
Design, Synthesis and Binding Affinity Evaluation of New Hoechst 33258 Derivatives for the Development of Sequence-specific DNA-based Asymmetric Catalysts
Karen Amirbekyan,†,‡ Nicolas Duchemin,§ Erica Benedetti,§ Rina Joseph,§ Aude Colon,§ Shiraz A. Markarian,‡ Lucas Bethge,# Stephan Vonhoff,# Sven Klussmann,# Janine Cossy,§ Jean-Jacques Vasseur,† Stellios Arseniyadis,*,§,ƒ and Michael Smietana*,†
†Institut des Biomolécules Max Mousseron, UMR 5247 CNRS, Université de Montpellier, ENSCM Place Eugène Bataillon, 34095 Montpellier, France
‡Yerevan State University, Yerevan, 0025, Armenia
§Laboratoire de Chimie Organique, Institute of Chemistry, Biology and Innovation (CBI) - ESPCI ParisTech/CNRS (UMR8231)/PSL* Research University, 10 rue Vauquelin, 75231 Paris Cedex 05, France
#NOXXON Pharma AG. Max-Dohrn-Strasse 8-10, 10589 Berlin, Germany
ƒSchool of Biological and Chemical Sciences, Queen Mary University of London, Joseph Priestley Building, Mile End Road, London E1 4NS, United Kingdom
[image: ] 	Supporting Information
ABSTRACT: The interaction between calf thymus DNA (ct-DNA) and poly[d(A-T)2] with a series of Hoechst 33258-derived ligands was studied by UV Vis absorption spectroscopy, thermal melting analysis, fluorescence emission, CD spectroscopy, mass spectrometry and molecular docking. 	The results clearly show that a groove binding anchorage strategy can be envisioned for DNA-based asymmetric catalysis offering additional mechanistic insight on how the intrinsic chirality of DNA can be transfered to a reaction product. Most importantly, this new anchorage strategy offers interesting compartimentalization possibilities and provides a new way to reverse the enantioselectivity outcome of a given reaction.
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	INTRODUCTION
The use of artificial metalloenzymes, which combine transition metal catalysis and bio-catalysis, has recently emerged as a promising concept to evolve biomolecular scaffolds into performing new catalytic reactions and/or new functions.1 While foremost studies were devoted to the development of artificial metalloproteins and peptides, DNA-based artificial metalloenzymes have recently drawn considerable interest because of their unique features that comprise a chemically stable chiral double helix associated with many programmable secondary structures.2 The first example of a direct transfer of chirality from natural DNA to a Cu(II) complex all the way to a Diels-Alder reaction product was reported in 2005 by Roelfes and Feringa.3 Since then, the concept has been extended to many carbon-carbon, carbon-heteroatom and carbon-halogen bond forming reactions.2,4 Motivated by the potential significance of DNA in asymmetric catalysis, our group demonstrated the decisive role of the nature of the helix on the enantioselectivity outcome by studying the influence of L- and D-DNA interacting with a Cu(II) bipyridine complex in Friedel-Crafts alkylations and Michael addition reactions.5
More recently, we even extended the concept of DNA-based asymmetric catalysis to continuous-flow applications by developing a fully recyclable trivial to use cellulose-supported 
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Figure 1. Sequence-specific catalysts for DNA-based asymmetric catalysis.
DNA-based catalyst.6 Despite these efforts, the implementation of DNA-based artificial metalloenzymes towards concurrent cascade reactions requires a precise and programmable anchorage of the transition metal into the biomolecular scaffold. Interestingly, all the anchoring strategies reported so far involve either intercalation of the coordination complexes into natural double-strand DNA (ds DNA),7 second coordination sphere interactions,8 or covalent attachment of the ligand directly onto the DNA.9 While the latter allows for precise positioning of the metal complex, it requires the synthesis of modified nucleotides or nucleotide analogues and their incorporation into synthetic oligonucleotides, which hampers any attempt of compartmentalization. 
Sequence specific targeting of ds-DNA is a well-known strategy to control the regulation of gene expression,10 site directed mutagenesis11 and gene repair.12 In particular, the DNA minor groove is the center of action of a large number of drugs such as the antiviral agents netropsin and distamycin, the anti-Pneumocystis carinii drug, pentamidine, and the potential antitumor agent and DNA stain Hoechst 33258 (H33258). These molecules interact in AT regions of B form duplex DNA,13 where they can block the transcription14 or the action of DNA topoisomerases.15 Biophysical studies by X-ray crystallography and NMR analysis carried out with oligonucleotides of various sequences revealed that H33258 binds to the minor groove of ds DNA at runs of four consecutive AT‑base pairs.16 Quantitative DNAse I foot printing studies actually showed that AATT represents the strongest affinity binding site for H33258,17 while biophysical studies performed on poly[d(A-T)2], poly[d(A).d(T)] and poly[d(G-C)2] revealed the existence of multiple binding modes between the drug and synthetic DNAs.13b
Given the high affinity of Hoechst 33258 towards DNA, we became interested in designing structural modifications of H33258 that would confer interesting asymmetric induction capabilities in conjunction with high sequence specificity. Hence, by taking advantage of the free phenolic group of the molecule, we planned to synthesize new bifunctional DNA ligands bearing both a minor groove-binding moiety and a chelating site able to coordinate to a transition metal; both linked to either a rigid or a flexible spacer. Two classes of bifunctional substrates bearing either a benzylic or a propargylic amine were thus devised, synthesized and eventually evaluated for their catalytic activity. Several techniques including UV Vis absorption spectroscopy, thermal melting analysis, fluorescence emission, CD spectroscopy, mass spectrometry (these results are given in the Supporting Information) and molecular docking were employed to monitor their prospective interaction with ct-DNA and poly[d(A-T)2] and various DNA hairpins. Most importantly, we wished to address three key questions; (i) how much binding affinity can be attained? (ii) Will the modifications sustain the AT sequence-selectivity? and (iii) what is the correlation between DNA affinity and enantioselectivity outcome? We report here the results of our endeavor.
	RESULTS AND DISCUSSION
The first series of bifunctional ligands we wished to prepare contained a minor groove‑binding moiety bound to a metal chelating agent through a flexible benzylamine type linkage. To access these types of compounds, we therefore needed to introduce an aldehyde moiety to the Hoechst 33258 scaffold (Scheme 1). This was achieved by first converting the phenol to the corresponding trifluoromethansulfonate by subjecting Hoechst 33258 to N-phenyl-bis(trifluoromethane)sulfonimide and diisopropylethylamine. The resulting triflate derivative 1 was then engaged in a Stille coupling with tributyl(vinyl)tin in the presence of LiCl and a catalytic amount of Pd(PPh3)2Cl2 in order to introduce a vinyl moiety, which was subsequently cleaved using osmium tetroxide, NaIO4 and 2,6‑lutidine to afford the desired Hoechst-aldehyde precursor 2. The synthesis of the amine partner began by first monoprotecting 
Scheme 1. Synthesis of new Hoechst 33258-derived ligands and representative structures.
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Scheme 2. Synthesis of diamines bearing a pendant pyridine ring.
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Scheme 3. Synthesis of propargylamines bearing a pendant pyridine ring.
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commercially available ethylene diamine or 1,3‑diamino-propane as the corresponding mono tert-butyl carbamates 5a and 5b (Scheme 2). These latter compounds were then subjected to a reductive amination with 2‑pyridinecarboxaldehyde to afford the secondary amines 6a and 6b in quantitative yield. Finally, a nucleophilic substitution with the appropriate benzyl chloride followed by the deprotection of the primary amine afforded the desired amines 8a-e in moderate to excellent yields ranging from 52% to quantitative. With the two coupling partners in hand, the last step of the synthesis involved areductive amination between aldehyde 2 and the corresponding amines. This was achieved under standard conditions,  

Figure 2. Library of Hoechst 33258-derived ligands. a Yield correspond to the final coupling step.
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affording the desired bifunctional Hoechst 33258-derived amine type ligands 3a-e in only five steps (longest linear sequence) and yields ranging from 43% to 66% (Figure 2).
In an alternative design, the DNA-binding moiety was linked to the metal-binding domain through a more rigid alkyne type spacer. In this case, the synthesis involved a Sonogashira coupling between Hoechst triflate 1 and several diversely-substituted propargyl amines 10a-f. The latter were obtained following the reaction sequence reported in Scheme 3. Hence, starting from commercially available propargyl amine, a reductive amination with 2-pyridine carboxyaldehyde followed by a nucleophilic substitution with the appropriate benzyl chloride derivative readily afforded the desired propargylic amines, which were finally engaged in the key Sonogashira coupling to afford the desired "Hoechst-alkyne" type bifunctional ligands 4a-f in good to excellent yields ranging from 61% to 89% (Figure 2).
The affinity of these newly synthesized Hoechst derivatives with DNA was then investigated using various techniques including UV‑Vis absorption spectroscopy, thermal melting fluorescence, CD spectroscopy, mass spectrometry (see Supporting Information) and molecular docking studies. As a general trend, the results, which are reported in Table 1, show a very strong influence of the type of linkage involved between the Hoechst residue and the metal-binding domain.
UV-vis absorption studies. With the objective to study the interaction between our bifunctional ligands and DNA and to assess how the structural modifications influenced the DNA binding affinity, we performed a series of UV-vis absorption studies and compared the results with the ones obtained with Hoechst 33258 (see Supporting Information). The association constant (expressed in molar base pairs) of Hoechst 33258 with ct-DNA and poly[d(A-T)2] are in good agreement with the literature data.13b The absorption spectra of the Hoechst derivatives were recorded in the presence of an increasing concentration of ct‑DNA, thus providing characteristic dose-dependent curves convenient to describe their interaction (Table 1). The first obvious result obtained from these titrations is that in the 300-420 nm region, the Hoechst-amines exhibit stronger hypochromism (up to 65%) and red shifts than their alkyne analogues. This was particularly marked for compound 3a, which induced an extensive broadening in the 310‑425 nm region as well as a significant red-shift (916 cm-1) (Figure 3A). Interestingly, this red shift (341-352 nm) was larger than the one observed with Hoechst 33258 under otherwise identical conditions (340‑345 nm, see Supporting Information). In contrast, as exemplified with compound 4a, alkyne derivatives displayed low hypochromism (as low as 8% for compound 4a) upon binding to ct‑DNA (Figure 3B).
Based on these UV-vis titration curves, the binding constants of all our newly synthesized compounds were determined using the neighbour exclusion model of McGhee and von Hippel as described in the "Experimental Section". In all cases, the scatchard plots (r/Cf vs r) revealed an obvious downward curvature of the plot which arises from the binding of a single molecule. This excluded the binding of other ligands nearby along the DNA polymer, a phenomenon also referred to as neighbour exclusion.23 As can be seen from Table 1, the highest affinity toward ct‑DNA was obtained with compound 3a. The scatchard plot analysis (Figure 2A, inset), also allowed to determine the association constant Ka [(3.24 ± 0.3) x 106.M-1] and the n parameter (6.8 ± 0.2), while standard Gibbs energy for the binding of compound 3a with ct‑DNA was found equal to 36.4 kJ.mol-1.
These results highlight the importance of the flexibility brought by the diaminopropyl linker and most probably a favourable interaction of the secondary and tertiary amine moieties with DNA. This hypothesis is corroborated by the
Table 1. Spectro scopic data and association constants obtained for the probe/ct‑DNA mixtures studies from UV-vis titration (cacodylate buffer, pH 7.4, 25 °C)
	Compound
	λmax free
(nm)
	λmax bound
(nm)
	ΔE
(cm-1)
	% Hypochromism
(wavelength, nm)
	εfree (M-1cm-1) 
at λmax free
	εbound (M-1cm-1)
at λmax bound
	Ka/106, M-1

	3a
	341
	352
	916
	65 (341)
	25,500
	8,920
	3.24 (±0.3)

	3b
	344
	352
	661
	62 (344)
	24,500
	9,310
	2.40 (±0.2)

	3c
	340
	349
	758
	45 (340)
	19,500
	10,730
	1.00 (±0.1)

	3d
	338
	346
	684
	55 (338)
	21,250
	9,560
	1.20 (±0.1)

	3e
	343
	348
	419
	60 (343)
	25,000
	10,000
	1.60 (±0.1)

	4a
	355
	358
	236
	8 (355)
	28,750
	26,450
	0.15 (±0.02)

	4b
	352
	358
	476
	17 (352)
	25,750
	21,370
	0.75 (±0.1)

	4c
	350
	354
	323
	14 (350)
	22,450
	19,310
	0.65 (±0.05)

	4d
	355
	360
	391
	12 (355)
	18,500
	16,280
	0.54 (±0.03)

	4e
	347
	354
	570
	10 (347)
	22,570
	20,540
	0.35 (±0.03)

	4f
	349
	357
	640
	9(349)
	20,600
	18,950
	0.28 (±0.01)

	
	


Figure 3. UV-vis absorption spectra of compound 3a (A) and 4a (B) in absence (black) and in the presence of increasing concentration of ct‑DNA. The arrows show the decrease in absorbance at 341 and 355 nm (for 3a and 4a, respectively). Experimental conditions: 4 μM initial concentration of ligands, [ct‑DNA] = 0-32 μM, 100 mM NaCl, 10 mM sodium cacodylate, pH 7.4, 25 °C. Insets: Scatchard plots for the binding of compounds 3a and 4a with ct‑DNA obtained from UV-vis titration data.

high binding affinity of the other "Hoechst-amine" type ligands, such a compound 3b, and, to a lesser extend, all the compounds bearing a diaminoethyl linker such as compounds 3c, 3d and 3e. Meanwhile, it is also interesting to point out the influence of the naphthalene moiety, which appears to enhance the binding affinity in the alkyne series (cf Ka of compound 3b).
In contrast, all the ligands bearing an alkyne moiety were characterized by low affinities toward ct‑DNA thus showcasing that van der Waals interactions are not sufficient to counter-balance flexibility and electrostatic interactions. Once again, the presence of a naphthalene moiety significantly enhanced the binding affinity thus making compound 4b the most effective binder among all the "Hoechst-alkyne" derivatives.
Another important factor was the degree of methoxy-substitution on the aromatic ring, which also appeared to enhance the DNA-binding affinity. As shown in Table 1, compound 3e, which contains three methoxy groups attached to the aromatic ring, exhibited a higher affinity compared to compounds 3c and 3d, which contain one and two respectively. This can be the result of the electron-donating properties of the methoxy substituents and perhaps favourable steric factors promoting the binding. This trend was also observed with compound 4c bearing a pentamethyl-substituted aromatic ring. In addition, these results show that para-methoxy-substituted derivatives have a slightly higher affinity than the corresponding meta-substituted compounds (4e vs 4f).
Binding study with poly[d(A-T)2]. The use of UV‑vis absorbance spectroscopy allows to unveil the binding properties of a given ligand toward specific base pairs in a DNA sequence. In this context, we performed a series of UV‑vis absorbance spectroscopy analyses of all our Hoechst-derivatives in the presence of the double strand alternating copolymer poly(deoxyadenylic-thymidylic) acid sodium salt, poly[d(A-T)]2, in order to ascertain a possible sequence specificity. As a general trend, the binding of these derivatives to poly[d(A-T)2] was characterized by a hypochromic effect and a red shift similar to the ones observed with ct‑DNA, albeit to a lesser extent (up to 35%). The high affinity of compound 3a with poly[d(A-T)2] was also confirmed (Figure 4), however, its binding constant with poly[d(A-T)2] (8.5 ± 0.2) x 105 M-1 was lower than the one observed with ct‑DNA. In addition, compound 3a was shown to have an affinity 13.5 time lower than the unmodified Hoechst toward poly[d(A-T)2] (Table 2). Interestingly, alkyne-type derivatives expressed a very low 
    
Figure 4. UV-vis absorption spectra of compound 3a without (black curve) and in the presence of increasing concentration of poly[d(A-T)2]. Inset: Scatchard plots for the binding of compounds 3a with poly[d(A-T)2] obtained from UV-vis titration data.
affinity toward poly[d(A‑T)2] showcased by a slight hypochromism effect in absorbance with even some hyperchromism effect detected for several compounds such as 4a, 4e and 4f. As a consequence, we limited the Ka determination to the amine-type derivatives.	
The high binding constants toward poly[d(A-T)2] displayed by compounds 3a and 3e confirmed their high affinity toward AT base pairs and the steric and electronic effects that promote the binding. In contrast to ct-DNA, the naphthalene moiety carried by compound 3b seems not to fit within the minor groove of poly[d(A-T)2] as shown by the slightly lower affinity observed compared with other amine type derivatives.
The same trend was observed when binding compounds 3c, 3d and 3e, all bearing one or multiple methoxy groups on the benzylic ring, with either ct-DNA or poly[d(A-T)2], thus confirming that the methoxy substituents do not affect the AT‑base recognition of the ligands.
Another important outcome of this study was the fact that these compounds were characterized by a low binding constant with poly[d(A-T)2] compared to ct‑DNA, which we believe is related to their high GC recognition ability. Hence, the absence of GC base pairs causes a significant decrease in binding constants (and binding site size). This GC-specificity will be later confirmed by molecular docking studies.
Fluorescence measurements. Fluorescence emission measurements were performed to describe the sequence-specificity of compound 3a, which was found to be the best binder to ct‑DNA and poly[d(A-T)2] following the UV-VIS experiments. For this purpose a 1M solution of ligand 3a was titrated individually with five different 28-mer DNA hairpins with sequences having the following structure: 5’‑d(CGCGXC GCGTTTTCGCGXCGCG)-3’, where X represents the part of the hairpin which varies (X = ATAT, TAAT, TATA, TTAA and AATT). Based on the fluorescence measurements, we were able to determine the strongest and the weakest binding sites for 3a. Figure 5 presents the fluorescence spectra of compound 3a titrated with DNA hairpins with X = AATT (strongest binding site) and X = TATA (weakest binding site). Fluorescence titration spectra for the three other sequences are given in the ESI†. Fluorescence titration results for all five sequences were analysed by plotting the relative fluorescence increase (F‑F0)/F0) vs [ligand:DNA] ratio. The highest increase 
Table 2. Spectroscopic data and association constants obtained for the probe/poly[d(A‑T)2] mixture study from UV-vis titration (cacodylate buffer, pH 7.4, 25 °C).
	Compound
	% hypochromism
(wavelength/nm)
	Ka/105, M-1

	3a
	35 (341)
	8.5(±0.3)

	3b
	23 (344)
	5.2(±0.2)

	3c
	25 (340)
	5.5(±0.1)

	3d
	26 (338)
	7.2(±0.1)

	3e
	30 (343)
	7.8(±0.1)

	4a
	Hyperchromism 4 (355)
	n. d.

	4b
	7 (352)
	n. d.

	4c
	1 (350)
	n. d.

	4d
	2 (355)
	n. d.

	4e
	Hyperchromism 7 (347)
	n. d.

	4f
	Hyperchromism 5 (349)
	n. d.



in fluorescence was observed for AATT while the lowest was observed for TATA (Figure 6). In all cases, however, the saturation limit was reached at a 1:1 ligand/DNA ratio, which means that the ligand binds to the DNA in a monomeric form. In addition, all the fluorescence experiments revealed that the affinity of 3a increased depending on the base sequences (TATA<TTAA<TAAT<ATAT<AATT), which was in agreement with the sequence specificity exhibited by Hoechst 33258.17b,24
Thermal melting study. Thermal melting studies were undertaken to describe the relative binding affinity and the sequence selectivity of the ligands toward DNA.25 Indeed, DNA denaturation is usually associated with a hyperchromic effect in the absorbance which is temperature-dependant. All compounds that bind to DNA give rise to a stabilization of the DNA visualized by an increase of the melting temperature denoted Tm. Conversely, a decrease in Tm is indicative of a distorsion induced by the DNA binder. Based on fluorescence results which revealed that these derivatives have a higher affinity toward the AATT sequence, we performed a melting analysis with the 20‑mer hairpin 5’‑d(CGAATTCGTTTTCGA ATTCG)-3’. Melting measurements were performed by monitoring the absorbance of the hairpins solutions absorbance at 260 nm in the absence (the Tm value of the free sequence is 67.1 °C) and the presence of one equiv of compounds 3a-d (benzyl amine-type derivatives), compounds 4b and 4e (propargyl alkyne type derivatives) and Hoechst 33258 as a reference. Melting temperatures were determined from the first derivatives of the melting curves (Figure 7) and summarized in Table 4. As a general trend, compounds 3a and 3b showed the highest DNA-stabilizing effect among all the Hoechst derivatives (ΔTm = 7.2 and 7.0 °C, respectively) almost identical to the stabilization induced by Hoechst 33258 and in good agreements with their binding constant values obtained by UV-vis titration experiments. Compounds with an ethylamine type linker (3e, 3d and 3c) showed a moderate increase in DNA stability (ΔTm = 3.7, 3.5 and 3.1 °C, respectively). Conversely, compound 4e did not show any significant enhancement. These results confirm the importance of the aminopropyl linker compared to the aminoethyl one as well as a necessary flexibility for efficient groove binding. Introducing 
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Figure 5. Fluorescence emission spectra for 3a titrated with AATT (A) and with TATA (B): 1 μM solution of 3a in 10 mM sodium cacodylate-100 mM NaCl, pH 7.4 buffer at 25 °C, excitation wavelength was set at 341 nm, which is λmax for the free ligand. The changes in ligand:DNA ratio for both cases fall in the same region (1:0-1:1.04). Under these concentration conditions 3a is fully bound to the DNA at the highest concentration shown in the figures.
	[image: C:\Users\ASUS\Desktop\Amirbekyan Karen\UM2_articles_beginning\experiments\Hoechst derivatives\Fluorescence\Fluor 153+28 mer oligos\analysis 3.png]
	
	Sequence
	Ka/106, M-1

	AATT
	11.15

	ATAT
	7.62

	TAAT
	5.78

	TTAA
	3.05

	TATA
	1.85





Figure 6. Relative fluorescence intensity increase of the compound 3a as a function of [ligand]/[DNA] ratio for five different DNA sequences.
the aminopropyl-type linker clearly increased the conformational mobility of 3a and 3b and opened up the space for the binding of the pyridine and the methoxybenzyl moieties linked to the Hoechst residue. This linkage most probably promotes the H-bonding between the ligands and the DNA bases. Meanwhile, the results substantiate the role played by the methoxy substituents on the benzyl ring.
Circular dichroism measurements. In order to characterize the type of interaction between our ligands and DNA, we performed a set of circular dichroism spectroscopy experiments.26 Indeed, compared to intercalative interactions, minor groove binders induce larger CD signals. Moreover, neither ct‑DNA nor the free compounds exhibit CD signals above 300 nm. Monitoring induced CD, binding mode and saturation limit for selected compound 3a were performed by CD titration experiments as a function of compound concentration. Addition of 3a to ct‑DNA resulted in significant positive induced CD signals on complex formation with DNA at the wavelength between 300 and 400 nm. The CD spectra of ct‑DNA and its complexes with 3a at dye/DNA base pairs mixing ratios varying from 0 to 0.15 are shown in Figure 8. Noteworthy, ICD peaks positions of 3a matched the absorption peak positions of bound probes (Table 1), thus indicating that these ICD peaks correspond to the same chromophore, which is responsible for the red-shifted absorption spectra shown Figure 3. 
Changes of ICD intensities of 3a at 350 nm are illustrated in Figure 8B. The CD signals of ct‑DNA around 245 and 280 nm are decreasing in intensity with a saturation limit for compound 3a reached at ligand/DNA ratio of 0.15 in good agreement with UV-vis absorption titration data. This is indicative
[image: ]
Figure 7. Melting curves of 20-mer AATT hairpin and its complexes with compounds 3a-d, 4b, 4e and Hoechst 33258.
Table 4. Thermal melting studies of the designed Hoechst derivatives with 20-mer DNA hairpin 5’-d(CGAATTCGTTTT CGAATTCG)-3’. ΔTm = Tm (complex)  Tm (free DNA). The listed values are for a 1:1 [ligand]/[DNA] ratio and an average of two independent experiments with a reproducibility of ±0.5 °C.
	Compound
	Tm (°C)
	ΔTm (°C)

	3a
	74.3
	7.2

	3b
	74.1
	7.0

	3c
	70.2
	3.1

	3d
	70.6
	3.5

	3e
	70.8
	3.7

	4b
	68.9
	1.8

	4e
	68.3
	1.2

	Hoechst 33258
	74.5
	7.4
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[image: ]Figure 8. Circular dichroism spectra of representative compound 3a with ct‑DNA (A). Mixing ratios of ligand to ct‑DNA base pairs are 0, 0.03, 0.06, 0.09, 0.12, 0.15. Color arrows indicate positive (green) and negative (red) induced changes. The experiments were conducted in cacodylate buffer at 25 °C. Change of ICD intensities of 3a at 350 nm during titration with ct‑DNA (B). Ligand/DNA base pairs ratio was varied from 0 to 0.15.
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[image: ]Figure 9. Molecular models for 3a docked into the d(CGCGAATTCGCG)2 sequence. A. Conformation of compound 3a  (obtained from docking results) in which it has a higher affinity toward DNA dodecamer; View from the minor (B) and the major groove (C) of compound 3a docked in the minor groove of DNA. These images are the ones of the lowest-energy conformation and have been drawn with the PyMOL software. The transparency of the molecular surface of DNA dodecamer is shown with 60 % transparency. Note that the surface of 3a and the surface of minor groove wall of DNA are in close contact.
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Figure 10. Structural properties of compound 3a in docked conformation: A, B, C - angles between bonds of diamine moiety of compound 3a. D. Dihedral angles N3CICIICIII and N5CIVCVCVI. The angles are shown as dashed arc lines. Three different pictures (A-C) of the same moiety were drawn for clarity. Angles between bonds were determined from docked conformation of 3a using the PyMOL software.

of a binding density value n = 6.8 corresponding to a dye/DNA ratio equal to 1/6.8 = 0.147. Hence, CD spectroscopy measurements revealed the minor groove binding character of the representative compound 3a and confirmed the saturation limit obtained from UV-vis measurements.
Molecular modeling studies. To better understand the binding of 3a to DNA and to reveal the most probable conformations in which the ligand binds to DNA, we performed molecular docking studies. The initial DNA duplex selected for docking was dodecamer 5’-d(CGCGAATTCGCG)-3’ (pdb ID: 1BNA). Docking results are presented in Figure 9. Detailed view of the diamine part of compound 3a in docked conformation is shown in Figure 10.
For compound 3a, the docking program identified nine possible conformations with values of affinity comprised between 54.8 and 47.88 kJ/mol. Docking results revealed the possibility of hydrogen-bonding interactions between the inner facing benzimidazole N-H group and AT bases of DNA in the floor of the minor groove of DNA, which is typical for benzimidazole-containing drugs of the Hoechst 33258 family.27 Additionally, docking results showed the possibility of H-bond forming between the nitrogen atom of the methylpyridine and the G-NH2 moiety, which support the G-recognition ability of compound 3a obtained from UV-vis absorption measurements. The H-bond acceptor property of the pyridine nitrogen atom is a well-established phenomenon.28 Hydrogen bonds are shown in Figure 11 and the length of the hydrogen bonds determined with PyMol software are given in Table 5. 
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Figure 11. Detailed view from the minor groove of the hydrogen-bond interactions between compound 3a (shown as dashed arrows) and DNA bases. Data are based on zoomed in (30x) view of docking results as presented in Figure 9. For clarity purposes, only the bases which participate through H‑bonding interaction with the ligand are shown. Shown hydrogen bonds are the following: between nitrogen atoms of inner-facing benzimidazole N-H groups: I. N4 hydrogen atom of 3a and N3 atom of adenine 18, II.  N4 hydrogen atom of 3a with O2 atom of T7 (I and II are equally probable H bonds), III. N6 hydrogen atom of 3a and O2 atom of T8, IV. H-bond between N9 of 3a and NH2 group of G16.
Table 5. Ligand-DNA hydrogen bond distances in the 3a-d(CGCGAATTCGCG)2 complex.
	3a atom
	DNA atom
	Distance (Å)

	H of N4
	O2 (T7)
	3.1

	H of N4
	N3 (A18)
	2.9

	H of N6
	O2 (T8)
	3.2

	N9
	H of NH2 (G16)
	3.0



DNA-based asymmetric catalysis. To demonstrate the efficacy of our bifunctional Hoechst-derived ligands, amine-type 3a and 3b and alkyne-type 4b derivatives were selected and engaged in the copper-catalysed Friedel-Crafts alkylation of ,‑unsaturated 2-acyl imidazole 11 with 5‑methoxyindole 12. The experiments were conducted at 5 °C using a stock solution of a Cu(II)-ligand complex (in MOPS 20 mM, pH 6.5) and DNA (2 mM in MOPS 20 mM, pH 6.5). The results are reported in Tables 6. 4,4’-dimethyl-2,2’-bipyridine (bmbpy) was also used as a control.

Table 6. Friedel-Crafts alkylation using Hoechst-derived ligands 3a, 3b and 4b.
	[image: ]

	Entry
	Ligand
	DNA
	Conversion (%)a
	ee (%)a

	1
	dmbpy
	ct-DNA
	>99
	(+) 80

	2
	3a
	ct-DNA
	>99
	(+) 29

	3
	3b
	ct-DNA
	>99
	(+) 47

	4
	4b
	ct-DNA
	94
	(+) 7

	5
	dmbpy
	ODN-1
	>99
	(+) 31

	6
	3a
	ODN-1
	>99
	() 16

	7
	3b
	ODN-1
	78
	() 26

	8
	4b
	ODN-1
	>99
	(+) 4

	9
	dmbpy
	ODN-2
	>99
	(+) 43

	10
	3a
	ODN-2
	72
	() 19

	11
	3b
	ODN-2
	>99
	() 23

	12
	4b
	ODN-2
	>99
	() 5


a Determined by supercritical phase chromatography (SFC) analysis. [ODN-1 = 5’-d(CGAATTCGTTTTCGAATTCG)-3’, [ODN-2] =5’-d(CGTATACG TTTTCGTATACG)-3’].
As a general trend, the ligand concentration had a non-negligible impact on the enantioselectivity of the reaction; the best ees being obtained at a 0.1 mM concentration (entries 1 and 2). Interestingly, this phenomenon was not observed when using an intercalating ligand such as 4,4’‑dimethyl-2,2’-bipyridine. In the presence of ct-DNA, we were pleased to observe a significant induction, in particular with 3b, albeit not in the range of the one obtained when using dmbpy. In contrast, with low binding alkyne-type ligands such as 4b, the ee value decreased sharply to 7%, thus confirming that the affinity of the ligand had a significant impact on the enantioselectivity outcome of the reaction (Table 6 entries 1‑4). Interestingly, in the presence of the AATT hairpin, while the enantioselectivity decreased for all the ligands, it is worth pointing out that 3a and 3b were less affected than dmbpy, thus suggesting the importance of both the affinity and the sequence-selectivity. Another important observation concerned the unexpected inversion of selectivity, which was observed with the groove binder ligands 3a and 3b (Table 6, entries 5-8) and confirmed with the TATA hairpin (Table 6, entries 9-12). 
These results clearly validate the groove binder anchorage strategy in the context of DNA-based asymmetric catalysis. Even though it is evident that a simple affinity/enantioselectivity correlation cannot be categorical, we have confirmed that derivatives such as 3 were the strongest binding ligands and that AATT was the best binding site. A precise tuning of the binder/DNA complex (optimal binding position and orientation of the ligand, flexibility of the linker, (A/T)n sites that modulates the minor groove width and most probably flanking bases) is now essential to attain higher levels of enantioselectivity.
	CONCLUSION
The design and synthesis of compounds exhibiting a high affinity toward DNA sequences has been successfully achieved based on structural modifications brought to the well-known minor groove binder Hoechst 33258. Analysis based on UV-vis titration and thermal denaturation, as well as fluorescence and CD experiments showed that compounds with an alkyne type linkage showed low affinity toward ct‑DNA and poly[d(A-T)2] compared to their corresponding amine analogues. This was most probably preconditioned by the low flexibility of the triple bond, which impedes favourable interactions between the pyridine and the methoxybenzyl groups with the DNA bases. Also, it is probably the absence of one charged nitrogen atom in the alkyne type derivatives (compared with the amine type derivatives), which reduces the strength of the electrostatic interactions between the ligand and the DNA phosphate backbone and thus weakens the affinity of the ligand toward DNA. Meanwhile, designed derivatives bearing a diaminoalkyl linker appeared to have a high affinity toward both DNAs, which confirms the potential of our minor groove binder anchorage strategy. The diaminopropyl linkage provides a higher affinity toward ct‑DNA and poly[d(A-T)2] compared to the analogous diaminoethyl linkage. The results presented in this work clearly show that a rational design of Hoechst derivatives capable of binding to mixed DNA sequences is possible and that a groove binder anchoring strategy for DNA-based asymmetric catalysis is valuable to achieve sequence-selective reactions. The inversion of selectivity observed with AT-rich sequences extends the tools available until now to control the enantioselectivity outcome of a DNA-catalyzed reaction.29 The success of 3 as a Hoechst 33258 derivative with mixed DNA sequence recognition capability offers exciting prospects for DNA-based asymmetric catalysis.
	EXPERIMENTAL SECTION
Ligands and DNA Oligonucleotides. Hoechst 33258, ct‑DNA and poly[d(A-T)2] were purchased from Sigma Aldrich (USA). DNA hairpins were purchased from Eurogentec. For the preparation of the Hoechst derivatives solutions, all the compounds were carefully weighted and disssolved in a methanol solution containing 5 % (v/v) of 0.1 mM HCl. Concentrations of Hoechst 33258, ct‑DNA, poly[d(A-T)2], and DNA hairpins were determined spectroscopically using the following extinction coefficients: ε338 = 42,000 M-1cm-1 for Hoechst 33258, ε260 = 13,200 M‑1cm‑1 for ct‑DNA concentration expressed as base pairs, ε262 = 13,600 M-1cm-1 for poly[d(A-T)2] concentration as base pairs. For DNA hairpins, the extinction coefficients provided by the supplier were used. All the solutions used for spectroscopic titrations were prepared in sodium cacodylate buffer containing 10 mM sodium cacodylate and 100 mM NaCl at pH 7.4. MilliQ water was used for the preparation of all the solutions. The binding studies were carried out at 25 °C.
UV-spectrophotometry. UV-vis scanning and melting measurements were performed using Varian Cary 300 Bio spectrophotometer equipped with Peltier temperature control system using 1 cm pathlength quartz cells. A solution of probe (4 μM, 1 mL, cacodylate buffer) was titrated by adding 5 μL increments of nucleic acid (1 mM) while monitoring the absorbance in the 200-420 nm region. The total volume of nucleic acid during the titration did not exceed 10% of the initial volume and spectra were corrected for small changes in volume during the titration. The absorption data for all derivatives were analysed according to neighbour exclusion model of McGhee and von Hippel18 using equation 1. The binding constants values were estimated from nonlinear regression analysis. All data were treated using OriginPro8 software. 

r/Cf = Ka(1nr[1nr)/[1 (n1)r]n-1		(1)

In equation 1, Cf is the concentration of the free probe, n is the binding density and r is the ratio of concentration of bound probe (Cb) to that of DNA. Based on absorbance titration the values of Cf were calculated using equation 2, where Aobs is the absorbance at the peak position of the ligand-DNA mixture, Ct is the total concentration of the probe, εf and εb are the extinction coefficients of the free and bound probes, respectively. The value of εb was estimated from a half reciprocal plot of Aobs versus 1/[DNA]. The percent hypochromism was calculated as equal to (1-εb/εf ) · 100%.

Cf = (Aobs εbCt)/(εf  εb)   		(2)

The free energy of binding (ΔG°) was calculated using equation 3.

ΔG° = −RTlnKa   			(3)

Circular Dichroism Spectroscopy (CD). Circular dichroism spectroscopy experiments were performed on a Jasco 815 model spectrophotometer in 1 cm quartz cell at 25 °C. Prior to all measurements a buffer spectra was recorded for blank correction. A solution of calf thymus DNA (80 M) in buffer (10 mM sodium cacodylate, 100 mM NaCl, pH 7.4) was added to the cell prior to the experiment followed by the solution of 3a (0.48 mM in MeOH containing 5% (v/v) of 0.1 mM HCl) in 5 μL increments. The resulting solution was eventually incubated for 10 min to achieve the equilibrium binding for the DNA complex. Each spectrum presents the average of three scans from 220 to 420 nm with scan speed 60 nm.min-1 and a response time of 1 s.
Fluorescence Emission Spectroscopy. Fluorescence spectra were recorded on a Jasco 815 model spectrophotometer using 1 cm pathlength quartz cells. Excitation and emission bandwidths were fixed at 2 and 10 nm, respectively. A solution of ligand 3a at a concentration of 1 μM was prepared in a 10 mM sodium cacodylate/100 mM NaCl buffer (pH 7.4) and hairpin DNA aliquots (5 μL increments) were added from a concentrated stock (0.52 mM in a cacodylate buffer). The spectra were collected after allowing an equilibration time of 10 min. Compound 3a was excited at 341 nm, which is λmax for the free ligand as identified by UV-vis spectroscopy. Emission spectra were monitored from 350 to 600 nm. All the fluorescence titrations were performed at 25 °C.
Molecular Docking Studies. The crystal structure of the synthetic DNA dodecamer 5’-d(CGCGAATTCGCG)-3’ has been refined to a residual error of R = 17.8% at 1.9 Å resolution (two-sigma data). The molecule forms slightly more than one complete turn of a right-handed double-stranded B helix.19 AutoDock Vina was used for docking experiments.20 PDB files for the ligand structures were created using Open Babel graphical user interface 2.3.1.21 PDBQT molecular structure files necessary for AutoDock Vina were created using AutoDock Tools graphical user interface.22 Water molecules were deleted and hydrogen atoms were added before creating PDBQT files. Kollman all-atom charges for DNA and Gasteiger-Hükel charges for the ligand were computed. PyMOL software was used to visualize the docking results. All modeling studies were carried out on a windows workstation. The following parameters were used during docking with AutoDock Vina: search space center x = 10.9, center y = 22.0, center z = 8.9 (these coordinates allow for the grid box center to be in the minor groove), search space sizes: size x = 70, size y = 65, size z = 80, spacing 1 Å. Both the ligand and the bound DNA were permitted torsional flexibility in the docking process.
DNA-based asymmetric catalysis experiments. To a 2 mM DNA solution in a 20 mM MOPS buffer (600 μL, pH 6.5) was added the stock solution of [Cu(Hoechst-derived ligand)(NO3)2]. The resulting DNA solution was cooled to 5 °C or left at rt. To the mixture was then added a 0.5 M solution of enone in MeCN (1.2 μL), followed by the 5‑methoxyindole (12). The reaction was mixed by inversion at 5 °C in a cold room or at rt. After 1-3 d, the mixture was warmed to rt and extracted with Et2O (3 x 2 mL). The combined organic layers were washed with brine (2 x 5 mL), dried over Mg2SO4, gravity filtered and concentrated under reduced pressure to give the crude product, which was subjected to Supercritical Fluid Chromatography (SFC) analysis.
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