
HAL Id: hal-03321840
https://hal.science/hal-03321840

Submitted on 26 Sep 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

A two-quartet G-quadruplex topology of human KIT2 is
conformationally selected by a perylene derivative

Silvia Ceschi, Eric Largy, Valérie Gabelica, Claudia Sissi

To cite this version:
Silvia Ceschi, Eric Largy, Valérie Gabelica, Claudia Sissi. A two-quartet G-quadruplex topology of
human KIT2 is conformationally selected by a perylene derivative. Biochimie, 2020, 179, pp.77-84.
�10.1016/j.biochi.2020.09.015�. �hal-03321840�

https://hal.science/hal-03321840
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


A two-quartet G-quadruplex topology of human KIT2 is conformationally selected 

by a perylene derivative 
 

Silvia Ceschi1, Eric Largy2, Valerie Gabelica2*, Claudia Sissi1* 
 

1  Department of Pharmaceutical and Pharmacological Sciences, University of Padova, v. Marzolo 5, 35131, 
Padova, Italy 

2  Université de Bordeaux, Inserm & CNRS, Laboratoire Acides Nucléiques : Régulations Naturelle et 
Artificielle, (ARNA, U1212, UMR5320), IECB, 2 rue Robert Escarpit, 33607 Pessac, France 

 
*e-mail: claudia.sissi@unipd.it; v.gabelica@iecb.u-bordeaux.fr 
 

 

ABSTRACT 

G-quadruplexes are promising targets for innovative anticancer therapy. Hence, many efforts are being 

made to find selective ligands. Drug design is often based on the available high-resolution structures, 

obtained for the thermodynamically stable forms. However, the complexity of the G-quadruplex folding 

landscape has clearly emerged in recent years, with the discovery of intermediate conformations that 

persist on the second to the minute time scale. In the case of the KIT2 G-quadruplex forming sequence, 

found within human c-KIT promoter, we recently identified a long-lived folding intermediate, characterized 

by guanine stacking in alternating orientation (as determined by circular dichroism). Given the rate of 

transcriptional processes, a physiological role of this arrangement should not be excluded. In the present 

study, we applied circular dichroism (CD) spectroscopy, native electrospray ionization mass spectrometry 

(ESI-MS) and electrophoretic mobility shift assays (EMSA) to show that a perylene derivative (K20) selects 

this topology. Interestingly, ESI-MS spectra revealed the presence of a single specifically coordinated K+ ion 

in the structure, which is thus presumably composed of only two consecutive G-quartets. The parent ligand 

PIPER failed to promote the same conformational selection, which is therefore a process strictly dependent 

on the perylene side chains composition. The greater affinity of K20 for the two-quartet antiparallel 

topology, compared to PIPER, was finally corroborated by evaluating their binding to the KIT* G-

quadruplex, which is also found within the human promoter of c-KIT. 
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1. INTRODUCTION 

Guanine-rich DNA/RNA sequences may arrange into tetra-helical secondary structures called G-

quadruplexes (G4s) [1]. They are composed of multiple stacked G-quartets (planar arrangements of four 

guanines interacting through Hoogsteen hydrogen bonds) and can adopt different topologies depending on 

inter-related features: the number of the involved strands, the relative orientation of the strands in the 

stem (parallel, antiparallel), the shape of the loops connecting the four parts of the stem and the stacking 

mode of the bases in the stem.[2] Additionally, stabilization of the structure is ensured by monovalent 

cations such as K+, which intercalate between consecutive G-quartets [3],[4].  

G-quadruplexes are promising targets for innovative anticancer therapy[5],[6] . Indeed, they are enriched in 
the promoters of several oncogenes and for many of them a role in the downregulation of the gene 
expression has already been demonstrated[7],[8]. However, the polymorphism of G-quadruplexes makes 
the rational design of G4 ligands challenging. Indeed, a given G-rich sequence can adopt different 
conformations ‘in vitro’, some of which being the most thermodynamically stable, others being kinetically 
favoured [9],[10],[11],[12],[13]. This also applies to KIT2, a sequence located within the promoter of the 
human c-KIT protooncogene, between -140 and -160 bp upstream of the transcription start site (TSS) [14]. 
In potassium-containing solutions, KIT2 arranges into two thermodynamically stable G4 structures that 
have been solved by NMR: a parallel three-quartet monomer and a parallel six-quartet interlocked dimer 
[15],[16]. Furthermore, along its folding, it assumes at least one long-lived intermediate conformation, 
characterized by guanine stacking in alternating orientation (as determined by circular dichroism) [17]. 
G4 ligands structure-based virtual screenings are usually run on the thermodynamically stable 

conformations, for which high-resolution structures are available. Similarly, in-solution assays performed 

under equilibrium conditions are typically interpreted in terms of ligand preference for the starting 

structure of the nucleic acid. However, the G4 structural features ‘in vivo’ are still a matter of concern. 

Interestingly, a recent bioinformatic study revealed that motifs giving rise to the ‘in vitro’ most 

thermodynamically stable G4 structures are underrepresented in the genome of a large number of species 

[18]. The authors suggest that evolution has selected less stable G4 conformations, which can perform a 

regulatory function without causing genomic instability. Furthermore, considering the rate of biological 

processes, the most relevant G4 conformations within a cellular context are likely to be those kinetically 

favoured. Given the transient nature of the latter, their selective stabilization with ligands is pivotal to gain 

information about their structure and function.  

Perylene derivatives were first identified as telomeric G-quadruplex binding agents and telomerase 
inhibitors. Besides their binding to the intramolecular G-quadruplex, they can promote formation of di- and 
tetrameric G-quadruplexes from both single stranded and duplex guanine-rich DNA sequences 
[19],[20],[21]. Interestingly, ligand side chains containing basic amino groups modulate their preference to 
some intramolecular G-quadruplex topologies, owing to their binding to the DNA grooves [19],[22],[23]. In 
particular, a previous screening pointed out the propensity of one PIPER derivative, named K20, to 
preferentially drive intramolecular antiparallel G-quadruplex folding [23]. 
Here, we show that K20 can be successfully exploited to select an antiparallel folding intermediate of KIT2. 
Native ESI-MS experiments allowed us to determine both ligand and K+ binding stoichiometries to the 
selected arrangement [24], revealing its two-quartet scaffold. Conversely, the parent ligand PIPER, which 
differs from K20 only in the terminal cyclic amino groups, does not show the same preference for the 
antiparallel topology.  
The ability of K20 to select antiparallel G-quadruplexes in contrast to PIPER, was further confirmed by 
evaluating the binding of the two ligands to KIT*, which is another G-rich sequence also found within the 
human c-KIT promoter (between -138 and -117 bp upstream of the TSS) for which we recently obtained the 
high-resolution structure by NMR [25],[26]. This sequence represents a good control system. Indeed, in 
contrast to KIT2, KIT* stably folds into a single two-quartet G-quadruplex with an antiparallel topology. 
Our results point to the quaternary ammonium salt in the side chains of K20 as a driving element for the 

observed conformational selection. 

 



Chart 1. Structures of ligands used in this study 

 

 

 

2. MATERIALS AND METHODS 

 

2.1 Oligonucleotides  

Oligonucleotides were purchased lyophilized and RP-HPLC purified from Eurogentec (Seraing, Belgium) and 
used without further purification. The DNA sequences are listed in Table 1.  
 
Table 1. DNA sequences used in this work 

KIT2 5’-CGGGCGGGCGCGAGGGAGGGG-3’ 

KIT* 5’-GGCGAGGAGGGGCGTGGCCGGC-3’ 

KIT2noG4 5’-GGGACGCGACGAGAGGCCGGG-3’ 

KIT*noG4 5’-GGCGAGGAGTTGCGTGGCCGGC-3’ 

 

Oligonucleotides were resuspended in nuclease-free water from Thermo Fisher Scientific (Waltham, MA, 
USA) to obtain 1 mM stock solutions, which were then diluted to 200 μM in 10 mM Tris-HCl (>99.999%, 
Merck, Darmstadt, Germany) (pH 7.4) or 100 mM trimethylammonium acetate (TMAA, Ultra for HPLC, 
Merck, Darmstadt, Germany) (pH 7.0). Analyzed solutions contained 10 μM DNA. The concentrations of the 
initial stock solutions were measured by UV absorbance at 260 nm on a Uvikon XS, using molar absorption 
coefficients calculated with a nearest neighbour model [27]. The working solutions were doped with KCl 
(>99.999%, Merck, Darmstadt, Germany), annealed with 85 °C heating for 5 min and then led to equilibrate 
overnight at room temperature before further analysis.  

2.2 Ligands 

The ligand K20 was synthesized from Prof. A. Paul Krapcho (University of Vermount) as described elsewhere 
[22]. The ligand PIPER was purchased from Merck (Darmstadt, Germany). Ligands were carefully weighted 
and solubilized in DMSO to obtain stock solutions at 4.25 mM for K20 and 1.32 mM for PIPER, which were 
diluted in aqueous buffer just before the analysis. Ligands were added on equilibrated solutions and led to 
equilibrate overnight.  

2.3. Circular Dichroism Spectroscopy  

Circular dichroism (CD) spectra were acquired on a JASCO J-810 spectropolarimeter equipped with a Peltier 
temperature controller. CD spectra were recorded from 235 to 330 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 10 μM in 10 mM Tris-HCl (pH 7.4) or in 100 mM TMAA, with the proper amount of KCl. The samples were 
annealed at 85 °C for 5 min and led to equilibrate before spectra acquisition. For CD titrations, increased 
amounts of ligands were added to distinct equilibrated samples and spectra were recorded after overnight 
equilibration. Observed ellipticities were converted to Molar Ellipticity which is equal to deg·cm2·dmol−1, 



calculated using the DNA residue concentration in solution. CD melting studies were performed by 
recording the CD signal at 265 nm from 10°C to 95°C with a heating rate of 40°C/h and 2°C data pitch.  

2.4 Electrophoretic Mobility Shift Assays  

Electrophoretic mobility shift assays (EMSA) were performed with 32P 5′-labelled oligonucleotides. 
Incubation with T4 polynucleotide kinase (T4 PNK 500U 10U/μL, Thermo Fisher Scientific) and γ-32P ATP 
(Perkin Elmer, Waltham, MA, USA) was carried out for 1h at 37 °C. After enzyme inactivation at 50 °C, DNA 
was extracted with phenol:chlorophorm:isoamyl alcohol (25:24:1) (Merck) and precipitated with ethanol 
overnight at -20 °C. Dried DNA was then resuspended in 10 mM Tris-HCl (pH 7.4). Analysed samples 
contained 10 μM mixture of labelled and non-labelled DNA, 50 mM KCl and proper amount of ligand. They 
were annealed at 85 °C for 5 min and then led to equilibrate overnight at room temperature before 
addition of the ligand. After equilibration, gel loading buffer (50% glycerol, 50% water, xylene cyanole, 
bromophenol blue) was added to the samples immediately before loading them into a 15% polyacrylamide 
(acrylamide/bis-acrylamide 19:1, Biosolve BV, The Netherlands) gel. Electrophoresis proceeded for 2 h in 

TBE buffer (0.89 M Tris-Borate, EDTA 20 mM, pH 8.0) on ice. Resolved bands on dried gels were visualized 
on a PhosphorImager (Amersham). 

2.5 Native Electrospray Ionization Mass Spectrometry  

Electrospray ionization mass spectrometry (ESI-MS) experiments were performed on a Thermo-Exactive 
Orbitrap mass spectrometer in the negative ion mode, equipped with a standard ESI source. Samples were 
injected at 5 μl/min by a syringe pump. The full scan mass range was 400–3000 m/z. The Exactive was 
tuned to soft conditions using the bimolecular quadruplex d[G4T4G4]2 in 100 mM ammonium acetate.[28] 
G4 solutions were prepared in 100 mM trimethyl ammonium acetate (TMAA), pH 7.0, up to 4 mM KCl. The 
nucleic acids were analysed at a concentration of 10 μM, adding the relevant amounts of ligands. The single 
strand dT6 was also added at 2.5 μM and used as an internal standard to validate that the relative 
intensities reflect the relative concentrations in solution [29]. Data were analysed using Xcalibur 2.2.0 
software (Thermo Fisher Scientific).  

2.6 Subtraction of the non-specific K+ adducts 

The KIT2noG4 and KIT*noG4 sequences were used as references to obtain the non-specific K+ adducts 
distribution. Then, the method described by Marchand et al. allowed discrimination between specific and 
non-specific adducts on the raw distribution obtained for the G4 forming sequences [10]. The following 
procedure has been used: 
1- The integrals of the K+ distribution for the non-G4 forming sequences (���,��� , ���,���, etc.), and for the 

sequence of interest (��� , ���, etc.) were recorded in the same electrolyte conditions. 
2- For the reference, we calculated the x,y,z coefficients, which reflect the relative amount of 1K+, 2K+, and 
3K+ non-specific adducts compared to the 0K+ peak. 
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3- The values are then used to reconstruct the specific K+ adducts distribution thanks to the following 
formula: 
 
0� = ��� + ���� ∗ 	� + ���� ∗ �� + ���� ∗ ��  
 
1� = ���� − ��� ∗ 	� + ���� − ��� ∗ 	� ∗ 	 + ���� − ��� ∗ 	� ∗ � + ���� − ��� ∗ 	� ∗ �  
 
2� = ���� − ��� ∗ � − ���� − ��� ∗ 	�� + ���� − ��� ∗ � − ���� − ��� ∗ 	�� ∗ 	 + ���� − ��� ∗ � − ���� −
��� ∗ 	�� ∗ � + ���� − ��� ∗ � − ���� − ��� ∗ 	�� ∗ �  
 



where 0K, 1K and 2K are the derived integrals of the specific K+ adducts. The amount of each specific K+ 
adduct has been expressed in percentage of the total amount of specific adducts for a given charge state. 
The derived integrals of the specific K+ adducts were also used to derive the relative concentrations of the 
species in solution. After verifying that all complexes have the same response factors, we determined single 
point KD at one equivalent of ligand by applying the following Equation:  
 

� =
!"#���� × !DNA#����

!()* + "#
 

 
The values are reported along with the standard deviation of three replicates. 

 

3. RESULTS 

3.1 K20 preferentially binds to an antiparallel two-quartet conformation of KIT2. 

Circular dichroism (CD) spectroscopy allows to monitor the G-quadruplex topology and to detect ligand-
induced conformational changes. Parallel G-quadruplexes present the so-called type-I spectra (positive 
peak at 265 nm, negative peak at 240 nm). Type-II spectra (positive peaks at 265 and 295 nm, negative 
peak at 240 nm) are characteristic of hybrid G-quadruplexes, and type-III spectra (positive peaks at 295 and 
240 nm, negative peak at 260 nm) belong to antiparallel G-quadruplexes [30]. If mixtures are present, the 
CD spectra will be the weighted average of all conformers present in solution and may thus resemble type-
II spectra.  
We performed CD titrations by recording CD spectra at increasing K20/KIT2 molar ratios (Figure 1A). Since 
KCl concentration higher than 100 mM strongly promotes the KIT2 folding into the dimeric G-quadruplex 
[16], in our assay we first equilibrated the oligonucleotide in 50 mM KCl. Under this condition, the DNA CD 
signature suggests the presence of parallel conformers, that contribute to the signal at 265 nm. An 
antiparallel component is still detectable as evidenced by the positive band at 290 nm. This means that at 
this KCl concentration, the equilibrium is not completely shifted towards the parallel monomeric and 
dimeric forms. Addition of K20 led to a decrease of the CD signal at 265 nm and an increase at 290 nm, 
suggesting a ligand-induced conformational shift towards an antiparallel/hybrid topology. 
To check for possible ligand-induced multimerization processes, we performed native electrophoretic 

mobility shift assays (EMSA) with samples prepared under the same experimental conditions applied for CD 

titrations. Addition of K20 to KIT2 G-quadruplex, up to 2:1 perylene/DNA molar ratio, did not trigger 

multimerization of the oligonucleotide (Figure 1B): only two electrophoretic bands were detected, that can 

be attributed to the monomeric and dimeric forms among which the oligonucleotide distributes under 

these experimental conditions [17]. The detected amount of dimer was small, and we could observe ligand 

binding to this arrangement, evidenced by its decreased electrophoretic mobility. The electrophoretic 

mobility of the monomer increased upon K20 binding: since the ligand is positively charged, this variation 

reflects a ligand-induced conformational change of the nucleic acid. It has been previously reported that 

the antiparallel G-quadruplex of the telomeric sequence has a higher electrophoretic mobility in 

comparison to the parallel one; thus, we can assume that also for KIT2 this fast-running species 

corresponds to an antiparallel G-quadruplex [31]. At 3:1 perylene/DNA molar ratio, a very slow migrating 

species was detected, which likely corresponds to a ligand-induced multimer. Therefore, we limited the 

amount of K20 to 2:1 ligand/DNA molar ratio in all subsequent analyses.  

 



 

Fig. 1. A) CD spectra of 10 µM KIT2 in 10 mM Tris-HCl (pH 7.4), 50 mM KCl at increasing K20/KIT2 molar ratios. B) EMSA of 10 µM 

KIT2 in 10 mM Tris-HCl (pH 7.4), 50 mM KCl at increasing K20/KIT2 molar ratios. 

 

Native electrospray mass spectrometry (ESI-MS) separates the different G-quadruplex scaffolds according 

to the number of the DNA strands that are involved, and the number of K+ ions that are selectively 

coordinated in the structure, which reflects the number of consecutive G-quartets.[32],[33] Thus, it can be 

exploited to investigate ligand binding to polymorphic G4 forming oligonucleotides, such as KIT2.  

First, we acquired ESI-MS spectra to check the ability of KIT2 to properly fold into G4 under the required 

experimental conditions (100 mM TMAA, up to 3 mM KCl). Figure 2A shows the ESI-MS spectra of KIT2 at 

increasing KCl concentration, zoomed on the 5- charge state. ESI-MS spectra of a reference non-G4 forming 

sequence (Figure 2B), KIT2noG4 (Figure S1 Supplementary Material), with the same guanine content and 

length as KIT2, allowed us to detect and quantify the non-specific K+ adducts. These latter were subtracted 

from the raw distribution of KIT2 K+ adducts (See Experimental Section) to reconstruct the specific K+ 

adducts distribution in the form of bar graphs (Figure 2C). This enabled us to monitor G-quadruplex 

formation at different KCl concentrations.  

Previous ESI-MS studies were carried out at maximum 1 mM KCl. However, at 1 mM KCl, the KIT2 

oligonucleotide was mainly unfolded; only small amounts of specific K+ adducts were detected. We thus 

increased the KCl concentration further, while monitoring both the folding by CD, and the quality of the ESI-

MS signals. When the concentration of KCl is increased, the CD spectra showed an increased signal at 265 

nm (Figure S2A Supplementary Material). At 3 mM KCl, the CD spectra resembled the one recorded at 50 

mM KCl, suggesting the same folding of the oligonucleotide. Due to the limited amount of KCl, the G-

quadruplex structures are less stable, as revealed by the melting profile (Figure S2B Supplementary 

Material), but the apparent melting temperature is still 45°C. The ESI-MS spectra had a reasonable signal-

to-noise ratio, and negligible amounts of dimer were detected under these experimental conditions (for 

full-scale ESI-MS spectra see Figure S3 Supplementary Material). The ESI-MS signals belonging to the 

dimeric form were too low and too noisy to be properly integrated. For this reason, we avoided 

quantitative data analyses. 

Interestingly, for the monomer, a 1K+ ensemble was detected at all the tested KCl concentrations. It reveals 

a complex composed of two consecutive G-quartets, akin to the long-lived off-pathway intermediates 

described previously for telomeric and c-myc sequences [10]. Indeed, at low KCl concentration, the 



equilibrium is not completely shifted towards the parallel monomeric and dimeric forms, as revealed by the 

residual CD contribution at 290 nm, not observed at 150 mM KCl (Figure S4 Supplementary Material). 

 

 

Fig. 2. A) ESI-MS spectra of 10 µM KIT2 (A) and KIT2noG4 (B) in 100 mM TMAA at increasing KCl concentration, zoomed on the 5-

charge state. C) Reconstructed relative distribution of specific K+ adducts. Error bars are obtained from the standard deviation of 

three replicates.   

 

Figure 3 shows ESI-MS spectra of KIT2 in 3 mM KCl after the addition of one equivalent of K20 (Fig. 3A), 

zoomed on the 5-charge state. The ligand binding stoichiometry was exclusively 1:1. In the reconstructed 

specific K+ adducts distribution (Figure 3B), the absence of the 0K+1L complex suggests the incapacity of the 

ligand to bind to the unfolded oligonucleotide. The most represented DNA-ligand complex was the one 



having a single selectively coordinated K+ ion, while only a little amount of 2K+1L complex was detected. CD 

spectra recorded on the same sample showed a shift toward the type-III (Figure 3E). Thus, K20 drives the 

conformational selection of a two-quartet topology, characterized by guanine stacking in alternating 

orientation.  

 

 
Fig. 3. A) ESI-MS spectra of 10 µM KIT2 in 100 mM TMAA, 3 mM KCl, after incubation with one equivalent of K20, zoomed on the 5-

charge state. B) Reconstructed relative distribution of specific K+ adducts. Error bars are obtained from the standard deviation of 

three replicates. C) ESI-MS spectra of 10 µM KIT2 in 100 mM TMAA, 3 mM KCl, after incubation with one equivalent of PIPER, 

zoomed on the 5-charge state. Arrows point to KCl-clusters that are sometimes detected when electrospraying alkali halides. [34] D) 

Reconstructed relative distribution of specific K+ adducts. Error bars are obtained from the standard deviation of three replicates. E) 

CD spectra of 10 µM KIT2 in 100 mM TMAA,3 mM KCl, before (dotted line) and after (solid line) incubation with one equivalent of 

K20 (pink line) or PIPER (cyan line).   



3.2 PIPER is unable to drive the same conformational selection of the KIT2 two-quartet antiparallel 

topology. 

As we did for K20, we first checked the propensity of PIPER to induce multimerization of the 

oligonucleotide, by performing EMSA at increasing ligand/DNA molar ratios (Figure S5 Supplementary 

Material). We did not observe multimerization up to 3:1 ligand/DNA molar ratio. Interestingly, addition of 

PIPER did not cause an increment of the electrophoretic mobility of the monomeric G-quadruplex but only 

a smear of the corresponding band. This suggests a different and less efficient binding mode of PIPER vs 

K20.  

We then applied native ESI-MS to simultaneously determine K+ and ligand binding stoichiometries. Figure 

3C shows ESI-MS spectra of KIT2 in 3 mM KCl after incubation with one equivalent of PIPER, zoomed on the 

5- charge state. As for K20, the observed ligand binding stoichiometry was exclusively 1:1. Selectivity for the 

G-quadruplex structure is proved by the absence of the 0K+1L ensemble. After reconstruction of the specific 

K+ adducts distribution (Figure 3D), we observed that the 1K+1L and the 2K+1L complexes were equally 

represented, suggesting a reduced ability of PIPER to drive the conformational selection of the two-quartet 

topology. Consistently, CD spectra of the same samples showed only minor changes at 265 nm and 290 nm 

(Figure 3E). 

 

3.3 K20, compared to PIPER, binds with greater affinity to the two-quartet antiparallel KIT* G-

quadruplex.  

The preferential binding of K20 to the antiparallel G4 topology, not displayed by its parent ligand PIPER, 

was further demonstrated by evaluating their binding to the two-quartet antiparallel KIT* G-quadruplex. 

We acquired ESI-MS spectra of KIT* in 4 mM KCl (Figure S6 Supplementary Material), since at lower [KCl] 

the oligonucleotide was not folded. ESI-MS spectra of a reference non-G4 forming sequence, KIT*noG4, 

acquired in the same experimental conditions, allowed reconstructing the specific K+ adducts distribution. A 

single specifically coordinated K+ ion was detected, and this is in line with the reported two-quartet 

structure. However, the oligonucleotide was only partially folded, hence, CD spectra of the same sample 

did not fully resemble the one of an antiparallel G-quadruplex (Figure S6D Supplementary Material). 

ESI-MS spectra of KIT* in 4 mM KCl, recorded after incubation with one equivalent of K20 (Figure 4A) 

revealed selective ligand binding to the two-quartet G-quadruplex arrangement, with a 1:1 (KIT*:K20) 

stoichiometry. Accordingly, the CD spectra acquired on the same sample showed higher contribution at 290 

nm (Figure 4E), supporting the ability of K20 to drive the antiparallel folding of the oligonucleotide. PIPER, 

instead, showed negligible binding to KIT*, as revealed by the ESI-MS and CD spectra. (Figure 4C/E) The 

modest amount of detected complex corresponded to a 1:1:1 (KIT*:K+:ligand) binding stoichiometry. 

For the binding of K20 and PIPER to KIT*, we could assume equal response factors of the species (See 

Figure S7 Supplementary Material), hence, we could derive equilibrium dissociation constants from ESI-MS 

experiments. Values are reported in Table 2. 

  



 

 

Fig. 4. A) ESI-MS spectra of 10 µM KIT* in 100 mM TMAA, 4 mM KCl, after incubation with one equivalent of K20, zoomed on the 5-

charge state. B) Reconstructed relative distribution of specific K+ adducts. Error bars are obtained from the standard deviation of 

three replicates. C) ESI-MS spectra of 10 µM KIT* in 100 mM TMAA, 4 mM KCl, after incubation with one equivalent of PIPER, 

zoomed on the 5-charge state. D) Reconstructed relative distribution of specific K+ adducts. Error bars are obtained from the 

standard deviation of three replicates. E) CD spectra of 10 µM KIT*in 10 mM Tris-HCl, 150 mM KCl (dotted line) and in 100 mM 

TMAA, 4 mM KCl, before (dashed line) and after (solid line) incubation with one equivalent of K20 (pink line) or PIPER (cyan line).  

  



Table 2. Equilibrium dissociation constants obtained from ESI-MS experiments performed in 100 mM 

TMAA, 4 mM KCl, at 1:1 ligand/DNA molar ratio 

 

 

 

 

 

 

4. DISCUSSION 

In a previous study we dissected the G4 folding pathway of KIT2 under different ionic conditions [17]. We 
identified a short-lived intermediate with antiparallel content (as derived by its circular dichroism spectra). 
In the presence of K+, it rapidly evolves toward parallel structures, while it is stabilized in the presence of 
Na+. However, we did not obtain structural information about this arrangement. In the presence study, 
native ESI-MS experiments performed at low K+ concentration, allowed us to detect and characterize this 
conformation by means of K+ binding stoichiometry. Interestingly, the presence of a single specifically 
coordinated K+ ion, revealed its two-quartet scaffold. 
Furthermore, the perylene derivative K20 was able to drive the conformational selection of this topology, 
against the more thermodynamically stable parallel three-quartet one. Interestingly, the parent ligand 
PIPER did not show the same binding preference. The greater affinity of K20 for the two-quartet antiparallel 
topology, compared to PIPER, was further supported by the fact that it binds to the antiparallel two-quartet 
KIT* G-quadruplex with a 10-fold smaller dissociation constant. The different binding properties of these 
ligands can be explained by considering the role of the side chains. Indeed, basic perylene side chains are 
likely to interact with the phosphate groups in the DNA grooves [19], and they may determine the ligand 
preference for a given G-quadruplex topology. Taking KIT* as a comparative model for the antiparallel 
topology, it shows two wide and two narrow grooves that can accommodate the perylene side chains. We 
can assume that, in the case of K20, thanks to its permanently charged quaternary nitrogen with small size 
substituents, the energetic gain is significantly larger when the interaction occurs in the narrow vs 
medium/wide grooves. This would justify either its higher affinity for KIT* and its ability to trap KIT2 in the 
antiparallel conformation.  

We found that the DNA:ligand binding stoichiometry was 1:1 for both ligands, on both the two-quartet and 
three-quartet scaffolds. Given the reported binding mode of perylene ligands to G-quadruplexes, which is 
likely to involve end-stacking interactions of the aromatic core with the G-tetrads [19], the 1:1 
stoichiometry suggests an asymmetric nature of the tetrads in all the tested G-quadruplex topologies. This 
is in line with the reported high-resolution structures of KIT2 and KIT*. Indeed, in the parallel three-quartet 
topology of KIT2, Kuryavyi and co-workers highlighted the presence of a reversed C1•A13 non-canonical 
pair stacked over the top G-quartet [16], while for KIT* we evidenced a G10•C18 base pair under the 
bottom G-quartet [26]. We thus expect an asymmetric nature of the G-quartets even in the KIT2 two-
quartet antiparallel topology, for which high-resolution structure is not yet available.  

 

5. CONCLUSIONS 

It becomes clear that the mere oligonucleotide sequence is not sufficient to uniquely determine the G-

quadruplex topology adopted in solution. Indeed, alternative conformations can be explored by a given G-

 ligand  
 K20 PIPER 

sequence KDx106(M) KDx106(M) 
KIT* 1.0±0.3* 12±2* 

*s.d. from three replicates 



rich sequence, having different kinetic and thermodynamic profiles. Actually, some of them may not even 

exist ‘in vivo’, where the G-rich sequence is inserted into a double-stranded DNA. Thus, to validate a given 

G-quadruplex forming sequence as a pharmacological target and to properly drive the design of effective 

selective ligands, it is pivotal to understand which conformation is the most important to exert its biological 

function within a physiological context. K20 and PIPER share a great structure similarity and common 

duplex-DNA recognition properties, but we showed that they diverge on the preference for G-quadruplex 

topology. In addition, these derivatives show a poor short-term cytotoxicity, a property that, on the bases 

of data on structurally related perylene and naphthalendiimide derivatives, appears to be not simply 

related to lack of uptake of the protonated fraction [22],[35],[36]. Given these evidences, they can be used 

as selective probes for the different G-quadruplex topologies during in vitro transcription assays or, 

eventually, in cell dual-luciferase reporter assays. As fat it concerns c-KIT, this will eventually lead to the 

identification of the most relevant conformation of KIT2 for the physiological regulation of the oncogene 

expression, with the final aim to design selective ligands for it. 
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