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G-quadruplex (G4) and i-motif (iM) are four-stranded nonanonical nucleic acid structural
arrangements. Recent evidences suggest that these DNA stafures exist in living
cells and could be involved in several cancer-related prosses, thus representing
an attractive target for anticancer drug discovery. Effosttoward the development of
G4 targeting compounds have led to a number of effective bioetive ligands. Herein,
employing several biophysical methodologies, we studieche ability of some well-known
G4 ligands to interact with iM-forming DNA. The data showedHhat the investigated
compounds are actually able to interact with both DNAIn vitro, thus acting de facto
as multi-target-directed agents. Interestingly, while &the compounds stabilize the G4,
some of them signi cantly reduce the stability of the iM. Theresent study highlights the
importance, when studying G4-targeting compounds, of evalating also their behavior
toward the i-motif counterpart.

Keywords: G-quadruplex, i-motif, Berberine, BRACO-19, Mito xantrone, Phen-DC3, Pyridostatin, RHPS4

INTRODUCTION

GC-rich nucleic acids are able to form a variety of non-cainahsecondary structuregljao et al.,
2010; Cerofolini et al., 20).4The best studied of these are G-quadruplexes (G4s), foandtd
alternative nucleic acid secondary structures formed fgaranine-rich DNA or RNA composed of
stacked tetrads of guanines formed by Hoogsteen hydrogedibg (Burge et al., 2006Sequences
which can form G4s are prevalent within regulatory regionghefgenome, particularly within the
promoter region of genes{uppert and Balasubramanian, 2007; Chambers et al., 201&tztdl.,
2016. Good evidence has been provided to support the hypothesisGHhatexist in human cells
(Bi etal., 2013), play a role in human diseaséd&eusler et al., 2014; Maizels, 2pahd can be
targeted with ligands to modulate biological functioriEddiqui-Jain et al., 2002; Lam et al., 2013;
Zizza et al., 2006

More recently, increasing interest is being paid to the i-mdifM) structure, another four
stranded structure which can form in sequences rich in dyg@scomposed of two intercalated
hairpins, stabilized by hemi-protonated cytosine-cytoSing€ C®) base pairs Gehring et al.,
1993. Putative iM forming sequences also occur throughout teaame (Vright et al., 2016b;
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Pagano et al.

G-Quadruplex Ligands Interact With i-Motif-Forming DNA

Fleming et al., 20)7typically opposing regions which can form
G4s, though the sequence requirements for stable formatien
somewhat di erent. Studies on the iM were previously limited

based on the assumption that because they are stabilized |i

slightly acidic conditions they were not physiologicalljerant,
despite a solid foundation of data indicating that these ctites
are detectable at neutral pid vitro (Mergny et al., 1995 Over
the years, this assumption has been challenged with examiples
iMs which can form at neutral pH, at low temperaturé&r{ou

et al., 201)) under conditions of negative superhelicityy(n and
Hurley, 2009, and molecular crowdingRajendran et al., 20)0
conditions. Further examples of sequences which are ndural

C Berberine

M

H
OH 0 HN"Non

stable at neutral pH have been found in the genome, initially
by investigating sequences which oppose Gsier et al., 0‘0

2012, but multiple other examples have followed/{ight et al., OH O HN_~ ~_OH
2016b; Fleming et al., 2017; Mir et al., 2DU0st recently further H
evidence for i-motif formationin vivo has been provided by in

cell NMR experiments[jzatko et al., 200)gnd the discovery of M“°"(a3';"°“e Phe("“'?cs
an antibody that binds i-motif speci cally in the nuclei of man 9
cells geraati et al., 20)8The C-rich regions of genomes are of i J/ °
. . . . *3CF,CO0

particular interest because cytosine forms part of the basis f o .
epigenetic regulation, and epigenetic modi cation of cytsi NH, S NH,
has been found to alter the stability of iMBjavsar-Jog et al., H 0 N N CHIOSE
2014; Xu et al., 2015; Wright et al., 2).1Koreover, ligands O NH  HN A O F O \ T
which bind and stabilize iM have been shown to modulate N N Nig
biological functions Amato et al., 2014b For example, '
stabilization of the iM forming sequence in the human telome

Pyridostatin RHPS4

was found to inhibit telomerase activity and interfere with
telomere biologyl(i et al., 2006; Chen et al., 20 8tabilization
of iM forming sequence in the promoter region of BCL2 was
found to cause an increase in gene expressid¢an( et al.,
2014; Kendrick et al., 20)4nd an iM interacting compound
was found to downregulate PDGHR-promoter activity
(Brown etal., 201)7 MATERIALS AND METHODS
As it appears that formation of iM and/or G4 structures

could incite di erent biological outcomes, it is important to Oligonucleotide Synthesis and Sample

understand the potential structures a compound is able tcPreparation

interact with. In contrast to the hundreds of G4 binding ligdgs  An ABI 394 DNA/RNA synthesizer (Applied Biosystem) was
(Pagano et al., 2007, 2010, 2015; Di Leva et al., 2013; dmployed to prepare DNA sequences anol scale by using

et al., 2013; Amato et al., 2014a, 2)1Bere are comparatively standard (3-cyanoethylphosphoramidite solid phase chemistry.
very few iM binding compounds reported in the literature The subsequent detachment of DNA from support and its
(Day et al., 2014 Some ligands which were described to binddeprotection were carried out by means of an aqueous solution
G4 have also been found to bind iM~¢doro et al., 2000; of concentrated ammonia at 56 for 12h. The ltrates
Wright et al., 2016a; Xu et al., 20160 we decided to assessand the washings were combined and concentrated under
and compare the capability to interact with iM-forming DNA reduced pressure, solubilized in water, and then puried by
of several known bioactive G4 binding agents: Berberibje ( high-performance liquid chromatography (HPLC) equipped
(Franceschin et al., 20)@BRACO-19 2) (Gowan et al., 2002 with a Nucleogel SAX column (Macherey-Nagel, 1000-8/46).
Mitoxantrone @) (Huang et al., 2007 Phen-DC3 4) (De Cian Two buers were employed for the purication: buer A,

et al., 2007r Pyridostatin 6) (Rodriguez et al., 2008and consisting of a 20mM KHPO4/K,HPO, aqueous solution
RHPS4 6) (Izbicka et al., 1999(Figure 1). The interaction (pH 7.0) and containing 20% (v/v) C¥CN, and buer B,

of these compounds with G4- and iM-forming sequencesconsisting of 1M KCI, 20mM KHPO4/K2HPO, aqueous
were investigatedh vitro in di erent experimental conditions solution (pH 7.0), containing 20% (v/v) GICN, combined
employing several biophysical methodologi¢zagano et al., in a 30min linear gradient going from 0 to 100% B with a
2019 (Figure 2. The data unequivocally demonstrate that, ow rate of 1 mL/min. The puri ed fractions of the oligomers
even if in dierent ways, actually these molecules interactvere then desalted by using C-18 cartridges (Sep-pak). The
with both DNA, thus actingde factoas multi-target-directed purity of the isolated oligomer was evaluated by NMR and
compounds. it turned out to be higher than 98%. In particular, the

®) (6)

FIGURE 1 | Chemical structures of the investigated ligands.
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UV-Melting

A JASCO V-730 UV-visible spectrophotometer equipped with
a Peltier temperature controller was employed to perform
the UV thermal denaturation experiments. The oligonucleetid
concentrations were 18M for both hTeloC and mutTel24 DNA

in the appropriate bu er, as indicated above. Experiments were
performed by following changes of UV signal at 295nm, at a
heating rate of 1C/min, in the temperature ranges of 5-100 and
20-100C for hTeloC and mutTel24, respectively. The melting
temperatures T1=) were mathematically calculated by using
the curve tting function in Origin 7.0 softwarel T values
represent the di erence between the melting temperature of the
DNA with and without ligands.

Nuclear Magnetic Resonance Experiments
A 700 MHz Varian Unity INOVA spectrometer was employed to

mutTel24 hTeloC perform the NMR experiments. One-dimensional proton spectra
G-quadruplex DNA i-motif DNA were recorded at T using pulsed- eld gradient DPFGSE for
water suppression. All DNA samples were prepared at 0.2 mM
FIGURE 2 | Schematic representation of mutTel24 G-quadruplex and hTeC strand concentration in 0.22 mL (#0/D20 9:1) bu er solution.
i-motif structures. Blue and green solids represent guanis in syn and anti DNA/ligand mixtures were obtained by adding aliquots ofact
glycosidic conformation. Orange and red solids representémiprotonated solution of the six Iigands in DMSO-d6é directly to the DNA

C-CC base pairs.

solutioninside the NMR tubeXandazzo et al., 2002; Amato et al.,
2017. NMR data were processed using the iINMR software (www.
inmr.net).

following oligonucleotides were employed for the experinsent )

d[CCCT(AACCCTY] (hTeloC) and d[(TT(GGGTTA}GGGA)] FRET and FRET-Melting

(mutTel24). The oligonucleotide concentrations wereletished A FP-8300 spectro uorometer (Jasco) equipped with a
by measuring the UV absorption at 90 taking into account the Peltier temperature controller accessory (Jasco PCT-818)
molar extinction coe cient values+ (I D 260 nm) determined Was employed to carry out FRET experiments. The dual-labeled
by the nearest neighbor modeCéntor et al., 1970 hTeloC and  oligonucleotides corresponding to the G4 forming sequence
mutTel24 were dissolved in 10 mM sodium phosphate bu er andd>FAM-d(GGG[TTAGGGE)-TAMRA-3° (G4-F21T) @Amato

10 mM potassium phosphate bu er, respectively, at di erent pHet al., 2016; Salvati et al., 2p%&and the iM forming sequence
values before establishing the experimental conditionstaged 5>FAM-d(TAACCC)s-TAMRA-3° (iM-F24T) were used. Such
(pH 4.3 and pH 5.7). DNA samples were heated a®®r5min, sequences are characterized by the presence of the donor

and then gradually cooled to room temperature overnight. uorophore FAM (6-carboxy uorescein) and the acceptor
) . . uorophore TAMRA (6-carboxytetramethylrhodamine) that
Circular Dichroism Spectroscopy are covalently bound at%and Fends, respectively. Labeled

Circular dichroism (CD) experiments were recorded on aoligonucleotides were purchased from Biomers (Germany).
Jasco J-815 spectropolarimeter equipped with a PTC-423S/G&-F21T and iM-F24T were prepared amil concentration
Peltier temperature controller. Each spectrum was recordeth 10mM potassium phosphate buer and 10mM sodium
in the 220-360nm wavelength range, averaged over thrgmosphate bu er, respectively. Samples were annealed in a
scans and subtracted of the buer baseline. The scan rateot water bath at 90C for 2min, and then cooled to room
was set to 100 nm/min, with a 1s response time, and 1nnemperature overnight. FRET measurements were performed
bandwidth. Spectra were analyzed using Origin 7.0 softwarboth in the absence and presence of 5 molar equivalents of
CD experiments (spectra and melting) were performed usingompounds1-6. The nal concentration of G4-F21T and iM-
10-15mM oligonucleotide concentration, in the absence andF24T was 0.inM. A sealed quartz cuvette with a path length of
presence of 5 molar equivalents of ligands (10 mM in DMSO)1 cm was used. FRET spectra were acquired before (at 5 a@d 20
CD melting were performed at £/min heating rate in the 5—- for iM and G4, respectively) and after (at 9) melting assay.

90 and 20-10CC temperature range for hTeloC and mutTel24, The dual-labeled oligonucleotides were excited at 492 md, a
respectively. Changes of CD signal were followed at themission spectra were recorded between 500 and 650 nm using
wavelengths of the maximum CD intensity, 288 and 290 nm fod00 nm/s scan speed. Excitation and emission slit widths were
hTeloC and mutTel24, respectively. The melting temperaturesoth set at 5 nm. FRET-melting experiments were performed by
(T1=2) were mathematically calculated by using the curve ttingsetting the excitation wavelength at 492 nm and the detactio
function in Origin 7.0 softwarel T1— values represent the wavelength at 522 nm. The emission intensity of FAM was then
di erence between the melting temperature of the DNA with andnormalized between 0 and 1. Data analysis was carried out using
without ligands. Origin 7.0 software.
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Fluorescent Intercalator Displacement investigated by 10'H-NMR and CD spectroscopies (Figures
(FID) Assay S1, S2, Supplementary Material). In particular, the pH range
For the FID experiments, oligonucleotides d[(TAACGE) 4-3-7.0 was explored. NMR and CD spectra clearly indicated
(hTeloGep) and d[(TTTGGG(TTAGGG)A)] (mutTel24ep) that the hTeloC sequence turned out to be folded into an iM
were purchased from Eurogentec and then puri ed via HPLCStructure only at pH values lower than 5.7, while above this
Solid DNA samples were initially dissolved as a 1 mM stockalue the iM structure is in equilibrium with the unfolded
solution in MilliQ water. 10 mM stock solutions of the candiga  SPecies. Therefore, we decided to perform our studies at the
ligands were prepared in DMSO. Further dilutions werefWo boundaries pH values, namely 4.3 and 5.7. Since the main
carried out in buer: 10mM NaHPO, for hTeloGyp and aim of this investigation was to evaluate the interactiosaie

10 mM KH,POy for mutTel24,p. DNA samples were thermally known G4 ligands with an iM-forming DNA, experiments on the
annealed at 90M in the respective buers in an Applied human _telomeric G4 (mutTel24) were performed in parallel for
Biosystems Veriti 96 well thermal cycler by holding at @5 Ccomparison.

for 5min and cooling at a rate of €/min to 20 C. FID . . . .

experiments were performed on a BMG CLARIOstar platdoircular Dichroism Studies

reader using Corning 96-Well Solid Black Flat Bottom plates! e structures adopted by hTeloC and mutTel24 were rst
A 10 mM stock solution of thiazole orange (TO) was preparednvestigated by circular dichroism (CD) spectroscopy in the
in DMSO and diluted to 2ZnM in the appropriate bu er for absence of ligands. At both pH 4.3 and 5.7, hTeloC showed
either hTeloGp or mutTel24p. Ninety microliters of the almost superimposable CD spectra having a positive band at
2mM TO solution were added to each well and uorescence288nm and a negative one at around 260 nfFiglre 3A).
emission at 450 nm measured with excitation at 430 nm; this wal hese bands are characteristic of an iM folding topoloGy¢
normalized to 0% representing background uorescence. Ongt al., 2008 mutTel24 also displayed almost superimposable CD
microliter of DNA was then added, shaken using double oibitaSPectra at both pH values. These spectra were characterized by
shaking at 700 rpm in the plate reader for 15, and allowed tv0 positive bands at around 290 and 270nm, and a negative
equilibrate for 15 min. After equilibration, uorescencenession One at around 240 nmKigure 3B). These bands are perfectly
was measured as before, and normalized to 100% representigigPerimposable to those observed for the same molecule at pH
maximal uorescence enhancement from the TO probe binding-0 thus indicating the presence of the expected hybr@1[3

to the DNA secondary structure. 0.8L aliquots of ligand G4 structure (hybrid-1) as the major conformation underdici
were titrated into each well (in triplicate) and measured agonditions Karsisiofis etal., 2011; Gray etal., 2p14

before. Fluorescence measurements after ligand additierew  CD experiments were also performed to examine the potential
normalized between the 0 and 100% levels determined per tid compoundsl-6 to alter the native folding topology of the two
respective well. Percentage TO displacement was calculatedi®vestigated DNA structures both at pH 4.3 and 5.7. DNA/lidan
the di erence between the normalized 100% uorescence levélixtures were obtained by adding 5 molar equivalents of
and the normalized uorescence measured after each ligangPmpound to the folded G4 and iM structures so as to have
addition. The concentration for each ligand at which 50%taf t an excess with respect to potential binding sites. In the cése o
TO was displaced (D&) was calculated by using Origin data MutTel24, regardless of the pH, Berberirig, BRACO-19 ),
analysis software to plot percentage TO displacement againdhen-DC3 ¢) and RHPS4§) induced a signi cant change in
ligand concentration. These data were tted with dose-remeo  the CD spectrum of the G4 structur&igures 4A,Band Figures

curves and the equations of the curves were solved 59 to ~ S3, S4, Supplementary Material). In particular, the loss of the
give the DG values. band at 270 nm followed by an intensity's increase of the band

at 290 nm suggested a conformational change of the G4 topology

from the hybrid to the antiparallel conformatioriasiero et al.,
RESULTS 2010; Randazzo et al., 201@onversely, Mitoxantrone3j and

Pyridostatin 6) did not produce any measurable conformational
Most of the investigations reported in the literature dealingchange of the G4 structure, even if a decrease of the band at
with the determination of iM structures in solution have lmee 290 nm is observed upon their addition.
accomplished in sodium bu er and under acidic conditions, As for the iM structure, at pH 4.3, Mitoxantrones), Phen-
generally at pH values down to 4.3¢hring et al., 1993; Gallego DC3 @), and RHPS4 &) induced a signi cant hypochromic
etal., 1997; Malliavin etal., 200Fhis is because the cytidine gK = shift of the positive band at 288 nm, with more marked e ects
is about 4.2, and the use of low pH values guarantees to obtagbserved foB and4. Conversely, Berberind), BRACO-19 ),
stable hemi-protonated €€ pairs. However, these conditions and Pyridostatin ) caused a hyperchromic shift of the band
are far away from physiological. This may also have consexsen at 288 nm at this pH Figure 4Cand Figure S5, Supplementary
on the study of the interaction between these target mokscul Material). On the other hand, at pH 5.7 all the compounds have
and potential ligands, which may be di erently protonated with been shown to induce a hypochromic e ect of the band at 288 nm
respect to their state under physiological pH. Therefore, irthatturned out to be particularly marked in the case208, and4
order to nd experimental conditions as close to physiologica (Figure 4D and Figure S6, Supplementary Material). These data
as possible, the behavior of the telomeric iM-forming seqeencsuggest that some interaction takes place and that, in sosesca
(hTeloC) in 10mM sodium bu er at di erent pH values was the molecules seem to induce the unfolding of the structure.
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FIGURE 3 | (A,B) CD spectra of hTeloC and mutTel24 at pH 4.3 (black) and 5.7 (gy). (C,D) CD melting of hTeloC and mutTel24 at pH 4.3 (black) and 5.7 (gy).

FIGURE 4 | (A,B) CD spectra of mutTel24 in the absence (blue) and presence (gen) of 5 equivalents of Phen-DC34) at 20 C (solid lines) and 100C (dashed lines).
(C,D) CD spectra of hTeloC in the absence (red) and presence (gregof 5 equivalents of4 at 5 C (solid lines) and 100C (dashed lines)(E,F) CD- and (1,J)
UV-melting of mutTel24 in the absence (blue) and presence@en) of 5 equivalents o#. (G,H) CD- and (K,L) UV-melting of hTeloC in the absence (red) and presence
(green) of 5 equivalents ofl. The relative pH values are reported in each panel.
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CD-Melting Analysis and presence of each compound at both pH 4.3 and 5.7.
CD-melting experiments were employed to evaluate the thermalJV-melting curves were acquired by following the change in
stability of iM and G4 structures adopted by hTeloC andUV signal intensity at 295 nm for both mutTel24 and hTeloC
mutTel24 sequences, respectively, under the two experiment@igures 41-L, and Figures S11-S14, Supplementary Material).
conditions used (pH 4.3 and 5.7). The melting temperatureResults of these experimenf&able 1) are consistent with CD-
(T1=2) of the iM structure were found to be 52.8 and 4@GtpH  melting ones, and denote, once again, a di erent behaviottier
4.3 and 5.7, respectivellyigure 3C). The lower thermal stability investigated compounds toward the iM and G4 DNA structures.
of the iM structure observed at pH 5.7 can be ascribed to the
lower extent of protonation of the cytosines. On the other tan
only a very small variation iff 1= values was observed for the G4 Nuclear Magnetic Resonance Studies
structure between pH 4.3 and 5.7 (53.5 and 5C,Tespectively, NMR spectroscopy was employed in order to obtain structural
Figure 3D). information about the DNA interaction of the six compounds.
Then, the eect of the investigated compounds on theAlso in this case, 1BH-NMR spectra were recorded at pH 4.3
stability of the DNA secondary structures was evaluated bygnd 5.7. Under the experimental conditions used, the mutTel24
measuring the ligand-induced change in the melting tempe®at sequence forms a single G4 conformation characterized by 12
(1 T1=) of G4 and iM at pH 4.3 and 5.7. CD-melting curves well-resolved imino proton peaks, corresponding to the 12
of DNA in the absence and presence of each compounguanines involved in the three G-tetrad plandsu( et al.,
were obtained by following the variations of the intensity200§. On the other hand, hTeloC folds in an i-motif structure
of CD signal at the wavelengths of 290 and 288nm fogharacterized by 3 well-resolved imino proton peaks that
mutTel24 and hTeloC, respectiveligure 4and Figures S7-S10, correspond to the 6 intercalated cc pairs (Phan et al.,
Supplementary Material). Very intriguingly, results of these000).
experiments Table 1) clearly indicated thal-6 exert a di erent The imino and aromatic proton regions of mutTel24 and
eect on iM compared to G4. As expected, all the testechTeloC in the absence and presence of 5 equivalents of each
compounds were able to thermally stabilize the G4 structurgompound are shown ifFigures 5 6, respectively. Regardless of
at both pH values, even if to a di erent extenkigures 4E,F  the pH, both imino and aromatic proton signals of mutTel24
and Figures S7, S8, Supplementary Material). On the contranurned out to be signi cantly a ected by the addition of the
regardless of pH, Berberine (1), Pyridostatin (5), and RHPSHgands Figure 5). On the other hand, addition of compounds
(6) did not show a remarkable in uence on the iM thermal to the iM structure led to dierent results. At pH 4.3, the
stability, while BRACO-19 (2), Mitoxantrone (3), and Phei®® main changes were observed for Berbering gnd RHPS4
(4) signi cantly decreased itHigures 4G,Hand Figures S9, S10, (6) in both aromatic and imino regions, while little changes
Supplementary Material). These results are in agreement wittbuld be observed for BRACO-1®)(and Mitoxantrone B).

those obtained from the CD spectra analysis. Instead, Phen-DC34) caused a general decrease of signal
) _ intensities Figure 6A). Very little changes could be observed in
UV-Melting Analysis the spectrum of iM upon addition of Pyridostatirb). At pH

The e ect of compoundsl-6 on the stability of the G4 and 5.7, changes were observed for BerberibeBRACO-19 ),

iM structures was also investigated by UV-melting experimentdMitoxantrone @), and RHPS4 &) (Figure 6B), with BRACO-

As for CD-melting studies, the ligand-induced changes ie th 19 a ecting the most the NMR spectrum of the iM structure.
melting temperature { T1=) of the two DNA structures were Interstingly, as for the experiment at pH 4.3, PhenD@3 §nd
obtained by recording UV-melting experiments in the absencéyridostatin §) caused a general decrease of the signal intensities.

TABLE 1 | Ligand-induced thermal stabilization of hTeloC and mutT2# DNA measured by CD and UV melting experiments.

1T (O 1T (O
CD melting UV melting
hTeloC mutTel24 hTeloC mutTel24
pH 4.3 pH 5.7 pH 4.3 pH 5.7 pH 4.3 pH 5.7 pH 4.3 pH 5.7

Berberine 25 0.8 C134 Cl24 C1.2 C0.9 Cl11.7 C15.3
BRACO-19 134 9.2 Cl24 C8.9 17.6 6.5 ND ND
Mitoxantrone 4.8 9.9 Cc7.7 C4.5 16.6 1.0 C4.1 C0.6
Phen-DC3 13.4 6.8 ND Cl4.4 17.1 6.3 ND C5.3
Pyridostatin 2.8 C0.8 C12.9 C8.8 C1.1 C0.2 C9.3 C5.5
RHPS4 1.0 0.3 C22.0 C20.6 C0.7 C0.1 ND ND

“1T1/2 D T1/2(DNACligand) -T1/2(DNA). All experiments were performed in duplicate, drl T1/2 values are reported as the mean. Errors were 0.5 C. ND, not determined.
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FIGURE 5 | 1H-NMR spectra of mutTel24 in 10 mM KB PO, at (A) pH 4.3 and (B) pH 5.7, before and after the addition of 5 equivalents of eacltigand.

FIGURE 6 | 1H-NMR spectra of hTeloC in 10 mM NaH PO, at (A) pH 4.3 and (B) pH 5.7, before and after the addition of 5 equivalents of eacligand.

FRET and FRET-Melting Studies thermal stabilities. In agreement with CD- and UV-melting
Dual labeled (FAM/TAMRA) human telomeric sequences G4-experiments, all the tested compounds induced a thermal
F21T and iM-F24T, which are able to form G4 and iM structuresstabilization of G4-F21T (Figure S15, Supplementary Md)eria
respectively, were used (see Experimental section). Expgsme Conversely, in the case of iM-F24T, FRET melting data did not
were performed only at pH 5.7, because the uorescence of thegree at all with CD and UV melting results. In fact, all ligands
FAM is not stable at pH 4.3. In order to verify thdt6 did except Berberine, showed a signi cant thermal stabilizatd
not interfere in the FAM emission spectrum, the uorescencethe iM structure (Figure S16, Supplementary Material).
spectrum of each compound was recorded by exciting at 492 nm FRET spectra of FAM/TAMRA-modi ed oligonucleotides
and collecting its emission spectrum between 500 and 650 nriG4-F21T and iM-F24T) in the absence and presence of
Unfortunately, the emission spectrum of RHP$} (as found each compound (at 1:5 DNA/ligand ratio) were also analyzed
to overlap with FAM, and, therefore, it was not used in thes€Figure 7). The results show that, in both cases, BRACO-2)9 (
experiments. Mitoxantrone @), Phen-DC3 4), and Pyridostatin %) caused
FRET-melting assays were then performed to furthem signicant decrease of the band intensity at 580 nm, thus
investigate the compound-induced e ects on the iM and G4suggesting that actually they could interact with the probes.
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FIGURE 7 | (A—E)Fluorescence spectra of G4-F21T alone (in 10 mM K§PO4 buffer) at 5 C (blue line) and at 90C (dashed blue line), and after the addition of 5
equivalents of each ligand at 5C (green line) and at 90C (dashed green line)(F-J) Fluorescence spectra of iM-F24T alone (in 10 mM NayPO, buffer) at 5 C (red
line) and at 90 C (red dashed line), and after the addition of 5 equivalentsf@ach ligand at 5 C (green line) and at 90C (dashed green line). All the experiments were
performed at pH 5.7.
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Fluorescent Intercalator Displacement the hybrid [3C1] G4 structure as major conformation at both pH
(FlD) Assay 4.3 and 5.7, and that its thermal stability is basically netted
FID assays are long established and have been used extensit¥ the pH. . - ) o

to determine relative binding a nities for ligands with dupk Once the working conditions were established, the inteoact

DNA (Boger et al., 2000They have recently been adapted and®f the well-known G4 ligands Berberind)( BRACO-19 ),
validated for use with both G4 and iM structuresi¢nchaud ~Mitoxantrone @), Phen-DC3 ), Pyridostatin ), and RHPS4
et al., 2006; Sheng et al., 2N1The assay relies on a light-up (6), with the iM-forming sequence was explored in comparison
uorescent probe, in this case thiazole orange (TO), whiafdsi ~ With the G4, by using a combination of spectroscopic technique
to the structure of interest and can be competitively displace*Periments were performed at the two boundary pH values.
by candidate ligands thus enabling the determination ofithe Results of the di erent experiments undoubtedly showed that all
relative binding a nity to the structure under examination the investigated compounds actually are able to interaem &
Here, aliquots of ligand4-5 were titrated in triplicate against in & di erentway, with both G4- and iM-forming DNA.
both of the G4 and iM structures and the concentrations at Fluorescent intercalator displacement (FID) assay clearly
which 50% displacement (D) was achieved were calculatedShowed that the thiazole orange probe, which binds to
from dose-response curves tted to this data (Figures S1#he investigated structures, is competitively displaced by th
S18, Supplementary Material). Unfortunately, as with the FREFOMpounds 1-5 (compound 6 could not be used). The
RHPS4(6) was excluded from analysis due to the uorescencé&onsequent determination of their relative a nity for the WA
prole of the ligand overlapping with the assay parametersunder examination reveals that, regardless of the pH (4.3 or
The results of the FID assay showed that all ligaritis) 5-7). the compounds exhibit only a slightly higher a nity for
bound to both the G4 and the iM DNA. Unsurprisingly, they MmutTel24 over hTeloC.
also all showed a slightly higher a nity for the G4 formed  Ligand-induced eects on both G4 and M structures
by mutTel24,p over the iM formed by hTelogp (Table?. Wwere examined by means of UV, CD, and NMR. As far as
Nevertheless, all ligands tested were found to displace Totat b MutTel24 is concerned, results of CD experiments show that
pH 4.3 and 5.7, indicative of an interaction with the iM-forngin  four (Berberine, BRACO-19, Phen-DC3, and RHPS4) out of
DNA. the six ligands induce a conformational change from the
hybrid [3C1] to an antiparallel structure (Figures S3, S4). All
the ligands also indiscriminately aect the NMR spectrum
DISCUSSION of mutTel24 Eigure 5. Results of CD- and UV-melting
experiments agree in indicating that the six compounds are
DNA has a well-known propensity to adopt various alternativeable to stabilize the G4 at both pH values (Figures S7, S8,
non-canonical conformationsn vitro, including G4 and iM. S11, S12, Supplementary Material). Interestingly, the tvemtlg
Recent investigations have demonstrated the formation ohsu not inducing the G4 conformational change (Mitoxantrone
structures in regulatory regions of the human genome, idolg  and Pyridostatin) seem also to be the less e ective in terms
gene promoters and telomeres, also providing evidences éor tlof thermal stabilization under the experimental conditions
key role that G4s and iMs can play in several biological pathwaysed. Moreover, some of the investigated ligands induced a
(Kang et al., 2014; Salvati et al., 2014; Maizels,)2015 higher increase of G4 melting temperature T1=) at pH 4.3
Human telomeric DNA consists of a 2—20 kb double-strandedather than 5.7 Table 1), that may be ascribed in part to the
region composed by (TTAGGG)/(CCCTAA) repeats, and of ali erent protonation states of such molecules at the di erent
single-stranded ®end G-rich sequence. The G-rich strand canpHs. This was, for example, the case of BRACO-2Qand
adopt G4 conformations, while the opposite C-rich strand carPyridostatin §). For these molecules the protonation state was
fold into the iM structure. Of the two structures, telomeric theoretically determined in the 3.5-7.5 pH range, by using
G4 is by far the most studied. This disparity is mainly duethe pKy prediction program (ChemAxon, www.chemaxon.com)
to acidic pH required for the protonation of cytosine, sincebased on the calculation of partial charge of atoms in the
the parallel duplexes, the basic component of iM, are stabilizemholecule. The computed distribution of the microspecies for
by hemiprotonated GCC base pairs. In this investigation, the BRACO-19 and Pyridostatin, reported in Figure S19, shows tha
behavior of the human telomeric iM-forming sequence (hTeloC)actually there is a variation between pH 4.3 and 5.7 for these
was studied in the pH range of 4.3-7.0 by IBI-NMR  molecules.
and CD spectroscopies. Results clearly indicate that under the Concerning the iM, some di erences were observed between
experimental conditions used, the iM structure is still well pH 4.3 and 5.7. In particular, the addition @f6 to the iM caused
preserved at pH 5.7, while, just above this pH value, it turngnajor e ects at pH 5.7, in which the iM structure is less stable
out to be in equilibrium with the random coil (Figures S1, S2,per se.
Supplementary Material). Moreover, the lower stability ofitkle Interestingly, CD- and UV-melting results clearly indicate
structure observed at pH 5.7 well re ects the lower extent ofhat the molecules which were found to mainly decrease the
cytosine protonation compared to pH 4.3, thus con rming, onceCD and NMR signals (namely BRACO-19, Mitoxantrone, and
again, that iM structures are very sensitive to pgkbyanda etal., Phen-DC3) were also those that signi cantly decreased iM
20195. On the other hand, results of NMR and CD experimentsthermal stability at both pH values (Figures S9, S10, S13, S14
on the G-rich telomeric sequence clearly showed that itinsta Supplementary Material).
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TABLE 2 | Ligand DGsq values for hTeloGp and mutTel24g p determined using the FID assay*.

hTeloC FID mutTel24 FID
pH 4.3 pH 5.7 pH 4.3 pH 5.7

DCsg SE DCsg SE DCso SE DCsg SE

(mv)) (mvi) (mivi) (miv) (m) (mM) (mv)) (mv))
Berberine 30.38 1.58E-02 1.46 5.88E-03 3.32 2.63E-02 1.26 722E-03
BRACO-19 0.66 1.61E-03 0.87 8.08E-04 0.26 5.14E-03 0.50 1.%E-03
Mitoxantrone 0.70 2.87E-03 1.34 6.99E-03 0.54 3.03E-04 0.% 6.07E-03
Phen-DC3 0.97 1.32E-02 0.95 3.79E-03 0.26 1.58E-03 0.39 1.2E-03
Pyridostatin 9.09 6.18E-03 18.02 5.89E-02 3.15 2.33E-03 942 3.90E-02

"All experiments were performed in triplicate and D&y values are reported as the 50% displacement value calculated from tted doseesponse curves. Standard errors are calculated
using R-square values from the statistics on the data t.

Overall, these results show that compounti$ are able Mitoxantrone, Phen-DC3, and Pyridostatin) caused a sigant
to interact with the telomeric iM-forming DNA. However, decrease of the band intensity at 580 nm (for both G4-F21T and
three of them (Berberine, Pyridostatin, and RHPS4) do notM-F24T), clearly suggesting that they actually interactwiite
have relevant e ects on the thermal stability of iM, while the uorophores. Therefore, the di erent stabilizing e ects obrsed
others (BRACO-19, Mitoxantrone, and Phen-DC3) are abldor the iM structure across the di erent spectroscopic techurgg
to destabilize it. We speculate that these compounds coulcbuld be ascribed to ligand interaction with the FRET probes.
reasonably make some non-speci c interactions with the lging This hypothesis is further corroborated by the fact that Rxite
stranded (unfolded) C-rich DNA, resulting in a shift of f@d- (1), which did not cause any observable change in the FRET
unfolded equilibrium toward the unfolded form, especially spectrum, showed no variation in the DNAs thermal stability
during the melting experiment, which inturnresultsinadeese by FRET, in agreement with CD and UV experiments. For the
of T1=. same reasons, this suggests that the thermal stabilizatib&4-

The FRET methodology, used here to further characterizE21T measured by FRET are not accurate, being also potentially
the interaction of G4 and iM DNA with the investigated a ected by the ligands' interaction with the probes. Therefor
ligands, deserves a separate discussion. With respect aof otleeclear message came out from a careful examination of FRET
spectroscopic techniques (such as UV, CD, and NMR), FREdata, meaning that false-positive responses can be obtainred d
has a higher sensitivity and it can explore a large range db ligands ability to bind end-labeling DNA probes. This could
ligand concentrations\lonchaud et al., 2006; Sheng et al., 2017 occur particularly when the investigated compounds have an
Additionally, it turns out to be the main methodology when extended aromatic core for which- stacking interactions with
the UV absorbance of a ligand overlaps with that of the DNAthe large aromatic surface of the probes could be favored. This
(Guédin et al., 2000 However, some artifacts may occur whenis especially the case of G4-interacting molecules. Oy
compounds are inherently uorescent and/or interact witheth study emphasizes the need of using a combination of techniques
uorescent probes rather than the DNA itselD¢ Cian et al., when examining DNA targeting ligands, in order to avoid an
2007h, and this is what probably happened in this case. Indeednaccurate evaluation of their binding/stabilizing propesdi
FRET melting results did not agree at all with both CD and
UV melting data, especially in the case of iIM-F24T (Figure
S16, Supplementary Material). To understand the reasons f@CONCLUSIONS
this di erent behavior, FRET spectra of labeled DNA (G4-F21T
and iM-F24T) in the absence and presence of compounds wetéerein, a combination of spectroscopic techniques was emgloye
analyzed. Typically, when DNA is folded, the two dyes are ito determine whether well-known bioactive G4 ligands, ngme
close proximity so FAM uorescence peak at 522nm (uponBerberine 1), BRACO-19 ), Mitoxantrone ), Phen-DC3 4),
excitation at 492 nm) is quenched and its energy is transterr Pyridostatin 6), and RHPS4&) are able to interact with an iM-
to TAMRA, which then emits light at 580 nm. On the other forming DNA. Two human telomeric DNA sequences able to
hand, FAM's uorescence is no longer quenched when su cientform iM and G4 structures were studied and the experiments
spatial separation of the two dyes occurs (for example upoperformed at two di erent pH values. The experimental results
unfolding of the DNA structure), therefore its uorescence showed that all the investigated G4 ligands were also able to
signal at 522 nm is observable. In principle, compounds that arimteract with the telomeric iM-forming DNA. Very interestgly,
able to interact with the uorophores may a ect the emission BRACO-19, Mitoxantrone, and Phen-DC3 have been shown to
properties of the probes and decrease the intensity of the bandestabilize the iM structure.
at 580 nm (if the DNA is structured) or at 522 nm (if the DNA  The majority of iM forming sequences are generally
is unstructured). Interestingly, four compounds (BRACO-19less stable than G4s under physiological conditions. The
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