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PhenDV, a switchable fluorescent quadruplex DNA probe for improving the sensitivity of drug screening assays

We report a new switchable fluorescent probe, PhenDV, for the identification of high affinity quadruplex (G4) DNA ligands. This push-pull fluorophore displays a high fluorescence quantum yield in water (F=0.21) and is a selective and strong quadruplex DNA binder. We describe its use as a fluorescent indicator for the G4 Fluorescent Intercalator Displacement (FID) assay as its fluorescence is strongly quenched when bound to G4 DNA and fully restored when displaced by ligand. This probe improves the sensitivity of the G4-FID assay, as the read out relies on increased fluorescence instead of quenching observed with classical on/off probes.

G-quadruplexes (G4s) are a family of DNA secondary structures known to act as roadblocks for DNA-processing proteins. They may thus modulate major events related to the transfer and maintenance of genetic information (replication, recombination, transcription, telomere stability), for which they have been shown to be involved. [1][2][3] Small molecules that bind these structures (G4-ligands) are useful tools for deciphering their biological roles. [4][5][6][7] This has led to the emergence of many heterocyclic compounds with diverse G4affinity and selectivity. Most have been conceived by rational design but this approach has provided very few new optimized scaffolds, in particular for the discrimination of quadruplexes with different structures. Therefore, many groups have turned to High-Throughput Screening (HTS) approaches that enable rapid evaluation of compounds on large panels of G4 sequences. [START_REF] Largy | Guanine Quartets: Structure and Application[END_REF][9][10][11] Our group has developed the G4-FID assay, a test based on the competitive displacement of an on/off probe (e.g. Thiazole orange) by putative ligands. 12,13 We recently extended the spectroscopic range of this test by using various probes (Hoechst, TO-PRO3), representing the first step towards HTS of G4 ligands in microplates. 14 Several HTS assays using this technique have been developed. 15,16 These classical DNA dyes fluoresce when bound to DNA. Thus, the indication of ligand binding is based on decreased fluorescence. In addition, the binding mode of these dyes with G4 DNA is not well defined, although their interaction with duplex DNA has been characterized (minor groove binding for Hoechst, intercalation for TO, mixed binding for TO-PRO3). Altogether, these factors represent limitations which may generate false positives or negatives due to indirect competition and quenching effects not relevant to G4-binding. A dye specific for G4 DNA, with a well-defined binding mode, should improve the G4-FID assay. A further improvement of this approach would be to increase the sensitivity of the assay by using a read out based on fluorescence enhancement rather than quenching. We turned our attention to styryl dyes as they modify their fluorescence emission by binding to a biomolecule. Most styryl dyes are fluorescent on-off probes for various biomolecules (ie DNA [17][18][19] ) or organelles 20 (ie mitochondria). In contrast, we recently reported a series of vinyl pyridinium DNA dyes 21 that are strongly fluorescent in the free state. In parallel we designed the phenanthroline derivative PhenDC3 bearing bisquinolinium moieties. This compound is the most powerful G4 binder yet reported, binding via -stacking overlap with external quartets, but is not fluorescent. 22,23 We synthesized a new bisvinylpyridinium dye, named PhenDV, (figure 1) that harbors a mixed scaffold consisting of two vinyl pyridinium arms branched on a phenanthroline core at positions 2 and 9. It was expected that PhenDV would bind to G4 DNA in a manner similar to that of PhenDC3, while also displaying fluorescence properties. PhenDV would thus be a specific fluorescent G4-probe with a well-defined binding site. PhenDV was prepared by a two-step procedure (Wittig-Horner homologation and methylation) starting from 1,10phenanthroline-2,9-dicarboxaldehyde (Fig. S1,ESI †). In aqueous solution (Fig. 2), PhenDV exhibits strong absorption with a maximum at 370 nm (=25500 M -1 cm -1 ) and, remarkably, is highly emissive in water/buffer (F=0.21), displaying a green fluorescence (em=520 nm) with a large Stokes shift (=150 nm, Fig. 2) characteristic of push-pull dyes. These two properties are crucial for the sensitivity of the FID assay which relies on the fluorescence of the free dye. We performed UV-vis and fluorimetric titrations using five different G4-sequences: two oncogene sequences (PU24T/myc, ckit1/ckit); the human telomeric sequence (22AG) ; and two CEB25 minisatellites (CEB25-WT, wild type bearing a long loop and CEB25-L111(T), the corresponding modified sequence bearing a short loop) (Table 1, see 3D structures in ESI †). Titration of PhenDV with PU24T induced a slight red-shift of the absorption with a neat isobestic point (=387 nm) indicating the formation of a PhenDV/quadruplex complex (Fig. 2). The fluorimetric titrations performed on the G4 sequence panel exhibited a complete quenching (see Fig. S3, ESI †). The titration curves were fitted by an independentsite model. The stoichiometries and apparent affinity constants calculated with this model are shown in Table 1. The results were confirmed by Job plots (Fig S4 ,ESI †). Unlike TO, the stoichiometries were high in the case of PhenDV, ranging from 2:1 to 4:1 depending on the G4 DNA sequence tested. We assumed that PhenDV has a predominant high affinity site under the tested conditions. This was confirmed by G4-FID experiments using TO as the intercalator (Fig S6a ,ESI †): PhenDV displaced TO and did not bind to other binding sites under our FID conditions. The affinity constants determined were significantly higher those of TO (~10 7 M -1 ) (Table 1). 14 Indeed, TO does not efficiently displace PhenDV (only between 20 and 60% for the sequences tested, Fig S6b ,ESI †). This indicates that PhenDV displacement is more difficult, suggesting the selection of higher affinity ligands (Table 1). The interaction between PhenDV and G4s were also evaluated through a FRET-melting assay on several G4 forming sequences of the panel described above (Fig. S5,ESI †). In all cases, PhenDV induced stabilization that was only slightly affected by a duplex competitor. Therefore, unlike TO, PhenDV is a G4 specific probe. The assay was calibrated with the benchmark compound PhenDC3 and the five G4 sequences, comparing PhenDV and TO as indicators. Indeed, PhenDC3 would have been expected to easily displace PhenDV as it is a powerful ligand with affinity constants for G4-DNA in the 10 9 M -1 range determined by SPR. 24 We performed the experiments in duplicate and the mean values are reported (Fig. 3). Based on the titration experiments, a 1:1 PhenDV-G4 mixture resulted in complete fluorescence quenching. However, the PhenDV:G4 ratio was set to 1.5:1 to ensure saturation of the G4 target at its highest affinity site. We first compared PhenDV G4-FID and the TO G4-FID using PU24T as a G4 sequence (Fig. 3A). As expected, the addition of increasing concentrations of PhenDC3 induced the progressive disappearance of TO fluorescence and the appearance of PhenDV fluorescence. The fluorescence of TO-PU24T was of the same order of magnitude as that of unbound Phen DV-G4. This was not true for other G4 sequences (Fig. 3B). For example, the CEB25-L111(T)-TO complex was twelve-fold less fluorescent than free PhenDV. The quantum yields of the TO G4 complexes strongly depended on the G4 matrix (Table 1). This large variation is attributable to quenching effects arising from different loop arrangements specific for each G4 matrix. It may also reflect differences in binding sites/modes of TO for each G4. Nonetheless, this represents a significant drawback as it can affect the read out in a sequence-dependent manner.

In stark contrast, the fluorescence intensity reached at the plateau when using PhenDV as indicator (100% displacement of PhenDV obtained with 10 equivalents of PhenDC3) was independent of the G4 matrix as it corresponded to the emission of the fully released dye. In addition, there was no redistribution of the probe during competitive displacement, indicating that only one site was probably occupied. In this situation, the sensitivity of the assay is independent of the G4-DNA sequence.

We tested the robustness of this new FID approach by selecting a panel of benchmark G4-ligands comprising 360A 25 , the tolylterpyridine platinum derivative Pt-ttPy 26 and the negative bisquinolinium control BisDC3. We first performed the experiment with PU24T (Fig. 4A and4B). As expected, the negative control BisDC3 did not displace either TO or PhenDV, although PhenDC3 displaced both probes with similar efficiency (80-100 % displacement at 1 M). Both probes gave the same ranking: PhenDC3 > 360A > Pt-ttPy.

However, PhenDV induced greater spreading of the displacement curves than did TO. The higher affinity of PhenDV for PU24T relative to that of TO was probably responsible for such spreading.

We compared between PhenDV G4-FID and TO G4-FID with the other G4 sequences (Fig S7 ,ESI †) by comparing the percentage of probe displacement at a ligand concentration of 1 µM (Fig. 4D and4E). In all cases, PhenDV G4-FID discriminated high affinity ligands, such as PhenDC3, more efficiently than did TO G4-FID. As already mentioned for PU24T, the higher affinity of PhenDV than TO for ckit1, CEB25-WT and CEB25-L111(T) sequences (Table 1) can explain this better discrimination. However, even in the case of 22AG for which both probes exhibited similar affinities, we observed better spreading for PhenDV. This could be explained by a different mode of interaction between each probe and the oligonucleotide. Indeed, PhenDV is expected to interact with one external quartet in all cases, due to its similarity with PhenDC3, 23 whereas the interaction site of TO is more ambiguous, and groove or loop binding cannot be excluded. In conclusion, PhenDV provides much higher affinity spreading than TO.

In conclusion, we developed a new probe, PhenDV, that can interact with G4 structures with submicromolar dissociation constant values. The fluorescence of PhenDV is highly dependent on its environment and it appears to be an off/on probe for G4 structures. We showed that this compound can be used as probe in fluorescent displacement tests of various G4 structures. The restoration of free PhenDV fluorescence observed during displacement by a G4 ligand is very sensitive and does not depend on the G4-DNA, as it does with TO. 

Moreover, due to its high affinity for G4-DNA, PhenDV can discriminate between medium and high affinity ligands and thus complement the set of probes for G4-FID. PhenDV G4-FID is a major improvement of the G4-FID assay and could be used in HTS to identify new potent G4 ligands.
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 1 Fig. 1 Structures of PhenDC3, PhenDV and vinyl pyridinum fluorophores

Fig. 2

 2 Fig. 2 Absorption (blue) and fluorescence spectra (green) of PhenDV (at 10 and 0.5 μM, respectively) upon addition of various amounts of PU24T in potassium cacodylate buffer (10 mM pH 7.2, KCl 100 mM), shown by the dark to light colors

Fig. 3 (

 3 Fig. 3 (A) Fluorescence intensities of FID assay on PU24T quadruplexes (0.25 µM) using TO (0.5 µM) or PhenDV (0.375 µM) as probes and PhenDC3 as ligand (increasing concentrations); (B) Fluorescence intensities of complexes TO-G4 (in orange) or PhenDV-G4 (in green) without PhenDC3 or at saturation of PhenDC3
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 4 Fig. 4 (A) TO or (B) PhenDV displacement by various compounds from 0,25 µM PU24T in K + 100 buffer; (C) Ligands; (D) TO or (E) PhenDV displacement of 1 µM ligands from 0,25 µM G4 sequences in K + 100 buffer; PhenDC3 (red), 360A (blue), Pt-ttPy (magenta), BisDC3(green)

  

Table 1 .

 1 Affinity constants and stoichiometries of G4-PhenDV or G4-TO complexes

			PhenDV		TO	
	DNA	Sequence (5' to 3')	KA (M -1 )	Dye:DNA	KA (M -1 )	Dye:DNA	F (TO-G4)
	PU24T	TGAG 3 TG 2 TGAG 3 TG 4 A 2 G 2	7.10 7	2:1	1.10 6	1:1	0.23
	22AG	AG 3 T 2 AG 3 T 2 AG 3 T 2 AG 3	3.10 6	2:1	1.10 6	1:1	0.27
	Ckit1	G 3 AG 3 CGCTG 3 AG 2 AG 3	5.10				
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