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Abstract: Following the results we previously reported on a series of xanthene and xanthone derivatives as
G-quadruplex stabilizing ligands, in order to obtain a more selective compound with respect to the previous
generation of derivatives, we decided to modify the structure of the core ligand, specifically its aromatic
extension. In particular, here we report the design, synthesis and activity data of a new compound,
obtained by dimerization of the xanthene core (HELIXA4C). The reported results show that the extension of
the aromatic core and the increasing of the number of polar side chains led to great enhancement of G-
qguadruplex selectivity and telomere damage capability, as derived by ESI-MS evaluation, in vitro cancer
screening and specific immunofluorescence assays.

Introduction

The G-quadruplex, stabilized by Hoogsteen hydrogen bonds, is one of the most important secondary
structures of nucleic acids, which forms in G-rich sequences under some monovalent cations’. These special
secondary structures are present in important regions of the eukaryotic genome, such as telomeres and the
regulatory regions of several genes; therefore such structures play important roles in the regulation of

2343 In recent years, the G-quadruplex has attracted intense interest because of its

biological events
potential biological functions, such as gene regulation, gene expression and antitumor potential®. Notably,
G-rich sequences are unevenly distributed on some regions of the human genome, including telomeric
ends, immunoglobulin switch regions and regulatory elements in some oncogene promoters, such as c-
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myc, bcl2, and others”®®.

During these decades, different studies indicated that formation of G-
quadruplexes in these regions may play important regulatory roles. Therefore, the G-quadruplex is
considered a promising target for antitumor drug design™®.

Following the results we previously reported on a series of xanthene and xanthone derivatives as G-
quadruplex stabilizing ligands®?, in order to obtain a more selective compound with respect to the previous
generation of derivatives, we decided to modify the structure of the core ligand, specifically its aromatic
extension (Figure 1). In particular, here we report the design, synthesis, the activity data and a docking
clarification of the binding mode of a new compound, obtained by dimerization of the xanthene core
(HELIXA4C). In fact, we expect that expanding the aromatic core selectivity towards G-quadruplex
structures should increase with respect to duplex DNA, as for instance previously shown for coronene

derivatives®.
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Figure 1 Chemical structures of selective previously synthesized xanthene and xanthone derivates ligands and the new proposed ligand (HELIXA4C).

Results and discussion

Chemistry

We reached our synthetic target, using a variant of the McMurry reaction™. It is an organic reaction in which two ketone groups
are coupled to an alkene using titanium chloride (TICl;) and a reducing agent14’15. By this way, we obtained in a single step the

dimerization and also the double bound required for the planar structure (Figure 2

Figure 2 a) CI(CH,),Cl (6eq), K,CO3 DMF, 70°C, 7h. 73%. b) Zn, AICl;, THF, Microwave 12W, 60°C, 10min.
80%. c) hv, |, THF 7h. 80% d) Piperidine (8eq), ACN, reflux. 4h. 60%.). We improved the protocol changing
the conditions and reagents used. The best yields were obtained when the reaction was performed in the
presence of AICl; as Lewis acid, in place of TiCl,. We observed that the protocol would be improved if the
reaction is carried out by microwaves. Only 10 minutes irradiation, at 12W power and 60°C, are required to
obtain the product with yields higher than 80%. The crude product, unlike the previous attempts with other
Lewis acids, can be easily extracted in the organic phase. By subsequent purification, we obtained it as a
pure yellow crystalline solid.
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As for the opportunity to further extend the aromatic core, obtaining a more planar structure, we used a
protocol already known that implies the dissolution of the sample in chloroform in presence of UV light and
air'®*’, with the variation to add argon to avoid the presence of oxygen, using iodine as oxidizing agent™®*°,
in order to avoid oxidation back to xanthone. We also varied the reaction time, the solvent in which the
compound was dissolved and the power of the lamp in which the sample was exposed (12 lamp x 12W or
one x 500W). In all these cases the main product obtained was the one in which one of the two possible
additional cycles was closed, called helixanthen 4. This compound was sufficiently stable under normal
physiological conditions: NMR analysis of the compound, dissolved in water and kept in the sun light, were
repeated after 20 days on the same sample. The spectra were the identical and this confirmed its stability.
The chlorine atom was then substituted with the secondary amine and finally after the subsequent

formation of the relative hydrochloride, we obtained a yellow-orange solid (HELIXA4C).
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Figure 2 a) CI(CH,),Cl (6eq), K,CO; DMF, 70°C, 7h. 73%. b) Zn, AICl;, THF, Microwave 12W, 60°C, 10min. 80%. c) hv, I, THF 7h. 80%
d) Piperidine (8eq), ACN, reflux. 4h. 60%.

Docking calculation

In order to clarify the mode of binding of the new compound, here we have adopted a docking approach
available in the AutoDock suite of programs. This is a software suite for predicting the optimal bound
conformations of ligands to macromolecules®****2. We obtained the initial coordinates for the docking from
the Protein Data Bank coordinates of the crystal structure of the parallel 22-mer telomeric G-quadruplex
(PDB ID: 1KF1) which shows a single topology, the parallel fold****
energy values were used to calculate the average binding energies (and the relative standard deviations),
reported in table 1. Repeated experiments show good reproducibility, suggesting that the number of

structures generated was sufficient to be statistically significant. The binding poses calculated for these

. The corresponding intermolecular

compounds were then visually inspected to discard all the ligands that were not able to form hydrogen
bonds with any of the guanine bases and/or to establish an electrostatic interaction with the backbone
phosphate groups. Although a full planar aromatic core is expected to improve the interactions with the G-
tetrad and therefore the biding to the G-quadruplex structure, we have previously shown that this also may
lead to self-aggregation and reduced biological activity”. Indeed, we found that a certain degree of
distortion of the aromatic core improves water solubility and selectivity for G-quadruplex over duplex DNA,
as in the case of EMICORON?®. For these reasons we have focused our attention on the aromatic core of
HELIXAA4C. In fact, despite the molecule is not fully planar, it shows a good interaction with quadruplex DNA
(Figure 3).
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Compound  Binding Energy

HXO2pip -5.0
BRIDGE DIMER -7.0
XA3C -6.4
HELIXA 4C -8.3

Table 1 Docking binding energies (kcal/mol) for different compounds with 1KF1. The rmsd values for the whole complex are <4A.

Figure 3 Model complex obtained between HELIXA4C (yellow) and the telomeric G-quadruplex DNA (blue)

ESI-MS evaluation and G-quadruplex melting assays

2728 also in this case first of all we tested the ability of the

As done for the previously reported compounds
obtained compound HELIXA4C to bind oligonucleotides in G-quadruplex conformation by ESI-MS.?**° The
association constants were comparable with the best ligands tested to date among those prepared in our
group, CORON and EMICORON?" 32, They were in fact also higher than those obtained for the previously
reported xanthene and xanthone derivatives'’. A further evidence of the ability of HELIXA4C to stabilize G-
quadruplex formation come from a DNA melting assay, a straightforward method to analyze ligand binding
to G-quadruplex and duplex DNA*3*. We measured the CD melting profiles of HTelo21 in presence and in
absence of HELIXA4C and found that the drug increases the melting temperature of HTelo21 of 15°C (AT =
15 + 0.4°C; drug/DNA = 5). Furthermore, the selectivity for G-quadruplex with respect to duplex DNA

(represented by the simple dodecamer model DK66) resulted to be highly improved (Table 2).

HTelo21 DK66
Log K, Log K, DNA bound DNA bound Log K, Log K, DNA
1:1 1:2 bound 1:4

HXO2pip 47+0.1 46+0.1 25+3 41+5 34+0.1 - 12+5
Bridge

. 5.8+0.1 5.6+0.2 47 £ 2 57+2 39+10.1 3.3x0.1 1612
Dimer

XA3c 52104 49+0.1 41+3 50+ 2 3.6+0.3 29+0.2 1316

HELIXA4C 6.110.1 5.810.2 61 +2 70 +2 3.810.2 3.110.2 14 15

Table 2 Percentage values of DNA bound and equilibrium association constants, K; and K,, reported on a logarithmic scale for
the complexes between the synthesized HELIXA4C and the indicated oligonucleotides as derived by ESI-MS experiments. For
comparison, values relative to the most representative compounds above mentioned emerging from our previous studies are

also reported.
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In order to achieve a more reliable study of selectivity, we performed competition experiments on the
compound HELIXA4C, in the simultaneous presence of a G-quadruplex forming oligonucleotide (specifically
HTelo21 oligo) and fragments of double stranded genomic DNA (calf thymus DNA, henceforth abbreviated
as CT) in 1:1 and 1:2 ratios, calculated on the basis of the phosphate group concentrations®. The analysis of
the measures shows that the percentage value of quadruplex bound at a 1:1 duplex/quadruplex ratio had a
poor decrease: from 61% to 55% with HTelo21, which is more than 80% left with respect to the value in the
absence of CT. This result confirmed the strong preference of this molecule for the G-quadruplex structure
of DNA. At a 5:1 duplex/quadruplex ratio, HELIXA4C was still able to bind 37% of the G-quadruplex DNA
formed in the sample by HTelo21, which was about 2/3 of the quadruplex bound in the absence of duplex
DNA (Table 3)

Parameter [CT]=0 [HTelo21]:[CT] 1:1 [HTelo21]:[CT] 1:2
Amount bound 47.2+2 41.2+3 348+3
Xa3c
N 1 87.3 73.7
Amount bound 6142 55.2+43 50.1+3
HELIXA4C
N 1 87.3 73.7

Table 3 Competition experiments on HTelo21 oligo with HELIXA4C and Xa3c™. Values of percentage bound DNA as derived from
Equation 7 (see experimental section) for samples containing a fixed amount of both drug and G-quadruplex DNA (5 puM, 1:1 ratio)
and different amounts of calf thymus DNA (CT), at the indicated quadruplex/duplex ratios (in phosphate ions). N is the
normalized percentage of bound quadruplex, defined as follows: N = (% quadruplex bound in presence of CT)/(% quadruplex
bound in absence of CT).

We also decided to perform a study of the non-covalent interactions of other different G-quadruplex
forming sequences with the HELIXA4C by ESIMS. We used two different oligonucleotides that could form G-
quadruplex structures, taken from G-rich promoter sequences of two human oncogenes (c-myc, 5'-
GAGGGTGGGGAGGGTGGGGAA-3'*, and bcl2, 5-GGGCGCGGGAGGAAGGGGGCGGG-3"). The results are
summarized in table 4: HELIXA4C showed high percentages of DNA bound, over 50%. Nevertheless, it is
evident from the association constants a lower ability to bind oncogenic sequences, in particular
antiparallel bcl2, with respect to the telomeric sequence, which had a approximately 10% higher
percentage of DNA bound.

These results suggest a moderate selectivity towards the topology of G-quadruplex-forming sequences.
Parallel structures like telomeric DNA or c-myc are preferred to the antiparallel one (bcl2).

bcl2 c-myc
DNA DNA DNA DNA
LogK; LogK, LogK, LogK,
bound 1:1 bound 1:2 bound 1:1 bound 1:2

XO02pip 2.0+0.3 1.6 £0.2 512 15 45 2.240.1 2.0+0.2 812 17 45

Dimer 4.110.3 3.210.3 17 £2 32+2 5.010.2 5.010.2 39+2 48 2
bridge

XA3c 5.010.1 4.8+0.1 40 +3 49 £3 5.110.1 4.7 £0.2 40 £3 49 +3

HELIXA4C 5.2+0.3 4.3+0.3 45+ 3 59+3 5.8 0.3 5.4 £0.3 56+2 65+3

Table4 values of DNA bound and equilibrium association constants,K; and K, reported on a logarithmic scale for the complexes
between the synthesized xanthene and xanthone derivatives calculated by ESI-MS experiments
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From these data, HELIXA4C seems a better G-quadruplex ligand than previously studied xanthene and
xanthone derivatives'?, also in the case of c-myc and bcl2 promoter sequences. This is evident also from the
results of Fluorescence Resonance Energy Transfer (FRET) melting measurements, reported in Table 5. In
the presence of HELIXA4C, bcl2 and c-myc show an increase of their melting temperatures respectively of
15.5 and 16.7 °C, a significantly higher increase than that caused by XA3c.

bcl2 c-myc
XA3c 3.7+0.4 3.110.2
HELIXA4C  15.5%0.9 16.7£2.1

Table5 AT, data at 2 uM ligand concentration, derived from FRET melting experiments

Biological activity of the obtained compound HELIXA4C

Based on the results obtained in vitro, HELIXA4C was investigated for its antiproliferative activity against
human cancer cell lines by the US National Cancer Institute (NCI). In particular, a panel of 60 human cancer
cell lines derived from 9 cancer cell types (leukemia, non-small cell lung, colon, CNS, melanoma, ovarian,
renal, prostate and breast) were treated for 48 h with different concentrations of HELIXA4C and the effect
on cell growth was evaluated. As shown in Figure 4, the compound is effective in all the lines tested even at
different extent, being the antiproliferative activity stronger in leukemia, non-small cell lung and colon
cancers, with a dose-dependent behaviour.
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Figure 4: In Vitro Cell Line Screening 60 cell panel at five concentration levels (National Cancer Institute - NIH, Bethesda, MD,
USA). Growth percent of the reported cell lines after 48 hours of incubation with the indicated concentration of HELIXA4C, with
respect to no-drug control.

In light of this observation, it was then evaluated if the mechanism through which HELIXA4C exerts its
antitumor activity was attributable to its capability to induce a DNA damage response (DDR). To this aim,
human transformed fibroblasts (BJ-EHLT) were grown for 24hrs in absence or in presence of two different
doses of HELIXA4C and the amount of phosphorylated H2AX (YH2AX), a well-established hallmark of DDR*®,
was evaluated by immunofluorescence (IF). As shown in figure 5A, quantitative analysis of YH2AX-positive
cells revealed a dose-dependent activity of HELIXA4C, whose robust and highly significant effect is well
appreciable at already 0.05 puM, the lowest of the tested concentrations.

Finally, in order to define whether yYH2AX was phosphorylated in response to dysfunctional telomeres,
double IF experiments were performed. Deconvolution microscopy showed that several of the damaged
foci induced by HELIXA4C co-localized with TRF1, an effective marker for interphase telomeres, forming the
so-called Telomere dysfunction Induced Foci (TIFs)* (Figure 5B), clearly indicating that the drug induced a
certain amount of telomere localized damage. Consistent with these data, results from quantitative analysis
revealed that HELIXA4C, at both the tested concentrations, significantly increased the percentage of cells
with more than four yH2AX/TRF1 co-localizations (TIF positive cells), with a mean of about 6 and 9 TIFs per
nucleus, respectively (Figure 5C and D). Of note, while at the lower dose (0.05 uM), the majority of YH2AX
spots localized at telomere, at the higher concentration, a certain number of the damage spots did not co-
localize with TRF1. These results are perfectly in line with the above reported ESI/MS data showing that
HELIXAA4C, despite a strong preference for telomeric G-quadruplex structures (Table 2 and 4), maintains a
moderate selectivity for certain well-documented parallel G-quadruplexes dispersed in the human genome.
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Figure 5 Analysis of DNA damage response by HELIXA4C: Transformed BJ-EHLT fibroblasts were grown in absence (CTRL) or in
presence of the indicated concentrations of HELIXA4C. Upon 24 hrs, each sample was processed for IF by using antibodies
against YH2AX (green) and TRF1 (red) to mark DNA damage and telomeres, respectively. DAPI staining (blue) was used to mark
nuclei. (A) Quantitative analysis of YH2AX-positive cells. (B) Representative IF images acquired by using a Leica Deconvolution
microscope (magnification 100x). Enlarged views of TIFs are reported on the right of each picture. (C and D) Quantification of TIF-
positive cells (C) and mean of TIFs per nucleus (D) from IF experiments reported in (B) Histograms show the mean values S.D. of
three independent experiments. p-values were calculated using the student t-test (**p < 0.005).

Experimental

All commercial reagents and solvents were purchased from Fluka and Sigma—Aldrich, and used without
further purification. TLC glass plates (silica gel 60 F,s4) and silica gel 60 (0.040— 0.063 mm) were purchased
from Merck. Rayonet RPR-100 UV reactor. 'H and **C NMR spectra were performed with Varian Mercury
300 and Bruker 400 instruments. ESI-MS spectra were recorded on a Micromass Q-TOF MICRO
spectrometer. Starting compound 1 was prepared as previously described™*.

Synthesis of 3,6-Bis-(4-cloro-butoxy)-xanthen-9-one (2)
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In a 50 ml flask 500mg (3,6 mmol) of compound 1 were added to 10 ml of anhydrous DMF and 4 mmol of
dry Na,CO;. When the product was dissolved, it was added an excess of 1,4-diclorobutane (0.5 ml) at room
temperature and stirred for 7 hours at 70°C. Then, 10 ml of distilled water were added to the crude product
and it was extracted three times with 30 ml of DCM. The organic phase were washed with 10 ml of NaCl
saturated aqueous solution for three times and finally dried with Na,SO,. The product was purified by
cristallization in hesane, obtaining 2 as a white solid (650 mg, 1.64 mmol, 73% yield). "H NMR (300MHz),
CDCl;; 6 8,20 (2H, d, aromatic), & 6,88 (2H, d, aromatic); 6 6.80 (2H, d, aromatic); 6 4.09 (4H, m, -CH,-0); &
3.64 (4H, d, -CH,Cl); 6 2.00 (8H, m, -CH,-). *C NMR (75MHz), CDCls: 6§ 175.5 (Ph-(CO)Ph); & 164.0, 158.0,
128.20, 115.9, 113.2, 100.8 (aromatic); 6 67.7 (-CH,0-); & 29.3, 26.5 (-CH,-); & 29.98 (-CH,Cl). HRMS m/z
calc. Cy;H,,Cl,0, [M+Na]* .432.3028, found [M+Na]*432.3024

Synthesis of 3,6,3',6'-Tetrakis-(4-chloro-butoxy)-[9,9']bixanthenylidene (3)

In a glass tube with screw cap anhydrous AICI; (99 mg, 0.74 mmol) and Zn metal (48.4 mg, 0.74 mmol) in 3
ml of anhydrous THF were mixed, then 150 mg (0.37 mmol) of compound 2 were added under argon. The
mixture was heated in a microwave oven (CEM Mars 5) at 60 °C for 10 min using an effective power of 12
W. After completion of the reaction (controlled by TLC 20% CHCl; in hexane), distilled water was added to
the reaction mixture and the precipitate was filtered and washed with distilled water, obtaining 118.3 mg
(0.15 mmol) of compound 3 as a yellow solid (81% vyield). '"H NMR (300MHz), CDCl;; 6 7.08 (4H, d,
aromatic), 6 6,74 (4H, s, aromatic); 6 6.47 (4H, d, aromatic); 6 4.00 (8H, m, -CH,-O); 6 3.63 (8H, m, -CH,CI); 6
1.97 (16H, m, -CH,-). *C NMR (75MHz), CDCl;: & 158.8, 156.6, 128.8, 118.7, 118.3, 110.0 (aromatic); 6 67.3
(-CH,0-); & 44.9, 29.4 (-CH,-); 6 26.7 (-CH,Cl). HRMS m/z calc. C4;H4Cl,0s [M+Na]" 809.6145, found [M+Na]”
809.6139

Synthesis of 2,5,9,14-Tetrakis-(4-chloro-butoxy)-7,16-dioxa-dibenzo[a,o]perylene (4)

In a 40 ml quartz tube 100 mg (0.127 mmol) of compound 3 and 150 mg of |, were added in 30 ml of
anhydrous THF under argon. The tube was sealed and irradiated for 14 h in a UV reactor (Rayonet
photochemical reactor RPR - 100). After completion of the reaction (controlled by TLC 20% CHCl; in
hexane), the solution was extracted in CHCl;, then washed with a saturated solution of sodium thiosulfate,
distilled water and finally with a saturated solution of NaCl. The organic phase was then dried with
anhydrous sodium sulphate, filtered and taken to dryness in vacuum. The crude product was purified by
chromatography (0%-40% CHCI; in hexane). 80 mg (0.10 mmol) of 4 were obtained as a yellow-green oil
(80% vyield). 'H NMR (300MHz), DMSO; & 7.68 (2H, d, aromatic), & 6,52 (2H, s, aromatic); & 6.79 (2H, s,
aromatic); 6 6.71 (2H, s, aromatic); 6 6.56 (2H, d, aromatic); 6 4.18 (4H, m, -CH,-0); 6 4.04 (4H, m, -CH,-0);
& 3.72 (8H, m, -CH,Cl); & 1.91, 1.88 (16H, m, -CH,-). >°C NMR (75MHz), DMSO: § 159.5, 157.8, 153.0, 151.2,
129.4, 127.5, 116.1, 113.7, 113.5, 110.5 101.7, 101.2, 101.1(aromatic); & 67.1 (-CH,0-); 6 45.1, 45.0, 28.9,
28.8, 26.1 26.0 (-CH,-). HRMS m/z calc. C4,Ha,Cl,06 [M+Na]" 807.6143, found [M+Na]'807.6147

Synthesis of 2,5,9,14-Tetrakis-(4-piperidino-butoxy)-7,16-dioxa-dibenzo[a,o]perylene (5, HELIXA4C)

80 mg (0.10 mmol) of compound 4 were dissolved in ACN dry (5 ml) and treated with an excess of the
piperidine (8 eq) in an ice bath, then stirred at reflux for 4 hours. After completion of the reaction
(controlled by TLC 20% MeOH in DCM), solvent was evaporated in vacuum. The crude product was
dissolved in DCM (75 ml), washed 3 times with brine (50 ml), dried over Na,SO,, filtered and taken to
dryness in vacuum. The crude product was purified by chromatography column (5%-40% MeOH in DCM),
obtaining 61 mg of 5 (HELIXA4C, 0.06 mmol, 60% yield). *H NMR (300 MHz), DMSO, 6 7.71 (2H, d,aromatic);
6 7.60 (2H, s, aromatic); 6 6.85 (2H, s, aromatic); & 6.76 (2H, s,aromatic); & 6.59 (2H, d,aromatic);6 3.75
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(4H,m CH benzylic); 6 3.50 (4H, m -CH,-); & 2.22 (8H, m -CH,-); 6 1.78 — 1.24 (40H, m,-CH,-). 3¢ NMR
(100MHz), MeOD: 6 159.5, 157.8, 153.0, 151.2, 129.4, 127.5, 116.1, 113.7, 113.5, 110.5 101.7, 101.2,
101.1(aromatic); 67.2, 67.0 (-OCH,-), 55.9, 52.54 (-CH;N-), 26.4, 26.2, 23.0, 21.7, 20.8, 20.7, 20.5 (-CH,-)).
HRMS m/z calc. CgHgoN4,Og [M+H]™ 979.0322, found [M+H]" 979.0324. Molecular Composition: C 67.3% H
7.8% Cl19.6% N 5.0% O 10.0% corresponding to Cg,Hs,N4Og . 3HCI . H,0.

Molecular Modelling - Docking calculation

The crystal structure used was that of the parallel 22-mer telomeric G-quadruplex (PDB ID: 1KF1) Ligand
structures were constructed by adopting Avogadro1.0.3 for force field optimization by using the MMFF94
steepest descent algorithm. Docking studies were performed with the AUTODOCK 4.2 program. Water
molecules were removed from the PDB file, nonpolar hydrogen atom of the telomeric G-quadruplex were
added to their corresponding carbon atoms, and partial atomic charges were assigned, by using ADT. The
Lamarckian genetic algorithm (LGA) was used to perform docking calculations. A population of random
individuals was initially used (population size: 150), with a maximum number of 25,000,000 energy
evaluations, a maximum number of generations of 27,000, and a mutation rate of 0.02. 100 independent
docking runs were carried out for each ligand. The resulting positions were clustered according to a root-
mean-square criterion of 0.5 A. Docking module was used to calculate the intermolecular (binding) energy,
obtained as a sum of electrostatic and van der Waals contributions, between ligand and DNA. The
corresponding intermolecular energy values were used to calculate the average binding energies and the
relative standard deviations.

Analysis of the DNA-Drug Interactions by ESI-MS

Instrumentation: All the experiments were performed on a Q-TOF MICRO spectrometer (Micromass, now
Waters, Manchester, UK) equipped with an ESI source, in the negative ionization mode. The rate of sample
infusion into the mass spectrometer was 5 or 10 puL/min and the capillary voltage was set to -2.6 kV. The
source temperature was adjusted to 70 °C and the source pressure was set at 1.30 mbar. The cone voltage
was set to 30 V and the collision energy to 10 V. Full scan MS spectra were recorded in the m/z range
between 800 and 2,500, with 100 acquisitions per spectrum. Data were analyzed using the MassLynx
software developed by Waters.

Sample preparation protocol: Oligonucleotides were dissolved in bi-distilled water to obtain the starting
stock solutions and were annealed in 150 mM ammonium acetate buffer by heating at 90 °C for 10 min and
then cooling slowly to room temperature. The final concentration of oligonucleotides stocks was 50 uM in
either duplex or quadruplex units. Ammonium acetate was chosen as the buffer main component for its
good compatibility with ESI-MS. Calf thymus DNA (CT) was dissolved in bi-distilled water. Since its average
chain length is 13 kb, it was subjected to sonication (Sonyprep 150 sonicator) for 8 min to obtain an
average length of 500 bp (according to gel electrophoresis analysis with Mass Ruler DNA ladder mix-low
range). Drug stock solutions were prepared by dissolving in bi-distilled water the desired amount of drug
hydrochlorides to obtain a final concentration of 100 uM.

Samples were prepared by mixing appropriate volumes of 150 mM ammonium acetate buffer, 50 uM
annealed oligonucleotide stock solution, xanthene or xanthone derivatives 100 uM stock solutions and

methanol*’. The final concentration of DNA in each sample was 5 uM (in duplex or quadruplex unit) and the
final volume of the sample was 50 pL. Drugs were added at different drug/DNA ratios, ranging between 0.5

and 4. Methanol was added to the mixture just before injection (in a percentage of 15% vol.) after the

10



Page 11 of 17 Organic & Biomolecular Chemistry

complexation equilibrium in ammonium acetate was established, in order to obtain a stable electrospray
signal. As a reference, samples containing only 5 uM DNA with no drug were prepared in each series.

Samples for competition experiments were prepared following the procedure described above, adding an
appropriate volume of CT solution. Final concentrations of quadruplex DNA and drug solutions were always
5 uM and CT was added at two different duplex/quadruplex ratios (1 and 5), calculated on the basis of the
phosphate group concentrations. In order to minimize casual errors each experiment has been repeated at
least three times, in the same experimental conditions, and data were processed and averaged with the
SIGMA-PLOT software.

Binding constants (K1 and K2) and percentage of bound DNA have been calculated according to previously
reported formulae®. Considering drug-DNA complexes in 1:1 and 2:1 stoichiometry, which have been
proven to be the main species present in solution in all the experiments, the formation of such complexes
can be represented by two distinct equilibria:

DNA +drug 1:1

drug +1:12:1

which are in turn described by the following two equations:
Ki = [1:1]/([DNA] [drug]) (1)

K = [2:1]/([1:1] [drug]) (2)

where [DNA], [drug], [1:1] and [2:1] represent respectively the concentrations of the different species in
solution: DNA (duplex or quadruplex depending on the oligonucleotide used), the ligand, the 1:1 and 2:1
drug-DNA complexes at equilibrium. The association constants K1 and K2 (Equations (1) and (2),
respectively) can be calculated directly from the relative intensities of the corresponding peaks found in the
mass spectra, with the assumption that the response factors of the oligonucleotides alone and of the drug-
DNA complexes are the same, so that the relative intensities in the spectrum are proportional to the
relative concentrations in the injected solution:

(DNA)/[DNA] =1(1:1)/[1:1] = 1(2:1)/[2:1] (3)

In this way, since DNA and drugs initial concentrations (CO and CO’ respectively) are known, it is possible to
obtain the concentration of each species appearing in 1 and 2:

[j1=CO « I(j)/(I(DNA) + 1(1:1) + 1(2:1)) (4)
[drug] = CO’ —[1:1] — 2[2:1] (5)
where [j] stands for [DNA], [1:1] or [2:1].

The constants were determined at different drug/DNA ratios, depending on the intensity of the signals
2.5:5, 5:5, 7.5:5, 10:5 and 20:5 micromolar concentrations ratios. A further manipulation of the data leads
to the calculation of the amount of ligand bound, according to an equation developed by de Pauw and his
group [24] derived from Equation (4):

[ligand bound] = CO (I(1:1) + 21(2:1))/(I(DNA) + 1(1:1) + (2:1)) (6)

11
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This parameter, representing the total amount of the drug bound to DNA, is useful to compare the
efficiency of different ligands in DNA binding, when they interact as single molecules. Since planar aromatic
derivatives are known to also interact with DNA in self-aggregate forms, we decided to use:

% bound DNA (%) = 100 @ (1(1:1) + 1(2:1) )/(I(DNA) + 1(1:1) +1(2:1) ) (7)
This parameter (%,) represents the percentage of DNA bound to the ligand.

G-quadruplex melting assays

Fluorescence Resonance Energy Transfer (FRET)

Instrumentation: Measurements were made on an iCycler thermal cycler (Bio-Rad Laboratories, Hercules,
CA) with excitation at 450—-495 nm and detection at 515-545 nm. Fluorescence readings were taken at
intervals of 0.2°C over the range 25-95°C, with a constant temperature being maintained for 12 seconds
prior to each reading. All melting temperature experiments were carried out in triplicate. The melting
temperature (Tm) was deduced as the temperature corresponding to 50% of the folded fraction.

Sample preparation protocol: The labeled oligonucleotides used as the FRET probe (F-myc-T, 5’-FAM-
GAGGGTGGGGAGGGTGGGGAA-TAMRA-3’, and F-bcl2-T, 5’-FAM-GGGCGCGGGAGGAAGGGGGCGGG-
TAMRA-3’; donor fluorophore FAM: 6-carboxyfluorescein; acceptor fluorophore TAMRA: 6-carboxy-
tetramethylrhodamine) were diluted from stock to the correct concentration (800 nM) in a 0.5 mM
potassium cacodylate buffer (pH 7.4) with 100 mM LiCl and then annealed by heating to 85 °C for 10 min,
followed by cooling to room temperature in the heating block. Relevant controls were also performed to
ascertain a lack of interference with the assay (not shown). 96-well plates (Aurogene, Rome, IT) were
prepared by aliquoting 25 ul of the annealed DNA to each well, followed by 25 ul of the compound
solutions.

Circular Dichroism (CD) spectroscopy

Instrumentation: CD spectra were recorded on a JASCO J-715 spectropolarimeter equipped with a Peltier
temperature controller, using a quartz cell of 0.5 cm optical path length. The CD melting curves of HTelo21
oligonucleotide (5'-GGGTTAGGGTTAGGGTTAGGG-3’) were obtained by recording the ellipticity
corresponding to the CD spectra maximum at 292 nm as a function of temperature, at intervals of 1°C over
the range 25-95°C. The resulting CD melting profiles were normalized obtaining a plot of the folded
fraction, a, versus temperature. The melting temperature (Tm) was then deduced as the temperature
corresponding to a equal to 0.5.

Sample preparation protocol:HTelo21 oligonucleotide were diluted to 2.5 pM concentration in TE buffer
(Tris-HCI 20 mM pH 7.6, and EDTA 1 mM) and 50 mM KClI, then annealed by heating at 95°C for 10 minutes
and then slow cooling to room temperature in the heating block. The CD melting profile was recorded for
HTelo21 alone or in the presence of HELIXA4C, at the concentration of 12.5 uM, in order to achieve a
drug/DNA ratio equal to 5.

Methodology Of The In Vitro Cancer Screen
12
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The human tumor cell lines of the cancer screening panel are grown in RPMI 1640 medium containing 5%
fetal bovine serum and 2 mM L-glutamine. For a typical screening experiment, cells are inoculated into 96
well microtiter plates in 100 uL at plating densities ranging from 5,000 to 40,000 cells/well depending on
the doubling time of individual cell lines. After cell inoculation, the microtiter plates are incubated at 37° C,
5 % CO2, 95 % air and 100 % relative humidity for 24 h prior to addition of experimental drugs.

After 24 h, two plates of each cell line are fixed in situ with TCA, to represent a measurement of the cell
population for each cell line at the time of drug addition (Tz). Experimental drugs are solubilized in dimethyl
sulfoxide at 400-fold the desired final maximum test concentration and stored frozen prior to use. At the
time of drug addition, an aliquot of frozen concentrate is thawed and diluted to twice the desired final
maximum test concentration with complete medium containing 50 pg/ml gentamicin. Additional four, 10-
fold or % log serial dilutions are made to provide a total of five drug concentrations plus control. Aliquots of
100 ul of these different drug dilutions are added to the appropriate microtiter wells already containing
100 pl of medium, resulting in the required final drug concentrations.

Following drug addition, the plates are incubated for an additional 48 h at 37°C, 5 % C0O2, 95 % air, and 100
% relative humidity. For adherent cells, the assay is terminated by the addition of cold TCA. Cells are fixed
in situ by the gentle addition of 50 ul of cold 50 % (w/v) TCA (final concentration, 10 % TCA) and incubated
for 60 minutes at 4°C. The supernatant is discarded, and the plates are washed five times with tap water
and air dried. Sulforhodamine B (SRB) solution (100 pl) at 0.4 % (w/v) in 1 % acetic acid is added to each
well, and plates are incubated for 10 minutes at room temperature. After staining, unbound dye is removed
by washing five times with 1 % acetic acid and the plates are air dried. Bound stain is subsequently
solubilized with 10 mM trizma base, and the absorbance is read on an automated plate reader at a
wavelength of 515 nm. For suspension cells, the methodology is the same except that the assay is
terminated by fixing settled cells at the bottom of the wells by gently adding 50 ul of 80 % TCA (final
concentration, 16 % TCA). Using the seven absorbance measurements [time zero, (Tz), control growth, (C),
and test growth in the presence of drug at the five concentration levels (Ti)], the percentage growth is
calculated at each of the drug concentrations levels. Percentage growth inhibition is calculated as:

[(Ti-Tz)/(C-Tz)] x 100 for concentrations for which Ti>/=Tz
[(Ti-Tz)/Tz] x 100 for concentrations for which Ti<Tz.

Three dose response parameters are calculated for each experimental agent. Growth inhibition of 50 %
(G150) is calculated from [(Ti-Tz)/(C-Tz)] x 100 = 50, which is the drug concentration resulting in a 50%
reduction in the net protein increase (as measured by SRB staining) in control cells during the drug
incubation. The drug concentration resulting in total growth inhibition (TGI) is calculated from Ti = Tz. The
LC50 (concentration of drug resulting in a 50% reduction in the measured protein at the end of the drug
treatment as compared to that at the beginning) indicating a net loss of cells following treatment is
calculated from [(Ti-Tz)/Tz] x 100 = -50. Values are calculated for each of these three parameters if the level
of activity is reached; however, if the effect is not reached or is exceeded, the value for that parameter is
expressed as greater or less than the maximum or minimum concentration tested.

Immunofluorescence

13
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Immunofluorescence (IF) was performed as previously described® in BJ-EHLT fibroblasts, expressing hTERT
plus SV40 early region. Briefly, cells were fixed in 2% formaldehyde and permeabilized in PBS plus 0.25%
Triton X-100 for 5 min at room temperature. For immunolabeling, cells were incubated with primary
antibody for two hrs at room temperature, washed twice in PBS and finally incubated with the secondary
antibodies for 1 hr. The following antibodies were used: rabbit policlonal anti-TRF1 antibody (Abcam Ltd.;
Cambridge UK); mouse monoclonal anti-yH2AX antibody (Upstate, Lake Placid, NY); TRITC-conjugated Goat
anti-Rabbit, FITC-conjugated Goat anti Mouse (Jackson Immunoresearch, Suffolk, UK.). Nuclei were
immunostained with DAPI. Fluorescence signals were recorded by using a Leica DMIRE2 microscope
equipped with a Leica DFC 350FX camera and elaborated by Leica FW4000 deconvolution software (Leica,
Solms, Germany). For quantitative analysis of YH2AX positivity, 200 cells on triplicate slices were scored. For
TIF analysis, a single plane was analyzed and 30 YH2AX-positive cells were scored. Cells with at least 4 co-
localizations (yH2AX /TRF1) were considered as TIF-positive.

The experiments have been repeated three times and the obtained results are presented as means *
standard deviation (S.D.). Significant changes were assessed by using Student’s t test for unpaired data, and
p values <0.05 (*) were considered significant.

Conclusion

Here we reported the synthesis and the characterization of a new dimeric xanthone derivative, where the
extension of the aromatic core and the increasing of the number of polar side chains led to great
enhancement of G-quadruplex selectivity and telomere damage capability. Indeed, the initial design
suggested a good interaction with quadruplex DNA, despite the molecule is not fully planar. We succeeded
in the synthesis of the designed compound, using a variant of the McMurry reaction. ESI-MS evaluation,
including competitive experiments, showed association constants higher than those obtained for the
previously reported xanthene and xanthone derivatives'!, comparable with the best ligands tested to date

41,42

among those we prepared in our group so far, CORON and EMICORON™"", The selectivity for G-quadruplex
with respect to duplex DNA and the ability to bind different G-quadruplex forming sequences, specifically
related to G-rich oncogenes promoter sequences, have also been shown to be good for the new compound
HELIXA4C. Based on the results obtained in vitro, HELIXA4C was investigated for its antiproliferative activity
against human cancer cell lines by the US National Cancer Institute (NCl), showing a good activity in all the
lines tested even at different extent, being the antiproliferative activity stronger in leukemia, non-small cell
lung and colon cancers, with a dose-dependent behaviour. Finally, it was evaluated if the mechanism
through which HELIXA4C exerts its antitumor activity was attributable to its capability induce a DNA
damage response. However, even if the experimental results clearly indicated that the drug induces a
certain amount of telomere-localized damage, the molecular mechanism through which the ligand disrupts

43,44
d i

telomere function and causes cell growth arrest needs to be fully elucidate . Therefore, the new

compound HELIXA4C deserves further investigation as promising anticancer agent.
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