in a promoter region are not occurring only at functional level:
if two or more G4s come close to each other, they can physically interact, forming higher
order DNA structures and leading to variegate effects on gene regulation. This situation is
described by the “cross-talking beads” model. Interestingly, it implies the formation of
new interfaces mainly referring to m-it stacking of the external tetrads of the G4 modules
and to the interaction of their loops [123,124]. In a medicinal chemistry perspective, they

could be used as suitable targets to improve selective drug design [126,127]. Again, the
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largest data-set refers to the telomeric sequence from which it was derived that cross-
talks between different units deeply change the structural features of the participating
units in terms of shape and thermodynamic behavior [120,128,129]. Besides the telomeric

sequence, this model applies to a number of gene promoters too.

A cMYB B hTERT

Figure 9. Models of peculiar G4-related interacting units.

An example is c-MYB promoter. It contains three (GGA). repeat sequences, starting 17 nts
downstream the TSS in the non-coding strand [117]. Each of these repeats can fold into a
peculiar G4 structure that contains one G-tetrad and one planar heptad deriving from the
insertion of three adenines among four guanines. These G4 units cross-talk forming a
dimeric G4-G4 structure stabilized trough stacking interaction of the external heptads that
are wider than the G-tetrads (Figure 9A). The final conformation corresponds to a peculiar
architecture composed by tetrad:heptad:heptad:tetrad elements [130]. These GGA
repeats act as cis-elements, regulating the DNA binding of transcription factors, i.e. MAZ.
Indeed, if all the (GGA)4 repeats are deleted gene expression no longer occurs, due to lack
of TF binding sites. Conversely, the full-length sequence acts as a repressor of gene
expression in the presence of KCl, likely blocking the progression of RNA-polymerase
through G4 formation [131]. Interestingly, deletion of one single (GGA), unit destabilizes
the overall tetrahelical arrangement, leading to an increase in c-MYB transcription. This
supports the physiological relevance of the dimeric tetrad:heptad:heptad:tetrad system
as regulatory element.

Another sequence that fits the “cross-talking beads” model is the Insulin-like polymorphic
region (ILPR). It is a G-rich sequence with variable number of tandem repeats (VNTR),

located at -363bp upstream the insulin coding sequence. The number of these VNTR is
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associated with the probability of developing type | diabetes mellitus. This G-rich
sequence can accommodate multiple G4s. The minimal sequence required to form an
intramolecular G4, in solution gives rise to a mixture of parallel and antiparallel
conformers. This is very different from what observed on longer sequences comprising
two G4 modules that fold mainly into a hybrid conformation [119]. Both spectroscopic
and single molecule studies indicate that the melting profile of this dimeric system is
appropriately described by a cooperative process involving two interacting cores
[119,132]. This finding confirms that the interaction of the two G4 modules synergistically
contributes to the overall stability of the system. Additionally, it highlights that it isn’t
possible to predict the structural features assumed by multiple tandem G4s starting from
the characterization of the single participating G4 elements only.

A final mention should be deserved to hTERT promoter that comprises a core domain with
five Sp1 binding sites located -180 to +1bp from the TSS. In the central region it contains
twelve consecutive G-rich tracts able to fold into different G4 structures [133,134]. Two
distinct models were suggested to describe the architecture of this sequence. In the first
model, the system is characterized by two distinct G4s: the first one formed by G-tracts
1-4; the second one formed by G-tracts 5-6-11-12. The latter shows a 26 bases middle
loop, forming a very stable hairpin structure (Figure 9B). In the second model, the twelve
G-tracts are folded in three consecutive G4s [135]. Both models are based on G4-G4
contacts through stacking interactions that stabilize the structures. Interestingly, in the
folded condition, the Spl consensus sites are hidden thus preventing the binding of the
transcription factor to the DNA. This explains the observed repression of gene expression

upon folding.

4. CONCLUSIONS

The data thus far presented show an intriguing and complex mechanism of gene
expression, in which G4s play several roles, eventually being able to produce opposite
effects on the same target. From one side, this is part of a fine-tuning regulatory
machinery allowing timely and coordinated start and blockade of the transcription
process, from the other it represents a major challenge for selective pharmacological
intervention. At present, we know the ABC of G4 structure and recognition, but we are

still unable to design a priori chemicals able to univocally interfere with the expression of
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a single gene promoter, leaving the others unaffected. Two main issues to consider deal
with the large planar arrangements of the external G tetrads, allowing efficient stacking
with polycyclic condensed systems, and the high charge density of the tetrahelical system,
both of which represent an effective, yet poorly specific, source of ligand binding
stabilization. If we spoil the ligands thus far exploited from these two features, very little
is left for efficient interaction. Even more, G4 are highly polymorphic, the energetic
difference of stable conformations often not exceeding 1 kCal/mol. Hence, we are in the
presence of multicomponent systems and of several structurally different complexes,
each of which will interfere with target DNA to different extents and in different modes.
A further level of complexity derives from the location of the PQS in a global double helical
context, where we are forced to consider equilibria involving Watson-Crick pairing with
the complementary strand, which compete with G4 pairing [136,137]. Although it was not
considered in this review the concomitant occurrence of other non-canonical
arrangements on the purine rich-strand (i. e. I-motif) must be taken into account. Indeed,
they can implement or disfavor the G4 formation [138,139]. Furthermore, kinetics of G4
folding can effectively interfere with thermodynamics at PQS locations producing
unexpected G-quadruplex distributions in cell. A dynamic picture must be considered by
the medicinal chemist, according to which competition by drug molecules involves a
number of yet ill-defined players [140]. And, until now, we haven’t mentioned DNA-
binding factors, which are the terminal addressees of the physiological plasticity of G-rich
genomic sequences. G-quadruplexes are the target of G4-stabilizing protein chaperones
as well as of G4-unwinding proteins. If we statistically consider this issue, a prevalence of
G4 disrupting biomolecules have been described until now, whereas known G4 stabilizing
proteins are less frequent. Of course, we know that G4s must be unfolded to allow
transcription (or replication) of the G-rich strand and correctly refold the DNA double
helix, which eventually justifies the ubiquitous incidence of G4 unwinding species such as
the family of helicases. Surely, much more needs to be learned in this connection.

A further structurally (and pharmacologically) relevant motif is the frequent occurrence
of clusters of interacting G4 sequences, which generate a superior level of complexity,
hence producing novel, more complicated and more extended targets for drug design and
development. In fact, in the presence of two or more close-by PQS, we may think of more
sophisticated ligands logically devised to exploit simultaneous interference with grouped

G4s, which might remarkably improve our ability to produce selective drugs.
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In terms of G4-mediated biological response, the outcome of drug interference could be
agonistic or antagonistic, i.e. G4 stabilization or destabilization might increase or decrease
the original level of gene expression. Unfortunately, we are at present unable to predict
the result given the promoter sequence. Moreover, as foreshadowed in this review,
indirect mechanisms can account for additional regulatory roles played by PQS along the
genome, which cannot thus far be foreseen with accuracy.

Evidently, the job for a medicinal chemist in order to produce selective interference at G4
of a given promoter thereby developing novel effective drug molecules able to
activate/deactivate transcription of a specific gene is a very hard one. We badly need
deeper knowledge of the molecular mechanisms tuning gene expression and G4
recognition, along with the influence of cellular environment on these processes,
including epigenetic events, like those mentioned earlier in this review.

A final, possibly optimistic, remark comes from the observed changes in location and
density of PQS at the onset of several diseases (see above). In this case we can envisage
the possibility to distinguish healthy cells from diseased cells in terms of G4 targeting and
to devise novel drugs specifically aimed at a desired site producing more effective
treatments devoid of the severe side-effects caused by poorly specific recognition.

Hopefully, we will succeed in a not too distant future.
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G-quadruplexes are promising therapeutic targets in anticancer therapy due to their
ability in regulating oncogenes expression. Despite a great scientific effort in identification
of selective G-quadruplex binders, nowadays none of them reached the clinic. Several
reasons can contribute to this poor outcome. In particular, one of the major issues in G-
quadruplex ligands discovery and development remains the fine description of the
physiological targets. Indeed, little information is reported concerning kinetic and
thermodynamic aspects of G-quadruplex folding. Deeper studies in these research areas
are expected to provide with a more comprehensive understanding of the structural
arrangement of oncogene promoters which, ultimately, could lead to a more precise

definition of the potential targets.

The aim of this Ph.D.’s project lies within this premise and the herein reported works have
been designed to provide a detailed characterization of G-quadruplexes focusing on their
kinetic and thermodynamic behaviors in order to obtain a clear picture of their structures
in physiological conditions. The attention has been centered on promoter regions of two
oncogenes: c-KIT and EGFR. Both encode for tyrosine kinase receptors which are
physiologically involved, once activated by endogenous ligands, in cell growth and
proliferation. Overexpression and mutations of these oncogenes have been associated to
a number of human cancers, such as GIST (gastro-intestinal stromal tumor), melanoma
and leukemia (in the case of c-KIT) and glioblastoma, breast cancer and lung cancer (in
the case of EGFR). Tyrosine kinases inhibitors are the main available therapeutics.
However, intrinsic or acquired drug resistance are often developed making the treatment
ineffective and new therapeutic strategies are needed. In this context, G-quadruplexes
within their promoters have been considered as interesting targets, so that small

molecules could exert anticancer activity as a result of DNA structure recognition.

At the beginning of this Ph.D.’s project, three G-rich regions within c-KIT promoter, named
kit2, kit* and kit1, were found to be able to fold into G-quadruplexes and high-resolution
structures of kitl and kit2 were available. Moreover, all of them were reported to be
involved in modulating c-KIT transcription. However, some pieces of the puzzle were still
missing. From a medicinal chemistry point of view, this lack of knowledge led to poor
correlation between G-quadruplex recognition by small molecules and regulation of c-KIT

transcription, thus making the prediction of effect of G-quadruplex binders, in terms of



anticancer activity, a real challenge. The effort in completing the characterization of c-KIT
promoter has been summarized in three scientific publications which have been reported
in the following chapter. Three main topics have been addressed:

— The existence and importance of kit* G-quadruplex have been neglected for long
time. Nevertheless, kit* sequence overlaps the consensus site of SP1 transcription
factor which is an essential protein in c-KIT transcription and thus kit* G-
guadruplex might be severely involved in modulating oncogene expression. In this
Ph.D.’s project, high-resolution structure of kit* G-quadruplex has been
determined by using NMR spectroscopy.

— High-resolution structures of kit2 G-quadruplex have been obtained on mutated
sequences and previous studies highlighted kinetic issues in the folding process
of this sequence. This Ph.D.’s work provided a detailed analysis of the folding
pathway of kit2 G-quadruplex in physiologically relevant experimental conditions.

— kit2 and kit* G-quadruplexes are separated by only two nucleotides. This
proximity could enable positive or negative influences of each G-quadruplex unit
on the folding features of the neighboring structure. Part of the Ph.D.’s project
has been devoted to evaluate the folding behavior of these two G-quadruplex

arrangements when they are inserted within the same sequence.

On the contrary, EGFR promoter had not been studied yet. An in silico prediction tool
identified two G-rich regions, EGFR-272 and EGFR-37, with the potential to fold into G-
quadruplex structures. Thus, in the next section the results of Ph.D. work on EGFR
promoter are reported. Therein, EGFR-272 has been considered as suitable starting point
to explore the architecture of this oncogene promoter. In this case, a set of biophysical
approaches, which considered kinetic and thermodynamic aspects in G-quadruplex
folding, have proved essential in obtaining structural data when high-resolution
techniques failed in determining EGFR-272 structure because of its complex equilibria in

solution.
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ABSTRACT

In the promoter of c-KIT proto-oncogene, whose deregulation has been implicated in
many cancers, three G-rich regions (kitl, kit* and kit2) are able to fold into G-
quadruplexes. While kitl and kit2 have been studied in depth, little information is
available on kit* folding behavior despite its key role in regulation of c-KIT transcription.
Notably kit* contains consensus sites for SP1 and AP2 transcription factors. Herein, a set
of complementary spectroscopic and biophysical methods reveals that kit*,
d[GGCGAGGAGGGGCGTGGCCGGC], adopts a chair type antiparallel G-quadruplex with
two G-quartets at physiological relevant concentrations of KCI. Heterogeneous ensemble
of structures is observed in the presence of Na* and NH." ions, which however stabilize
pre-folded structure. In the presence of K* ions extensive stacking interactions of adenine
and thymine residues on the top G-quartet contribute to structural stability together with
a G10C18 base pair and a fold-back motif of the five residues at the 3’-terminal under
the bottom G-quartet. The 3’-tail enables formation of a bimolecular pre-folded structure
that drives folding of kit* into a single G-quadruplex. Intriguingly, kinetics of kit* G-

quadruplex formation matches timescale of transcriptional processes and might
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demonstrate interplay of kinetic and thermodynamic factors for understanding regulation

of c-KIT proto-oncogene expression.

INTRODUCTION

The c-KIT proto-oncogene encodes a transmembrane tyrosine kinase receptor (c-kit) (1,2),
which participates, once activated by endogenous ligands, in a broad range of
physiological processes, including cell proliferation, migration, maturation and survival
(3). The overexpression and/or mutations of c-KIT gene have been implicated in a number
of human cancers, like gastrointestinal stromal tumors, pancreatic cancer, leukemia and
melanoma (4,5). In the proximal promoter of c-KIT three guanine (G)-rich regions have
been identified that are able to fold into G-quadruplexes (3,6,7). In general, G-
qguadruplexes consist of stacked G-quartets, cyclic arrangements of four guanine residues
held together by Hoogsteen hydrogen bonds and stabilized by a central cation (8). The G-
quadruplex structures are highly polymorphic and are influenced by factors such as
oligonucleotide sequence and concentration, type and concentration of cations in
solution, crowding conditions and presence of other biomolecules (9-18). In general,
under in vitro conditions G-quadruplexes adopt parallel, antiparallel and hybrid (3+1)
topologies characterized by different orientations of the four G-rich tracts. Three types of
loops that connect guanine residues involved in G-quartets are typical for G-quadruplexes
and can adopt propeller, diagonal and edgewise orientations (19). G-quadruplexes have
been clearly shown to exist inside human cells (20-23). Moreover, bioinformatic analysis
revealed that G-rich repeats are not randomly distributed in the human genome but are
mostly located in regions associated with a number of essential biological processes such
as transcription, replication and telomere maintenance (24,25). In addition to c-KIT proto-
oncogene, more than 40% of genes that encode human proteins contain one or more
putative G-quadruplex forming motifs in the promoter regions (26). Stabilization of G-
quadruplex structures is a novel promising strategy to regulate gene expression at
transcriptional and translational levels (27-31). For example, stabilization of G-quadruplex
structures by small molecule ligands in the promoter region of c-KIT gene has been linked
with inhibition of its transcriptional activity and reduction of the expression of c-kit

tyrosine kinase receptor which possibly lead to favorable anticancer effects (32-34).
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The G-quadruplex-forming regions within the c-KIT promoter have been named kit1, kit*
and kit2 (3,6,7). They are closely clustered and separated from each other by only few
nucleotides (six between kitl and kit*, and only one between kit* and kit2, Figure 1A).
kitl and kit2 oligonucleotides contain four GGG-repeats each that fold into parallel G-
quadruplexes with three G-quartets under in vitro conditions. Their structural
characteristics as well as thermodynamic behavior have been extensively studied (6,35-
42). Worth of note, kitl G-quadruplex contains unique structural features: an isolated
guanine that is involved in the formation of the G-quartet core and a stem-loop consisting
of five nucleotides (36). In the case of kit2, complex folding pathway was observed
involving stable folding intermediates that convert into thermodynamically stable
monomeric and dimeric parallel G-quadruplex structures (37,38). High-resolution
structure of kit* is not available. It is noteworthy that kit* contains consensus sites for SP1
and AP2 transcription factors (3,7,43). Therefore, its duplex—quadruplex equilibrium
might modulate c-KIT transcription. Additionally, we have demonstrated recently that
cross-talking interactions stabilize kit* and kit2 G-quadruplexes and impair their refolding
into duplex form in the presence of the complementary strands (44). We deemed it
essential to get deeper insights into structural details of kit* G-quadruplex.

Herein, we describe the results of our studies on structural features of kit*,
d[GG CGA GG AGG GG CGT GG CCGGC], performed by using a set of complementary
spectroscopic and biophysical methods. A kit * sequence containing a GGGG-tract as well
as four GG-repeats could be expected to fold into multiple G-quadruplex structures. In
contrast, kit* adopts a single antiparallel two G-quartet G-quadruplex at physiologically
relevant temperature (37°C) and concentration of K* ions (100 mM) as revealed by NMR.
Loop regions consisting of three regions of three residues each are prone to interact with
each other as well as with the 3’-tail and thus contribute to stabilization of the structure.
Two adenine residues in the loop regions provide excellent opportunity to evaluate their
stacking interactions or exposure to solvent with fluorescence spectroscopy. Searching
for a rationale for the observed conformational selection of kit* uncovered importance of
the last five residues at the 3’-terminal. Shortening of the 3’-tail disturbed its ability to
promote formation of a dimeric assembly in the absence of K* ions and was expected to
reveal a novel pre-folded structure that drives folding into a single G-quadruplex. We
deemed it essential to explore folding behavior of kit*. Upon addition of K* ions, kit* folds

into a G-quadruplex within seconds, but if the 3’-tail is absent folding pathway changes
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and many parallel G-quadruplexes are formed. Interesting interplay of kinetic and
thermodynamic factors orchestrated by the 3’-tail uncovered its crucial role in folding
process, thermal stabilization and structural integrity of kit* G-quadruplex thus alike
contributing to fine regulation of c-KIT proto-oncogene expression in physiological

conditions.

MATERIALS AND METHODS

NMR sample preparation

The isotopically unlabeled and residue-specific partially >N, 3C-labeled (10% guanine and
4% cytosine residues) kit* and modified oligonucleotides (Table 1) were synthesized and
prepared as described before (45,46). Oligonucleotides were purified and desalted with
the use of Amicon Ultra-15 Centrfugal Filter Units to give NMR samples with
concentration between 0.1 and 2.0 mM per strand. NMR samples of kit* and modified
oligonucleotides were prepared by dissolving desalted oligonucleotides in 300 uL of
90%/10% mixture of H,0/?H,0 in 20 mM potassium phosphate buffer (pH 7.4) or in 20
mM lithium cacodylate buffer (pH 7.2) and in the presence of KCl with varying
concentrations from 10 to 250 mM as well as in 100 mM concentrations of LiCl, NaCl,
NH;Cl and KCl. For samples dissolved in 100% 2H,O we lyophilized solutions of
oligonucleotides, KCl and buffer separately and subsequently dissolved and mixed them

together in 300 puL 100% 2H,0.

NMR experiments

NMR data were collected on Agilent (Varian) NMR System 600 and 800 MHz
spectrometers equipped with triple-resonance HCN cryogenic and PFG One NMR probes
in the temperature range from 5 to 65°C. The majority of NMR spectra were recorded at
37°C with samples dissolved in 90%/10% H,0/*H,O0. DPFGSE_NOESY spectra were
acquired at mixing times of 40, 80, 150, 200, 300 and 450 ms. 3C- and *N-edited HSQC
experiments were recorded on residue-specifically °N, 3C-labelled oligonucleotides.
DQF-COSY, TOCSY (tm 40 and 80 ms), *H-!P COSY and 1D 3!P NMR spectra NMR spectra

were acquired on NMR samples prepared in 100% 2H,0 solution. NMR spectra were
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processed and analyzed by using VNMRJ (Varian Inc.) and the Sparky (UCSF) software.

Cross-peak assignment and integration was achieved using Sparky (UCSF) software.

Circular dichroism (CD) spectroscopy

Circular dichroism spectra were acquired on a JASCO J-810 spectropolarimeter equipped
with a Peltier temperature controller. CD spectra were recorded from 230 to 320 nm with
the following parameters: scanning speed of 100 nm/min, band width of 2 nm, data
interval of 0.5 nm and response of 2 s. Measurements were performed using a 1 cm path
length quartz cuvette at oligonucleotide concentration of ~4 uM in 10 mM TRIS (pH 7.5).
CD titrations with KCl or LiCl were performed at 25°C. After each titration step the system
was left to equilibrate before spectra acquisition. CD signal variations as a function of the
concentration of cations at the maximum were fitted by applying one-site saturation
model (Supplementary Data, Equation 1). For CD kinetic experiments, KCl was added
manually to the cuvette from a stock solution and mixing was provided by an in-cuvette
magnetic stirring bar. After a mixing time of 10 s spectra acquisition was initiated using an
interval scan of 30 min. The temperature was maintained at 37°C (Supplementary Data,
Equation 2). CD melting studies were performed on kit* and kit*17. The experiments were
carried out between 25 and 95°C in 150 mM KCl. The heating rate was 50°C/hour, each
2°C the temperature was held for 5 minutes, the corresponding CD signals were recorded
at 294 nm and 264 nm, in the case of kit* and kit*17, respectively, and fitted according to

van’t Hoff formalism (Supplementary Data, Equations 3 and 4).

Fluorescence spectroscopy

Fluorescence measurements were performed on kit*-5-2AP and kit*-8-2AP by using a
JASCO-FP-6500 spectrofluorometer equipped with a Peltier Temperature controller.
Emission spectra were recorded in the 320-460 nm range with the excitation wavelength
fixed at 305 nm. The scanning speed was 200 nm/min, the response was 1 s, and both the
emission and the excitation band widths were 3 nm. The fluorescently labeled
oligonucleotides were diluted to a concentration of 0.4 uM in 10 mM TRIS (pH 7.5). The
effect of reaching 150 mM KCl on the fluorescence spectra was monitored at 25°C.

Acrylamide quenching experiments were performed on previously folded
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oligonucleotides in 150 mM KCI. The quenching efficiency was monitored at 370 nm at
25°C and plotted as a function of the acrylamide concentration. Data points were fitted
according to Stern-Volmer formalism to obtain quenching parameters (Supplementary

Data, Equations 5 and 6).

Restraints, structure calculations and molecular dynamics simulations

For structural calculations we used NOE-derived distance (force constant 20 kcal mol™ A-
2), hydrogen bonds (force constant 20 kcal mol™ A?) and torsion angles x (force constant
200 kcal mol? rad) restraints. NOE (Nuclear Overhauser Effect) distance restraints for
protons were obtained from a 2D NOESY spectrum recorded with a mixing time of 450
ms. The average volume of H7-H6 cross-peaks of T15 was used as the distance reference
of 3.0 A. Cross-peaks were classified as strong (1.8 - 3.6 A), medium (2.5 - 5.0 A), weak
(3.5-6.5 A) and very weak (4.5 - 7.5 A). The torsion angle x restraints were applied for all
of residues based on the intensity of respective H8-H1' 2D NOESY cross-peaks, (for region
200° - 280° for adenines and guanines with anti-orientation along glycosidic bonds, 25° -
95° for guanines with syn-orientation along glycosidic bonds, 170° - 310° for thymine and
cytosine residues). The structures of kit* G-quadruplex were calculated by the simulated
annealing (SA) simulations. The force field parameters were adopted from the
Generalized Amber force field (47) (Supplementary Data). For molecular dynamics
simulations, the kit* G-quadruplex was placed in a truncated octahedral box of TIP3P
water molecules with the box border at least 10 A away from any atoms of the G-
quadruplex. Extra K* ions were added to neutralize the negative charges of the G-
quadruplex. Prior to MD simulations, the system was subjected to a series of

minimizations and equilibrations (Supplementary Data).

RESULTS

K* ions induce folding of kit* into a well-defined G-quadruplex, while Li*, Na* and NH,*

ions stabilize pre-folded structure through GC base pairs

'H NMR spectrum of kit* in the presence of 100 mM LiCl at 37°C exhibits two broad signals

at 6 12.94 and 13.14 ppm that are typical for imino protons of guanine residues involved
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in GC base pair formation (Figure S1). No imino signals are detected in the region between
6 10.5 and 12.5 ppm which would be characteristic for imino protons of guanine residues
involved in G-quartets. Thus, the two signals arise from formation of a pre-folded
structure of kit* (pre-kit*) that does not contain stacked G-quartets (vide infra). In the
presence of 100 mM NH4Cl at 37°C similar NMR fingerprint of imino signals has been
detected for kit* as in the presence of LiCl suggesting formation of pre-kit*, and absence
of G-quadruplex structure (Figure S1). Pre-kit* is predominant species also in the presence
of 100 mM NaCl at 37°C. However, we also observe eight weak and broad imino signals
between § 11.1 and 12.2 ppm in *H NMR spectrum at 100 mM NaCl suggesting a minor
formation of G-quadruplex (Figure S1). In contrast, 'H NMR spectrum of kit* in the
presence of 100 mM KCl at 37°C exhibits eight narrow and well-resolved signals between
6 11.20and 12.13 ppm, which are consistent with formation of a single G-quadruplex with
two G-quartets (Figures 1B and S1). The additional signal at 6 13.50 ppm suggests the
presence of a GC base pair in Watson-Crick geometry. Interestingly, in the presence of K*
ions we also detect two broad signals at § 12.94 and 13.14 ppm of lower intensity (~10%)
corresponding to pre-kit* that are observed in LiCl, NH4Cl and NaCl containing solutions
(Figures S1-S3). The coexistence of the two distinct species in the presence of the K* ions
has been confirmed by DOSY NMR experiment at 5°C displaying two different
translational diffusion coefficients of 0.87 x 10 *° (kit* G-quadruplex) and 0.45x 10"
10'm?2 s (pre-kit*) (Figure S4). In full agreement, analysis of kit* electrophoretic mobility
showed co-presence of two species, monomeric G-quadruplex and dimeric pre-kit*
(Figure S5). Despite the observation of minor species in solution, kit* G-quadruplex is

predominantly favored structure in the presence of K" ions.
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Figure 1. Characterization of a G-quadruplex adopted by kit*. A) Schematic representation
of G-rich region in the promoter of c-KIT gene and its sequence. The arrow indicates the
transcription start site (TSS). B) Imino region of *H NMR spectrum of kit* in the presence
of 100 mM KCIl, 0.5 mM kit* per strand, pH7.4 and 37°C on an 800 MHz NMR
spectrometer. Assignments are shown above the individual signals. Signals marked with
* correspond to pre-kit*. C) CD spectra of kit* at 4 UM concentration per strand titrated
with KClin 10 mM TRIS, pH 7.5 at 25°C. Arrows indicate changes in CD spectra from 0 mM
(black solid line) to 350 mM KClI (black dashed line). D) Topology of G-quadruplex adopted
by kit*. Anti and syn guanines in G-quartets are marked with darker and lighter shades of

cyan, respectively.

Titration of kit* with KCI (0-250 mM) revealed nine (8+1) resolved imino *H NMR signals
(Figures 1B and S6). By increasing K* ion concentration the intensity of imino signals
increased and reached a plateau at 50 mM KCl, while no new imino signals appeared in
'H NMR spectra. The CD spectrum of kit* in the presence of KCl suggests formation of an
antiparallel topology with the minimum and maximum at 264 and 294 nm, respectively
(Figures 1C and S7). Isodichroic points at 255 and 279 nm are conserved between 0 and
350 mM KCl indicating that the initial folded state(s) interconvert into the final antiparallel

form without participation of stable kinetic intermediates. Analysis of CD signal variation
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at 294 nm as a function of KCl concentration provided a dissociation constant (Kp) of
14.7 £+ 1.0 mM for K* ions at 25°C (Equation 1). Furthermore, in *H NMR spectra no
significant variation of the signals associated with changes in kit* G-quadruplex structure
was observed at concentrations of kit* between 0.1 and 1.7 mM (Figure S8). The above
results indicate that kit* forms a monomeric G-quadruplex. At concentrations of kit*
above 1.7 mM per strand we detected a broad and unresolved hump in the imino region
of 'H NMR spectra that might be related to formation of higher order structures (Figure
S9). The intermolecular association is observed also after overnight annealing (95->25°C)
at 1.0 mM and higher concentrations of kit* per strand. Noteworthy, after keeping NMR
samples (0.4 mM kit* per strand) for few months at room temperature we observed
decrease of signals of kit* G-quadruplex and significant increase of signals at § 12.94 and

13.14 ppm associated with GC base pairs involving G20 and G21.

An antiparallel G-quadruplex with a two G-quartet core, three edgewise loops and a 3’-

tail

Residue-specific, partial 3C,>N-labeling of guanine (10%) and cytosine (4%) residues
enabled unambiguous assignment of H1 and H8 as well as H6 proton resonances of
guanines and cytosines, respectively (Figures S10-S14). H8 and H2 protons of A8 were
assigned by its substitution with thymine residue (i.e. in kit*A8T, Table 1) which resulted
in minimal changes in 'H NMR spectrum with respect to kit* with exception of signals for
A8 (Figure S15). After assignment of A8 we identified the aromatic protons of A5 with the
help of characteristic heteronuclear correlations involving C8 and C2 atoms in *H-3C HSQC
spectra of kit* (Figure S16). The spectral assignment of resonances of kit* were completed
with the use of through-bond (DQF-COSY and TOCSY experiments) and through-space
(NOESY) correlations (Figures 2 and $S17-S21, Table S1).
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Figure 2. Expansions of NOESY spectrum (tm 450 ms) of kit*. A) The aromatic-anomeric
region with intra-residue NOE cross-peaks marked with residue numbers. For clarity, only
sequential NOE cross-peaks of G1-G2, G6-G7, G11-G12 and G16-G17, characteristic for 5’-
syn-anti-3’ steps, are marked with different line styles. B) NOE cross-peaks between G10
imino and C18 amino protons. C) Imino-methyl and imino-imino regions. The NMR
spectrum was recorded at 0.5 mM kit* concentration per strand, 100 mM KCl, pH 7.4 and

37°Con an 800 MHz NMR spectrometer.

The characteristic H1-H8 connectivities in NOESY spectra allowed us to establish topology
of kit* G-quadruplex involving two G-quartets with the following hydrogen-bond
directionalities: G1-G17->G11->G7 and G2->G6->G12->G16 (Figures 1D and S18). The
guanine residues of G1-G17-G11-G7 quartet exhibit a clockwise donor-acceptor
hydrogen-bonding directionality, while those of G2-G6-G12-G16 quartet display an anti-
clockwise directionality. Orientation of G-quartets that are stacked one above the other
is additionally supported by inter-quartet H1-H1 NOE cross-peaks of G2-G7, G6-G11 and
G12-G17 residues (Figure 2C). Four distinct and strong cross-peaks observed in the H8-
H1’ region of NOESY spectrum indicate that G1, G6, G11 and G16 residues predominantly

adopt a syn conformation along glycosidic torsion angles (Figure S20). The “rectangular”
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pattern of NOE cross-peaks of H1'(n)-H8n+1)-H1 (n+1)-H8n) for G1-G2, G6-G7, G11-G12 and
G16-G17 demonstrates that these sequential connectivities are characteristic of 5’-syn-
anti-3’ steps in antiparallel topology (Figure 2A).

Three edgewise loops are arranged in an anticlockwise manner forming a ‘~(Ill)’ topology
(17). Each loop connects the two neighboring G-tracts and consists of three nucleotides
(1: C3-G4-A5, 2: A8-G9-G10 and 3: C13-G14-T15). A5 and T15 from the first and the third
loop are stacked on G2-G6-G12-G16 quartet which is supported by the observation of
NOE cross-peaks between A5 H8 and G6 H1 as well as between T15 Me protons and H1
of G2, G6, G12 and G16 (Figure 2C), T15 H6 and G16 H1. The NOE cross-peak between G4
H8 and G6 H8 indicates that G4 residue from the first loop is oriented into the groove. A
terminal 3’-tail comprises C18-C19-G20-G21-C22 segment. The NOE cross-peaks between
G10 H1 and C18 NH; suggest formation of G102C18 base pair in Watson-Crick geometry
(Figure 2B). Stacking of G10¢C18 base pair below G1-G17-G11-G7 quartet is supported by
NOE cross-peaks between G11 H1 and G10 H8, H2’/2”, H5’/5” as well as between G7 H8
and G10 H8.

Table 1. Sequences of kit* and its analogues

Oligonucleotide* 1 5 10 15 20
kit* ## GG CGA GG AGG GG CGT GG CCGGC
kit*17## GG CGA GG AGG GG CGT GG
kit*18## GG CGA GG AGG GG CGT GG C
kit*19## GG CGA GG AGG GG CGT GG CC
kit*19TTT GG CGA GG AGG GG CGT GG CCTTT
kit*20 GG CGA GG AGG GG CGT GG CCG
kit*18T GG CGA GG AGG GG CGT GG CT
Tkit*18 TGG CGA GG AGG GG CGT GG C
Akit*18 AGG CGA GG AGG GG CGT GG C
kit*T15A GG CGA GG AGG GG CGA GG CCGGC
kit*A8T GG CGA GG TGG GG CGT GG CCGGC
kit*C18,19T GG CGA GG AGG GG CGT GG TTGGC
kit*C19T GG CGA GG AGG GG CGT GG CTGGC
kit*C18T GG CGA GG AGG GG CGT GG TCGGC
kit*C13T GG CGA GG AGG GG TGT GG CCGGC
kit*C3T GG TGA GG AGG GG CGT GG CCGGC
Tkit* TGG CGA GG AGG GG CGT GG CCGGC
Akit* AGG CGA GG AGG GG CGT GG CCGGC
c GC CGG
5 10 15 20

kit*5-2 AP### GG CG-2AP-GG AGG GG CGT GG CCGGC

5 10 15 20
kit*8-2 AP### GG CGA GG-2AP-GG GG CGT GG CCGGC

# Sequences are reported in the 5’-3’ direction. Guanine residues involved in G-quartets
of kit* are underlined. # Melting temperatures are 60.5+0.1°C (TRIS buffer) and

55.620.1°C (K-phosphate buffer) for kit*, 50.6+0.6°C, 75.9+0.1°C (TRIS buffer) and
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48.8+0.6°C, 65.1+0.6°C (K-phosphate buffer) for kit*17, 45.7+0.4°C, 58.1+0.5°C (K-
phosphate buffer) for kit*18, 52.7+0.1°C (K-phosphate buffer) for kit*19. ## 2AP stands

for 2-aminopurine, a fluorescent analogue of adenine.

A5 is stacked on G2-G6-G12-G16 quartet, while A8 is exposed to solvent

To map the relative positions of adenine residues with respect to G2-G6-G12-G16 and G1-
G17-G11-G7 quartets, we alternatively substituted A5 and A8 with a 2-aminopurine (2-
AP) in kit*5-2AP and kit*8-2AP without changing the structure (Figure S22), respectively.
The fluorescence of 2-AP is very sensitive to the environment and, in particular, it is
strongly quenched by stacking interactions with guanine residues (48). Fluorescence
signals of 2-AP in kit*5-2AP and in kit*8-2AP increase upon addition of 150 mM KClI
suggesting that fluorophores are more exposed to solvent in the kit* G-quadruplex in
comparison to the pre-folded structure (Figure 3A). Moreover, kit*8-2AP exhibits a
significantly higher increase of fluorescence signal compared to kit*5-2AP indicating the
tendency of 2-AP in the former oligonucleotide to protrude into solution. To fully
investigate this difference, the accessibility of the adenines to solvent was further
assessed by monitoring the fluorescence quenching of kit*8-2AP and kit*5-2AP upon
titration with acrylamide (Figure 3B). In the case of kit*8-2AP we observe a linear
fluorescence quenching of 2-AP (Figure 3C) and only one Stern-Volmer constant (Ks) is
derived by applying Stern-Volmer formalism (Equation 5). This Ks, value (15.04 +0.15 M)
indicates that A8 experiences only one microenvironment in which it is exposed to solvent
and thus, it does not participate in stacking interactions with the G-quartet. On the other
hand, kit*5-2AP exhibits a downward curvature of fluorescence quenching plot (Figure
3C) and can be properly fitted using two different K, values (Equation 6). The derived
value of Ky1 (1.14 + 0.51 M) corresponds to a microenvironment in which A5 is engaged
in stacking interactions with a G-quartet. Conversely, the Kq, value (36.06 + 4.05 M?) is
associated with a position where A5 is more exposed to solvent. Observations of two Ky
values for adenines stacked on a G-quartet, such as A5, have been reported earlier (48).
Even though the NMR data indicate a single fold of G-quadruplex, the structural
heterogeneity revealed by fluorescence measurements probably results from highly
localized, nanosecond fluctuations in positioning of A5 that are confined to the respective

loop regions.
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Figure 3. Fluorescence analysis of exposure of 2-AP in kit* to solvent. A) Fold-change
emission of 2-AP in kit*5-2AP and kit*8-2AP at 370 nm upon addition of 150 mM KCl in
10 mM TRIS, pH 7.5 at 25°C. B) Fluorescence emission variation of 2-AP in kit*8-2AP upon
titration with acrylamide in 10 mM TRIS, pH 7.5, 150 mM KCl at 25°C. C) Fluorescence
emission of kit*5-2AP (black dots) and kit*8-2AP (white triangles) at 370 nm plotted as a

function of the concentration of acrylamide.

High-resolution structure of kit* G-quadruplex exhibits a well-defined fold-back motif

of the 3’-tail

An ensemble of ten structures of kit* G-quadruplex (Figures 4A and S23) was calculated
with a simulated-annealing method based on 235 NOE-derived distance, 18 hydrogen

bond and 22 torsion-angle restraints (Table S2).

A B D 6 G1
Y
G14

G16

o

| G12
TN

Figure 4. Structure of kit* G-quadruplex (PDB ID: 6GHQ). A) An ensemble of 10 structures.
B) Stacking of A5 and T15 on G2-G6-G12-G16 quartet. C) G10¢C18 base pair stacked on
G1-G17-G11-G7 quartet. D) Side and E) bottom view of the fold-back motif of the 3’-tail
and stacking of G10¢C18 base pair on G1-G17-G11-G7 quartet. Guanines are shown in

cyan and black, adenines in green, cytosines in purple and thymines in orange.
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The two G-quartet core in the kit* G-quadruplex consisting of G2-G6-G12-G16 (top) and
G1-G17-G11-G7 (bottom) quartets is well-defined (RMSD: 0.60 + 0.13 A, Figures 4A and
$19). G-quartets are not perfectly planar as G7, G16 and G17 residues are oriented out of
the plane for ~7° (Figure S23C). A5 and T15 residues are coplanar and stacked on the top
G-quartet (Figure 4B). AS is positioned above G12 and G6 residues, while T15 is stacked
over G2. The formation of A5eT15 Watson-Crick base pair is prevented because the amino
group of A5 is oriented away from T15 and at the same time T15 is positioned with
Watson-Crick edge away from A5. A5 is part of the first edgewise loop, C3-G4-A5, where
G4 is oriented in the groove defined by G2-G6 and G1-G7 stems. C3 protrudes into
solution and exhibits much more conformational freedom than G4 and A5. T15 is part of
the third edgewise loop, C13-G14-T15, in which C13 and G14 are exposed to solution and
highly flexible. On the other side of the G-quartet core, the middle edgewise loop (A8-G9-
G10) and the 3’-tail (C18-C19-G20-G21-C22) are oriented below the bottom G-quartet. In
particular, G10 and C18 are base paired in Watson-Crick geometry and stacked on the
bottom G-quartet (Figure 4C). Other residues in the 3’-tail, C19-G20-G21-C22, are
arranged in a fold-back motif (Figure 4D,E), in which C19 is perpendicular to the G10C18
base pair, G20 stacked on it, while G21 is in co-planar position to G10¢C18 base pair in
nine out of ten structures. Only the 3’-terminal residue, C22, is highly flexible and
protrudes into solution. A8 and G9 are oriented towards the fold-back motif of the 3’-tail.
Three independent 200 ns unrestrained molecular dynamic (MD) simulations in the
presence of K*ions and explicit water molecules displayed no transitions of the kit* G-
quartet core as well as preservation of G10¢C18 base pair and the fold-back motif of the
3’-tail (Figure S24). During MD simulations G20 was stacked on the stable G10¢C18 base
pair, while C19 was oriented below G20. Interestingly, during one of the simulations,
formation of a G10¢C18-G21 base triple below the bottom G-quartet was observed,
where G21 was hydrogen bonded to C18 (G21 N7 to C18 H42). MD trajectories are
consistent with highly dynamic nature of C22 as indicated by NMR data. A8 and G9 of the
second loop are oriented towards residues of the fold-back motif adopted by the 3’-tail.
Moreover, during MD simulations we observed that A8 can occupy additional
conformation, in which it protrudes into solution. However, in both conformations A8 is
exposed to solvent. These results are consistent with results of 2-AP fluorescence
spectroscopy for A8. On the other side of kit* G-quadruplex, A5 and T15 are preferentially

stacked on the top G-quartet, although some buckling from the G-quartet plane is
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observed during MD simulations. Local motions of A5 in the structure of kit* G-quadruplex
revealed by MD simulations are in good agreement with observation of two Ks, constants
in 2-AP fluorescence experiments. C3, G4 and C13 from the first and the third loop are
oriented towards grooves, while G14 is more flexible and during MD simulations adopts

two major conformations in which it protrudes into solution or is oriented over A5.

Modification and shortening of the 3’-tail crucially alter structure of kit* G-quadruplex,

while changes in the loop regions are less significant

High-resolution structure of kit* G-quadruplex provides detailed information about
residues located in the loops and the 3’-tail. To investigate how they influence integrity of
kit* G-quadruplex structure we prepared several analogs of kit* with C>T, A>T and T>A
modifications in the loops and the 3’-tail (Figures 5A and S25). The replacement of C3, A8
and C13 with thymines (i.e. kit*C3T, kit*A8T and kit*C13T) results in eight imino 'H NMR
signals characteristic for G-quartet formation and a signal at around 6 13.4 ppm indicating
presence of G10¢C18 base pair. Similarities between *H NMR spectra of kit*C3T, kit*A8T
and kit*C13T with the parent kit* suggests that these modifications have minimal effect
on G-quadruplex structure. For all these modified oligonucleotides we observe also imino
signals assigned to pre-kit*. Its imino signals in 'H NMR spectra are more intense in
kit*C3T, kit*A8T and kit*C13T compared to kit* indicating the presence of pre-kit* in
higher percentage with regards to kit*. Modification T15->A in kit*T15A results in better
dispersion of imino signals in comparison to kit*, although G-quadruplex formation is
reduced by 70% (Figure S26). Modifications of the residues in the 3’-tail in kit*C18T,
kit*C19T and kit*C18,19T result in substantial changes in their 'H NMR spectra in
comparison to kit*. A hump together with more than eight, broad and overlapped signals
in the imino region of *H NMR spectra of kit*C18T, kit*C19T and kit*C18,19T indicates
formation of multiple species, while no imino signal characteristic for G10¢C18 base pair
is detected. The latter is expected for kit*C18T, but not for kit*C19T, because only C18 is
found to be involved in the G10¢C18 base pair, stabilizing element of the kit* G-

quadruplex.
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Figure 5. Imino region of 'H NMR spectra of A) modified, B) 3’-shortened and C) at 5’-
extended analogs of kit*. NMR spectra were recorded at ~0.3 mM concentration of
oligonucleotides per strand, 100 mM KCl, pH 7.4 on 800 and 600 MHz NMR

spectrometers. Sequences of oligonucleotides are reported in Table 1.

Since sequence modifications in the 3’-tail crucially affect structure of kit* G-quadruplex
we prepared seven oligonucleotides of different lengths whereupon the 3’-tail has been
shortened (Figures 5B and S25, Table 1). *H NMR spectrum of kit*17 without the entire
3’-tail reveals eight signals between 6 11.00 and 12.49 ppm indicating formation of a G-
qguadruplex with two G-quartets. No imino signals characteristic of GC base pairs have
been observed. At the same time, a hump in the imino region increased within hours
indicates slow formation of species with poorly defined structures (vide infra). In the case
of kit*18 that contains C18 residue, which is involved in G10¢C18 base pair in kit* G-
quadruplex, sixteen overlapped signals are detected in the imino region of *H NMR
spectrum. This indicates formation of two distinct G-quadruplex structures. It is
noteworthy that no signal characteristic for the GC base pair is detected in 'H NMR
spectrum of kit*18 at 37°C. Thus, no GC base pair is formed, or it is very exposed to solvent
because it is not protected by the 3’-tail. In kit*18T an additional thymine residue at the
3’-end does not induce formation of expected GC base pair or lead to a single G-
quadruplex structure. In the case of kit*19, eight imino signals and a broad signal at

5 13.51 ppm were observed in *H NMR spectrum. Moreover, we detected at least four
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additional imino signals with lower intensity indicating the presence of a minor G-
quadruplex structure in the sample of kit*19. Formal extension with three additional
thymine residues at the 3’-end was favorable for formation of one G-quadruplex structure
and formation of GC base pair as revealed by nine (8+1) imino signals in *H NMR spectrum
of kit*19TTT. TTT-end helps to stabilize kit* G-quadruplex structure trough additional
hydrogen bonds, electrostatic and hydrophobic interactions with residues from the
second loop similarly as G20-G21-C22 fragment in kit*. Formation of multiple G-
quadruplex species was observed for kit*20.

Extension of oligonucleotide kit*18 at the 5’-end with thymine (i.e. Tkit*18) or adenine
(i.e. Akit*18) residues reduced formation of G-quadruplexes by 80% as revealed by weak
signals in the imino region of H NMR spectrum (Figures 5C and S25, Table 1).
Interestingly, for Tkit*18 eight imino signals detected in *H NMR spectrum suggest
presence of one major G-quadruplex. Contrary, extension at the 5’-end of kit* with
thymine (i.e. Tkit*) was not critical for G-quadruplex structure. Elongation with adenine
residue (i.e. Akit*) of kit* is more relevant in the natural context of c-KIT gene, but weak
imino signals in *H NMR spectrum indicating that is less favorable for formation of G-
quadruplex. We detected eight resolved and many broad imino signals between 6 10.9
and 12.1 ppm in *H NMR spectrum of Akit* suggesting formation of two, major and minor,
G-quadruplex structures. Signal at 6 13.48 ppm assigned to G10¢C18 base pair was also

detected in addition to signals of pre-folded structure at around & 13.0 ppm.

The folding pathway is affected by the length of kit*

To better unveil the role of the 3’-tail in the G-quadruplex folding pathway we performed
CD kinetic experiments on kit*, kit*17, kit*18 and kit*19. Upon the addition of 150 mM
KCI, kit*, kit*18 and kit*19 exhibit fast folding kinetic into antiparallel G-quadruplexes that
is completed within the sample mixing time of 10 s (Figure S27A-C). Although NMR data
show that kit*18 and kit*19 fold into two distinct G-quadruplex structures each, the CD
spectra of equilibrated kit*, kit*18 and kit*19 overlap. This suggests that all their G-
quadruplexes share a common antiparallel topology.

The behavior of kit*17 is different. This oligonucleotide initially folds into an antiparallel
G-quadruplex (Figure S27D, grey solid line), which then slowly evolves to other folded

species, as revealed by CD signal variations over time (Figure S27D, black dashed line). The
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folding pathway of kit*17 was studied by applying Singular Value Decomposition (SVD)
analysis (49,50) to the CD dataset of its folding process (Figures S27D and S28). The initial
folding stage (FO—>F1) is a fast event, thus its accurate analysis was not possible with our
equipment (Figure S28D). For this reason, we analyzed only the slower folding step
(F1->F2) (Figure S28D). Singular values in the S matrix and the U and V autocorrelation
coefficients (meaningful above 0.75) indicate that, in the F1->F2 folding process, two main
species contribute to the dichroic signal variation (Figure S28A). Significant V eigenvectors
were fitted by applying a mono-exponential kinetic model (Equation 2, Figure S28B). The
fitting parameters allowed us to obtain the basic spectra of the species in solution (Figure
S28C). F1 displays the dichroic spectrum typical of an antiparallel G-quadruplex (Figure
S28C, solid line). It is formed immediately upon addition of KCl and it slowly converts into
F2, whose dichroic spectrum presents a positive peak at 264 nm and a negative one at
248 nm consistent with a parallel G-quadruplex arrangement (Figure S28C, dashed line).
The time needed to achieve the equilibrium (t) of the F1->F2 process is 4.03 £ 0.24 h.

CD melting experiments reveal that kit* exhibits a clear single-transition melting profile
(Figure 6) with a melting temperature (Tm) of 60.5 + 0.1°C in 150 mM KCI (Equation 3).
These observations suggest that kit* folds mainly into one conformation at these
experimental conditions. In comparison, kit*17 melting profile displays two different
melting transitions (Figure 6, Equation 4) at 50.6 £ 0.6°C (Tm1) and at 75.9 £ 0.4°C (Tma)
confirming that at least two structures are present in the solution and participate in the
melting process. Tm: is associated with the kinetically-favored antiparallel G-quadruplex,
while Tm; is related to thermodynamically-favored parallel forms. Interestingly, melting of
antiparallel kit*17 G-quadruplex can be followed through the increase of CD melting
profile, because its negative optical contribution in CD spectra at 264 nm is reduced
(Figure 6C). At 56°C more stable parallel structure starts to melt, which is reflected in
decreasing CD melting profile at 264 nm. We propose that Tr; of kit*17 is lower compared
to the Tm of the kit* structure because of the lack of the 3’-tail which contributes to the
stability of the entire G-quadruplex. UV melting analysis acquired on kit*18 and kit*19 at
experimental conditions used for NMR experiments revealed comparable results as CD
melting data. Two thermal transitions are detected also for kit*18, while kit*19 shows a
reduction of the thermal stability by 3°C compared to kit* (Figure S29). These data fully

confirm the destabilizing influence of shortening of the 3’-tail in kit*.
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Figure 6. Temperature-dependent variation between 25 (black solid line) and 95°C (black
dashed line) of the CD spectra of A) kit* and B) kit*17 in 150 mM KCI. C) Melting profile of
kit* (black dots) and kit*17 (white triangles) monitored at 294 nm and 264 nm,

respectively.

Two molecules of kit* are partially paired in a homo-dimeric structure of pre-folded

structure

Two signals at  12.94 and 13.14 ppm in 'H NMR spectrum at 37°C of kit* in the presence
of Li*ions indicate formation of a pre-folded structure, named pre-kit*, that does not
contain stacked G-quartets (Figure 7A). Unambiguous assignment of imino signals, using
residue-specific, partially 3C,>N-labeled kit*, reveals that G20 and G21 residues of the 3’-
tail are involved in GC Watson-Crick base pairs in pre-kit* (Figure S30). The base pairing
in pre-kit* occurs between G20 and G21 of one molecule and C18 and C19 of another kit*
molecule (Figure S31). Thus, the proposed partially paired segment of kit* molecules
consists of four GC base pairs and is highly symmetric, which is in agreement with the
observation of only two imino signals in *H NMR spectrum. CD spectrum of pre-kit* in the
presence of Li* ions at 25°C displays a maximum at 284 nm and a minimum at 245 nm
confirming an antiparallel double-stranded secondary structure (Figures 1B and S32).
Existence of an isodichroic point at 255 nm suggests that there is only one conformational
step from unfolded oligonucleotide towards pre-kit* form. Noteworthy, decrease of
temperature of the Li* ion containing solution from 37 to 5°C enables detection of pre-
folded structures, besides pre-kit*, that are involved in conformational exchange. Indeed,
at 37°C only signals in *H NMR spectrum corresponding to pre-kit* are observed, while
upon lowering the sample temperature to 5°C new signals appear between § 12.2-13.8
and 10.2-11.8 ppm in *H NMR spectrum (Figure 7B). In *N-edited HSQC NMR spectra in

the presence of LiCl at 5°C two imino signals were observed for every residue of kit* that
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was 13C,>N-labeled (Figure S33). These results suggest coexistence of two different
secondary structures in the presence of Li* ions at 5°C. Pre-kit* is mostly stabilized by GC

base pairs, while the other structure contains more base pairs in non-Watson-Crick

geometry.
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Figure 7. Imino region of *H NMR spectra of kit* and equimolar mixture of kit* and
construct c (kit*+c) recorded in the presence of Li* ions at A) 37 and B) 5°C as well as C) in
the presence of K* ions at 37°C. D) Schematic presentation of forms involved in formation
of kit* G-quadruplex. Guanines are marked in white, cytosines in black, adenines and

thymines in grey.

In order to explore interactions of residues in the 3’-tail of pre-kit* structure, we designed
a five nucleotides long construct ¢, d[GCCGG], that is complementary to C18-C19-G20-
G21-C22 segment of kit*. Our results show that base pairing of the 3’-tail of kit* with the
construct ¢ blocks its other possible interactions (Figure 7B). *H NMR spectrum of kit*
hybridized with the construct ¢ (marked as kit*+c) in equimolar amounts displays similar
pattern of imino signals compared to kit* at 37°C (Figure 7A). Upon lowering the
temperature to 5°C, three well-resolved imino signals between 6 12.4 and 13.0 ppm have
been detected for kit*+c instead of many overlapped peaks in the presence of Li* ions for
kit* (Figure 7B). Formation of self-complementary structures adopted by construct c was
not observed (Figure S34). Interestingly, in the case of kit* as well as kit*+c formation of

the same G-quadruplex is detected after addition of K* ions (Figure 7C). These results
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indicate that kit* in the pre-folded structure pre-kit* and kit*+c share a comparable inter-
molecular arrangement of the 3’-tail in the presence of LiCl, where the 3’-tails of two
distinct kit* molecules are paired through GC Watson-Crick interactions forming a homo-
dimer (Figures 7D and S5). Signals assigned to pre-folded structures were observed in

NMR spectra of kit* as well as kit*+c also in the presence of K* ions (Figures 7C and S35).

DISCUSSION

c-KIT proto-oncogene exhibits three G-rich regions in its promoter, kit1, kit* and kit2, that
are able to fold into G-quadruplexes. kit* region plays a key role in regulation of c-KIT
transcription since it contains consensus sites for SP1 and AP2 transcription factors. The
NMR derived kit* structure presented herein is, to the best of our knowledge, the first
high-resolution structure of a two G-quartet G-quadruplex originating from a promoter
region. At physiologically relevant temperature (37°C) and concentration of K* ions
(100 mM) kit* adopts a chair type antiparallel G-quadruplex comprising three edgewise
loops and a 3’-tail. A5 and T15 residues from the first and the third loops stack on the top
G-quartet, while other residues from these two loops protrude into solution or are
oriented into the grooves. On the other side of the G-quartet core, G10¢C18 base pair is
stacked on the bottom G-quartet. C19, G20, G21 and C22 residues from the 3’-tail are
arranged into a fold-back motif below the G10¢C18 base pair and the bottom G-quartet.
To compare, in the case of two G-quartet G-quadruplexes originating from telomeric
regions base triples are stacked on both G-quartets (51-54). The fold-back motif consisting
of three terminal residues, in which two of them are stacked on G-quartet, has been
described for G-quadruplex originating from human ¢c-MYC promoter (55). Four residue
overhang has been shown to adopt an extra-G-quartet fold-back element that contributes
to stabilization of VEGF aptamer (56).

kit* in its sequence contains one GGGG-tract and four GG-repeats, of which G20-G21
repeat, located in the 3’-terminal, is not involved in the formation of G-quartet core.
Contrary to expectations, we observed that 3’-tail plays a crucial role in the folding
process, structural integrity and thermal stability of kit* G-quadruplex. Firstly, the 3’-tail
is involved in the formation of a stable pre-folded structure in the absence of K* ions. In
this form, residues in the 3’-tail of two kit* molecules are base paired through GC Watson-

Crick interactions forming an inter-molecular partially paired homo-dimeric structure.
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Upon addition of K* ions, organization of the 3’-tail in pre-kit* prevents Hoogsteen base
pairing of the terminal GG-repeat (G20-G21). It is noteworthy that modifications in the 3’-
tail disturb GC base pairs in pre-kit* and as a result lead to formation of more than two G-
quadruplexes. Once G1-G17 residues of kit* get involved in the G-quadruplex, the
preservation of GC base pairing of two 3’-tails is most likely sterically unfavored and the
3’-tails dissociate from the complementary strand leading to formation of a monomeric
G-quadruplex. In full agreement, the replacement of G20-G21 repeat with thymine
residues results in one G-quadruplex structure. Secondly, G10¢C18 base pair and the fold-
back motif of the 3’-tail stabilize kit* G-quadruplex by covering the bottom G-quartet.
Perusal of the high-resolution structure of kit* G-quadruplex show that the fold-back
structural element enables additional hydrogen bonds, electrostatic and hydrophobic
interactions between residues of the 3’-tail and the middle loop as well as the bottom G-
qguartet. Examination of the folding behavior has revealed that the 3’-tail plays an
important role in folding of kit*. For kit*17 without the 3’-tail alteration of folding
pathway was observed together with formation of antiparallel structure and poorly
defined G-quadruplexes with parallel topology that were formed within few hours after
addition of K* ions. It is noteworthy that even preservation of the G10¢C18 stabilizing
element alone is not sufficient for formation of a single kit* G-quadruplex if the 3’-tail is
not long enough. Thus, the conformational selection of only one kit* G-quadruplex is
controlled by the presence of all residues of the 3’-tail in kit*. These observations are
unique as terminal regions often change folding kinetics of oligonucleotide and destabilize
formation of the final G-quadruplex structure (57-59). On the other hand, elongation of
kit* at the 5’-end with thymine residue did not disturb kit* G-quadruplex structure, while
adenine residue is less favorable and lead to formation of additional minor structure.

Considering the whole G-rich region in promoter of c-KIT gene, kitl and kit2 G-rich
oligonucleotides in contrast to kit* fold into three G-quartet parallel G-quadruplexes. It is
worth mentioning that differences in structures of kit1, kit2 and kit* G-quadruplexes are
associated with differences of kinetics of their formation. kit* folds in seconds, which is
on a timescale of transcriptional processes (57,60). This is faster compared to folding
kinetics of kit2, where the initial fast folding kinetic intermediate converts into the
thermodynamically stable structures only within hours (38). Kinetic data for kitl are not
available, but since it forms a parallel G-quadruplex slower folding kinetic can be predicted

compared to antiparallel kit* G-quadruplex (57). Therefore, kit* could modulate the
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conformational organization of the neighboring kitl and kit2 regions and thus play a
functional role in regulation of transcription. The dynamic interplay of G-rich promoter
region of c-KIT gene suggests that kit* could serve as an optimal site of intervention to
finely tune the level of c-kit expression. Interestingly, this potential regulatory role merges
with the complexity of the herein solved structure where the stability of the kit* G-
quadruplex depends upon a network of interactions involving the loops and the 3’-tail.
The structural features allow for foreseeing a possibility of selective recognition where
ligands with even modest affinity may be able to induce cellular effects. Notably, selective
stabilization of c-KIT compared to human telomeric G-quadruplex has been already
reported for isoalloxazines ligands (62). Discrimination of ligands between kit1 and kit2 G-
guadruplexes have been reported showing specific recognition and structural stabilization
(61-64). Structural data of kit* presented herein provide new knowledge for design of
ligands with more comprehensively and specifically targeting G-rich region of c-KIT gene,
which could result in reduction of off-targeting of multiple G-quadruplexes frequently
occurred.

In conclusion, structural characterization of the kit* G-quadruplex, the identification of a
pre-folded structure and insights into its folding behavior expand on our knowledge about
the processes involved in the regulation of the c-KIT proto-oncogene transcription. In
particular, faster folding kinetic of kit* in comparison to kitl and kit2 G-quadruplexes
raises new questions about the role of kit* in affecting the folding processes of
neighboring G-rich regions. Finally, the high-resolution structure of kit* G-quadruplex
with two G-quartet antiparallel topology, the GC base pair and the fold-back motif of the
3’-tail, can be a suitable starting point for rational design of tailor-made ligands that will

modulate c-kit expression.
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The coordinates for structure of kit* G-quadruplex have been deposited in the Protein
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MATERIALS AND METHODS

Circular dichroism (CD) spectroscopy

CD titrations were performed by increasing concentrations of KCl or LiCl in solution of
oligonucleotide at 25 °C. After each titration step the system was left to equilibrate before
spectra acquisition. CD signal variations at the maximum (for titration with K* ions
monitored at 294 nm, while in Li* ions at 266 nm) were plotted as a function of the

concentration of cations. Data points were fitted by applying one-site saturation model.

L — eoo'[M+]
17 Kp+[M*]

Equation 1
where [M?] is the cation concentration, 8; is the signal at [M*], 6. is the signal at the
saturation and Kp is the dissociation constant.

For CD kinetic experiment, KCl was added manually to the cuvette from a stock solution
and mixing was provided by an in-cuvette magnetic stirring bar. After a mixing time of
10 s, spectra acquisition was initiated using an interval scan of 30 min. The temperature
was maintained at 37 °C. Data related to the folding process of kit*17 were analyzed by
means of SVD analysis (1,2). The D matrix, defined by the optical signals in the whole
wavelength range (rows) acquired at each single temperature (columns), was divided into
three submatrices U, S, V, so that D = U x S x V. The singular values in S matrix and the
autocorrelation coefficients of the U and V matrices give information about the number
of species in solution that contribute to the signal variation. Significant U and V
autocorrelation coefficients values above 0.75 were considered. Significant V
eingenvectors in V matrix were globally fitted by applying different kinetic model and the

best fitting was obtained by applying mono-exponential kinetic model,

ft=a+b- et/ Equation 2

where 6:is CD signal at time t, a and b are fitting parameters and t is the relaxation time
of the process.
The fitting parameters formed the H matrix. By multiplying the H matrix for the U x S

matrix, the actual shapes of the dichroic signals of species in solution were obtained.



83 Scientific Publications — c-KIT promoter

CD melting studies were performed on kit* and kit*17. The experiments were carried out
between 25 and 95°C in 150 mM KCI. The heating rate was 50°C/hour where at each 2°C
the temperature was held for 5 minutes and the corresponding CD signal was recorded at
294 and 264 nm for kit* and kit*17, respectively. The melting profile of kit* that shows
only one fully reversible melting transition was analyzed by fitting the signal variation

according to a single-transition model based on van’t Hoff formalism (3,4),

Equation 3

where T istemperature, B+ is the CD signal at temperature T, u and | are fitting parameters,
AH is the enthalpy of the unfolding process, R is the ideal gas constant and Tm is the
melting temperature of the folded oligonucleotide.

The melting profile of kit*17, presenting two distinct melting transitions, was analyzed by

using a two-transitions model based on van’t Hoff formalism (3,4),

. (i ())) () ona

) () ) ), A5 ()))

where T is temperature, 81 is the CD signal at temperature T, u, a and | are fitting
parameters, AH1 and AH2 are the enthalpies associated to each melting step, R is the ideal

gas constant, Tm1 and T2 are the melting temperatures.

UV spectroscopy

UV melting experiments were recorded on a Varian CARY-100 BIO UV-VIS
spectrophotometer (Varian Inc.) equipped with a thermoelectric temperature controller
at 20 uM concentration of oligonucleotides per strand in 20 mM potassium phosphate
buffer (pH 7.4) and 100 mM KCI. Folding/unfolding processes were followed between 10
and 95 °C by measuring absorbance at 260 and 295 nm using scanning rate of 0.5 °C min’

!, Data points were fitted by applying Equations 3 and 4.
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Fluorescence spectroscopy

Acrylamide quenching experiments were performed on previously folded
oligonucleotides in 150 mM KCI. The quenching efficiency was monitored at 370 nm at
25°C and plotted as a function of the acrylamide concentration. Data points were fitted
according to Stern-Volmer formalism to obtain quenching parameters. Linear quenching

correlation was analyzed using a one-component system model (5),

—=1+4+Ks " [Q] Equation 5

where [Q] is the acrylamide concentration, Fo is the initial value of fluorescence, Fq is the
fluorescence signal at [Q] and K,y is the Stern-Volmer constant.
Non-linear quenching correlation was analyzed according to a two-component system

model (5),

Fo £ 1-f )
= + Equation 6
Fo  1+Kgy,1Q] | 1+Key Q] q

where [Q] is the acrylamide concentration, Fo is the initial value of fluorescence, Fq is the
fluorescence signal at [Q], f is the accessible fluorophore fraction, K1 and Ks, > are the

Stern-Volmer constants.

Polyacrylamide gel electrophoresis (PAGE)

A solution containing 3 uM kit* labelled with 6-FAM at 3’-end and 500 uM kit* (not
labelled) in 10 mM TRIS, 100 mM KClI, pH 7.5 was incubated at room temperature for 1 h.
Then the sample was loaded on a native 15% polyacrylamide gel (19:1 acrylamide:
bisacrylamide) in 1x TBE and the gel was run at 10 °C for 3 h at 150 V. 22 and 44 bases
long Scrambled oligonucleotides (22b, 5'-GGATGTGAGTGTGAGTGTGAGG-6-FAM-3’; 44b
5'-GGATGTGAGTGTGAGTGTGAGG GGATGTGAGTGTGAGTGTGAGG-6-FAM-3) were used
as electrophoretic mobility markers. The resolved bands were visualized on an image

acquisition system (Geliance 600 Imaging system, Perkin-Elmer).
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Structure calculations and molecular dynamics simulations

The structures of kit* G-quadruplex were calculated by the simulated annealing (SA)
simulations. The force field parameters were adopted from the Generalized Amber force
field (6). SA simulations were performed using the CUDA version of pmemd module of
AMBER 14 program suites (7,8) and Cornell et al. force field basic version parm99 (9) with
the bscO (10), xOL4 (11), €/T0L1 (12) and BOL1 (13) refinements. The initial extended
single-stranded DNA structure was obtained using the leap module of AMBER 14. A total
of 100 structures were calculated in 80 ps of NMR restrained SA simulations using the
generalized Born implicit model (14,15). The cut-off for non-bonded interactions was 999
A and the SHAKE algorithm (16) for hydrogen atoms was used with the 0.4 fs time steps.
For each SA simulation, a random velocity was used. The SA simulation was performed as
described (17): in 0-2 ps, the temperature was raised from 300 K to 1000 K and held
constant at 1000 K for 38 ps. Temperature was scaled down to 500 K in the next 24 ps and
reduced to 100 K in the next 8 ps and was further reduced to 0 K in the last 8 ps. A family
of 10 structures was selected based on the smallest restraints violations and lowest

energy. Figures were visualized and prepared with UCSF Chimera (18).

Molecular dynamics simulations

For molecular dynamics simulations the kit* G-quadruplex was placed in a truncated
octahedral box of TIP3P water molecules with the box border at least 10 A away from any
atoms of the G-quadruplex. Extra K" ions were added to neutralize the negative charges
of the G-quadruplex. The force field for MD simulation was the same as for the SA
simulation. The simulations were performed with the CUDA version of pmemd module of
AMBER 14 (7,19-22). Prior to MD simulation, the system were subjected to a series of
minimizations and equilibrations. The equilibration protocol started with 1000 steps of
steepest descent minimization followed by 4000 steps of conjugate gradient minimization
with 10 kcal mol® A2 position restraints on DNA atoms. Then the whole system was
minimized by 1000 steps of steepest descent minimization and 4000 steps of conjugate
gradient minimization without restraint. The system was heated from 0 to 300 K during
100 ps with position restraints of 10 kcal mol* A? on G-quadruplex. Afterwards, the

system was equilibrated during 50 ps at constant temperature of 300 K and pressure of 1
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atm with 2 kcal mol™ A2 restraints on DNA atoms. Finally, the system was equilibrated
using starting velocities from the previous equilibration without position restraints.
Pressure coupling used during equilibration was set to 0.2, coupling during the last
molecular dynamics phase was set to 5. The production simulation were carried out at
constant pressure of 1 atm and constant temperature of 300 K maintained using Langevin
dynamics with a collision frequency of 2.0. Periodic boundary conditions were used, and
electrostatic interactions were calculated by the particle mesh Ewald method (23,24) with
the non-bonded cutoff set to 8 A. The SHAKE algorithm (16) was applied to bonds
involving hydrogens, and a 2 fs integration step was used. The production run was carried
out for continuous 200 ns and the snapshots were written at every 1 ps. Three MD
simulations were performed with different initial velocity distributions. Trajectories were

analyzed using the CPPTRAJ module of AMBER.

RESULTS

G-quadruplex

K" ions
WMMMMMMMDHS

NH," ions

WA%WWWWMM

I 3 I L I E I i T

' T ' 1
135 13.0 125 120 11.5 11.0 ppm

Figure S1. Imino region of H NMR spectra of kit* in the presence of 100 mM
concentration of K*, Na*, Li* and NH," ions as indicated on the right. *H NMR spectra were
recorded in lithium cacodylate buffer (pH 7.2) at 0.3 - 0.5 mM kit* concentration per
strand, 37°C on a 600 MHz NMR spectrometer. The region characteristic for imino signals
of guanine residues involved in G-quartets is marked with blue. Signals of pre-folded

state(s) of kit* are marked with yellow.
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Figure S2. A) Imino region of *H NMR spectra of kit* between 5 and 37°C. Assighments are

shown above individual signals. The NMR spectra were recorded at 0.5 mM kit*

concentration per strand, 100 mM KClI, pH 7.4, 37°C on an 800 MHz NMR spectrometer.

B) CD spectra of kit* in 100 mM KCI at different temperatures. C) CD signal of kit* at 5°C

subtracted of the CD contribution at 37°C.
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Figure S3. H and 1D °*N-edited HSQC NMR spectra of kit* at 15°C. The HSQC spectra were
acquired on partially (10%) residue-specifically >’N- and !3C-labeled oligonucleotides.
Assignment of H1 proton resonances is indicated on the right side of each 1D HSQC
spectrum. NMR spectra were recorded at 0.5 mM kit* concentration per strand, 100 mM

KCl, pH 7.4 on a 600 MHz NMR spectrometer.
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Figure S4. DOESY NMR spectrum of kit*. The determined translational diffusion
coefficients were 0.87 x 10 2 for kit* G-quadruplex and 0.45 x 10 1 m? s for pre-kit*.
The NMR spectrum was recorded at 0.5 mM kit* concentration per strand, 100 mM KCl,
pH 7.4, 5°C on a 600 MHz NMR spectrometer.

22b kit* 44b

&
Figure S5. Distribution of kit* between monomeric and dimeric (pre-kit*) species. PAGE
resolution of 500 uM kit* in 100 mM KCI, 10 mM TRIS, pH 7.5 performed on a 15%

polyacrylamide gel in TBE 1x. 22b and 44b were electrophoretic mobility markers of 22

and 44 bases, respectively.
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Figure S6. Imino region of *H NMR spectra of kit* at different concentrations of KCl
indicated on the right. *H NMR spectra were recorded in potassium phosphate buffer (pH

7.4), at 0.4 mM kit* concentration per strand, 37°C on a 600 MHz NMR spectrometer.
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Figure S7. Relative variation of molar ellipticity obtained by monitoring the spectral
changes induced by the addition of KCl at 294 nm. Data were fitted according to one-site

saturation model (Equation 1).
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Figure S8. Imino region of H NMR spectra of kit* in the presence of different
concentrations per strand of kit* (DNA) as indicated on the right. 'H NMR spectra were

recorded in potassium phosphate buffer (pH 7.4), at 100 mM KCI, 37°C on a 600 MHz NMR

spectrometer.
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Figure S9. Imino region of 'H NMR spectra of kit* before (top) and after (bottom)
overnight annealing. 'H NMR spectra were recorded at 2 mM kit* concentration per
strand in potassium phosphate buffer (pH 7.4), at 100 mM KCl, 37°C on a 600 MHz

spectrometer.
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Figure S10. Imino region of *H and 1D *N-edited HSQC NMR spectra of kit* at 37°C. The
HSQC spectra were acquired on partially (10%) residue-specifically **N- and **C-labelled
oligonucleotides. Assignment of H1 proton resonances is indicated on the right of each
1D HSQC spectrum. NMR spectra were recorded at 0.5 mM kit* concentration per strand,

100 mM KCI, pH 7.4 on a 600 MHz spectrometer.
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Figure S11. Aromatic region of H NMR spectra of kit*. Assignments are shown above
individual signals. NMR spectrum was recorded at 0.5 mM kit* concentration per strand,

100 mM KCl, pH 7.4, 37°C on a 600 MHz spectrometer.
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Figure S12. Aromatic region of 1D 'H and 2D 3C-edited HSQC NMR spectra of kit*. The
HSQC spectra were acquired on partially (4%) residue-specifically °N- and 3C-labeled
oligonucleotides. Assignment of H6 proton resonances is indicated next to the 2D cross-

peaks. NMR spectra were recorded at 0.5 mM kit* concentration per strand, 100 mM KCl,

pH 7.4, 37°C on a 600 MHz spectrometer.
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Figure S13. 2D °N-edited HSQC NMR spectrum of amino group of C18 residue of kit*. The
HSQC spectrum was acquired on partially (4%) residue-specifically °N- and 3C-labeled

oligonucleotide. NMR spectrum was recorded at 0.5 mM kit* concentration per strand,

100 mM KCl, pH 7.4, 37°C on a 600 MHz spectrometer.
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Figure S14. Aromatic region of 1D 'H and 2D 3C-edited HSQC NMR spectra of kit*. The
HSQC spectra were acquired on partially (10%) residue-specifically °N- and 3C-labeled

oligonucleotides. Assignment of H8 proton resonances is indicated next to the 2D cross-
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peaks. With the star are marked signals that arise from unfolded or pre-folded
oligonucleotide. NMR spectra were recorded at 0.5 mM kit* concentration per strand,

100 mM KCl, pH 7.4, 37°C on a 600 MHz spectrometer.

kit*"A8T

Figure S15. Aromatic region of *H NMR spectra of kit*A8T and kit*. The missing aromatic
signals of A8 in kit*A8T are marked with stars. NMR spectra were recorded at 0.4 mM
oligonucleotide concentration per strand, 100 mM KCI, pH 7.4, 37°C on an 800 MHz

spectrometer.
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Figure S16. Aromatic region of 2D H-13C HSQC NMR spectrum of kit*. Assignment of
individual cross-peaks is indicated. NMR spectrum was recorded at 0.4 mM kit*
concentration per strand, 100 mM KCI, pH 7.4, 37°C on an 800 MHz spectrometer. The

signals marked with stars arise from the pre-folded structure.
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Figure S17. H6-H5 cross-peaks of cytosine residues in TOCSY spectrum (tm 80 ms) of kit*.
Assignment of individual cross-peaks of kit* G-quadruplex is indicated. The cross-peaks
belonging to pre-kit* are marked with *. NMR spectrum was recorded at 0.4 mM kit*

concentration per strand, 100 mM KCl, 100% 2H,0, 37°C on an 800 MHz spectrometer.
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Figure S18. Imino-aromatic region of NOESY spectrum (tm 450 ms) of kit*. Cross-peaks

identifying connectivities within G1-G17-G11-G7 and G2-G6-G12-G16 quartets are

colored red and blue, respectively. With arrows are marked H1-H8 and G7H1-H21

connectivities. NMR spectrum was recorded at 0.5 mM kit* concentration per strand, 100

mM KCI, pH 7.4, 37°C on an 800 MHz spectrometer.
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Figure S19. A) Aromatic-H2’/H2” region of NOESY spectrum (tm 450 ms) of kit*. B)
Aromatic-H2’/H2” region of NOESY spectrum with 2..5 lover levels of contours compared
to A) to present cross-peak between A8 H8 and T15 me (marked with square).NMR
spectrum was recorded at 0.5 mM kit* concentration per strand, 100 mM KCI, pH 7.4,
37°Con an 800 MHz spectrometer.
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Figure S20. Aromatic-anomeric region of NOESY spectrum (tn 40 ms) of kit*. NMR
spectrum was recorded at 0.5 mM kit* kit* concentration per strand, 100 mM KCI, pH 7.4,
37°Con an 800 MHz spectrometer.
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Figure S21. Aromatic-aromatic region of NOESY spectrum (tm 450 ms) of kit*. NMR
spectrum was recorded at 0.5 mM kit* concentration per strand, 100 mM KCI, pH 7.4,
37°C on an 800 MHz spectrometer. Unambiguously assigned cross-peaks are marked
above the diagonal of NOESY spectrum. Signals that could not be assigned due to
overlapping or are assigned to pre-folded structure are marked with stars.
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Figure S22. CD spectra of kit*5-2AP and kit*8-2AP in 10 mM TRIS, 100 mM KCI, pH 7.5 at
25 °C.
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Figure S23. A) Stereoscopic view of the 10 refined superimposed structures of kit* G-
quadruplex (PDB ID: 6GHO0). B) Stacking of the two G-quartets. C) Side view of the G-
quartet core, A5 and T15 stacked on the top G-quartet and G10C18 base pair stacked on
the bottom G-quartet.
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Figure S24. RMSD values of G-quadruplex backbone, G-quartet core, G-quadruplex
without the 3’-tail and the 3’-tail alone as a function of simulation time during three
independent 200 ns MD simulations.
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Figure S25. CD spectra of analogues of kit* oligonucleotide. CD spectra were recorded in
20 mM phosphate buffer (pH 7.4), 100 mM KCl at 37°C. The concentrations of
oligonucleotides per strand were between 10 and 40 puM.
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Figure S26. Imino region of *H NMR spectra of kit*T15A. NMR spectra were recorded at
20 mM phosphate buffer (pH 7.4), 100 mM KCIl on a 600 MHz spectrometer.
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Figure S27. Time-dependent variation of CD spectra of A) kit*, B) kit*19, C) kit*18 and D)
kit*17 recorded in 10 mM TRIS, pH 7.5, induced by the addition of 150 mM KCI at 37°C.
The solid black lines correspond to CD spectra in the absence of K* ions; the black dashed

lines are related to dichroic signals after 15 hours upon addition of KCI.
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Figure S28. SVD analysis of CD folding kinetics of kit*17 promoted by 150 mM KCI. A) S
matrix values and autocorrelation coefficients of U and V matrices indicating the
relevance of species in solution participating to the overall dichroic signal variations along
time. B) Plot of the significant V eigenvectors as a function of time and their global fitting
by using mono-exponential kinetic model. C) CD spectra of species in solution that
contribute to the overall changes of the dichroic signal as derived from SVD analysis. D)

Proposed scheme of folding of kit*17.



105 Scientific Publications — c-KIT promoter

A B
e 104 e 10
5 &
& 08 S 08
< <
S 06 5 06 1
s kS
g 04 3 04
s 2
£ 02 2 021 .
§ T. 556£01°C 5 Tm 48.8+0.6°C
0.0 © 9o Tme 65.1%0.6°C
20 30 40 50 60 70 &0 20 30 40 50 60 70 80
T(°C) T(°C)
Cc D
g 10 g 10
& S
® 0.8 ® 0.8
< <
S 06 § 06
k| ©
S 04 S 04
2 2
§ 02 Tm 45.7+0.4°C § 02
© T Tm  52.7+0.1°C
Z 5o Tmz 58.1%05°C ® g 1
20 30 40 50 60 70 80 20 30 40 50 60 70 80

T(°C)

T (°C)

Figure S29. Thermal profiles of A) kit*, B) kit*17, C) kit*18 and D) kit*19. The UV spectra

were recorded at 20 uM concentration of an oligonucleotide per strand, in 20 mM

potassium phosphate buffer (pH 7.4) and 100 mM KCI. Data points were fitted by applying

Equations 3 and 4 to obtain the best fit. Melting temperatures are reported in the graphs.
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Figure S30. Imino region of *H and 1D ®*N-edited HSQC NMR spectra of pre-folded state

of kit* (pre-kit*). The HSQC spectra were acquired on partially (10%) residue-specifically

15N- and 3C-labeled oligonucleotides. Assignment of H1 proton resonances is indicated

on the right of each 1D HSQC spectrum. NMR spectra were recorded at 0.5 mM kit*

concentration per strand, 100 mM KCl, pH 7.4, 37°C on a 600 MHz spectrometer.
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Figure S31. 2D *N-edited HSQC NMR spectrum of amino group of A) C18 and B) C19
residues of pre-kit*. The HSQC spectrum was acquired on partially (4%) residue-
specifically °N- and 3C-labeled oligonucleotide. NMR spectrum was recorded at 0.5 mM
kit* concentration per strand, 37°C on a 600 MHz spectrometer. The signals in A) marked

with stars are the F1 artifacts.
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Figure S32. A) CD spectra of kit* titrated with increasing concentration of LiCl in 10 mM
TRIS, pH 7.5 at 25°C. B) Relative variation of molar ellipticity obtained monitoring the
spectral changes induced by the addition of LiCl at 266 nm. Data were fitted according to

one-site saturation model (Equation 1). The obtained Kp value is 19.9 + 2.4 mM.
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Figure S33. A) Imino region of *H NMR spectra of pre-folded states of kit*. Assighments
are shown above individual signals. B) Imino region of 'H and 1D *N-edited HSQC NMR
spectra of pre-folded states of kit*. The HSQC spectra were acquired on partially (10%)
residue-specifically ®N- and 3C-labelled oligonucleotides. Assighment of H1 proton
resonances is indicated on the right of each 1D HSQC spectrum. For G6, G7, G11 and G16
residues the 2D *N-edited HSQC NMR spectra were recorded to obtain better resolution

(not shown). NMR spectra were recorded at 0.5 mM kit* concentration per strand, 100

mM KCI, pH 7.4, 5°C on a 600 MHz spectrometer.

Submitted — Kotar, A.; Rigo, R.; Sissi, C.; Plavec, J. Nucleic Acids Res. 2018



37°C

5°C
T T T T T T T T T T T
14 13 12 11 10 ppm

Figure S34. Imino region of *H NMR spectra of ¢ construct at 37 and 5°C. NMR spectra

were recorded at 0.3 mM concentration of DNA on a 600 MHz spectrometer.
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Figure S35. Imino region of *H NMR spectra of kit* and kit*+c at 5°C. NMR spectra were
recorded at 100 mM KClI, pH 7.4 on an 800 MHz spectrometer.
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Table S1. *H NMR chemical shifts of kit* G-quadruplex.[!

H1/H2
Proton H6/H8 H1’ H2'/H2" H3’ H4’ H5’/H5”
H5/Me
~ Residue

Gl 7.09 12.13 5.91 2.88/2.51 5.01 4.36 4.15
G2 7.93 12.06 5.63 2.51/2.86 5.01 4.36 4.15
C3 7.91 5.87 6.24 2.12/2.73 n.a. 4.36 4.11
G4 7.73 / 5.74 2.22 4.86 4.29 4.13
A5 8.14 7.64 6.19 2.66 4.84 n.a. 4.17
G6 7.38 11.83 6.08 3.38/2.91 4.83 4.33 3.78/3.64
G7 8.37 11.86 6.25 2.98/2.60 5.21 4.96 4.34
A8 8.57 8.29 6.59 3.04 4.84 4.49 4.18
G9 7.92 / 5.92 1.88 4.81 4.36 4.05
G10 7.30 13.50 5.89 2.54/3.02 5.08 4.79 4.22/4.23
G11 7.14 11.20 5.78 2.67/3.05 4.96 4.37 4.20
G12 7.68 11.65 6.13 2.50 4.83 4.51 4.11
C13 8.05 6.16 6.35 2.22/2.65 4.89 4.41 4.25
G14 7.67 / 5.76 2.28 4.89 4.26 4.08
T15 7.29 1.67 5.85 2.11/2.51 4.68 4.05 3.18/3.74
G16 7.53 12.03 6.11 2.94/3.47 491 4.51 4.30/4.07
G17 8.14 12.02 5.78 2.73 5.04 4.51 4.30
C18 7.80 5.53 6.30 2.34/2.62 4.82 4.35 4.28
C19 7.43 5.63 5.96 1.88/2.34 4.81 4.26 4.10
G20 7.68 / 5.73 2.45 4.84 n.a. 4.05
G21 7.84 / 6.00 2.67/2.53 4.89 4.22 4.06
Cc22 7.68 5.82 6.11 2.32 5.01 n.a. n.a.

[BI1H NMR chemical shifts given in ppm were measured in 90% H,0 / 10% 2H,0, 37 °C, 0.5
mM concentration of kit* oligonucleotide per strand, 100 mM KCl and 20 mM potassium
phosphate buffer (pH 7.4) and referenced to TMS. “n.a.” stands for not assigned chemical

shifts.
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Table S2. Structural statistics for G-quadruplex structure adopted by kit*

NMR distance and torsion angle restraints

NOE-derived distance restraints

Total 235
Intra-residue 173
Inter-residue 62
Sequential 50
Long-range 12
Hydrogen bond restraints 18
Torsion angle restraints 22
G-quartet planarity restraints 24

Structure statistics

Violations

Mean NOE restraint violation (A) 0.10+0.02
Max NOE restraint violation (A) 0.20
Max torsion angle NOE restraint violation (°) 2.36

Deviation from idealized geometry

Bonds (A) 0.01 +0.00
Angles (°) 2.48 £ 0.05
Pairwise heavy atom RMSD (A)

Overall 2.83+0.33
G-quartets 0.60+0.13
G-quartets and G10C18 0.70+£0.12

G-quartets, A5 and T15 0.87+£0.19
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ABSTRACT

G-quadruplexes (G4) within oncogene promoters are considered to be promising
anticancer targets. However, often they undergo complex structural rearrangements that
preclude a precise description of the optimal target. Moreover, even when solved
structures are available, they refer to the thermodynamically stable forms but little or no
information is supplied about their complex multistep folding pathway. To shed light on
this issue, we systematically followed the kinetic behavior of a G-rich sequence located
within the c-KIT proximal promoter (kit2) in the presence of monovalent cations K* and
Na*. A very short-lived intermediate was observed to start the G4 folding process in both
salt conditions. Subsequently, the two pathways diverge to produce distinct
thermodynamically stable species (parallel and antiparallel G-quadruplex in K* and Na*,
respectively). Remarkably, in K*-containing solution a branched pathway is required to
drive the wild type sequence to distribute between a monomeric and dimeric G-
quadruplex. Our approach has allowed us to identify transient forms whose relative
abundance is regulated by the environment; some of them were characterized by a half-
life within the timescale of physiological DNA processing events and thus may represent

possible unexpected targets for ligands recognition.
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INTRODUCTION

Nucleic acids can fold into a variety of secondary structures (1). Among them, G-
quadruplexes (G4), formed within G-rich DNA or RNA sequences, are of current interest.
The basic unit of G4 is the G-tetrad, a square planar array of four guanines interacting
through Hoogsteen hydrogen bonds. Two or more G-tetrads assemble through mt stacking
interactions to build the final G4 arrangement (2). G4 DNA may be comprised of mono-,
bi- or tetra-molecular arrangements, although within genomic DNA unimolecular forms
are expected to predominate. Overall G4 may also be clustered into parallel, antiparallel
or mixed hybrid forms, as defined by participating strand orientation and loop topology.
Recent studies highlighted frequent G-quadruplex formation at oncogene promoters and
suggested their relevant role in transcription regulation (3,4). Based on these
observations, much effort has been directed towards the identification of small molecules
able to modulate the conformational equilibria of these G-rich sequences in a specific and
controlled way. The general starting point of modern drug design is the availability of a
high-resolution structure of the target obtained by NMR and/or crystallographic
techniques. These data provide essential information concerning the final
thermodynamically stable structures assumed by the target sequences, but little or no
information is supplied about their folding pathway. Nevertheless, oligonucleotide folding
into a G4 tends to be a very complex, multistep pathway, and this can be critical since the
final structure is achieved passing through different folding intermediates (5).

Another common feature of many G4s is that the thermodynamic equilibrium is reached
very slowly. In contrast, recent studies showed that transcriptional processes are rapid
events, considering that RNA polymerase Il elongation rates in mammalian cells range
between 1.3 to 4.3 kb/min (6,7). Additionally, transcription factors bind their specific sites
on a time scale of seconds and their residence time varies from seconds to minutes (7-
13). It can be concluded that in order to affect the binding of transcription factors to their
consensus sequences and to stop the transcription, a G4 in the gene promoter should fold
in a timescale close to the activity of the transcriptional machinery. This makes it clear
that investigation of short-lived intermediates and folding rates are crucially important.
Such short-lived structures might represent a suitable target for G4 ligands leading to

unique downstream effects.
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A good model for these studies is represented by kit2, a well-known G-rich sequence
within the c-KIT gene promoter. This gene codes for a tyrosine-kinase receptor which,
once activated, participates in a broad range of physiological processes, including cell
proliferation, migration, maturation and survival (14,15). Recently, induction of G4
structures within this promoter has been associated with reduction of the expression of
the receptor, possibly leading to important anti-cancer effects (16-18). Previous work
highlighted the strong polymorphic behavior of kit2 (19,20). In fact, using proper mutants,
two different G-quadruplex forms, a monomer and an intertwined dimer, have been
resolved, both arranged according to a parallel conformation (21). In solution, the wild
type sequence can assume both of these structures resulting in slow folding processes
that progressively affect the population distribution (20). Once formed, the monomer and
dimer seemingly do not interconvert on a fast time scale, suggesting that they might be
derived from different folding pathways (22). All of this evidence suggests that a
discrepancy between the solved structures and the pharmacological target(s) could
actually exist.

The main purpose of this study was to dissect the G4 folding pathway of kit2 under
different ionic conditions by following its kinetic behavior through the application of
analytical ultracentrifugation, spectroscopic and electrophoretic techniques in order to
derive information about the topology of intermediates that might be relevant during the
physiological remodeling of the promoter occurring during the cell cycle. The resulting
picture is expected to enable the design of selective ligands able to stop the transcription

of c-KIT in a more targeted and efficient way.

MATERIALS AND METHODS

Materials

kit2 oligonucleotide 5-CGGGCGGGCGCGAGGGAGGGG-3° was purchased from
Eurogentec (Liege, Belgium) that performed an RP-HPLC purification of the products. We
checked the quality of the oligonucleotides by means of PAGE and HPLC without further
purification. The oligonucleotide was dissolved in 10 mM TRIS, pH 7.5, to preparea 1 mM

stock solution (strand concentration). Before use, each sample was heated at 95°C for 10
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minutes in the required buffer and then slowly cooled down at room temperature to

equilibrate the system.

Circular Dichroism

Circular dichroism experiments were performed on a JASCO J-810 spectropolarimeter
equipped with a Peltier temperature controller. Measurements were obtained using a 1
cm path-length quartz cuvette. CD spectra were recorded from 230 nm to 320 nm, with
the following parameters: scanning speed 100 nm/min; band width of 2 nm; data interval
of 0.5 nm; response of 2 s. The contribution of the buffer was subtracted from the sample
spectra after each acquisition. The nucleic acid concentration, the salt concentration, the
buffer composition and the temperature used for the experiments varied according to the
purpose of the assays.

For CD kinetic experiments, the selected cation was added manually to the cuvette from
a stock solution and mixing was provided by an in-cuvette magnetic stirring bar. After a
mixing time of 5 seconds, spectra acquisition was initiated, using an interval scan of 60
seconds. Observed ellipticities were converted to molar ellipticity [@] which is equal to

deg-cm2-dmol? (Mol. Ellip.) calculated using the DNA residue concentration in solution.

Polyacrylamide gel electrophoresis (PAGE)

For each sample, 200 ng of oligonucleotide were heated at 95°C for 10 minutes in 10 mM
TRIS pH7.5 and allowed to cool to room temperature overnight. Afterwards, increasing
concentrations of KCl (0-50 mM) were added to the samples and they were left to
equilibrate for 24 h at room temperature. Then the samples were loaded on a native 15
% polyacrylamide (19:1 acrylamide: bisacrylamide) PAGE in 1x TBE. A scrambled
oligonucleotide (M, which sequence is 5'-GGATGTGAGTGTGAGTGTGAGG-3’) of the same
molecular weight of the studied sequence was used as an electrophoretic mobility
marker. The gel was stained using SYBR green Il, and the resolved bands were visualized

on an image acquisition system (Geliance 600 Imaging system, Perkin-Elmer).



117 Scientific Publications — c-KIT promoter

Analytical Ultracentifugation

AUC was carried out in a Backman Coulter Proteomelab XL-A analytical ultracentrifuge
(Beckman Coulter Inc., Brea, CA) at 25°C overnight at 50000 rpm in standard 2 sector cells.
Each sample contained 2 uM kit2 in 10 mM TRIS pH 7.5 equilibrated with/without 50 mM
KCl or NaCl. Data were analysed using the program Sedfit (www.sedfit.com). The
concentration-dependent distributions of sedimenting species were calculated using the
¢(S) continuous distribution model considering measured values for buffer density and
viscosity. Buffer density was measured on a Mettler/Paar Calculating Density Meter DMA
SSA at 20°C, and viscosity was measured using an Anton Paar AMVn Automated
Microviscometer. For the calculation of frictional ratio, 0.55 ml/g was used for partial

specific volume and 0.3 g/g was assumed for the amount of water bound.

Stopped-flow UV kinetic experiments

Fast folding steps were studied by using a UV stopped flow apparatus equipped with a
rapid scanning monochromator (On-Line Instrument System, Borgat, GA, USA). Each
sample was prepared in 10 mM TRIS pH 7.5. DNA concentrations and cations were
changed according to the purpose of the experiments. The UV-absorbance spectra were
recorded from 270 nm to 330 nm with an acquisition rate of 1 ms/spectrum. A water bath
maintained the system at a constant temperature of 25 °C. Three mixing experiments
were averaged for each data analysis. In order to avoid artifacts, buffer-buffer and buffer-

oligonucleotide mixing experiments were performed as controls.

Data analysis

Single-wavelength kinetic experiments were analyzed by nonlinear least square using
single or multiple exponential fitting functions.
The best fits for UV stopped flow experiments were obtained using a bi-exponential fitting
function (Equation 1),

00 =00yt 0., 1D 40,, ekt
The best fitting for single wavelength CD kinetic experiments were obtained by applying

a model that considers concurrent, independent first-order and second order-kinetic
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processes. The terms describing these two processes (reported in Table 1 in Ref (23)) were
linearly combined to derive Equation 2:

900’12 " k3 -t

0., =60 +6,,: e(—k4't) 422 0
t,). Oo,l 4,1 1 + 900,2- . k3 . t
where 6:, is the value of signal at time t and B.., is the final value of the signal. 81,4 are

amplitude factors for each exponential, while ki-,-3.4 are kinetic constants.
Singular Value Decomposition (SVD)

Multiple wavelength CD kinetic experiments were analysed using SVD. This dataset
consists of a matrix 8;;, where 8;; is the ellipticity at wavelength i and time j. The data
matrix containing the time-dependent CD spectra, named D matrix, is broken up into
three different sub-matrices: S matrix, that keeps information about how much every
single species contributes to the dichroic signal; the U matrix, that maintains data
concerning the spectral shapes of all the conformations in solution; and the V matrix, that
indicates how the spectral changes occur over time. The combination of S, U and V
matrices provides the initial D matrix, so that D = U x S x V. The S values and U and V
autocorrelation coefficients allow determination of the number of species that
significantly contribute to the dichroic changes. The best fitting of the significant V
eingenvectors was obtained by applying a model considering first order and second order
kinetic processes (Equation 2) and determining the kinetic constants and other fitting
parameter that contribute to the H matrix. By the linear combination of UxS matrix and H
matrix, we obtained the actual spectra of the species in solution significantly contributing
to the dichroic signal (24-26). Matlab, Olis Globalworks and Sigmaplot packages were used

to perform SVD analysis.
RESULTS
Folded species distribution in potassium-containing solution

As highlighted in the introduction, kit2 can fold into different G-quadruplex structures

with different kinetic parameters (20). Our first aim was to assess whether the major
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forms present in solution at equilibrium are consistent with the high-resolution structures
obtained by NMR on mutated kit2 sequences.

We started the evaluation of the folding process of kit2 by considering the system at
thermodynamic equilibrium. In order to monitor the relative distribution of the species in
solution in this condition, PAGE experiments were performed following the folding of kit2

in the presence of increasing concentrations of KCl.

A) M 0o 1 5 10 sommkcl B)

F3

Fl
F2

Relative concentration of species in solution

Sedimentation coefficient (S)

Figure 1. A) Electrophoretic resolution of kit2 in presence of increasing KCI concentration
(0-50 mM) performed on 15% acrylamide native PAGE in 1x TBE. M refers to a scrambled
oligonucleotide of the same molecular weight, B) relative distribution of kit2 species in
solution as function of their sedimentation coefficient with/without 50 mM KCl

(respectively, dashed and solid lines) determined in 10 mM TRIS pH 7.5.

As shown in Figure 1A, in the absence of metal ion (lane 0), kit2 shows two different
electrophoretic bands (F1 and F2), both with higher mobility when compared to a
scrambled oligonucleotide of the same molecular weight (first lane, M). After addition of
potassium, the upper band (F1) disappears and converts into F2 and into a new band (F3)
with remarkably lower electrophoretic mobility. At 50 mM KCl, the conversion of F1 is
complete. Previous data confirmed that these bands can be extracted from the gel with
negligible interconversion, thus allowing one to acquire the corresponding CD spectra,
both of which are compatible with a parallel G-quadruplex (22). Consistently with the
involvement of the monovalent cation, we can assign F2 and F3 to monomeric and dimeric
G-quadruplexes, respectively. These conclusions were confirmed by analytical
ultracentrifugation (AUC) that allows one to determine the sedimentation coefficient of

each species in solution (Figure 1B).
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AUC data showed that kit2 is mostly monomeric in the absence of monovalent cations
(Figure 1B, solid line). In the presence of 50 mM KCI (Figure 1B, dashed line), the
population of oligonucleotide splits into two groups, probably monomeric and dimeric
forms. The experimentally determined sedimentation coefficients match those calculated
using HydroPro software based on the reported NMR solved structures of the monomer
and the dimer (PDB: 2KYP and PDB: 2KYO; respectively; Table 1). The integration of the
obtained peaks showed that at the equilibrium 60% of kit2 in solution assumes the

monomeric form whereas the remaining corresponds to the dimer.

Table 1. Distribution of the kit2 species in solution as determined by AUC analysis in 10
mM TRIS pH 7.5 with/without 50 mM KCl and comparison of their experimentally
determined sedimentation coefficients with those calculated by HydroPro software on

solved structures.

Sedimentation coefficient (S)

Species Distribution
in solution in solution HydroPro AUC
Monomer 60% 1.50° 1.52
Dimer 40% 2.53° 2.65
Monomer (no KCl) 100% / 1.47

@ data calculated on PDB 2KYP
b data calculated on PDB 2KYO

It is important to remember that the dimeric form does not simply derived from the
interaction of two single monomeric G-quadruplexes but is a bimolecular inter-strand G4.
This unique structural feature, along with the poor monomer-dimer interconversion,
reasonably suggests that they might be derived from different folding pathways likely
involving other unrevealed DNA intermediates. To test this hypothesis, we have observed
the kinetics of the conformational changes of kit2 induced by the addition of a

physiological concentration (150 mM) of KCI by CD spectroscopy (Figure 2).
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Figure 2. Time dependent changes of CD spectra of 4 uM kit2 induced by the addition of
150 mM KCl in 10 mM TRIS pH 7.5, at A) 10°C, B) 25°C and C) 37°C. Data were collected
for 27 h. Arrows indicate the variation of the main peaks as a function of time, solid and
dashed lines correspond to the oligonucleotide in the absence of metal ion and at the end

of the process, respectively.

In the absence of potassium ions, the CD spectrum of kit2 is not that expected for an
unfolded sequence, since it exhibits two positive peaks at 258 nm and 298 nm (Figure 2,
solid black lines). Immediately after the addition of the metal ion, a positive peak centered
at 294 nm increased whereas the positive peak at 258 nm decreased. Subsequently, the
contribution at 294 nm lowered and an intense positive band at 264 nm appeared, thus
leading to the final dichroic profile of kit2. According to gel electrophoresis and AUC
results, this final spectrum is comprised of contributions from both the monomeric and
the dimeric forms (Figure 2, dashed line). Indeed, as previously reported, both of them
exhibit a positive peak at 264 nm and a negative one at 245nm (22). As expected, by
increasing the temperature, the processes became faster. Nevertheless, the overall
spectral datasets (Figure 2) showed the same behavior, thus suggesting that the
oligonucleotide undergoes the same structural variations at all the tested temperatures.
This first data set showed that the folding process of kit2 in KCl is not a one-step process,
but that it is comprised of at least two processes: an initial fast folding into a kinetic
intermediate that then converts into the thermodynamically stable structures. These two

steps were then subsequently analysed separately.

The fast folding step analysis

As described above, the addition of KCI caused a rapid structural rearrangement of kit2

that occurred within the mixing time and it was not possible to characterize it by our CD
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equipment. In order to properly characterize this intermediate, stopped-flow
experiments with UV detection were done. The dead time mixing of potassium was 10-20
ms, allowing for the resolution of faster steps. The absorbance variation in the 270-330

nm range was thus recorded over time.
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Figure 3. Time dependence variation of UV absorbance of kit2 upon addition of KCl in 10
mM TRIS pH 7.5, 25°C. A) Changes of UV spectra of 6 uM kit2 recorded after addition of
50 mM KCI (data were recorded for 5 s), B) variation of the absorbance at 295nm induced
by different concentrations of potassium ion (10 mM and 50 mM) and C) using different

concentrations of kit2 (2 uM, 4 uM, 6 uM) in 50 mM KCI.

This approach allowed us to identify a major hyperchromic effect at 295 nm (Figure 3A)
that is consistent with the formation of a G-quadruplex structure (27). Thus, in order to
derive the kinetic parameters relative to the tetrahelix formation and to minimize the
contribution of other forms to the data processing, we analysed the UV variation at 295
nm as a function of the incubation time. Additionally, the stopped-flow experiments were
performed at 10 mM and 50 mM KCI to determine if this initial step required potassium
(Figure 3B). All experimental data were analysed according to various kinetic models and,

as supported by the Shapiro-Wilk normality test, the best fit was always obtained using a
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two-step exponential model (Figure 3B, red lines) (28). The derived kinetic constants are
reported in Table 2. They indicate that within few seconds after the addition of K*, kit2
undergoes to at least two conformational changes (leading to forms thereafter named I1
and I12). Interestingly, with respect to G-quadruplex formation, the folding process is faster
when the potassium concentration is increased, as reported for telomeric sequences

(29,30).

Table 2. Kinetic constants obtained by fitting the absorbance variation recorded at 295
nm after the addition of KCl using a “two kinetic processes” model. Data were acquired in

10 mM TRIS at 25°C.

[KCI] [kit2] ki (s™) kz (s)
10 mM 6 pM 6.00+0.33 0.54+0.04
50 mM 6 pM 6.96 £ 0.20 0.62+0.03
50 mM 4 um 8.13+0.34 0.62 +0.04
50 mM 2 M 8.12+0.62 0.70+£0.09

To check if these initial folding steps were DNA concentration-dependent, stopped-flow
experiments were repeated at 2 uM, 4 uM and 6 uM of oligonucleotide. The results are
reported in Figure 3C. As expected, by increasing the amount of DNA, the recorded UV
signals increased whereas the derived kinetic constants did not change proportionally
with the oligonucleotide concentration (Table 2). This is evidence that the species

involved along these initial steps are monomeric.

The slow folding step analysis

Since our evidence indicated that the very first part of the folding process is complete
within 5 seconds which represent the lag-time for our CD experimental protocol, we were
only able to use CD for a fine analysis of the slower step. Data were acquired in 50 mM

KCl at different oligonucleotide concentrations (20 and 6 uM, Figure S1). Immediately
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after the addition of potassium, the concentration of DNA in solution did not affect the
molar ellipticity at 294 nm that reached a constant intensity of about 11000 deg-cm?dmol
!, This data perfectly matches with our stopped-flow kinetic experiments performed at
different oligonucleotide concentrations and further supports the hypothesis that in the
first fast-steps no dimeric species are formed.

Interestingly, after complete equilibration (about 2.5 h), the molar ellipticity at 264 nm
was much more intense in 20 uM kit2. This is not unexpected since the dimer should
provide a higher dichroic signal than the monomer (31). In our system, this phenomenon
was associated with a decrease of the signal at 294 nm that was directly related to the
oligonucleotide concentration. Nevertheless, it remains much lower than the change at
264 nm. Thus, to analyse the slow kinetic rearrangements of our sequence, we took into
account the signal at the lower wavelength. Considering the monomer-dimer formation,
the experimental data points were well fitted by using an equation that contains first
order (kq) and second order (ks) kinetic processes (Eq. 2, see Materials and Methods). The

derived constants are summarized in Table 3.

Table 3. Kinetic constants determined applying a “first order + second order kinetic
processes” fitting model to the dichroic signal variation at 264 nm of kit2 at different
concentrations (6 UM and 20 uM) induced by the addition of 50 mM KCl in 10 mM TRIS
pH 7.5, at 25°C.

[cKit2] ks (s*M?) (-10?) ks (s) (-10?)
6 pM 0.33+0.07 0.040 + 0.008
20 uM 7.30+1.86 0.076 £ 0.002

In both conditions, the first process (ks) is much faster than the second one. Interestingly
this constant is strongly influenced by the amount of kit2 in solution (Table 3). This
suggests that the process associated with ks is the one responsible for the dimer

formation.
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Profiling the slower process using SVD analysis

Due to the simultaneous formation of monomeric and dimeric G4s in the slower steps, it
was worthwhile to derive not only the kinetic parameters but also a reliable prediction of
the number of participating species in solution as well as their basic dichroic spectra. Thus,
we decided to apply Singular Value Decomposition (SVD) analysis to the data matrix
formed by the time-dependent CD spectra of kit2 in the whole wavelength range. Indeed,
SVD is an analytical tool that is very useful for characterizing complex kinetics events (24-
26). In order to refer our analysis to kit2 behavior in a more physiological environment,
we chose to perform SVD analysis on a dataset obtained in 150 mM KCI. Since to perform
an accurate SVD analysis, we needed to acquire significant data points for all the forms
involved in the folding process, we decided to work at 10 °C. Indeed, as above reported
(Figure 2), by reducing the temperature the folding process becomes slower, but the

conformational changes are conserved.
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Figure 4. A) S matrix values and autocorrelation coefficients of U and V matrices indicating
the relevance of species in solution participating to the overall dichroic signal variations,
B) plot of the significant V eingenvectors as a function of time and their global fitting (red
line) (Eq. 2, see Materials and Methods), C) CD basic spectra of the species in solution that

contribute to the overall changes of the dichroic signal as derived from SVD analysis,
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where 12 refers to the second intermediate, M to the final monomeric species and D to

the dimer.

In agreement with the result of data analysis performed at a single wavelength, the
singular values contained in the S matrix as well as the U and V autocorrelation
coefficients (meaningful above 0.75) indicated that there are at least three species in
solution that contribute to the variation of the CD signal (Figure 4A). These species should
account for the thermodynamically stable structures (the monomeric and the dimeric G-
quadruplexes observed in AUC and PAGE) as well as for the initial intermediate, derived
from the fast-initial steps. The significant V eingenvectors were well fitted by Equation 2
(Figure 4B). This model provided the kinetic constants (Table 4) and the parameters
forming the H matrix. The linear combination of H matrix and UxS matrix provides the

actual spectra of the species recurring along the process.

Table 4. Fitting parameters derived by applying the “first order + second order
independent processes” kinetic model to the significant V-eingenvectors obtained using
SVD analysis. Spectral Dataset acquired upon the addition of 150 mM KCl in 10 mM TRIS
at 10°C.

Fitting model R? Kinetic constants (-10°)

ks =9.02 £3.52 s'M*?

First order + Second order 0.91

independent processes ke=2.90+0.20s?

The so obtained spectral shapes are reported in Figure 4C. One species presents a positive
peak at 294 nm and a shoulder at 270 nm. It corresponds to the starting point of these
kinetic experiments and we can relate it to the second folding intermediate formed at the
end of the fast folding phase (12). Its dichroic features indicate it as a hybrid G-quadruplex.
The other two derived spectra are attributable to the thermodynamically stable species,
the monomer and the dimer. Both present a main positive chiroptical contribution at 264
nm and a minor negative one at 245 nm, in line with their parallel conformation. As

reported in the literature, due to the higher number of bases participating in the structure
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formation, the dimeric species is expected to exhibit a more intense dichroic signal (31).

This observation confirms that the highest dichroic signal is related to the dimeric form.

Characterization of the species in sodium-containing solution

It is well documented that different ionic species can contribute to G-quadruplex
formation while often leading to different specific structures. Even though sodium is less
representative of the physiological environment in the nucleolus, this cation can interfere
in the final folding of the studied sequence. Thus, we evaluated the ability of sodium ions

to induce kit2 to assume a G-quadruplex arrangement.

No
cations
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A) K* Na* M B)

F1 i 4
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Relative concentration of species in solution

Sedimentation coefficient (S)
Figure 5. A) Electrophoretic resolution of kit2 annealed under different ionic conditions
(no cations, 150 mM KCl, 150 mM NacCl) performed on 15% acrylamide native PAGE in 1x
TBE using a scrambled oligonucleotide of the same molecular weight as marker (M), B)
relative distribution of kit2 species in solution as function of their sedimentation
coefficient with/without 50 mM NaCl (respectively, dashed and solid lines) in 10 mM TRIS
pH 7.5.

Electrophoretic resolution showed that when kit2 was annealed in the presence of
sodium, it formed one fast electrophoretic band corresponding to the monomeric G4
characterized in K* but no multimeric species (Figure 5A). Analytical ultracentrifugation
results were in agreement: they confirmed that NaCl changes the hydrodynamic volume
of the oligonucleotide and leads to a distribution of the sedimentation coefficients

compatible with the monomeric oligonucleotide (Figure 5B). Nevertheless, the shape of
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the curve appeared to broaden, thus suggesting the presence of a mixed population that
includes more than one monomeric form of kit2.

In order to determine if this profile is comprised of a mixture of more than one G4 form
or of unfolded/folded species, the CD spectrum of kit2 was recorded in the presence of

increasing concentration of sodium chloride until a plateau was reached.
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Figure 6. A) CD spectra representing the titration of 4 uM kit2 with increasing
concentration of NaCl (0-150 mM) in 10 mM TRIS pH 7.5 at 25°C, and B) relative variation
of molar ellipticity obtained monitoring the spectral changes induced by the addition of

NaCl at 294 nm.

As reported in Figure 6A, the CD spectrum of the pre-folded kit2 changed upon NaCl
addition and showed the formation of a positive band around 294 nm and a negative band
at 264 nm. These are the expected features of an antiparallel G-quadruplex. During CD
titrations, an isodichroic point was maintained at 275 nm. Accordingly, the relative
variation of the signal recorded at 294 nm as function of the NaCl (Figure 6B) was well
fitted using a “one binding site model”. The derived KD,y value was 13.69 + 0.47 mM,
higher than the value reported for KCl (9.49 + 0.83 mM) (22). Also the intensity of the final
dichroic signal is lower in Na* than in K*, thus suggesting that in sodium the G-quadruplex
form of kit2 is less rigidly organized. This data is consistent with a general lower efficiency
of Na* vs K* in the stabilization of G-quadruplex structures. When this observation is
coupled with the evidence that in 50 mM NaCl kit2 is not completely folded into a G4
(approximately the 15% maintains the pre-folded form), it becomes easier to justify the

low resolution of monomeric components derived by AUC.
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Folding kinetics of kit2 in sodium

In order to assess how the presence of Na* also impacts the folding kinetics of kit2, a

comparable spectroscopic approach (CD kinetics and stopped-flow UV analyses) was

performed.
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Figure 7. A) Kinetic profile of kit2 folding after the addition of NaCl (final concentration 50
mM) monitoring the variation of molar ellipticity at 294 nm, B) absorbance variation at
295nm of 6 pM kit2 induced by the addition of different metal ions (50 mM sodium or

potassium chloride) plotted over time recorded in 10 mM TRIS, pH 7.5, 25°C.

When we explored the fast processes by stopped-flow UV, we observed that the addition
of NaCl induced effects comparable to KCI (Figure 7B). Indeed, also in this case a “two
kinetic processes model” (eq. (1)) properly fitted the absorbance variation at 295 nm as a

function of time (Figure 7B). The kinetic parameters are summarized in Table 5.

Table 5. Kinetic constants determined applying a “two kinetic processes” (Eg. 1, see
Materials and Methods) fitting model to the absorbance variation recorded at 295 nm for

kit2 (6 uM) upon the addition of 50 mM NacCl, in 10 mM TRIS, pH 7.5, 25°C.

[NacI] ki’ (s) k2’ (s)

50 mM 7.04+049 0.71+£0.05

However, distinct from results in potassium-containing solution, in the presence of

sodium no additional slow folding steps were detected, thus making the folding process
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very fast and fully completed in the timescale of few seconds (Figure 7A). This means that
in sodium a reduced number of folding intermediates (named 11’ and 12’) is required to

reach the final antiparallel G-quadruplex.

Sodium - potassium folding competition

The final folded state of kit2 in NaCl consists of an antiparallel G-quadruplex that does not
correspond to other species identified along the potassium driven folding pathway. The
physiological environment contains a complex mixture of different ions, and even though
cells present a smaller amount of Na* compared to the concentration of K*, the first cation
can affect the overall arrangement of the oligonucleotide as well as the intermediates
required to interconvert the sodium vs the potassium folded forms. Therefore, after the
characterization of the oligonucleotide conformations in each cation species, we
considered the folding of kit2 in solutions containing both the metal ions. We started from
a solution of kit2 equilibrated in 50 mM sodium chloride to which we added an equimolar

KCl concentration and the changes of the dichroic spectrum were recorded over time.
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Figure 8. A) CD spectra acquired during the kinetic structural rearrangement of 6 uM kit2
after the addition of KCl to a final concentration of 50 mM in 10 mM TRIS pH 7.5, 50 mM
NaCl at 25°C (data were collected for 4 h). Dashed red line, solid black line and the dashed
black line represent, respectively, kit2 folded in 50 mM in NaCl, immediately after the
addition of 50 mM KCl and at the thermodynamic equilibrium. The corresponding relative

variations of the signals recorded at 294 nm and at 264 nm are reported in panel B.

Upon addition of KCI, the starting spectrum corresponding to the Na*-stabilized

antiparallel G-quadruplex (Figure 8A, red line), immediately changed (the timescale is
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comparable to the mixing time) triggering an increase of the signal at 294 nm and a
decrease of the band at 275 nm. This fast ion exchange has already been observed on the
telomeric sequence (32). When compared to the fast-forming intermediate characterized
in KCl-containing solution, the main difference rests in the lack of any contribution at 260
nm. Its presence suggests that in these experimental conditions potassium can transiently
favor or stabilize an antiparallel arrangement of kit2 (named 13), not previously detected
along the KCl folding pathway in the absence of Na*. Also this intermediate then slowly
interconverts to provide the expected spectrum for potassium containing solutions (a
positive peak at 264 nm and a negative one at 245 nm). Again, this slower kinetic process
was well described by a “first order + second order independent processes” (Eq.2).

Thus, the presence of sodium is not sufficient to impair the formation of the K*-induced
parallel forms although it modulates the conformational equilibria of the sequence in
solution. Indeed, as reported in Table 6, the rates of the slower steps are slower in Na*/K*

than in K* alone.

Table 6. Kinetic constants obtained by a “first order + second order independent
processes” fitting model applied to the variation of molar ellipticity recorded over time at

264 nm and 294 nm of kit2 in 50 mM NaCl and 10 mM TRIS upon the addition of 50 mM

KCl at 25°C.
Salt conditions ks’ (s*M?) (-10?) ka' (s?) (-10?)
50 mM NacCl-50 mM KClI 0.13+0.01 0.011 £0.001
DISCUSSION

A key challenge in G4 ligand design concerns the polymorphic behavior of the selected
targets. In fact, whereas high resolution techniques, like as NMR and X-ray are extensively
applied to provide structural data related to the thermodynamically stable forms,
information about G-quadruplex folding pathways are currently limited to a few examples
(33). The folding of G4 structures in general is recognized to be kinetically complex and

might be described by a number of theoretical concepts, including “folding funnels”,
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“kinetic partitioning” or more conventional sequential or parallel kinetic reaction
mechanisms (5,33-35). These are difficult to test and distinguish experimentally,
especially because of the differing timescales accessible to different experimental or
computational methods. What is clear is that folding of G4 structures is not a simple two-
state process and that a complex array of intermediate states is populated along the
folding pathway. These transient intermediates may play physiologically important roles

and should not be neglected.
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Figure 9. A) Potassium-induced folding pathway of kit2, B) sodium-induced folding

pathway, C) sodium-potassium mixture folding pathway.

In this context, the results herein provide deep insights on kit2 folding equilibria.
The cation-induced folding pathways of kit2 were shown to be very complex and greatly
affected by the environmental conditions. A schematic illustration of the folding

processes based on data presented herein is shown in Figure 9.
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The first observation is that in the absence of cations, the sequence appears to be
arranged in a pre-folded form (P) with spectroscopic and electrophoretic features
completely different from those expected for an unfolded oligonucleotide. This behavior
has been reported earlier for other G-rich sequences (29,36). We inferred that our
experimental starting conditions (10 mM TRIS) present a sufficient ionic strength to
support the collapse of the unfolded oligonucleotide into a compact structure, e.g. hairpin
(35,37,38). Upon the addition of cations to the solution, the electrostatic repulsion among
the phosphate groups is strongly and quickly reduced. In accordance with electrolyte
theory, this favors the formation of more structured species ultimately leading to the final
G4 forms (39).

At the very early stage of cation-driven structural rearrangement of kit2, two fast
conformational changes are detected either in the presence of sodium or potassium ions.
UV stopped-flow measurements confirmed that these initial folding steps affect the
absorbance signal at 295 nm and the derived kinetic constants are cation-concentration
dependent. As far it concerns 11 and 11’ (the first intermediates in K* and Na*, respectively)
we did not succeed in obtaining structural information, but these spectral features are
compatible with G-quadruplex-like structures. They could represent intermediates with
less than a full stoichiometric complement of cations as already reported in the literature
for the initial folding step of other G-rich sequences or triplex intermediates (29).

The formation constants for these initial species are only slightly different when measured
in Na* or K*. The same occurs for 12 and 12’, the first intermediates for which we succeeded
in acquiring structural information. Under both experimental conditions, they derive from
the full conversion of 11 or I1’, respectively. This is supported by their half-life timescale
and, limited to K* condition, by SVD analysis that excluded a significant presence of I1 in
the slower part of the process. Despite these extensive similarities, 12 and 12’ do not
belong to overlapping folding pathways. Indeed, in sodium, 12’ represents the
thermodynamically stable structure and our data indicate it is a monomeric antiparallel
G-quadruplex. This is in keeping with the behavior previously reported for the telomeric
sequence (29). Conversely, the potassium-induced 12 is a short-lived intermediate
corresponding to a hybrid G-quadruplex that slowly rearranges into the final forms.
Following the evolution of 12 on a time-scale of hours, SVD analysis showed that the Kit2
energetic landscape in potassium does not favor the stability of the hybrid form. Indeed,

it converts into the final parallel monomeric and dimeric forms stably trapped into two
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energetic minima. According to the data obtained by analytical ultracentrifugation, these
two species correspond to the structures already reported in literature (21).

The plasticity of kit2 is further reinforced by exploring more complex ionic environments,
where additional conformational rearrangements can be detected. Indeed, starting from
the sodium-stabilized antiparallel G4 (I12’), the addition of potassium cations drives the
process towards the formation of the same thermodynamically stable parallel G-
quadruplexes. Interestingly, this process involves an unprecedented intermediate (I3),
when compared to K*-containing conditions. It fully retains the antiparallel arrangement
typically observed in Na*. This means that the oligonucleotide can follow multiple
pathways to reach the final monomeric and the dimeric parallel structures.

As already reported for other sequences such as the telomeric one, we can propose that
KCl efficiently replaces within the mixing time the sodium cations preserving the G-
quadruplex core (40). Herein, the observed stabilization of the antiparallel form in
potassium, underlined by the rapid increase of its dichroic signal after its addition, is the
experimental evidence that this replacement occurs. Subsequently, this unique
potassium-stabilized antiparallel G-quadruplex (I3) acts as short-lived intermediate that
directly leads to the formation of the final monomer and dimer. Thus, in this experimental
condition, the previous identified K*-induced intermediate 12 is not involved in the
oligonucleotide folding process.

It is worthwhile to compare our model to those derived for the widely studied telomeric
sequence (5,33). A branched pathway is required to describe our data. A major difference
is that we were not able to identify antiparallel intermediates in pure K* solutions.
Nevertheless, we cannot exclude the involvement of this species since it appears to
represent the main component in the Na*/K* conformational switch (40). Such an highly
polymorphic behavior for kit2 has been proposed to be enabled by the long and
unstructured central loop that allows it to adopt either an all-parallel, propeller type
conformation, or a mixed parallel/antiparallel conformation (20).

In conclusion, based on the data presented herein, it appears that the wild-type kit2
sequence also converges towards two shared main G-quadruplex folded forms. It
emerges that the population of G-quadruplex or G-quadruplex-like conformations in
solution is comprised of multiple components and that its composition significantly varies
with time and environmental conditions. The presence of several relevant folding

intermediates, some of them characterized by a half-life within the timescale of
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physiological DNA processing events, definitely supports their potential role in gene
regulatory processes. Thus, taking into account only the high-resolution structures of kit2
as the actual G4 elements working during the transcription, leads to a loss of information

regarding the functional arrangement of the gene promoter.
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Figure S1. CD spectra acquired along the time-dependent folding of kit2 at different
concentration - A) 20 uM and B) 6 uM DNA -in 10 mM TRIS pH 7.5 induced by the addition

of 50 mM KCl at 25°C. Data were recorded for 4 h.
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ABSTRACT

The proximal promoter of c-KIT contains a peculiar domain that comprise three closely
located short G-rich sequences able to fold into non-canonical DNA secondary structures
called G-quadruplexes (G4). Here, we focused on a sequence corresponding to two
consecutive G4 forming (kit2 and kit*) and, by electrophoretic, SPR and spectroscopic
techniques, we demonstrated that they retain the ability to fold into G4 when inserted in
the extended sequence. Noteworthy, we highlighted the occurrence of a crosstalk
between the two forming units. This previously unexplored G4-G4 interaction modulates
both the con-formation and the stability of the overall arrangement of ¢c-KIT promoter. It
is not supported by stacking of single nucleotides, but it refers to a G4-G4 interaction
surface surrounded by a 2-nucleotides loop that might represent a reliable

unprecedented target for anticancer therapy.

G quadruplexes (G4) are polymorphic DNA arrangements forming in G-rich sequences.
They are characterized by planar arrays of four guanines paired by Hoogsteen hydrogen
bonds (G-quartets) that interact one to each other through m-mt stacking interactions. The
overall stability of these arrangements is further improved by monovalent cations, such
as potassium or sodium.! The promoters of many oncogenes contain G-rich sequences
that are able to adopt this tetra-helical conformation.”®> A meaningful example is the
proto-oncogene c-KIT. It encodes for a tyrosine kinase receptor (c-kit) which expression
and activation are increased in many different cancer types where it sustains cell
proliferation, migration, maturation and survival.* Within the c¢-KIT proximal promoter
three short G-rich sequences have been identified, namely kit1, kit2 and kit*. Their ability
to fold into G4 has been proved and, for kitl and kit2, high resolution structures are

available.>® Experimental data suggest that upon stabilization of these G4 structures in
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promoter, the transcriptional process of c-KIT is impaired whereas the opposite occurs in
cell treated with ligands able to reduce G4 formation.%1!

Within the promoter, the three G4-forming domains are closely clustered and spaced few
nucleotides one from each other (Figure 1A). Thus, in analogy with the reported behavior
of long telomeric repeats as well as for hTERT promoter, their potential crosstalk through
G4-G4 interactions must be considered.’>** This is relevant since it can lead to a
rearrangement of the over-all geometry of the participating DNA structural domains and
it can generate a G4-G4 interaction surface that might represent a reliable unprecedented
pharmaceutical target. Clearly, to properly dissect the functional role of this G-rich
domain in DNA processing, the characterization of this higher-order arrangement is
necessary. Indeed, its structural features are expected to regulate protein recruitment, in
particular transcription factors for c-KIT transcription. Worth of mentioned, the promoter
portion comprising kit2 and kit*contains validate and putative binding sites for Sp1 and

AP2, respectively.”
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Figure 1. (A) Schematic representation of c-KIT proximal promoter, reporting the kit2kit*
sequence; kit2 and kit* sequences are highlighted in red and blue, respectively. (B)
Electrophoretic mobility of kit2kit* with reference to a 38 residues-long marker (SCR)
performed under folding and denaturing conditions. (C) CD titration of kit2kit* with KCl in
10 mM TRIS, pH 7.5, 25 °C. Solid and dashed black lines refer to the sequence in the

absence and in the presence of an excess of metal ion, respectively. (D) CD spectra of 2
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UM kit* (blue line), kit2 (red line) and kit2kit* (green line) acquired in 10 mM TRIS, 150
mM KCl pH 7.5, 25 °C. The arithmetic sum of the dichroic contributions from kit2 and kit*

is represented by the black line.

For these reasons, as first step, we investigated if kit2 and kit* could reciprocally interact
and modify their conformations and stabilities.

To preliminary assess this issue, we performed electrophoretic mobility shift experiments
on a sequence comprising both the kit2 and kit* G-rich segments, called kit2kit* (Figure
1A). As expected, in denaturing conditions the electrophoretic mobility of kit2kit* well
parallels the one expected with reference to a 38-residue long oligonucleotide unable to
intra-molecularly fold (SCR). Conversely, in the presence of 150 mM KCI (Figure 1, panel
B, native condition) kit2kit* runs much faster, thus sup-porting its folding into an intra-
molecular arrangement. This structural change was also followed by means of circular
dichroism titrations of kit2kit* with KCI (Figure 1C). A potassium dependent folding of the
oligonucleotide emerged as indicated by the increment of the intensity of the dichroic
signal. On the so obtained K*-induced folded form, we acquired the thermal difference
spectrum (TDS) since its bands intensity and localization represent a specific signature for
each single DNA structural motif.’> The TDS of kit2kit* showed a negative band around
295 nm and two positive contributions at 273 nm and 255 nm with a shoulder at 243 nm
(Figure S1), compatible with the expected result for a G4. Thus, we ruled out other

1617 and concluded that the longer kit2kit* domain retains the

possible arrangements
ability to fold into intramolecular G4.

Interestingly, the response of kit2kit* to KClI proved to be largely different from the one
obtained in the presence of equimolar concentration of kit2 and kit* (Figure S2). As a
result, the spectrum of kit2kit* in 150 mM KCI (Figure 1, panel D, solid green line) does
not overlap the one derived from the sum of the dichroic contribution of kit2 and kit*
(Figure 1, panel D, solid black line) acquired in the same experimental conditions. In
particular, the recorded CD spectrum of the longer sequence presents a positive peak at
268 nm, with two shoulders at 282 nm and 295 nm whereas the two isolated G4 are
expected to generate just two positive peaks, the major one at 295 nm and a smaller one
at 264 nm. The same results were acquired considering kit2-A, which was used along with

kit* to obtain in solution a residue combination perfectly superimposable to the longer

sequence (Figure S2). This observation supports that the tested G-rich units behave
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differently when analyzed as isolated blocks or when inserted within a single long
sequence.

Once assessed the occurrence of a distinctive G4 arrangement by kit2kit*, its melting
profile was studied and compared to those of its building blocks. As reported in Figure S3,
the CD melting profile of kit* corresponds to a single reversible process that is consistent
with a direct conversion of the folded G4 into the unfolded oligonucleotide without
significant contributions of intermediate species. By using a single-transition model based
on van't Hoff formalism, we determined kit* melting temperature and unfolding enthalpy
(Table 1).1® We could not apply the same analytical protocol to kit2 because, as reported
in the literature, in solution it distributes between a monomeric and a dimeric parallel G4
and this condition hampered a correct data analysis.>'® We solved this bias by taking
advantage of the elongated kit2-A sequence. Indeed, it preserves the ability to fold into a

parallel G4, but it does not form multimeric species (Figure S4).

Table 1. Thermodynamic parameters of unfolding processes of kit*, kit2-A and kit2kit* in
150 mM KClI, derived by CD titrations. T1-T3 refer to the three thermal transitions for

kit2kit*.

Sequence Tm (°C) AH (kcal/mol)
kit* 60.5 +0.1% -25.5+0.4*
kit2-A 76.0 +0.3% -37.2 +1.0"
T1 42.5+0.5% -28.0 +2.5%
kit2kit* T2 58.0+1.4% -32.8 +3.9%
T3 75.3+2.2% -38.9 + 4.6%

(#) from melting profile acquired at 295 nm
(##) from melting profile acquired at 264 nm
(&) Singular Value Decomposition analysis

Accordingly, also the melting of this sequence in 150 mM KCl was nicely fitted by a single-
transition process allowing us to derive the corresponding thermodynamic parameters

summarized in Table 1.
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Figure 2. (A) CD spectra of kit2kit* in 150 mM KCl recorded at increasing temperature.
Solid and dashed black lines refer to the spectra acquired at 10 and 94 °C, respectively (B)
Significant V eigenvectors (V1-V4) fitted according to the "four states-three transitions"
melting process model. (C) Derived CD spectra of the species contributing to the dichroic
signal variations during the melting process. (D) Melting profile of 0.4 uM kit2-2AP-kit*
previously folded in 150 mM KCI monitored following the emission signal at 370 nm (white
and yellow dots). The green line represents the fitting of the experimental data (yellow
dots) according to a “three transitions” unfolding model. Black and grey dots refer to the
temperature dependence of the fluorescence signal of 2AP and kit2-2AP, respectively, in

the same experimental conditions.

Conversely, in the same experimental conditions, the unfolding profile of kit2kit* was
composed by multiple steps (Figure 2A). It is not easy to describe it by means of common
protocols and for this reason we moved on the Singular Value Decomposition (SVD)
analysis, an analytical tool very useful to characterize such complex events since it takes
into account the optical contributions in the whole wavelengths range (see Supporting In-

formation).20-2?
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The singular values contained in the S matrix as well as the U and V autocorrelation
coefficients (Figure S5, Table S1, meaningful values are those above 0.75) highlighted that
four main species in solution account for the whole dichroic signal variation. The
significant V eigenvectors were fitted using several models and the “three transitions
mechanism” provided the best description of the unfolding process of kit2kit* (Figure
2B).%> The resulting fitting parameters (u, a, b and | from eq. (2) in Supporting Information)
were used to derive the actual shapes of the CD spectra of each significant species in
solution, as reported in Figure 2C: they nicely fit with those experimentally determined
for kit2kit*, kit2 and kit* summarized in Figure 1D. Furthermore, SVD analysis provided
the melting temperatures of each single species as well as their unfolding enthalpies
(Table 1). The first species shows the same dichroic shape of the fully-folded sequence
and it is characterized by the lowest melting temperature (42.5 °C). After the disruption
of this form, the CD spectrum of kit2kit* well resembles the expected sum of the
independent contributions of the parallel kit2 and the antiparallel kit* (Figure 2C, yellow
line). A second thermal transition occurs at 58 °C. After this step, the dichroic signal
indicates the presence in solution of only one parallel G4, in agreement with the loss of
the antiparallel component (Figure 2C, orange line). Finally, the third and last transition
takes place at 75 °C and it leads to the complete unfolding of the long oligonucleotide
(Figure 2C, brown line). By comparing the structural rearrangement of kit2kit* with the
data derived from the isolated G4 units, it clearly appears that the second and the third
steps (T2 and T3 in Table 1) well correspond to the melting of the kit* and kit2,
respectively. Conversely, the first one (T1) likely represents a novel conformational
rearrangement, associated to a reduced enthalpy change. This initial transition perfectly
fits with the disruption of a cross-talking interaction between kit2 and kit* G4s.

Providentially, in c-KIT promoter kit2 and kit* are separated by an adenine (A22): its
substitution with the fluorescent analogue, 2-aminopurine (2AP) allowed us to further
investigate such a potential interaction mode of kit2 and kit* within the longer sequence.
Indeed, the use of this fluorescent probe pro-vides the advantage to selectively monitor
localized conformational rearrangements with no or limited interference from the global
structural movements.?? Addition of 150 mM KCI to the fluorescent oligonucleotide
induced an increment in the fluorescence emission (Figure S6). Since base stacking on a
G-tetrad strongly quenches the fluorescence of 2AP, this suggests that in the folded

oligonucleotide this adenine is not engaged in G4 interactions and that it is relatively free
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to explore the solvent. Nevertheless, it is worth to mention that, accordingly to the
reported kit2 structures,® the guanine at position 21 is not involved in G-tetrad formation
thus, it can still partly quench the fluorescence signal of the close by 2AP.24%
Subsequently, we melted the kit2kit* folded in KCl to follow the conformational changes
of the environment surrounding the fluorescent base analogue. As reported in Figure 2D,
by increasing the temperature, a further modest increment of the fluorescence signal is
observed between 30 and 50 °C, followed by a remarkable decrement of the signal that
reaches a minimum around 90 °C. This behavior is specific of the kit2-2AP-kit* since 2AP
and kit2-2AP show only the expected fluorescence decrement related to the heating of
the solution. Also in this case the best fitting of the experimental data relative to kit2kit*
in the 24-90 °C temperature range was obtained by applying a “three transitions” model.
The output provided melting temperatures perfectly overlapping those above reported
(see Table S2). We attributed the first transition, associated to the increment of the
fluorescence signal, to the break of the G4-G4 interaction: it increases the flexibility of the
system and allows the fluorescent nucleotide to move away from G21 in the loop. During
the second and third transitions, the sharp decrease in fluorescence emission is caused
by the insertion of 2AP in an unfolded environment. Consistently, at the higher tested
temperature the F/Fo of kit2-2AP is lower in comparison to the free 2AP.

These findings support the hypothesis that the GA loop does not participate to the G4-G4
interaction. This was further sustained by acrylamide quenching experiments. They
revealed a linear dependency of the kit2-2AP-kit* fluorescence to the quencher
concentration (Figure S7), thus meaning that the inserted 2AP fluorophore experiences
only one microenvironment thus excluding its stacking within the G4-G4 interface.?*?¢ By
the Stern-Volmer model we compared the accessibility of 2AP within the oligonucleotide
to the free 2AP. The lower value of the extrapolated K., of kit2-2AP-kit* showed that in
this case the fluorophore is more shielded compared to the free 2AP (Table S3). All these
findings fully sustain that the adenine within the loop between does not participate to the
G4-G4 interaction, but it is involved in a stacking interaction with the neighbor unpaired
guanine. All our evidences can thus easily be summarized in the scheme reported in Figure

3.
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Figure 3. Graphical representation of the melting process of kit2kit*. Blue and red

correspond to the kit* and kit2 G4 arrangements; in green and orange, A22 and G21 are

highlighted, respectively.

It derives that one functional unit participating in the regulation of c-KIT expression might
be represented by this novel G4-G4 module. Clearly, it is worth to keep in mind that in
gene promoter this tandem G4 arrangement naturally competes with the duplex form.
Nevertheless, from the data herein presented, we can expect that the higher order
organization affects the equilibrium to a different extent in comparison to the isolated G4
modules. In order to assess this point, we monitor the duplex-G4 competition by SPR. In
our assay, a biotinylated oligonucleotide corresponding to the cytosine-rich strand
complementary to kit* sequence (biot-kit*-C) was immobilized on a streptavidin
functionalized sensor-chip, a strategy that allows to avoid severe structural
rearrangements on the chip surface. The G-rich strand (kit* or kit2kit*, previously folded
in KCI) was then flushed at increasing concentrations, so the pairing process was
monitored as variation of the SPR angle. From the sensor-grams reported in Figure 4, it is
immediately evident that the efficiency of the surface hybridization of the short or the
long sequences is completely different. Indeed, even if kit* has a lower molecular weight,

it generates higher RU than kit2kit* at the same concentrations.
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Figure 4. Differential pairing of 15-1000 nM kit* (PANEL A) and kit2kit* (PANEL B) to the
complementary strand of kit* immobilized on a chip surface acquired by SPR kinetic

analysis.

For data analysis we focused on the association step since the dissociation was almost
negligible. This step was well fitted by a single exponential corresponding to a first-order
Langmuir equation (eq. (4) in Supporting Information).?”"?® From each single sensorgram,
we derived the apparent rate constants which were linearly related to the concentration
of the flushing oligonucleotide thus allowing us to derive the association rate constant for
the surface hybridization process (eq. (5) in Sup-porting Information and Figure S8). The
results provide the association rate constant for the pairing of kit* (11.46-104 M-1s-1)
that differs of about one order of magnitude in comparison to kit2kit* (0.91:104 M-1s-1).
This is in line with all the evidences herein presented. Indeed, taking into account that the
hybridization process requires the G4 unfolding, it derives that the G4-G4 interaction,
which increases the overall stability of the fold-ed G-rich strand, negatively impacts on
the double strand formation. Consistently, the same behaviour was detected when we
immobilized the kit2 complementary strand (biot-kit2-C) and compared the pairing of kit2
to kit2kit* (Table S4). In this case, the reduced difference in the hybridization efficiency
derives from the higher stability of the G4 arranged kit2 vs kit*.

To conclude, we provided evidences supporting an intra-molecular G4 folding for the
sequence corresponding to the kit2kit* domain. It does not correspond to the sum of the
individually structured kit2 and kit*, but it represents an unprecedented G4 form
compatible with a G4-G4 tandem interaction. In addition to the unique structural
significance of this new arrangement, our data indicate it as physiologically relevant since

it efficiently shifts the equilibrium G4-duplex towards the tetrahelical form. Since other
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oncogene promoters contain similar G4 repeats, (i.e. KRAS)*® the control of these
structural features might represent a shared mechanism of gene regulation worth to be

further explored.
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Materials and Methods

Nucleic Acids

kit2kit* 5’-CGGGCGGGCGCGAGGGAGGGGAGGCGAGGAGGGGCGTGGCCGGC-3’
kit2 5’-CGGGCGGGCGCGAGGGAGGGG-3’

kit2-A 5’-CGGGCGGGCGCGAGGGAGGGGA-3’

kit* 5’-GGCGAGGAGGGGCGTGGCCGGC-3’

kit2-2AP-kit* 5-CGGGCGGGCGCGAGGGAGGGG-2AP-GGCGAGGAGGGGCGTGGCCGGC-3’
kit2-2AP 5’-CGGGCGGGCGCGAGGGAGGGG-2AP-3’

biot-kit*-C 5’-Biotin-GCCGGCCACGCCCCTCCTCGCC-3’

biot-kit2-C 5’-Biotin-CCCCTCCCTCGCGCCCGCCCG-3’

SCR 5’-CCTGCTTCTCGCCGAGCAATTGTCCAGGCGGATCCTCA-3’

MW marker  5-GGATGTGAGTGTGAGTGTGAGG-3’

Oligonucleotides were purchased from Eurogentec (Liége, Belgium) and were used
without further purification. They were dissolved in 10 mM TRIS, pH 7.5, to prepare a 1
mM stock solution. Before use, each sample was heated at 95°C for 10 minutes in the
required buffer and then slowly cooled down at room temperature to equilibrate the

system.

Polyacrylamide gel electrophoresis

For the native PAGE, 200 ng of oligonucleotide were heated at 95 °C for 10 minutes in 10
mM TRIS, 150 mM KCI, pH 7.5 and let to cool down at room temperature overnight.
Afterwards, samples were loaded on a native 15 % polyacrylamide (19:1 acrylamide:
bisacrylamide) PAGE in 1X TBE (89 mM Tris, 89 mM boric acid and 2 mM EDTA). A scramble
38-residue long oligonucleotide (SCR) unable to assume any intramolecular folding was
used as electrophoretic mobility marker.

For gel under denaturing conditions, before loading samples were added of in denaturing
gel loading buffer (80% formamide, bromophenol blue), heated at 95°C for 10 minutes

and immediately cool down in an ice-bath to avoid refolding processes. They were loaded
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on a denaturing 20% polyacrylamide (7 M urea, acrylamide:bisacrylamide 19:1) PAGE in
1X TBE. Gels were stained with SYBR green Il and the resolved bands were visualized on

an image acquisition system (Geliance 600 Imaging system, Perkin-Elmer).

Thermal difference spectrum

The UV absorption spectra of the studied sequence were recorded at 95°C and at 25°C in
10 MM TRIS, 150 mM KCI, pH 7.5 using a Perkin-Elmer Lambda 20 Spectrophotometer. The
spectrum acquired at 25°C was subtracted to the one at 95°C and the resulting thermal

difference spectrum normalized to 1 at the maximal optical variation.

Circular Dichroism

Circular dichroism spectra were acquired on a JASCO J-810 spectropolarimeter equipped
with a Peltier temperature controller. CD spectra were recorded from 230 nm to 320 nm,
with the following parameters: scanning speed 100 nm/min; band width of 2 nm; data
interval of 0.5 nm; response of 2 s. Measurements were performed using a 1 cm path
length quartz cuvette and oligonucleotide concentration in cuvette = 4 uM in 10 mM TRIS
pH 7.5.

CD titration were performed at 25 °C by adding to the oligonucleotide solution increasing
concentration of KCl. After each addition the system was leaved to equilibrate (2 h) before
spectra acquisition.

CD melting studies were carried out between 10-94 °C in 150 mM KCIl. The heating rate
was 50°C/hour, each 2 °C the temperature was hold for 5 minutes and the corresponding
CD spectrum was recorded.

After each acquisition, the contribution of the buffer was subtracted from the sample.
Observed ellipticities (deg) were converted into molar ellipticity [@] = deg x cm2 x dmol-1
(Mol. Ellip.) calculated by the DNA residue concentration in solution determined by UV

absorbance at 260 nm.
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Data analysis of CD melting experiments

For melting profiles showing only one fully reversible melting transition, data analysis was
performed by fitting the signal variation at a single wavelength according to a single-

transition model based on van’t Hoff formalism,*

Eq.1

where u and / are fitting parameters, AH is the enthalpy of the unfolding process, R is the
ideal gas constant, Tm is the melting temperature of the folded oligonucleotide.

In order to describe unfolding processes with multiple transitions, such as the melting
process of kit2kit* folding, SVD analysis was applied to the entire melting dataset, that
correspond to a D matrix formed by the optical signals in the whole wavelengths range
(rows) acquired at each single temperature (columns). This analytical tool splits the data
matrix in three submatrices U, S, V, so that D = U x S x V. The singular values in S matrix
and the autocorrelation coefficients of the U and V matrices give information about the
number of species in solution that contribute to the signal variation.?® For the U and V
autocorrelation coefficients, significant values were considered those above 0.75.
Significant V eigenvectors in V matrix were globally fitted by applying different melting

models and the best fitting was obtained by using a “three transitions” model,*

A (e (), A () (), A3 ())

R (P e (R Y= (R )R 7 (W 2 ) N )

Eq. 2

where u, a, b and | are fitting parameters, AH1, AH2 and AH3 are the enthalpies associated
to each melting step, Tm1l, Tm2 and Tm3 are the melting temperatures. The fitting
parameters formed the H matrix. By multiplying the H matrix for the U x S matrix, the

actual shapes of the dichroic signals of species in solution were obtained.
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Fluorescence spectroscopy

Fluorescence spectroscopy measurements were performed on kit2-2AP-kit* and kit2-2AP
in which the adenine at position 22 was substituted with the 2-aminopurine fluorescent
analogue (2AP). Measurements were performed on a JASCO-FP-6500 spectrofluorometer
equipped with a Peltier Temperature controller. Emission spectra were recorded in the
320-460 nm range; with the excitation wavelength fixed at 305 nm. The scanning speed
was 200 nm/min, the response 1 s and both the emission and the excitation band width
were 3 nm. The fluorescently labeled oligonucleotides were diluted to a concentration of
0.4 uM in 10 mM TRIS, pH 7.5. The effect of addition 150 mM KCl on the fluorescence
spectra was monitored over time at 25 °C.

Melting profiles of the sequences previously folded in 10 mM TRIS, 150 mM KCI, pH 7.5,
were acquired in the 10-90°C range following the emission signal at 370 nm. Data points
were recorded at each 2°C of temperature increment, after a 3 minutes of equilibration
time. The melting profile of kit2-2AP-kit* was compared to those one of 2-AP alone and a
kit2-2AP, as controls. For the longer sequence, data analysis was performed using a “three
transitions” model, as reported for the CD melting (see Eq. 2).

Acrylamide quenching experiments were performed on the kit2-2AP-kit* previously
folded in 150 mM KCl and on the free 2AP, used as control. The quenching efficiency was
monitored at 370 nm, and plotted as function of the acrylamide concentration at 25°C.

Stern-Volmer formalism was applied to obtain quenching parameters,*>

FO ,

- = 1+ Ksv - [acrylamide] Eq. 3
where FO is the initial value of fluorescence and K, is the Stern-Volmer constant.

Surface Plasmon Resonance (SPR)

Surface plasmon resonance measurements were performed using a Biocore X100 set up
with streptavidin-coated sensor chips prepared for use by conditioning it with 1 min
injections of 1 M NaCl, 50 mM NaOH in 50% isopropanol and finally extensively washed

with a 0.22 um filtered buffer (10 mM Tris, 150 mM KCl, 0.025% P20). Previously annealed

biot-kit*-C or biot-kit2-C were then immobilized on flow-cell 2 of the chip surface by
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adding a 50 nM DNA solution at a 1 pl min-1 flow rate until a 80 RU response was
obtained. Flow-cell 1 was left blank as control. Sensorgrams were acquired using serial
dilutions of kit* or kit2kit* (0-1000 nM) annealed in the running buffer. The G-rich
sequences were injected at a 25 ul min-1 flow rate for 180 seconds, thereafter a
dissociation time of 300 seconds were maintained. After each run, a 30 seconds
regeneration step was performed with 1M NaCl and 50 mM NaOH followed by a 300
seconds stabilization period in running buffer.

In the applied experimental condition, dissociation processes were negligible, so it was
studied only the association step. A mono-exponential kinetics was applied to the

association curves in order to obtain the apparent rate constant of the process,®’

RU = a- (1 — e k) Eq. 4

where RU is the intensity of the signal at time t, a is a fitting parameter, kobs is the apparent
rate constant. It is dependent on the concentration of analyte in solution, according to this

relationship:

kobs = C * ka Eq. 5

where C is the concentration of analyte in solution and ka is association rate constant of
the hybridization process.

We plotted the kons as function of the analyte concentration, obtaining a linear
relationship. This plot was used to derive the association rate constants by means of a
simple linear regression.

For kit* hybridization on chip surface data analyses was limited to data points in 0-500 nM

concentration range.
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Figure S1. Thermal difference spectrum of kit2kit* in 10 mM TRIS, 150 mM KCI, pH 7.5
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Figure S2. (A) CD titration with KClI of an equimolar mixture (2.8 uM) of kit2-A and kit* in
10 mM TRIS, pH 7.5, 25 °C. Solid and dashed black lines refer to the sequence in the
absence and in the presence of an excess of metal ion, respectively. (B) CD spectra of 2
UM kit* (blue line), kit2-A (red line) and kit2kit* (green line) acquired in 10 mM TRIS,150
mM KCl pH 7.5, 25 °C. Black line corresponds to the spectra acquired by mixing equimolar

concentration of kit* and kit2-A in 10 mM TRIS,150 mM KCl pH 7.5, 25 °C.
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Figure S3. Melting profile of kit* (blue dots) and kit2-A (red dots) in 150 mM KCI, 10 mM
TRIS pH 7.5. Data were fitted accordingly to a single-transition model based on van’t Hoff

formalism (black lines).
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Figure S4. (A) Electrophoretic pattern of kit2 and kit2-A in absence/presence of 150 mM
KCl with/without annealing resolved on 15% acrylamide native PAGE in 1x TBE using a 22-
residues MW marker. (B) CD spectrum of kit2-A acquired in 150 mM KCI, 10 mM TRIS pH
7.5 at 25°C.
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Figure S5. S matrix values derived from SVD analysis of the CD spectra of kit2kit* acquired
at increasing temperature. Data indicate the relevance of species in solution participating

to the overall dichroic signal variations.
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Figure S6. Fluorescence spectra of kit2-2AP-kit* acquired after the addition KCl up to 150

mM concentration. The arrow indicates the direction of spectra change.
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Figure S7. Fluorescence variation recorded at 370 nm of free 2-AP and kit2-2AP-kit* upon

increasing concentration of acrylamide. Data were fitted according to the Stern-Volmer

equation.
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Figure S8. Apparent rate constants values derived from the SPR association phase
(corresponding to the hybridization of kit*, kit2 or kit2kit* to biot-kit*-C (Panel A) or biot-

kit2-C (Panel B)) vs flushing oligonucleotides concentration.
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Table S1. U and V autocorrelation coefficients derived from SVD analysis indicating the
relevance of species in solution participating to the signal variations. The not significant

value is highlighted in red.

Values
9.95E-01
9.91E-01

Parameters

#

il

2

3 9.86E-01
4 9.87E-01
5 8.90E-01
I 9.73E-01
2 9.69E-01
3 9.42E-01
4

Autocorrelation

8.60E-01

Table S2. Thermodynamic parameters of the unfolding process of kit2-2AP-kit* in 150

mM KCl.
Transition Tm (°C) AH (kcal/mol)
T1 42.5+1.0 -16.0+3.0
2 58.0+1.2 -37.0+4.1

3 [/ SISERPES -38.0+10.81
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Table S3. Summary of Stern-Volmer constants derived according eq. (3).

Transition K, (M?)
2-AP 42.43+0.17
kit2-2AP-kit* 10.40+0.16

Table S4. Summary of association rate constants for the hybridization processes of kit*,

kit2 or kit2kit* on immobilized biot-kit*-C or biot-kit2-C.

Immobilized Analytein

. ka(M1s?)
sequence solution

kit* (11.46 £ 0.16) - 10*
biot-kit*-C
kit2kit* (0.91+0.12) - 10*

kit2 (4.03 +0.16) - 10*

biot-kit2-C
kit2kit* (1.93 +0.06) - 10*

Published — Rigo, R.; Sissi, C. Biochemistry. 2017, 56 (33), 4309-4312






167 Scientific Publications — EGFR promoter

Coexistence of two main folded G-quadruplexes within a single G-

rich domain in the EGFR promoter

Maria Laura Greco?, Anita Kotar?, Riccardo Rigo?, Cristofari Camilla?, Janez Plavec**** and

Claudia Sissi**

! Department of Pharmaceutical and Pharmacological Sciences, University of Padova, v.
Marzolo 5, Padova, 35131, ITALY

2 Slovenian NMR Center, National Institute of Chemistry, Hajdrihova 19, 1000 Ljubljana,
Slovenia

3 EN-FIST Center of Excellence, Trg OF 13, 1000 Ljubljana, Slovenia

4 Faculty of Chemistry and Chemical Technology, University of Ljubljana, Ve¢na pot 113,

Ljubljana

* To whom correspondence should be addressed. Tel: +39-049 8275711; Fax: +39-049

8275366; e-mail: claudia.sissi@unipd.it; janez.plavec@Kki.si

ABSTRACT

EGFR is an oncogene which codifies for a tyrosine kinase receptor that represents an
important target for anticancer therapy. Indeed, several human cancers showed an
upregulation of the activity of this protein. The promoter of this gene contains some G-
rich domains, thus representing a yet unexplored point of intervention to potentially
silence this gene. Here we explore the conformational equilibria of a 30-nt long sequence
located at position -272 (EGFR-272). By merging spectroscopic and electrophoretic
analysis performed on the wild type sequence as well as on a wide panel of related
mutants we were able to prove that in potassium ion containing solution this sequence
folds into two main G-quadruplex structures one parallel and one hybrid. They show
comparable thermal stabilities and affinities for the metal ion and, indeed, they are always
co-present in solution. The folding process is driven by a hairpin occurring in the domain
corresponding to the terminal loop which works as important stabilizing element for both

identified G-quadruplex arrangements.
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INTRODUCTION

The cell surface receptor Epidermal Growth Factor Receptor (EGFR) is an important factor
in the pathogenesis and progression of several human cancers (1). Along with ErbB2/HER-
2, ErbB3/HER-3 and ErbB4/HER-4, it belongs to the ErbB family of protein kinase
receptors. Up to seven physiological ligands (i. e. EGF, TGF-a, etc) have been identified
that are able to activate EGFR by driving its homo- or hetero-dimerization. Physiologically,
this activity is required in normal cell growth and proliferation comprising the
maintenance of normal intestinal functions and homeostasis (2). However, EGFR
overexpression or mutations that constitutively activate this receptor are known
oncogenic drivers (3). Relevant examples of cancers connected to an aberrant activation
of EGFR are non-small cell lung cancer, breast cancer and glioblastoma (4). Currently
available therapeutic agents used to counteract the upregulation of EGFR are tyrosine
kinases inhibitors and humanized monoclonal antibodies against the receptor
extracellular domain. Both treatments are designed to switch off the kinase activity and,
consequently, the signal transduction. Unfortunately, their efficacy is severely impaired
by either intrinsic or acquired resistance, often deriving from a selection of pre-existing
sub-clones (5). Several mechanisms can contribute to this phenomenon i. e. amplification
of alternative pathways to activate common downstream factors able to promote cell
proliferation or the expression of mutated forms of EGFR. Among them, worth of mention
are the gatekeeper T790M mutation which increases the affinity of the receptor for ATP
in its binding pocket (6).

The gene that encodes for EGFR is located on chromosome 7p12-13. Using in silico
analytical tools it was discovered that sequences in EGFR gene at positions -37 and -272
from the transcriptional start site (TSS) potentially form G-quadruplex (G4) structures
(7,8). G4s are four-stranded helical structures that can be formed by single-stranded
guanine-rich DNA (and RNA) oligonucleotides. G4s arise from Hoogsteen hydrogen
bonding of four guanines arranged in a planar G-quartet (9). Stacking of two or more G-
quartets leads to formation of a G4 that is further stabilized by monovalent cations. The
considerable structural diversity is characteristic for DNA G4s. It was shown that factors
such as primary sequence, especially number of G-tracts and their length, number of
assembling DNA molecules, length of loops, orientation of strands, type of cations and

other external factors importantly influence the structure of G4 (10-15). G4s can adopt
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parallel, antiparallel and hybrid (3+1) topologies characterized by different orientation of
the four strands. It was demonstrated that proteins like DNA and RNA helicases can
selectivity recognize the topology of G4 (16,17). The transition between different
topologies could be induced by changing the type of cations, adding different co-solutes
and crowding agents (11,18,19). Loops that connect guanine residues involved in G-
quartets have an important role in overall folding and stability of G4s (12). Three basic
types of loops are characteristic for G4s; propeller, lateral and diagonal loops (20).
Orientation of loop depends on number and nature of nucleotides in loops as well strand
orientation and number of G-quartets they traverse (12). Some long(er) loops have been
found to adopt a well-defined structure. It has been shown that hairpin-like loop
structures increase thermodynamic stability of G4s (12). It is noteworthy, that G4s are not
the only structures that can be formed by G-rich sequences. According to recent reports
they can adopt other noncanonical structures such as G-hairpin and AGCGA-quadruplexes
(21-23).

The formation of G4 structures in human cells has been demonstrated clearly (24-29). G-
rich regions are found in telomeric regions. In addition, bioinformatic genome analysis
showed that they frequently cluster upstream of the TSS of many oncogenes (30).
Compared to telomeres, G4-forming sequences found in promotor regions are more
diverse with varying number and length of G-tracts and intersecting residues resulting in
potential formation of multiple G4s. It was demonstrated that formation of G4 in
promoter regions can be involved in regulation of gene transcription. Investigations into
structural features of G4s enable structure-based design of ligands that would bind to and
stabilize G4 structures. Indeed, in promotor regions, G4 stabilization by small-molecule
ligands frequently results in the suppression of gene expression (31-34). The silencing of
EGFR transcription by promoting G4 formation in its promotor could thus represent a
powerful complementary therapeutic strategy to the currently available treatments.
With the aim to explore the formation of G4 in the promotor region of the EGFR gene, we
focused on the 30-nucleotide sequence named EGFR-272
d[GGGGACCGGGTCCAGAGGGGCAGTGCTGGG] that starts at positions -272 from the TSS.
With the use of spectroscopic and electrophoretic techniques we describe its structural
features in ionic conditions comparable to those found in the intracellular environment.
The experimental data clearly established formation of G4 with additional Watson-Crick

G-C base pairs within the loop regions. The effect of individual guanine and cytosine
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residues on the folding of EGFR-272 in the presence of K+ ions has been tested rigorously
with several spectroscopic methods including NMR. We identified two main G4 forms of
EGFR-272, a kinetically favoured (3+1) hybrid and a slowly forming parallel one, both
comprised of three stacked G-quartets.

MATERIAL AND METHODS

Oligonucleotides

Table 1. Sequences of oligonucleotides used in this work. In bold, mutated residues.

Oligonucleotide | Sequence
5 10 15 20 25 30

EGFR-272 5'- GGGG ACC GGG TCC AGA GGGG CAG TGCT GGG -3
EGFR-272-p 5- phos GGGG ACC GGG TCC AGA GGGG CAG TGCT GGG -3
AG1 5’- /GGG ACC GGG TCC AGA GGGG CAG TGCT GGG -3
GI1T 5’- TGGG ACC GGG TCC AGA GGGG CAG TGCT GGG -3’
G2T 5’- GTGG ACC GGG TCC AGA GGGG CAG TGCT GGG -3
G3T 5’- GGTG ACC GGG TCC AGA GGGG CAG TGCT GGG -3
G4T 5’- GGGT ACC GGG TCC AGA GGGG CAG TGCT GGG -3
G17T 5’- GGGG ACC GGG TCC AGA TGGG CAG TGCT GGG -3
G18T 5’- GGGG ACC GGG TCC AGA GTGG CAG TGCT GGG -3
G19T 5’- GGGG ACC GGG TCC AGA GGTG CAG TGCT GGG -3
G20T 5’- GGGG ACC GGG TCC AGA GGGT CAG TGCT GGG -3
AG1-G20T 5'- /GGG ACC GGG TCC AGA GGGT CAG TGCT GGG -3
G1,20T 5'- TGGG ACC GGG TCC AGA GGGT CAG TGCT GGG -3’
G4,17T 5'- GGGT ACC GGG TCC AGA TGGG CAG TGCT GGG -3
G4,18T 5’- GGGT ACC GGG TCC AGA GTGG CAG TGCT GGG -3
G4,19T 5’- GGGT ACC GGG TCC AGA GGTG CAG TGCT GGG -3
G4,20T 5’- GGGT ACC GGG TCC AGA GGGT CAG TGCT GGG -3
C12,13T 5'- GGGG ACC GGG TIT AGA GGGG CAG TGCT GGG -3
G25T-C26T 5'- GGGG ACC GGG TCC AGA GGGG CAG TITT GGG -3
AT27 5’- GGGG ACC GGG TCC AGA GGGG CAG TGC/ GGG -3
M. 5’- GGAT GTG AGT GTG AGT GTGA GG -3’
M3, 5’- GTTG ACC GTG TCC AGA GTGG CAG TGCT GGG -3

Oligonucleotides (Table 1) were purchased from Metabion International AG (German) and

resuspended in milliQ water and then purified by electrophoretic technique (EGRF-272:
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5’-GGG GAC CGG GTC CAG AGG GGC AGT GCT GGG-3'. The EGFR-272, AG1, GAT, G4,17T
and G4,20T were also synthesized on K&A Laborgeraete GbR DNA/RNA Synthesizer. In all
cases, the standard phosphoramidite chemistry was used. Deprotection and cleavage
from the solid support was done with the use of aqueous ammonia at 55 °C for 12 h. The

crude oligonucleotides were then purified by RP-HPLC and desalted, before use.

Electrophoretic Mobility Shift Assay (EMSA)

32P end-labelled single-stranded oligonucleotides were obtained by incubating the
oligonucleotides with T4 polynucleotide Kinase (M-Medical S.r.l., Italy) and [y-32P] ATP
(Perkin Elmer S.p.a., ltaly) for 30 min at 37 °C. The enzyme was then removed by
extraction with phenol/chloroform/isoamylic alcohol (25:24:1). A mixture of purified
labelled and unlabelled oligonucleotides (total final concentration 1 uM) was heated to
95 °C for 5 minin 10 mM Tris, 1 mM EDTA, pH 8.0 buffer at increasing KCl concentrations
and let to cool overnight at room temperature. The folding of the starting material was
monitored by native 20% polyacrylamide gel electrophoresis in 0.5X TBE (44.5 mM Tris
base, 44.5 mM boric acid and 1 mM Na2EDTA) added of 10 mM KCI. Resolved bands were
visualized and quantified on a Phosphor Imager (STORM 840, Pharmacia Biotech

Amersham).

Thermal differential spectrum (TDS)

The thermal difference spectrum was obtained by subtracting of the oligonucleotide UV-
spectra at 25 °C from the one recorded at 95 °C (below and above the oligo melting
temperature respectively). The experiments were performed in 10 mM NaCacodilate, 150
mM KCI pH 7.0. The resulting thermal difference spectra have been normalized to the
value of 1 at the maximal intensity (35). Before the thermal difference spectra, the CD

signal of the oligo in the same buffer has been recorded.

Circular dichroism (CD) measurements

Circular dichroism spectra were acquired on a Jasco J 810 spectropolarimeter equipped

with a Peltier temperature controller using 10 mm path length cells. Before data
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acquisition, oligo solutions (ca. 4 uM in 10 mM Tris, pH 7.5) were heated at 95°C for 5 min
and cooled overnight at room temperature. The reported spectrum of each sample
represents the average of 3 scans recorded with 1-nm step resolution. For kinetic
analyses, a single CD spectrum was acquired every 2 min. Thermal denaturation
experiments were performed by heating the sample by 2 °C and allowing sample
equilibration before spectra acquisition. Observed ellipticities were converted to mean

residue ellipticity [@] = deg x cm2 x dmol-1 (Mol. Ellip.).

SVD analysis

Multiple wavelength CD experiments were analyzed using Singular Value Decomposition
(SVD) analysis (36,37). The entire dataset forms a matrix, called D matrix, in which each
row corresponds to a single wavelength and each column refers to an acquisition time.
The applied analytical tool broke up the D matrix into three different submatrices
according to the relation: D = U x S x V; where S matrix keeps information about the
importance of every species contributing to the dichroic signal; U matrix contains
information related to the spectral shapes of the significant species; V matrix indicates
how the spectral changes occur over time. The S values and U and V autocorrelation
coefficients allow determining the number of species that significantly contribute to the
dichroic changes, thus selecting the significant V eigenvectors.

For kinetic CD experiment the significant V eigenvectors were globally fitted by applying
different kinetic models and the best fitting was obtained using a first order mono-

exponential kinetic model,

Ota = Owop + G2 - e Eq.1

where 6 t, 1 is the value of signal at time t, 6 <o, 1 is the final value of the signal, 6 A
is amplitude factor for the exponential, k is the kinetic constant. The fitting parameters
formed the so-called H matrix that allowed us to determine the spectral shapes of the

species contributing to the dichroic signal.
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Dimethyl sulfate (DMS) footprinting

For each reaction, 150000 cpm; ca. 300 ng of 32P-labeled DNA were annealed 10 mM Tris,
1 mM EDTA, pH 8.0 in the presence/absence of 200 mM KCl. The samples were loaded
onto a 20% polyacrylamide gel in 1xTBE and the solved bands were extracted by crushed
and soak in the same buffer. The recovered DNA solutions were added of 0.4% DMS (25
ML EtOH, 5 uL DMS, 20 pL milliQ water) and 1 uM ctDNA (final concentration) in 50 ul total
volume. After 5 min incubation at r.t. the reaction was stopped with 3.5 uL of B-
mercaptoethanol and 10 pL of 40% glycerol. DNA samples were ethanol precipitated and
further incubated for 30 min at 90 °C in 100 pl of diluted piperidine (1:10 in milliQ water).
Finally, the samples were dried, washed two times with 20 pL of milliQ water and loaded
on a 20% denaturing polyacrylamide sequencing gel along with Maxam and Gilbert purine

marker.

Preparation of NMR samples

Oligonucleotides for NMR samples were dissolved in H20 with 10% of 2H20 and titrated
with aliquots 3 M KCl solutions to a finale concentration ranging from 50 to 200 mM K+
ions. pH values of samples were adjusted to 7.0 with the 10 mM potassium phosphate
buffer and to 8.0 with the 10 mM Tris buffer. Strand concentration in the samples was
from 2.6 uM to 0.4 mM and was determined by UV absorption at 260 nm using UV/VIS
Spectrophotometer Varian CARY-100 BIO UV-VIS.

NMR spectroscopy

NMR spectra were recorded on Agilent (Varian) NMR System 300, 600 and 800 MHz
spectrometers at 25 °C in 90%/10% H20/2H20. 1H NMR spectra were recorded with the
use of the DPFGSE solvent suppression method. NMR spectra were processed and
analysed by using VNMRJ 4.2 (Varian Inc.) and the Sparky (UCSF) software. All NMR

spectra were referenced to the TMSP.
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RESULTS

EGFR-272 shows distinct conformational features in the presence/absence of KCl

KCI

—_—
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Figure 1. (A) EMSA of EGFR-272 annealed in the presence of increasing KCl concentrations.
Lane 0 and EGFR refer to the oligonucleotide annealed in the absence of the metal ion;
lanes M22 and M30 refer to random sequences 22 and 30 residues long; U and F to the
unfolded and folded form of EGFR-272, respectively. (B): TDS of 4 uM EGFR-272 previously
annealed in 150 mM KCl. (C): Imino region of 1H NMR spectrum of 0.1 mM EGFR-272
recorded at 100 mM KCI, pH 7.0, 25°C on a 800 MHz spectrometer.

To assess the potential of EGFR-272 to fold into a defined G4 secondary structure, we
investigated the effect of KCl as a G4 stabilizer/inducer. When loaded on a native
polyacrylamide gel, EGFR-272 runs essentially as a single band comprised between a 22
and a 30-mers (Figure 1A). Conversely, samples containing increasing concentrations of
KCl showed a second band characterized by a higher electrophoretic mobility. Due to its
reduced hydrodynamic volume, this form can be easily referred to an intramolecular
folded form. Interestingly, a TDS analysis on the KCl-containing sample showed a negative
pick at about 295-300 nm and of two positive bands at about 245 and 270 nm (Figure 1B)
(35). These evidences sustain the folding of EGFR-272 into a G4 conformation in KCI
concentrations (150 mM) comparable to those find in the intracellular environment. In

full agreement, 1H NMR spectrum of EGFR-272 revealed signals between 6 10.35 and
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12.00 ppm which are characteristic of imino protons of guanine residues involved in G-
quartets as building blocks of G4 structures (Figure 1C). Additionally, the signals observed
between § 12.70 and 12.90 ppm indicated formation of G-C base pairs (38,39).
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Figure 2. CD spectra of 4 uM EGFR-272 acquired in 10 mM Tris, pH 7.5, 25 °Cin the absence
(solid black line) and in the presence of increasing concentrations of KCl (dashed black line
refers to 200 mM KCl) (A) and corresponding relative variation of the dichroic signal
recorder at 265 nm as a function of metal ion concentration (B). In (C) the time-dependent
variation of CD spectrum of 4 uM EGFR-272 in 10 mM Tris, pH 7.5, 25 °C upon addition of
KCl is reported (1 acquisition/120 sec). Black line refers to the sample in the absence of
KCl, dotted-dashed line to the one acquired immediately after addition of 200 mM KCl,
dotted line to the one after equilibration. The derived relative variations of the dichroic

signal recorder at 265 nm and 290 nm as a function of incubation time are reported in (D).

More than double number of imino signals in *H NMR spectrum than expected for a three
G-quartet G4 indicated the formation of multiple G4 forms. This is not surprising since

EGFR-272 sequence contains four guanine (G) tracts in which the guanine residues are

Published — Greco, M. L.; Kotar, A.; Rigo, R.; Cristofari, C.; Plavec, J.; Sissi, C. Nucleic Acids Res.
2017, 45 (17), 10132-10142



repeated 4-3-4-3 times, respectively, that can differently pair thus producing variable G4
arrangements. To get better insights on EGFR-272 conformational features, we performed
circular dichroism studies (Figure 2). The CD spectrum of the oligonucleotide in the
absence of KCl presents three main bands thus indicating the occurrence of a pre-folded
state: this would actually explain the slightly higher electrophoretic mobility rate of EGFR-
272 in comparison to a random 30-mer. In line, a theoretical prediction indicates the
possible formation of different hairpins with melting temperatures comprised between
35 and 39 °C and repeated melting/annealing cycles monitored by recording the CD signal
at 260 nm showed a reversible melting process within this temperature range although
with a not well-defined thermal transition (Figure S1).

Addition of the monovalent cation extensively altered the oligonucleotide CD spectrum
according to a process that, in agreement with PAGE data, was associated to a metal ion
half maximal effective concentration EC50 = 38 + 2 uM (Figure 2A and 2B). The observed
spectral variations were not extremely fast and required about 30 min to reach
equilibrium (Figure 2C and 2D). In these conditions, the metal ion induced a positive signal
at about 265 nm and a negative one close to 240 nm that is reminiscent of a parallel G4.
However, a significant shoulder at 290 nm is preserved and, even upon careful
equilibration of the sample after each KCl addition, not well resolved isodichroic points
are present. Noteworthy, the formation rate of the 290 nm contribution was much faster
than the one at 265 nm (Figure 2C and 2D). This picture anticipates the formation of at
least two G4 conformations comprising both parallel and antiparallel components.

This model was further supported by SVD (singular value decomposition) analysis of the
oligonucleotide CD spectra acquired at different incubation time after addition of 200 mM
KCI. As anticipated, the very first step was extremely fast, and this prevents us to
kinetically analyse it according to the applied protocol. Thus, we moved to consider the
slower part that comprises only spectra acquired after the addition of the metal ion thus
removing from the analysis the contribution of the metal-free oligonucleotide (spectra

ranging from the dashed-dotted line up to the dotted one in Figure 2C).
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Figure 3. Generated CD spectra for the two folded species (Form 1 and Form 2 in blue and
orange, respectively) derived from SVD analysis of the time-dependent titration of EGFR-
272 in 200 mM KCI, 25 °C (A) and temperature-dependent relative variations of the
dichroic signals of EGFR-272 recorded at 265 nm and 290 nm in 10 mM Tris, 200 mM KCl,
pH 7.5 (B).

Data analysis indicated that two main species are sufficient to properly describe this
second folding process (Figure S2A, S2B). Accordingly, the two significant derived V
eigenvectors were satisfactorily described by a global mono-exponential process (Figure
S2C, S2D). The derived fitting parameters allowed us to obtain the actual spectral shapes
of the two folded forms in solution that are reported in Figure 3A. Among them, one can
easily be referred to a parallel (Form 2) and the other one to a hybrid G4 (Form 1). The
shape of the equilibrated EGFR-272 doesn’t correspond to any of the two deconvoluted
forms thus suggesting they coexist in solution.

Their stabilities were analysed by following the melting profile of EGFR-272 after proper
equilibration in 200 mM KCI (Figure S3). In these conditions, EGFR-272 showed a fully
reversible thermal denaturation profile. Analysis of the CD signal in the whole wavelength
range derived from spectra acquired at increasing temperatures indicates that three
species are significantly changing along the process. Comparison of the melting profile
acquired at 265 vs 290 nm (the two wavelengths corresponding to the more intense
dichroic contribution of the two main forms) showed a modest, although significant,
difference in the melting temperature (Figure 3B). In particular,a Tm1 =63.4 +0.2 °C and
a Tm2 = 64.6 £ 0.2 °C were determined at 265 and 290 nm, respectively. This points
towards the presence of two main forms with, unexpectedly, very similar thermal

stabilities or to a large prevalence of one form over the other.
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Figure 4. DMS footprinting of EGFR-272 in the absence/presence of 200 mM KCI (A). The
densitometric analyses of the lanes corresponding to samples prepared in the absence

(blue line) and in the presence of the metal ion (cyan line) are reported in (B).

This prompted us to investigate which were the most relevant guanines involved in the
G-tetrads pairing. Thus, we isolated the high mobility band resolved by PAGE and we
treated the extracted product(s) according to the DMS footprinting protocol in order to
detect the guanines involved in the G4 tetrads as bases protected from the chemical
modification (40). Results are summarized in Figure 4. Comparison of the DMS
footprinting traces obtained in the presence and in the absence of KCl showed a clear
metal-induced protection of the guanine triplets at positions 8-10 and 27-30. Within the
G17-G20 tract G20 was always clearly exposed to the cleavage reaction as well as the
isolated G15, G23 and G25. Conversely, it was less easy to unambiguously attribute G-

quartets pairing within the G1-4 guanines repeat.

Mutation of selected guanines in EGFR-272 alters its conformational arrangement

To solve this lacking information we decided to analyze some oligonucleotides containing

one or two G->T mutations within the two stretches formed by four consecutive guanines.
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Figure 5. (A) EMSA of EGFR-272 and selected mutants annealed in 200 mM KCI. Lane M22
refers to a random sequence 22 residues long, U to the unfolded oligonucleotides and B1
and B2 to two high electrophoretic mobility forms. On the bottom, the melting
temperatures derived by recording the CD signal at 265 nm in 200 mM KCl, is reported. In

(B) the quantification of B1 and B2 with reference to the total DNA amount is reported.

EMSA of the oligonucleotides annealed in 200 mM KCI showed clear differences among
the tested sequences (Figure 5). Mutation of either G1 or G4 poorly affected the extent
of the folded fraction in comparison to the wt sequence thus suggesting that a shuffling
of the guanines forming this G4 column is actually possible. Conversely, as expected,
mutation of the G17 (G17T) almost completely prevents the formation of any high
electrophoretic mobility form. Thus, in this third G4 column, no recruitment of other
guanines is accepted. Nevertheless, peculiar data derived upon mutation of G20. Indeed,
although footprinting results indicated that for the wt sequence G20 was not involved in
G-quartet pairing, the G20T sequence remains largely unfolded (* 65%). Unexpectedly,
the folded fraction was split into two well resolved bands (B1 and B2). Using them as
markers it can be notice that whereas for EGFR-272 and G1T the fastest band is almost
totally absent, with G4T the metal ion induces only the more compact form although to a
minor percentage.

To get clearer insights on these folded forms, we acquired the CD spectrum of all the
mutated sequences both in the absence and presence of 200 mM KCI as well as the

corresponding melting profiles (Figures 5,6 and S4).
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Figure 6. CD spectra of EGFR-272 single mutations in the first G-tract (A) or in the third
one along with double mutations (B) acquired in 10 mM Tris, 200 mM KCI, pH 7.5, 25°C.

In the absence of KCl the spectral features of the tested sequences were variable. This is
likely related to the aforementioned occurrence of hairpins formations as highlighted by
the variation in the oligonucleotides electrophoretic mobility in native conditions which
is actually elicited in denaturing one (Figure S5). After annealing in KCl, the acquired CD
spectra present a picture that well parallels EMSA results (Figure 6).

Among oligonucleotides containing a single mutation, G17 was confirmed to be essential
for G4 formation and stability. Indeed, upon its substitution with a T (G17T), a low dichroic
signal was recorded which was lost at quite low temperature.

The mutations of G1 as well as G4 did not prevent the overall folding of the nucleic acid
thus further supporting that a shuffling of the guanines forming the first column within
the G4 is acceptable. The slight lower stability of the folded G1T (Tm 56.6 °C at 265 nm)
derives from a limited reduction of the affinity for the metal ion and fits with the presence
of a small fraction of unfolded DNA when resolved by PAGE. It is worth to underlines that
the G4T mutant showed a CD signal overlapping the one corresponding to the wt EGRF-
272 at 290 nm but a lower one at 265 nm, thus suggesting a redistribution of the relative
amounts of the folded forms.

Unexpectedly, the removal of the first G1 (AG1) did not provide a CD profile comparable
to the wt EGRF-272 or its closely related G1T. Conversely, it showed a profile with two
well resolved maxima at 265 and 290 nm which relative ratio parallels the one obtained
for GAT. Consistently, the melting temperature determined at 265 nm is notable (Tm 65.0

°C).
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Striking result was obtained with the G20T mutant. G20 was expected to be not involved
in G-quartet pairing. However, G20T had a CD signal at 265 nm (as well as the melting
temperature herein detected corresponding to 56.4 °C) extremely reduced whereas the
contribution at 290 nm was actually reinforced. When the G20T mutation was associated
to G4T or G1T mutation the effect was even more dramatic: both sequences with two
mutations showed CD intensities comparable (G4,20T) or even lower (G1,20T) with
reference to G17T. Thus, we can suggest that G20 although not directly involved in G-
quartet pairing might contribute to drive G4 formation, possibly by providing an external

capping or through interactions with other bases in loop(s).

Small modifications in the first G-tract of EGFR-272 leads to two well-defined G4 forms
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Figure 7. Imino region of *H NMR spectra of EGFR-272 and mutants. NMR spectra were
recorded at 0.1 mM concentration of the oligonucleotide per strand, pH 7.0, 25°C on 800
MHz spectrometer. The concentration of K* ions was 50 mM for T3, T17, T18, AG1, G20T,;
70 mM for AG1, G4T, G4T,18 and 100 mM for all other samples. The sequences of mutants

are presented in Table 1.
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Despite trying many different experimental conditions and annealing protocols, we were
not able to reduce the structural diversity of EGFR-272 in *H NMR samples (Figure S6).
Furthermore, in order to trap only one G4 fold in solution we enlarged the mutant library
up to sixteen different mutated EGFR-272 oligonucleotides, which included an added
phosphate group at the 5’-end (EGFR-272p), the removal of G1 residue (AG1) and
fourteen oligonucleotides with one or two G->T mutations (Figure 7).

For AG1 and G4T mutants we observed twenty-four narrow and resolved signals in H
NMR spectra between 6 10.30 and 12.05 ppm indicating formation of well-defined G4
forms (vide infra). In the case of G1T and G4,20T mutants the high number of imino signals
in IH NMR spectra demonstrated the presence of multiple G4 structures in the samples.
These results suggested that removal of G1 in AG1 was more favorable to stabilize two
major forms in NMR samples in comparison to its mutation with T (G1T). Interestingly, the
phosphate group added at the 5’-end in the EGFR-272p mutant greatly influenced the
folding of the oligonucleotide as it can derive from the observed four broad signals in
imino region between § 10.70 and 14.00 ppm. A similar pattern of imino signals in *H NMR
spectra was detected also for G2T, AG1-G20T and G1,20T mutants. This pattern of signals
does not support formation of G4 structures. While changes in the first G-tracts resulted
in resolved signals in NMR spectra of two different major G4 forms, modifications in the
third tract did not lead to well-defined structures. In the case of G17T, G18T, G4,18T and
G4,19T mutants no or only minor signals were detected in the imino region of *H NMR
spectra indicating that the modified guanine residues play a vital role in G-tetraplex
folding and structural integrity. No imino signals were detected also for G3T mutant. For
G19T and G20T we observed additional signal at around & 13.8 ppm besides imino signals
involved in Hoogsteen and Watson-Crick G-C base pairs. This signal could indicate an
additional base paired thymine residue, or the presence of the form observed also in the
NMR samples of some other mutants (e. g. G1,20T).

Interestingly, by comparing double mutants (AG1-G20T and G1,20T) we observed that
they share a very similar pattern of signals in the imino region of *H NMR spectra (Figure
7). On the other hand, for double mutants of residue G4 and all four guanine residues in
the third G-tract we observed no signals in imino region for G4,18T and G4,19T. Only imino
signals between 6 11.10 and 11.90 ppm were observed for G4,17T mutant. The imino
region of the 'H NMR spectrum of G4,20T mutant was more similar to EGFR-272 with

signals between 6 10.43 and 12.00 ppm and a very broad signal at & 12.90 ppm (Figure 7).
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It is noteworthy that similar spectral characteristics point to comparable structural
elements, but not necessary to the same structure.

Due to the better peaks resolution provided by AG1 and G4T mutants, they were studied
in more detail with the use of 2D NOESY spectra. In the case of both mutants we could
distinguish between two sets of signals based on intensity in the imino region between &
10.30 and 12.05 ppm of 1D *H and 2D NOESY spectra (Figure 7, Figures S7 and S8). Each
set was comprised of twelve signals. The number and intensity of signals suggested the
formation of two monomeric G4s each consisting of three G-quartets. The ratio between
the two forms was ~65:35 and ~60:40 for AG1 and G4T, respectively and was not
dependent on K* ion concentration as shown by titration experiments (Figure S9). For
both mutants we detected at least three broad signals in the region between § 12.80 and
13.00 ppm that are characteristics for imino protons involved in Watson-Crick G-C base
pairs. The aromatic-anomeric region of 2D NOESY NMR spectra revealed four very intense
intermolecular NOE cross-peaks between H8 and H1’ protons that indicated a syn
orientation of at least four guanine residues in the case of AG1 as well as GAT (Figures S10
and S11). This is consistent with one of the G4 forms occupying a (3+1) hybrid strand
orientation for each mutant. However, further investigation beyond the scope of this

study is needed for more detailed high-resolution structural data.

% folded forms

FORM 2

EGFR-272 gqT o FORM 1
AG1

AT27

Figure 8. Prediction of the distribution of Form 1 (blue bars) and Form 2 (orange bars) in
the folded population as derived from deconvolution of the experimental CD spectra of

selected oligonucleotides based on the SVD-generated dataset reported in Figure 3A.

To asses if the predicted two folded forms identified for AG1 and GAT are adopted also by
the wt oligonucleotide, we referred to the basic spectra obtained by deconvolution of CD

profile of EGFR-272. We found that also the experimental acquired CD spectra of AG1,
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G1T and GAT are well described by proper combination of these two datasets (Figure $12).
Interestingly, the relative weights of the two forms cluster our oligonucleotides into two
groups: the first one comprising EGFR-272 and G1T in which Form 2 counts for ~ 70% of
the entire population, the second one groups AG1 and GA4T in which, in agreement with

NMR data, the ratio is reversed to about 60% of Form 1 (Figure 8).

The third loop contributes in defining the relative distribution among the two main G4

forms
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Figure 9. CD spectra of EGFR-272 related sequences containing mutations in the loops
acquired in 10 mM Tris, 200 mM KCI, pH 7.5, 25 °C (A). Variation of the CD spectra acquired
in 10 mM Tris, pH 7.5, 25 °C of 4 uM AT27 upon addition of 200 mM KCl as a function of
incubation time (1 acquisition/120 sec); dashed black line correspond to the end of the

titration (B).

The so far collected data confirmed that when EGFR-272 and its related mutants fold into
G4 two forms are the most relevant. However, no explanation was derived for the critical
contribution of G20 to the folding efficiency. In particular, the massive reduction of G4
formation by G20T suggests that both forms might benefit from interactions with G20. It
is worth to remind that accordingly to NMR and footprinting data, G20 results inserted in
a very long loop and any condition that freezes it in a fixed position is expected to be
favourable for G4 stability. Actually, NMR of G4 folded systems always contains peaks
attributable to GC pairs.

With this in mind we observed that the second loop contains two cytosines that eventually

can pair with G20 to form an extended cupping element and thus strengthening its
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contribution to G4 stability. Furthermore, also within the third loop two Watson-Crick GC
pairs can occur between G20-C21 and G25-C26. This pairing is expected to support the
formation of a stable hairpin within the loop thus decreasing its flexibility. To dissect
among these two different models, we analysed by CD spectroscopy an additional set of
EGFR-272 mutants in which we selectively modified these two loops (Figure 9).

Substitution of the guanines at position 12 and 13 (C12,13T) did not affect to a significant
extent the G4 formation thus ruling out any relevant contribution from them to the G4

folding process.

Figure 10. Schematic drawing of the main structural equilibrium occurring within EGFR-
272. Guanines are shown in orange, adenines in magenta, cytosines in blue and thymines

in green.

On the opposite, the G25T-C26T double mutant showed a remarkably reduced tendency
to fold. The CD spectrum showed that this mutation mostly influenced the parallel form
while the hybrid one was more preserved in comparison to EGFR-272. Unfavourable
effects of G25 and C26 modifications on folding and structural integrity were evident also
from 1H NMR spectrum (Figure S13). The hump together with many superimposed and
overlapped imino signals between & 10.70 and 12.12 ppm indicated formation of
aggregates and several multimeric structures. Very broad imino signals characteristic for
G-C base pairs were observed at 6 12.83 ppm. They probably do not belong to the same
base pairs as in EGFR-272 due to their very different fingerprint of imino signals in
comparison to G25T-C26T mutant (Figure S13). These results suggest that the third loop
is organized in a hairpin-like structure stabilized by two G-C base pairs. We believe that

hairpin-like structures drive the G4 formation, since the decreased folding of the G25T-
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C26T mutant is most likely due to disruption of G-C base pairs. It is noteworthy that pre-
folded hairpin structures were observed in the absence of KCl as well (Figure S1).
According to this model it derives that | n the wild type EGFR-272, an unpaired T (T27)
connects the G-tetrad and the stem of the loop (Figure 10). This element appears to be
required to allow the orthogonal positioning of the loop double helical domain across a
medium wide groove as the one present in an all parallel structure as the one
corresponding to Form 2 of EGFR-272 (41).

Conversely, from a wide groove, as the one occurring between two antiparallel-oriented
strands as expected in the hybrid Form 1, the hairpin can directly exit in a coaxial
orientation with reference to the G4 core without losing any base stacking and thus not
impairing the overall stability of the system. Here, deletion of the connecting T27 on
EGFR-272 (AT27) provided an oligonucleotide that preserves the ability to fold into G4.
Additionally, it didn’t show time dependent structural rearrangements in agreement with
the indication that the slow forming parallel Form 2 is not expected to favourably
accommodate the hairpin stem when the oligonucleotide contains this constrain.

Consistently, Form 1 dominates vs Form 2 in the folded fraction (Figure 8).

DISCUSSION

EGFR represents a highly valuable target for anticancer treatment but with high
demanding need for novel strategies to suppress its activity. In this connection the
presence of G-rich domains within its gene promoter is an attractive starting point which
prompted us to explore its potential conformational rearrangements. Our data confirmed
that the sequence located at position -272 from TSS can fold into G4 in the presence of
physiological concentration of K+ ions. Interestingly, this sequence is not fully folded at
lower metal ion concentrations thus suggesting a reliable structural plasticity within the
cell which can be proficiently exploited to regulate gene expression by small ligands
targeting.

Although it was not possible to solve a unique G4 structures interesting peculiar structural
features emerged. First of all, in our experimental conditions, two main folded forms were
identified in solution and we succeed to attribute them to a kinetically favoured hybrid
G4 corresponding to a (3+1) arrangement and to a slower forming parallel one both

comprising three stacked G-quartets. The easiest model would correspond to the full
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conversion of the first structure into the second one. However, this was not the case since
we always found the two of them simultaneously present in solution. The resolution of
the two forms was further hampered by their unexpected comparable affinities for the
metal ion as well as by their similar thermal stabilities. Since EGFR-272 is quite rich in
guanines, this led us to hypothesize the formation of distinct G4 structures deriving from
the recruitment of different residues in the G-tetrads. In particular, our evidences
indicated that among the four guanines at 5’-end it exists the possibility of a shift of the
residues involved in G4 pairing. Consistently, the recruitment of residues 1-3 and 2-4 to
produce the two forms could be envisaged. Nevertheless, mutation studies elicited this
hypothesis since both G1T and G4T containing only three guanines at 5’-end still contains
a balanced contribution of the hybrid and parallel G4 folded forms. Only the absence of
an unpaired nucleotide at 5’-modulates this ratio towards a preference for the hybrid
form, as shown by the shared structures distribution between G4T and AG1.

By merging these data with the observation that G20 was not directly involved in G-tetrad
formation, the emerging picture indicates that both G4 forms derive from pairing of the
same guanines. This produce a general model in which three G-quartet stack one over the
other and where the combination of 3/4, 6 and 8 nucleotide long loops fits with the quite
relevant concentration of KCl required to fully fold the sequence.

Unexpectedly, highly detrimental for G4 formation resulted the mutation of G20 located
in the longest terminal loop which affect both the parallel and the hybrid form (G20T).
This foresees a clear role of G20 as stabilizing element. Insertion of proper mutations in
the loops excluded the G20 pairing with a cytosine of the second loop. Conversely, it
indicated that such a function is related to the formation of an hairpin within the third
loop. It has been reported that G4 containing a long loop arranged in an hairpin can be
joined to the duplex domain with different arrangement and energetic contribution
according to the G4 geometry at the loop insertion points (41-43). By applying the
proposed models to our sequence, we can propose that in the all parallel structure the
stem can be orthogonally inserted in the G4 groove. In our case the energetic stabilization
can be partly reduced by the presence of just one unpaired nucleotide at the junction
(T27). Upon removal of this thymine (AT27), the stability of the overall system is not
hampered. This suggests the direct exit of the stem from a wide groove as the one

occurring between two antiparallel-oriented strands in a (3+1) structure. This corresponds

Published — Greco, M. L.; Kotar, A.; Rigo, R.; Cristofari, C.; Plavec, J.; Sissi, C. Nucleic Acids Res.
2017, 45 (17), 10132-10142



also to the kinetically favoured form which maximally benefits of the preformed
arrangement of the sequence.

Thus, in conclusion the unique base composition of the long-third loop of EGFR-272 is
suitable to provide the energetic contributions that are required to describe the

fascinating structural equilibria of EGFR-272.
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Figure S1. Theoretical intramolecular folding of EGFR-272 as derived by IDT Oligo-Analyzer

tool (A) and melting profile of 4 UM EGFR-272 recorded at 260 nm in 10 mM Tris, pH 7.5,

25 °C (B). Black and gray lines refer to melting and annealing processes performed at

0.8°C/min.
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Figure S2. Data derived for the kinetic rearrangement of 4 uM EGFR-272 upon addition of

200 mM KCl in 10 mM Tris, pH 7.5, 25 °C: singular values (A), V matrix autocorrelation

coefficients (B, the not significant coefficient is highlighted in grey), amplitudes of the first

three V vectors (C) and final fitting model (D).
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Figure S3. Variation of CD spectra of EGFR-272 acquired in in 10 mM Tris, 200 mM KCI, pH
7.5 upon increment of the temperature (A) as showed by the arrows. In (B), V matrix
autocorrelation coefficients derived from this data set are reported; the not significant

coefficient is highlighted in grey.
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Figure S4. Thermal denaturation profiles of 4 uM EGFR-272 and related mutants
previously folded in 200 mM KCI acquired by CD spectroscopy at 265 nm by applying a
heating rate of 50 °C/h.
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Figure S5. CD spectra of 4 @M EGFR-272 and related mutants in 10 mM Tris, pH 7.5, 25 °C

(A) and PAGE resolution of the same samples run under native (B) or denaturing (C)

conditions.
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Figure S6. Imino and aromatic region of *H NMR spectra of EGFR-272 recorded at different
experimental conditions. All NMR spectra were obtained in H,0:2H,0=9:1 at 25°C. (A)
NMR spectra of EGFR-272 as K* ions are titrated into solution (pH 7.0) at 0.1 mM
concentration of the oligonucleotide per strand and at 800 MHz. The concentration of K*
ions is indicated on the right. (B) The NMR spectra of the sample that was not annealed
and of the sample that was annealed over night before adding the K* ions to solution (pH
6-7) at 0.4 mM concentration of the oligonucleotide per strand and at 300 MHz. (C) NMR
spectra obtained after annealing (sample was heated to 95°C and slowly cooled down to
room temperature) and quenching (sample was heated to 95°C and quickly cooled down
on ice). The spectra were recorded in 10 mM Tris buffer (pH 8.0), at 200 mM
concentration of KCl, 0.4 mM concentration of the oligonucleotide per strand and at 600
MHz. (D) The influence of pH value on NMR spectra that were recorded at pH values 7.0
(10 mM potassium phosphate buffer) and 8.0 (10 mM Tris buffer) after overnight
annealing, at 200 mM concentration of KCl, 0.4 mM concentration of the oligonucleotide
per strand and at 600 MHz. (E) NMR spectra at different concentration of oligonucleotide.
The spectra were obtained at 2.6 and 400 uM concentration of the oligonucleotide per
strand, after overnight annealing, at 200 mM concentration of KCl in 10 mM Tris buffer
(pH 8.0) and at 600 MHz. (F) The influence of time from 30 min to 19 days on folding of

EGFR-272 oligonucleotide. The sample was prepared in 10 mM Tris buffer (pH 8.0),
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200 mM concentration of KCI, 0.35 mM concentration of the oligonucleotide per strand
and recorded on 600 MHz spectrometer. The sample was stored in NMR tube at room

temperature.
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Figure S7. Imino-imino region of NOESY spectrum of AG1 mutant in the presence of 70
mM KCl at pH 7.0, 25°C in H,0:2H,0=9:1 at 600 MHz. Mixing time was 300 ms. Diagonal
cross peaks corresponding to two major forms of G4 structures are labeled with numbers

and letters.
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Figure S8. Imino-imino region of NOESY spectrum of T4 mutant in the presence of 70 mM
KCl, at pH 7.0, 25°C in H,0:2H,0=9:1 at 600 MHz. Mixing time was 300 ms. Diagonal cross
peaks corresponding to two major forms of G4 structures are labeled with numbers and

letters.
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Figure S10. Aromatic-anomeric region of NOESY spectrum of AG1 mutant in the presence
of 70 mM KCl at pH 7.0, 25°C in H,0:2H,0=9:1 at 600 MHz. Mixing time was 150 ms. Very

intense intermolecular NOE cross-peaks between H8 and H1’ protons are marked with
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Figure S11. Aromatic-anomeric region of NOESY spectrum of T4 mutant in the presence
of 70 mM KCl at pH 7.0, 25°C in H,0:2H,0=9:1 at 600 MHz. Mixing time was 80 ms. Very

intense intermolecular NOE cross-peaks between H8 and H1’ protons are marked with

Cross.
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Figure S12. Description of experimentally acquired CD spectra (black lines) from analytical

combination of the SVD derived spectra corresponding to folded form1 and form2

reported in Fig. (red lines).
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Figure S13. Imino region of *H NMR spectra of EGFR-272 (A) and C25T-G26T mutant (B).
NMR spectra were recorded in H;0:2?H,0=9:1, at 0.1 mM concentration of the

oligonucleotide per strand, at 100 mM KCl (EGFR-272) and 120 mM KCI (C25T-G26T), pH

7.0, 25°C at 600 MHz.
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203 Conclusions

Structural characterization of G-quadruplexes is a tricky matter. This challenge has to be
faced by applying complementary approaches in order to consider the multiple aspects
of folding which are typical for these DNA arrangements. For instance, G-quadruplexes
follow variegate folding pathways and, in general, present highly polymorphic behaviors.
Even though all these features complicate the analysis of the system, the proper
description of G-quadruplexes as pharmaceutical targets cannot be achieved by shelving
these problems.

In this Ph.D.’s project, the spotlight has been focused on thermodynamic and kinetic
issues of G-quadruplex folding considering c-KIT and EGFR promoters as case-studies.
The study of c-KIT promoter allowed to clear up many critical points in G-quadruplex
folding and structures starting from the putative G-quadruplex forming sequences (PQS)
search. PQS within the genome are found by applying bioinformatic tools which
algorithms preferentially identify G-rich sequences containing at least three consecutive
guanines in each G-run. Moreover, these approaches tend to divide sequences with more
than four G-runs into many overlapping segments considering their tendency to form
more than one G-quadruplex structure. The lesson learned by kit* G-quadruplex
evidenced that both these assumptions are bias which could mislead a correct prediction.
Indeed, kit* sequence nicely folds into a single stable G-quadruplex even though it
contains six stretches of two consecutive guanines.

At the same time, the case of kit* G-quadruplex comes up with observations on the
selection of the minimal G-quadruplex forming sequence. Usually, the shorter sequence
containing all G-runs involved in the G-quadruplex is the studied model. kit* shows a 3’-
tail that, even though not directly involved in G-quadruplex core, further stabilizes the
overall arrangement via a pool of ancillary interactions and nicely drives the
conformational selection towards only a single G-quadruplex structure. Removal of this
3’-tail leads to formation of multiple structures in solution. The emerging lesson is that
behind the simple contribution of the 3’-tail in structure’s stabilization through different
interactions, the flanking element induces a marked structural rearrangement, even
influencing the folding pathway of the oligonucleotide. Predominant effects of flanking
bases have been identified even when the overhang is structured into a G-quadruplex, as
occurs by elongating kit* at the 5’-end to include kit2 sequence. These closely clustered
G-quadruplex units showed the ability to interact one each other shifting the quadruplex-

duplex equilibrium towards the tetrahelical form. Since formation of multiple interacting



G-quadruplexes within the promoter has been observed for other oncogenes, as hTERT
and c-Myb, this modular organization could be relevant in controlling transcriptional
events. Thus, this arrangement might be an unprecedented suitable target for drug
discovery and development. The reported data provide with essential tips to get a
refinement of future search of putative G-quadruplex forming sequences, reinforcing the
dignity of G-quadruplexes with two G-quartets which stability can be further improved by
flanking bases or neighboring structures.

Looking at the interplay between kinetics and thermodynamics, kit2 and EGFR-272 G-
quadruplexes provided with interesting insight. In both cases, the folding processes are
complex events including many folded species. kit2 folding kinetics requires long
timescale (about 2.5 hours) to achieve the thermodynamically stable forms. Its folding
pathway comprises two kinetically favored folding intermediates which, even though
transiently, could be involved in the regulation of c-KIT expression. Indeed, their half-life
times are compatible with the timescale of transcriptional events, i.e. the rate of
processing of RNA polymerase |l or the residence time of transcription factors on their
consensus sites. On the other side, EGFR-272 does not present any long-lived folding
intermediate, but in potassium containing solution it is distributed into two forms, a
kinetically-favored hybrid G-quadruplex and a thermodynamically-favored parallel one
which are in dynamic equilibrium. As argued for kit2 G-quadruplexes, the hybrid form in
EGFR-272 might be more physiologically relevant than the parallel G-quadruplex
considering the timescale of folding. These two examples highlight the importance of the
variable “time” which, sometimes, might help in discriminating between what is easy to
study (states at thermodynamic equilibrium) and what is biologically relevant (the

kinetically evolving systems).

To conclude, merging kinetics and thermodynamics, high-resolution data and
complementary biophysical studies and placing the G-rich sequence in a more realistic
context like the whole promoter is the correct strategy to improve the description of a G-
quadruplex in terms of structure and function and, consequently, to understand the
regulation of oncogene transcription. Only fulfilling this demanding task, we can support

with a strong rationale the selection of effective G-quadruplex binders.



