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The Binding Pocket at the Interface of Multimeric Telomere G-
guadruplexes: Myth or Reality?

Francesco Manoli,2l s Filippo Doria,®} s Giorgio Colombo,! Barbara Zambelli, ¥ Mauro
Freccero, ™ and llse Manet™[!

Abstract

Human telomeric DNA with hundreds of repeats of the 5’-TTAGGG-3’ motif plays a crucial role in several biological
processes. It folds into G-quadruplex (G4) structures and features a pocket at the interface of two contiguous G4
blocks. Up to now no structural NMR and crystallographic data are available for ligands interacting with contiguous
G4s. We investigated naphthalene diimide monomers and dyads as ligands of a dimeric G4 of human telomeric DNA
comparing the results with those of the model monomeric G4. Time-resolved fluorescence, circular dichroism,
isothermal titration calorimetry and molecular modeling were used to elucidate binding features. Ligand fluorescence
lifetime and induced circular dichroism unveiled occupancy of the binding site at the interface. Thermodynamic
parameters confirmed the hypothesis as they remarkably change for the dyad complexes of the monomeric and
dimeric telomeric G4. The bi-functional ligand structure of the dyads is a fundamental requisite for binding at the G4
interface as only the dyads engage in complexes with 1:1 stoichiometry, lodging in the pocket at the interface and
establishing multiple interactions with the DNA skeleton. In the absence of NMR and crystallographic data, our study
affords important proofs of binding at the interface pocket and clues on the role played by the ligand structure.
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Introduction

Human telomeric DNA typically consists in a 4-15 kb long double-stranded (ds) region composed of 5-TTAGGG-3'/3’-
AATCCC-5’ repeats ending with a single-stranded (ss) 3’-overhang of some hundreds of nucleotides with the same
repeating 5’-TTAGGG-3’ motif.!! G-rich telomeric DNA can fold into G-quadruplex (G4) structures in solution and recent
evidence has been obtained with a structure-specific G4 antibody, that the structure likely exists also in cells.’) Human
telomeric DNA plays an important role in various
processes as it acts like a biological clock and shortens
with aging.?® 3! A protein complex, called Telomerase, is
responsible for the maintenance of the telomere length
in normal and cancer cells.®! Being telomerase
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overexpressed in several types of cancer cells making
them immortal, telomeric DNA has become an
appealing target for the development of new
therapeutic approaches. To this end, a large number
of molecules have been studied during the last decades
for their potential to interact with human telomeric G4
structures.™ Prior to biological assays affinity of new
molecules for telomeric G4s is assessed in solution
mostly with the model telomeric DNA sequence, 5'-



AGGG(TTAGGG),-3’, able to adopt a hybrid-1 G4 structure as main conformer in a K* rich solution (Scheme 1).1¥!

However, as telomeres consist in hundreds of nucleotides, we are witnessing an increase in the efforts to assess affinity
of new ligands for multimeric telomere G4 structures of contiguous G4 blocks joined by the TTA linker as more reliable
model.l”) One quest is the existence of a new type of binding site where two adjacent G4 units are connected.!® Crystal
structures have not been reported neither for multimeric G4 telomeres nor for their complexes and also NMR data are
lacking. In the absence of structural data several groups sought for alternative techniques to obtain information. The
majority of the reported studies exclusively relying on ligand fluorescence intensity changes as function of the DNA
concentration present strong limits as the intensity is strongly affected by the single binding site features.’°! Other
studies did not consider the importance of the binding stoichiometry, limiting the data analysis to the existence of the
1:1 complex, assuming the binding site to be at the interface of the adjacent G4 structures.’®! Very few studies
corroborated the hypothesis of the existence and occupancy of the binding pocket at the G4 interface using a
combination of techniques.!*% 1
”‘ In this context we focused on various naphthalene diimide (NDI)
’[ ligands as G4 ligands. NDIs are extremely versatile compounds and
4 g ) their optoelectronic properties can be effectively tuned by
substituents on the aromatic core.*? This makes them appealing for
biomedical applications exploiting their optical response. 3 We
have published a series of monomeric NDIs with 3 or 4 ethyl or
propyl side chains ending with an amine or quaternary ammonium
function affording excellent water solubility and cellular entry,
merged with promising features for theranostic applications.!* In
Scheme 1. Cartoons of the hybrid-1 (left), and basket fact, nuclear uptake was evidenced by fluorescence confocal
(right) G4 conformation of telomeric sequences  iMaging exploiting the intrinsic NDI fluorescence and one displayed
(created with pdb entries 2GKU and 143D, photocytoxicity upon irradiation with red light. Additionally, NDIs
respectively). have been exploited as appealing scaffold for the design of G4
ligands, thanks to their chemical accessibility and large planar
surface that can engage in stacking with the G nucleobases. For the above reasons NDIs and have become well-known
ligands for the telomeric hybrid-1 G4 structure (Scheme 1) as well as other G4 structures present in oncogene
promoters. We and others have shown that tri-, tetra-substituted and core-extended NDIs are potent and reversible G4
ligands.*2¢ 14 Neidle et al. reported a series of NDIs, with alkyl side-chains linking a positively charged methyl-piperazine
functionality to the NDI core, which significantly stabilize human telomeric G4 and inhibit the growth of several cancer
cell lines at sub-uM concentrations.['# 14 151 Some of them inhibited the telomerase complex in accord with the
hypothesis that these NDIs act at the cellular level through telomeric G4 stabilization. Very recently, some of us
investigated non-fluorescent NDIs selected from a small library by affinity chromatography (G4-CPG) assay as hTel46
G4 ligand with promising G4 vs ds-DNA selectivity, but, they lack multimeric/monomeric-G4 selectivity.['®! We further
explored this class of compounds producing a series of NDI dyads acting as fluorescent responsive ligands upon G4
binding.” Dyad ligands 1-2 (see Scheme 2) are very promising as they exhibited extremely low IC50 values for some
cancer cell lines and induced DNA damage response, also at telomeric level, behaving very differently from the
monomeric NDI analogues. 71 In an attempt to rationalize their ability to induce DNA damage at the telomeric level we
decided to explore the binding of dyad ligands 1-2 to a dimeric telomeric G4 structure including NDIs 3 and 4 in the
study as useful model to identify crucial ligand features in the binding process (Scheme 2). Our goal was to assess the
role of the binding pocket at the interface as competitive binding site to the grooves or the G-tetrad ends. Using optical
electronic spectroscopy and isothermal titration calorimetry (ITC) we determined the binding constants as well as the
binding model for two telomeric sequences 5'-AGGG(TTAGGG),-3’ (hTel22) and 5'-GGG(TTAGGG).-3’(hTel45) in K* rich

solutions. We performed a study of the fluorescence lifetime of the ligands in the presence of DNA as this parameter is
very sensitive to the characteristics of the binding site micro-environment.!*’* 8 Fluorescence lifetime data of the
complexes, circular dichroism (CD) in the visible together with ITC thermodynamic parameters unequivocally proved
that an additional binding site exists at the interface of contiguous telomeric G4s. In addition, modeling provided insights
into the putative structural parameters that may play a role in this binding process. Noticeably, only the dyads engage
in complexes with 1:1 stoichiometry, lodging in the pocket at the interface and establishing multiple interactions with
the DNA skeleton.
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Scheme 2. NDI dyads 1-2 and monomeric NDIs 3-4 previously evaluated as G4 ligands.[7]

Experimental Section

The NDI molecules 1-4 shown in Scheme 2 were synthesized accordingly to published procedures.’?! They were used
for the binding study with two telomeric sequences 5'-AGGG(TTAGGG),-3’ (hTel22) and 5'-GGG(TTAGGG),-3'(hTel45) in
K* rich solutions. DNA was acquired from Eurogentec. For titrations, keeping the NDI concentration constant, we
monitored absorption, fluorescence, and circular dichroism spectra as well as the fluorescence decays with increasing

amounts of DNA.
Absorption, CD and fluorescence spectroscopy

UV-visible absorption spectra were recorded on a Perkin Elmer A650 spectrophotometer. Circular Dichroism (CD)
spectra were recorded on a Jasco polarimeter J-715 accumulating 4 spectra with a scan rate of 50 nm/min (UV) or 100
nm/min (VIS). Fluorescence spectra were measured in right angle geometry using 1 nm steps and 0.5-1 s dwell time.
Slits were set to 4-8 nm in excitation and 4-8 nm in emission. Where necessary a cut-off filter was used to eliminate
Raman or excitation light. All the measurements were carried out at 295 K in quartz cuvettes with path length of 1 cm.
All fluorescence spectra were recorded for air-equilibrated solutions absorbing less than 0.1 to avoid inner filter effects
and re-absorption of emission and corrected for wavelength dependent response of the monochromator/PMT couple.
We excited at 495, 485, and 590, for 3, 2, and 4, respectively, and 490 and 600 nm for 1.

Fluorescence decays

Fluorescence decays were measured in air-equilibrated solutions for excitation at 465 nm (Horiba pulsed nanoled 1 MHz
repetition rate) or 637 nm (Hamamatsu pulsed laser with 1 MHz repetition rate) using a time-correlated single photon
counting system (IBH Consultants Ltd., Glasgow, UK) with a resolution of 55 ps per channel. Photons were detected in
right angle geometry at 620 nm or 690 nm with a cut-off filter. Fluorescence decay profiles were analyzed with a least-
squares method, using multiexponential decay functions (eq. 1) and deconvolution of the instrumental response
function. Upon deconvolution form the instrumental response function the lifetime lower limit is 200 ps. The software
package was provided by IBH Consultants Ltd.

The fitting function used is the following with j going from 1 to 3 or 4:

1) =b+ X, aqeY™) (1)
The relative amplitude o, and the amplitude weighted average fluorescence lifetime, <t> are calculated according to
the following equations:
=0/ Yjqa (2) <>=¥l1a7 (3)

If a fluorophore changes lifetime in different binding sites, the relative amplitude o equals the fractional concentration
of the fluorophore in each binding site. For the fluorescence titrations a global analysis was performed of all decays
including that of the NDI alone. The DAS software package provided by IBH Consultants Ltd was used to build a file with
all decays. Next one decay was fitted with a 3- or 4-exponential decay function and the parameters of this fit were then
optimized for all decays applying the same function. Eventually the converging global analysis afforded the optimized
lifetimes together with the preexponential factors a; for each decay. The lifetime of the free species is introduced as
constant and is not further optimized.

Sample preparation for titration studies



For the spectroscopic measurements a 10 mM K* phosphate buffer of pH 7.0 was used, with 100 mM KCI. Stock DNA
solutions of concentration of ca. 50 UM were prepared by dissolving the lyophilized compounds in a buffer solution
containing 10 mM K-phosphate with 100 mM KCI of pH 7.0. The stock solutions were then heated at 90° C for 15 min
and slowly cooled to room temperature. The concentration of oligonucleotides was determined spectrophotometrically
at 260 nm using molar absorption coefficient values € of 228500 and 459500 Mtcm™ for 5’-AGGG(TTAGGG);-3’ and 5’-
GGG(TTAGGG);-3’, respectively. The molar extinction coefficients are calculated based on the nearest neighbor model.
Based on melting curves monitoring absorbance at 260 nm the DNA concentration was corrected for absorption spectra
measured 25 °C. with 0.1 cm cuvettes. Aliquots of the dyad and DNA solutions dissolved in the same buffer were mixed
together to prepare samples of varying molar ratio. Solutions were kept stirring in the dark for ca. 1 hour before starting
the measurements. Water was purified by passage through a MilliQ system (Millipore SpA, Milan, Italy). We excited at

Multiwavelength global analysis

The best complexation model, the binding constants as well as single spectra of the complexes were determined by
means of a multivariate global analysis of multiwavelength data, analyzing a set of spectra corresponding to different
dyad/DNA mixtures. We used the commercial program ReactLab™ Equilibria (Jplus Consulting Pty Ltd) developed in
Matlab®. More details of the procedure are reported in ESlI and SI_2.

Isothermal titration calorimetry

NDI titrations were performed at 25°C using a high-sensitivity VP-isothermal titration calorimetry (ITC) microcalorimeter
(MicroCal LLC, Northampton, MA, USA). The reference cell was filled with deionized water. DNA and NDI solutions were
prepared by diluting concentrated stock solutions in the reaction buffer (10 mM K* phosphate buffer of pH 7.0 with 100
mM KCl). In each individual titration, 10 uL of a solution containing 3, 4, 2 or 1 was injected into a solution of G4 DNA
(hTel22 or hTel45), using a computer-controlled 310-uL microsyringe. All experiments were repeated two or three times
to verify reproducibility and a control experiment was performed to evaluate the heat of dilution. Small endothermic
effects for NDIs dilution into the buffer were observed more evident for 3 and 4 than for 1 and 2, possibly indicative of
disaggregation for 3-4 (Figure S6). The concentrations used in each experiment are reported in Table S3. To allow the
system to reach equilibrium, a spacing of 210 s was applied between each ligand injection. For dyads titrations over
hTel22 reloading the injection syringe was necessary to allow the binding to reach saturation.

Integrated heat data obtained for each titration were fitted using a nonlinear least-squares minimization algorithm to
a theoretical titration curve, using Peaq software, using one or two stes of sites models. N (stoichiometry). AH (reaction
enthalpy change, J mol™) and K, (binding constant, M) were the thermodynamic fitting parameters. The heat of

dilution (J mol™) were also adjusted as fitting parameters. The reaction entropy was calculated using the relationships
AG = -RTInK, (R = 8.3145 J mol™* K™, T = 298 K) and AG = AH-TAS.

Computational approach

All docking runs were carried out using the Maestro software package (Schrodinger, LLC, NY, 2019). The ligands were
manually drawn and then prepared for modeling by adding hydrogens and assigning bond orders. LigPrep (LigPrep,
Schrodinger, LLC, New York, NY, 2019) and Epik (Epik, Schrodinger, LLC, New York, NY, 2019) were used to generate
initial 3D geometries and all the possible stereoisomers. The most probable protonation and tautomeric states were
calculated at pH = 7.0 £ 2. The target quadruplex structure was first analyzed using the SiteMap program of the
MAESTRO suite. SiteMap identifies pockets that have structural and stereoelectronic features suitable to host a ligand
molecule. Each ligand was docked by using the Glide module within the Schrodinger suite. A softened potential was
used, consisting in scaling the van der Waals radii. To preliminarily assess the viability of this approach for the present
case, we previously proved that the protocol is able to reproduce the X-ray structure of G4-bound aromatic ligands as
recent published:(*% briefly, using structures in PDB 4DA3 and 2MB3, we deleted the experimentally solved ligands
from the complexes. Next, we docked them back into the respective G4s. This procedure afforded as the best solution
the correct binding poses observed in the PDB structures, with an RMSD between the predicted and experimental poses
lower than 0.5 A. While qualitative, the results of the docking approaches can thus be used as a means to interpret
factors involved in recognition.

Results

To study the binding of these NDI ligands to the telomeric G4s, we performed titrations monitoring changes in
absorption spectra, CD spectra, both in the UV assigned to DNA and in the visible due to NDI units, fluorescence spectra
and decays. The experimental results were completed with a binding study using isothermal titration calorimetry (ITC).
Table S1 shows some of the photophysical parameters of the ligands, previously reported, " and relevant for the study
reported hereafter.

Absorption titrations

Figure 1 shows the absorption spectra of all titrations and Figures S1 a plot of the absorbance at single wavelengths vs
[DNA]/[ligand] ratio. Comparing the absorption spectra in Figure 1 of the monomers 3 and 4 with increasing amounts
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of hTel22 and hTel45 we observe in the visible range a hypochromic effect of ca. 40% for 3 vs. a small hyperchromic
effect of 4% for 4. Similarly, in the UV hypochromicity is more important for 3 than for 4. Strong hypochromicity has
been associated with intercalation of chromophores between base pairs,*®? and, in case of G4 DNA, with r-n stacking
of aromatic ligands with the planar G4 tetrads.!*”!

Therefore, 3 seems to prefer interaction by means of n-t stacking more than 4, which is in line with the number of
substituents and charge of the ligands both being larger in 4. The latter with four positively charged substituents is more
prone to electrostatic interactions with the backbone and suffers likely more from steric hindrance in ©-w stacking.

We reported that the two NDI units of the dyad 1-2 strongly interact with each other as indicated by the low molar
absorption coefficients compared to the monomers and the relative intensities of the peaks composing the visible
absorption band (Table 51).*7%! The absorption spectra in Figure le-h of the dyads in the presence of hTel22 or hTel45
show important changes in the shape of the visible band and a significant increase of the absorbance of the lowest
energy peak and are in line with disruption of the intramolecular interaction of the two chromophores. In the UV region,
small changes can be observed differently from the strong hypochromicity observed for the monomers. The behavior
is similar for both telomeric DNAs. The maxima of the visible absorption peaks close to 640 and 540 nm confirm
interaction of both NDI units of the dyads with the DNA.[*! Interestingly, in the absorption spectra of the dyad 1 the
absorbance peak at 640 nm increases to a much greater extent compared to the 540 nm peak indicating that the tri-
substituted and tetra-substituted unit interact differently with the two sequences. In the presence of dyad excess the
baseline level increases due to aggregation of complexed species for both type of DNA.[7"!

Figure 1
Circular dichroism titrations

The CD spectrain the UV range have been recorded for all titrations. In order to appreciate the changes better they are
shown in molar ellipticity in Figure S2 together with the molar ellipticity spectra of the two DNA that present the typical
features of hybrid G4.1 The changes in the CD spectra in the UV range (Figure S2) are similar in all cases. In the presence
of ligand excess a small evolution toward antiparallel G4 structures can be envisaged as the ellipticity at 260 nm goes
to zero or even below depending on the ligand. Both “basket” (Scheme 1) and “chair” antiparallel G4s have a UV CD
imprint with a strong positive band at 295 and 245 nm and a negative at 265 nm, one G tetrad flanked by two lateral
loops and one G tetrad with different ligand accessibility as it is covered by a diagonal loop in the basket and flanked by
one lateral loop in the chair conformation.?”

As the ligands used in this study are not chiral, we can only observe induced circular dichroism (ICD) signals due to
asymmetry in the complex with G4. In the visible, we observe only for the dyads remarkably different features for hTel22
and hTel45 (Figure 2 and S3). In the case of hTel22 ellipticity is very low in all cases. Differently, an intense structured
induced CD signal in the visible appears for the dyad 2 interacting with hTel45 (Figure 2b). Not only, there is also an
inversion of the sign of the signal in the 320-400 nm region of the spectrum compared to hTel22. The same holds for 1
(Figure 2d) even though ellipticity is lower. The induced CD signal strongly depends on the local chirality experienced by
the ligand and we can hypothesize a new binding environment for the dyads in the hTel45 complex.

Figure 2
Fluorescence titrations

Interesting features emerge also for the fluorescence properties of all NDIs upon complexation. The dyads have a low
fluorescence quantum yield due to the interaction of the chromophores giving origin to nonradiative deactivation
pathways of the excited state. Figure 3a-h shows the fluorescence spectra of the eight systems examined, in the
presence of hTel22 or hTel45. In Figure S1 we plot the fluorescence intensity at single wavelengths vs [DNA]/[ligand]
ratio. In the case of 3 we observe total quenching for both hTel22 and hTel45, while in the case of 4 fluorescence is only
partially quenched and, noticeably, recovers in the case of hTel45. The quenching of the fluorescence can be attributed
to electron transfer in the complexes with 3 being less electron rich and thus a better electron acceptor compared to
4.7 21 The best electron donor among the four bases is guanine, most easily oxidized, followed by adenine.??
Photoexcited electron transfer depends further on proximity of the electron donor, in this case G or A, and acceptor,
the NDI ligands, as well as their relative orientation.”*23! Fluorescence of 2 is also strongly quenched and behaves
differently with the two types of DNA, as in the presence of increasing amounts of hTel45, we observe a small intensity
recovery together with a change in the shape of the spectra. The fluorescence of 1 is turned on as concerns the
tetrasubstituted unit of the dyad (Figure 3g-h), while the trisubstituted unit is totally quenched (Figure S4i). These
effects further confirm that interaction between the dyad chromophores is interrupted and the mode of G4 interaction
of tri- and tetrasubstituted unit of the dyad differs.

Figure 3

We collected the fluorescence decays of all solutions with the different DNA amounts and performed a global analysis
of all decays using a multi-exponential decay function. The fluorescence lifetime of a fluorophore is strongly



environment dependent (so binding site dependent) and we expect lifetime values that change with the characteristics
of the binding site. The analysis affords lifetime values and preexponential factors that allow to calculate the amplitude
weighted average fluorescence lifetime, <t>, of each solution (Figure 4, red symbols). In case of multiple lifetimes of the
same fluorophore experiencing different environments like different binding sites, the alfa values, o, in eq. 2 represent
the fractional concentration of each emitting species. We needed a 3- or 4-exponential decay function to obtain
convergence for the global analysis of all fluorescence decays of a titration.

In all cases a species with short lifetime close to the temporal resolution of the instrumental setup exists and is
frequently the most abundant species. In the case of 4 and 1 we registered the appearance of a lifetime significantly
longer than that of the free molecule. Interestingly, water molecules are able to shorten the lifetime of these
fluorophores by vibronic relaxation (Table S1). So, lifetime lengthening may be indicative of reduced solvent exposure
of the NDI in some binding sites on the DNA. Figure 4 depicts the results for global decay analysis of titrations shown in
Figure 3 plotting the fractional concentrations (ocj) of the species with different lifetimes vs. DNA concentrations. The Y-

axis on the right refers to the average fluorescence lifetime, <t>, varying along the titration.

We also fitted single decays at the end of titration with DNA present in excess, a condition relevant from the biological
point of view, and the free species no longer present in solution (Table 1). Two or three lifetimes persist indicating the
presence of species in two or three binding sites with different characteristics but similar affinity. Comparing the data
for hTel22 and hTel45 for each ligand three interesting features emerge for hTel45 complexes: a very long lifetime of
8.0 ns and fractional concentration of 0.40 for 4, a new lifetime of 0.7 ns and fractional concentration of 0.94 for 2, and
a new lifetime of 1.2 ns and fractional concentration of 0.61 for 1. These data agree with the global analysis even though
some alfa values slightly differ as global analysis comprises a more complex fitting including the free species lifetime.
These new lifetimes suggest the presence of a binding site typical for hTel45, occupied to significant extent.

Figure 4

Table 1. Parameters of the fluorescence decay analysis of compounds 1-4 in the presence of the highest amount of
hTel22 or hTel45 indicated in Figure 3.

a,, T ay, T, dag, T3
o (ns) o, (ns) o (ns)
3 0.051 5.4
3+hTel22 0.14, 0.3 0.017, 2.15 0.015, 5.9
81% 10% 9%
3+hTel45 0.19, 0.2 0.02, 1.7 0.006, 5.8
88% 9% 3%
4 0.16 4.6
4+hTel22 0.16, 0.2 0.055, 2.4 0.069, 7.2
56% 19% 25%
4+hTel45 0.12, 0.2 0.03, 3.1 0.10, 8.0
48% 12% 40%
2 0.025 2.8 0.030 8.7
2+hTel22 0.20, 0.3 0.016, 2.4 0.006, 6.8
90% 7% 3%
2+hTel45 0.11, 0.7 0.007, 2.7
94% 6%
1 0.17 3.4
1+hTel22 0.10, 0.4 0.051, 2.5 0.090, 5.2
42% 21% 37%
1+hTeld5 0.045, 1.2 0.029, 5.15,
61% 39%

To rationalize all spectroscopic data, the software Reactlab™ Equilibria has been used to determine the binding model
and the binding constants. Looking at single wavelength plots in Figure S1 and the lifetime data in Figure 4 the plots
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suggest in many cases the presence of more than one complexed species. More than one model has been tested and
the best model has been identified comparing statistical outputs, aided also by the global lifetime analysis and the ITC
data (See below).

Table 2 reports the binding constants as well as the models obtained from the fluorescence spectra analysis. Figure S4
shows the plots of the species concentration vs. total DNA concentration calculated with the optimized binding
constants for all titrations. Comparison of the plots of the concentrations of the various species in solution vs. DNA
concentration with the plots of the fractional concentrations of the lifetime global analysis vs. DNA concentration in
Figure 4 was very useful as the trend in fractional concentration in many cases agreed with the trend in species
concentration of both free and complexed NDIs in Figure S4. The binding constants do not exhibit a specific trend for
neither type of DNA. As expected, a larger number of ligands can arrange in the dimeric G4 but we do not see any
“doubling” effect in the number of ligands going from hTel22 to hTel45 neither a situation with “doubling plus one” due
to the hypothetical new binding site at the interface between the two hybrid G4s. Likely the charge of the NDI ligands
plays a relevant role in the number of molecules binding in high stoichiometry complexes. Indeed, we have 1:6 complex
for 3 with charge 3* and 4:1 complex for 4 for charge 4*. The analysis of the fluorescence spectra for 3 with increasing
amount of hTel22 converges with a model of two complexes with 2:1 and 3:1 stoichiometry. In the case of binding to
hTel45 we obtained convergence for absorption, fluorescence and visible CD with a single model of two complexes with
3:1 and 6:1 stoichiometry.

The fluorescence in the complexes is strongly quenched suggesting vicinity to G bases. If 3 binds in the G tetrad / lateral
loop region, we envisage two such sites in hTel22 and three in hTel45 as electrostatic repulsion between the monomers
may inhibit binding of two molecules in G tetrad regions at the G4 interface in hTel45. Further binding likely occurs in
the groove regions in the complexes with higher stoichiometry. In the case of 4 analysis of the fluorescence spectra
obtained for hTel22 and hTel45 yields a model with two complexes with 2:1 and 3:1 stoichiometry and with 2:1 and 4:1
stoichiometry, respectively. Both 2:1 complexes are fluorescent with relative yields comparable to that of the free
molecule (Table S2 and Figure S5). The relative fluorescence yields represent an overall yield of the 2:1 complex and
may hide individual differences in quantum yields for the two NDI molecules in the complex. They are in line with the
existence of a species with a lifetime longer than that of the free molecule.

Table 2. Binding constants obtained from the analysis of the fluorescence titration data and the ITC experiments.

Spectroscopy ITC
Sample
Complex .
logK logK. per site
Stoichiometry(al 81 g% p N LogK
3 hTel22 2:1 13.31+ 0.01 6.65 1.76 £ 0.02 6.64 + 0.08
3:1 18.05 £ 0.01 4.74
hTel45 3:1 21.98 £ 0.02 7.33 2.34 +£0.05 7.5+0.3
6:1 40.38 + 0.02 6.13 3.97 £0.05 5.63+0.01
4 hTel22 2:1 14.04 £ 0.06 7.02 1.63 £0.02 6.96 £ 0.03
3:1 19.76 £ 0.07 5.72 0.72+0.01 5.97+0.01
hTel45 2:1 13.32+0.01 6.66 2.23+0.04 5.82+0.01
4:1 25.65+0.02 6.16
2 hTel22 2:1 12.88 +0.01 6.44 2.47 £0.04 6.6 0.1
hTel45 1:1 6.62 + 0.05 6.62 0.85 +0.04 6.80 + 0.05
4:1 25.97 +0.03 6.45 0.75+0.03 5.56 + 0.003
1 hTel22 2:1 11.65 £ 0.02 5.82 1.53£0.02 6.29 +0.01
hTel45!b] 1:1 7.11+0.04 7.11 0.32+0.05 7.310.3
2:1 13.38+0.04 6.27 1.07 £0.03 6.40+0.01
4:1 25.85 £ 0.06 6.23

[a] ligand:DNA [b] the model was obtained from the analysis of the fluorescence spectra obtained for excitation at 490 nm, shown in Figure S3i



A very interesting frame emerges looking at the data of dyad 2. For hTel22 only one complex with 2:1 stoichiometry
exists, each binding site with a logK value of 6.45. Differently, for hTel45 a 1:1 complex exists with a slightly higher logK
value, 6.62, and the logK value of the other dyads in the higher stoichiometry complex are 6.45. A similar situation
emerges for dyad 1, where in the presence of hTel45 also a complex with 1:1 stoichiometry exists with a logK value
significantly higher than that in the 2:1 complex of hTel22. It is also higher than that of dyad 2 in the 1:1 complex of
hTel45. Noticeably in the case of both dyads the complexation model emerging from the analysis of spectroscopic data
is nicely confirmed by the lifetime data analysis. The average lifetime curves in Figure 4 stop changing at DNA
concentrations where also the species concentrations remain constant (Figure S4). Moreover, the fractional
concentrations of the species with 0.2 and 0.7 ns lifetimes observed for dyad 2 follow the trend of the 4:1 and 1:1
complexes, respectively. The fractional concentration of the species with 0.9 ns lifetime observed for dyad 1 follows the
4:1 complex concentration trend. The long 5.5 ns is typical of the complex and is likely present in both 1:1 and 2:1
complexes.

Isothermal titration calorimetry

The binding of ligands 1-4 to hTel22 and hTel45 has been investigated with ITC for the first time using the concentrations
reported in Table S3. The NDIs were titrated into the DNA solution in the sample cell, exploring similar concentration
ranges as the fluorescence studies, with some differences due to the titration scheme that, for the latter, encompassed
DNA titration over NDIs. Heat of dilution titrating NDI molecules in buffer is shown in Figure S6. Table 2 reports the
binding constants for each site, as well as the occupancy N, and Table 3 collects the thermodynamic parameters.
Differently from fluorescence that keeps fixed the complex stoichiometry upon fitting, ITC analysis considers N values
as variables, and may provide non-integer values. In all cases, the non-integer stoichiometry can be due to the known
heterogeneity in G4 conformation of hTel22 and htel45, with the hybrid G4 conformation dominating in solution, &
and suggested by CD in the UV (Figure S2).

The ITC data for hTel22 show fair agreement with the fluorescence titration results both for monomers and dyads
(Figure 5 A, B, C and D); for 3 and 4 both the stoichiometry and the affinity are maintained between the fluorescence
and the ITC analyses (Figure 5A, B). In the case of 3, the third binding event, with significantly lower affinity according
to spectroscopy assays, is not detected by ITC (Figure 5A), likely because of the very low sigmoidicity of the binding
isotherm at the concentrations used.?*

The binding signatures show that while binding of the first two monomers is exothermic for both molecules, the third
interaction observed for 4 occurs endothermically. Both events are entropically favored. From the spectroscopic
titrations of the two dyads 1 and 2, we know that aggregation of complexed G4s occurs at dyad excess above 3-4,
therefore, both curves were fitted up to a ratio 4:1 of dyad:DNA concentration (Figure 5C,D and Figure S7), showing
substantial agreement with the spectroscopic results. Two dyads bind one DNA molecule with similar affinities for 1 and
for 2. Notably, ITC data indicate an endothermic binding for both titrations, while the entropic term is maintained
positive.

The ITC binding study on hTel45 afforded some important data suggesting binding in the pocket at the G4 interface.
Data in Figure 5E of 3 titrated with hTel45 show two types of different sites occupied by two and four molecules,
respectively, with a maximal stoichiometry of six NDIs per DNA, consistent with the fluorescence titration analysis.
Binding of 3 is enthalpically and entropically driven, with similar thermodynamic parameters for the two DNAs. For 4,
ITC only detects a single binding event with two-three molecules bound per hTel45 unit (Figure 5F), with affinity slightly
lower than observed for fluorescence spectroscopy and negative enthalpy and entropy terms. A second binding event,
observed in the spectroscopic analysis, is not visible in ITC, possibly associated to an adiabatic reaction. For the
homologous dyad 2 (Figure 5G), a first binding event of one molecule per DNA occurs with similar thermodynamic
parameters as the corresponding monomer and is consistently detected both by fluorescence and ITC experiments. A
subsequent binding event of one NDI per DNA, occurring with lower affinity and unfavorable entropic term, is not
consistent with spectroscopic data, which found a 4:1 complex. This may be due to the different concentration ranges
of the two experimental approaches, with fluorescence assays reaching an excess of eight molecules per DNA, instead
of four reached by ITC. For the binding of the dyad 1 to hTel45, ITC detects two binding events with affinities very similar
to what observed in the spectroscopic analysis. The half integer stoichiometry observed for the first binding event under
large DNA excess might be due to dimer formation with one dyad bridging two DNA molecules.®! This effect is not
visible in fluorescence spectroscopy possibly due a much lower excess of DNA.

Comparison of the thermodynamic parameters for hTel22 and hTel45 (Table 3) gives a strong hint on a new binding site
in hTel45. Indeed, binding of 2 and 1 to hTel45 gives enthalpy and entropy values for the site of highest affinity that
strongly differ from the thermodynamic parameters in hTel22 binding. A favorable enthalpic contribution becomes
dominating for 2 and 1 binding to hTel45, while the entropy contribution loses in weight. An energy penalty is possible
as the interaction between the two NDIs needs to be interrupted for complexation, a feature emerging from the
absorption spectra, and may be the origin of unfavorable enthalpy for hTel22 binding. In the case of monomeric ligands
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3 and 4 the observed difference is not relevant or less distinct, respectively, confirming that these molecules bind in
similar sites in hTel22 and hTel45 complexes of low stoichiometry.

Table 3. Thermodynamic data from the ITC study, see Table S3 for concentrations.

Ky (uM) AH (k] mol1) AS (] mol-1K-1) -TAS (k] mol1)
hTel22 + 3 0.23£0.04 -15.1+0.2 +76.4 -22.8
hTel45 + 3 0.030 +0.003 -20.9+0.2 +73.9 -22.0
2.36 £0.01 -149+0.3 +57.7 -17.2
hTel22 + 4 0.11+0.01 -10.2+0.2 +99.0 -29.5
1.07 £0.03 +5.4+ 0.6 +132 -39.5
hTel45 + 4 1.52+0.01 -30%2 +10.7 -3.2
hTel22 + 2 0.26 £ 0.08 +6.5+ 0.2 +148 -44.1
hTel45 + 2 0.16 +£0.02 -35.2+0.6 +11.9 -3.6
2.78 £ 0.02 -34+4 -7.73 +2.3
hTel22 +1 0.52 £0.08 +13.2+0.3 +165 -49.1
hTel45 + 1 0.05+0.04 -16 £10 +86.1 -25.7
0.40 £0.03 -35+4 +5.04 -1.5
Figure 5

Computational Analysis

To rationalize the observed binding of the NDIs 1-4 to multimeric telomeric G4, we set out to obtain structural
information of the complexes using a computational approach. The htel46 dimeric G4 structure obtained through
molecular dynamics simulations by Hu et al.’? was used as the target in this study. First, we identified possible binding
pockets on the dimeric G4 target sequence with stereoelectronic properties suitable to accommodate potential ligands,
using the SiteMap program of the MAESTRO suite. Next, docking calculations were performed in the identified binding
pockets, using the Glide program of the MAESTRO suite. SiteMap identified two potential binding sites (see Figure S8).
The first, and more extended one, was located at the junction between the two G4 monomers, displaying a well-defined
potential pocket at the interface between the two G4 motifs (Figure S8A). This pocket also extends into the groove
presented by one of the two monomeric G4s. The second potential binding site appeared to be located on the surface
of one monomer. Interestingly, the docking runs returned favourable binding poses only for the pocket at the interface
(Figure 6), while no binding pose with favourable docking energy was retrieved for the second binding site.8! The
binding poses for 1 and 2 are shown in Figure 6B and 6A, respectively. Those for NDIs 3 and 4 are depicted in the Supp.
Inf. (Figures S9 and S10). Analysis of the binding poses indicate that the four compounds fit into the pocket. In agreement
with the spectroscopic data, the computational analysis suggests that the binding unit is always the tri-substituted
moiety, for both dyads 1 and 2, which occupies the pocket at the junction between the two G4 domains (See Figures
S11 and S12). The same pocket is occupied by the aromatic moiety of monomeric 3 and 4, albeit with a slightly different
pose (Figures S7 and S10).The monomeric NDIs 3 and 4 productively occupy the pocket with the aromatic substructure
of the molecule involved in hydrophobic and partial stacking interactions, two of the ammonium substituents engaged
in electrostatic interactions with the backbone phosphate groups, and the remaining forming H-bonding interactions
with the carbonyl group of flanking adenines. In the dyads 1 and 2, the nature of these interactions is largely maintained
by the NDI in the pocket. Interestingly, the second unit on the dyads facilitates additional interactions with the DNA
regions flanking the pocket: the ammonium groups engage the phosphate groups of the backbone mainly in
electrostatic interactions, while stacking of the ammonium moiety with nucleotide basis provides additional
stabilization. Importantly, the additional ammonium motif in the asymmetric 1, favors additional binding interactions
of the same type as described above, further strengthening binding.

Figure 6

The docking energy parameters recapitulate this situation, pointing to 1 as the best binder, followed by 2 and finally 4
and 3 (Glide Score shown in Table S5). Considering force field limitation and the simplicity of the model these results
should be considered as a valid means to provide qualitative insights in the G4/ligand molecular recognition motifs. In
our model, the second aromatic unit plays an active role in binding by targeting the region of G4 that is proximal to the
binding pocket. In this framework, substituent groups on this unit modulate affinities by forming additional stabilizing
interactions.



Discussion

To gain deeper insight in the different behavior of NDI monomers and dyads at the biological level, with only the dyads
able to induce a DNA damage response at the telomeric level, we investigated their interaction with a dimeric telomere
G4 as it can afford additional crucial information. The selected sequence hTel45 indeed represents a more complete
model of telomeric DNA as it features the binding site at the interface of the two G4s lacking in hTel22. hTel45 adopts
in K*-rich solution a dimeric hybrid-1/hybrid-2 G4 structure®!, in which we can envisage the presence of a higher
number of binding sites with respect to the hTel22 monomeric G4 model including the binding site at the interface of
the two G4s. The space between the two G4 units consists in a pocket confined by a bridging T22T23A24 sequence and
two lateral loops, one of the hybrid-1 G4 (T10T11A12) and one of the hybrid-2 G4 (T34T35A36). The short sequence
hTel22 adopts a hybrid-1 conformation as main conformer in K*-rich solution® and presents an adenine residue at the
5’ end that can reduce accessibility to one external G tetrad as well as participate in ligand binding. As expected, all
experimental data of the 4 NDIs examined confirm higher stoichiometries for hTel45 complexes compared to hTel22.
Generally, fitting of the spectroscopic data converges with more than one model. Statistical parameters afforded by
Reactlab Equilibria, comparison with global analysis data of the fluorescence decays and comparison with the ITC data
allowed to assign a model affording an overall coherent complexation scheme. We do not see any “doubling” effect in
the number of ligands going from hTel22 to hTel45 neither a situation with “doubling plus one” due to the hypothetical
new binding site at the interface between the two hybrid G4s.

Noticeably, only in the case of binding of the dyads 1 and 2 to the dimeric hTel45, the situation evolves with low excess
of DNA to a single complex with 1:1 stoichiometry, which is indicative of a unique site displaying the highest affinity. In
all other cases, 1-4 with hTel22 and monomeric ligands 3-4 with hTel45, complexes of higher stoichiometry were found
even in the presence of excess DNA. To identify this unique site, we make a close up on other information available
especially for the dyads.

For the homologous dyad 2, we observe significant differences comparing the data for the two DNAs starting from the
different stoichiometry for the complexes with the lowest ligand number. Binding to hTel45 is enthalpy driven while the
binding to hTel22 is entropy driven. In the case of hTel45 unfavorable entropy may result from a strong reduction of the
degrees of freedom of the dyad in the complex while the high enthalpy change likely reflects many interactions between
the dyad and the host. Modeling indeed confirms that the dyad establishes several interactions in the binding pocket at
the interface involving both NDI units thus reducing the degrees of freedom of the dyad. A new lifetime value of 0.75
ns appears with a fractional concentration that closely follows the trend of the 1:1 complex concentration for the global
decay analysis. Single fluorescence decay fit with excess DNA indicates that the dyad in the binding site with 0.75 ns
lifetime has a fractional concentration of 94%, so almost all dyad molecules reside in this site. According to the binding
constants at the end of titration about 80% of the dyads resides in the 1:1 complex the others in the complex with 4:1
stoichiometry. We interpret the new lifetime of 0.75 nsin hTel45 complexes with the dyad being in the pocket between
the G4’'s where we observe one NDI unit involved in stacking with A and the other not according to the modeling study.
We know from literature that electron transfer to an excited fluorophore is less efficient for A than G thus giving a
rationale for the longer 0.75 ns lifetime.?*® Further compelling evidence of the new site at the G4 interface occupied
by the dyad in the hTel45 complex comes from the appearance of an intense induced CD signal in the visible. Induced
CD for non-chiral molecules such as the NDIs studied can derive from the restriction of conformational freedom due to
intermolecular interactions in the complex with the chiral substrate, ie G4, and from the coupling of the transition dipole
moments of the chromophoresin the interacting system: this interaction must induce a specific and preferential mutual
orientation between the interacting molecules, such that the induced CD signals are not canceled out by opposite
contributions of other random orientations. The modeling study and the thermodynamic parameters indicate indeed
that the binding pocket between two G4s offers an environment where both units of the dyad establish several
interactions with the G4 skeleton in a crowded environment composed by the TTA bridging bases and the bases of the
two lateral loops. In such a situation the dyad is blocked keeping the transition dipole moments of the two
chromophores in a specific orientation giving origin to the strong induced ellipticity signal. In the case of the 2:1 complex
of dyad 2 with hTel22 the energy penalty for the disruption of the mutual NDI interaction is not fully compensated by
the establishment of new interactions with the DNA. The favorable entropy can be due either to the dyad being less
rigid in the binding site as a low number of interactions is occurring or an increase in number of conformations of the
complexes. The latter is suggested by CD changes in the UV indicative of the formation of antiparallel complexes
together with the hybrid-1 complexes. In the 2:1 complex of hTel22 about 90% of the dyads occupy two sites with a
short lifetime of 0.3 ns, a value representing the lower instrumental limit. This value indicates quenching is very efficient
and suggests better interaction with the quenching purines, in particular G. Likely the dyads reside in the two regions
formed by the lateral loops flanking the G-tetrads where we can envisage close proximity to G units. The induced CD
signal in hTel22 is almost inexistent and confirms complexation does not block the two NDIs of the dyad in a specific
position as they experience a lower number of interactions with the G4 and more conformational freedom.
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As to the dyad 1 we observe the existence of a 1:1 complex for hTel45 with a significantly higher logK value of 7.11 and
this species is not detected for hTel22 characterized by much lower logK value for the exclusive 2:1 complex. Binding to
hTel22 is only entropy driven while binding to hTel45 is enthalpy and entropy driven. Noticeably, CD VIS acquires
importance only in the hTel45 complex and in shape is similar to the induced CD spectrum of the dyad 2 complexed to
hTel45. These features suggest binding of the dyad in the pocket where the molecule experiences a rigid environment
as suggested by the modeling. However, the two lifetimes of 1.2 and 5.15 ns for excess hTel45 with fractional
concentrations of 0.61 and 0.39 indicate the existence of two sites with similar affinity in the 1:1 complex. Note that at
the end of the titration about 80% of the molecules resides in the 1:1 complex and 20% in the 2:1 complex with hTel45.
The new lifetime of 1.2 ns agrees with the binding features emerging from the modeling study. The tetrasubstituted
unit in the binding pocket at the interface is at a center-to-center distance of 9-10 A from either A or G bases, a distance
compatible with electron transfer and depending further on the orientation of the donor and acceptor in this rigid
environment. As to the second site with the long lifetime, 5.15 ns lifetime in common with hTel22, we hypothesize that
binding of the tri-substituted unit by stacking with a G-tetrad allows the tetra-substituted unit to protrude toward the
grooves thanks to the heptyl linker where major solvent protection can be expected or electron transfer is not allowed
due to unfavorable orientation. A similar situation has been proposed for dyad 1 binding to hTel22 exhibiting a lifetime
of 5.2 ns.'7%! Dyad 1 engages only in a 2:1 complex with hTel22 but we observe three lifetimes corresponding to three
binding sites in the presence of excess DNA with about 90% of the molecules residing in the 2:1 complex. Complex
heterogeneity is also supported by the very negative -TAS value. CD VIS is almost inexistent in the hTel22 complex
confirming dyad flexibility in the hTel22 complexes.

As to the monomeric ligands there is no evolution to a situation with a 1:1 complex, neither for hTel22 nor for hTel45,
and the three lifetimes in the presence of excess DNA confirm heterogeneity in binding sites in the complexes with 2:1
stoichiometry. Likely binding occurs also at the binding pocket not being however a preferential site. Overall, to confirm
and get deeper insight in binding at the interface of two telomeric G4s it was necessary to put together the information
of experimental complementary techniques and modeling. From the study it emerges that the binding pocket indeed
offers an additional binding site to the NDI ligands examined but only in the case of the dyads it becomes a preferential
binding site indicating the importance of the ligand structure. The dyads ability to engage in a 1:1 complex occupying
the pocket at the interface may offer a rationale for their superior performance to induce the cellular DNA damage
response at the telomeric level compared to the monomeric NDIs.[*7!

Conclusions

We investigated NDI monomers and dyads as ligands of a dimeric hybrid-1/hybrid-2 G4 structure of human telomeric
DNA comparing the results with those of the model monomeric hybrid-1 G4. Combination of time-resolved optical
spectroscopic techniques with isothermal titration calorimetry and molecular modeling allowed to obtain new
information on binding in the pocket at the interface of the two telomeric G4s. Time-resolved fluorescence data were
read in the light of needful information on the complexation model and the free and complexed species distribution in
solution. Ligand fluorescence lifetime data as well as induced circular dichroism afforded clues on the occupancy of the
binding site at the interface. Thermodynamic parameters further confirmed the theory as they drastically change for
the dyad complexes of the monomeric and dimeric telomeric G4 with enthalpy becoming the driving factor for binding.
The ligand structure plays a crucial role as only the dyads engage in complexes of the dimeric G4 with 1:1 stoichiometry
establishing multiple interactions with the DNA skeleton at the G4 interface. Further, affinity of the dyads engaging in
1:1 complexes at the junction between the two G4 domains is higher for hTel45 compared to the affinity per binding
site in the hTel22 complexes. Our attempt to rationalize the biological data showing a superior behaviour of the dyads
in inducing telomeric DNA damage response required the comparison of data for the two types of DNA. The approach
presented resulted to be a winning strategy to obtain important information on binding in higher order structures where
NMR and crystallographic data often fail to give the expected output and importantly can be extended to other
multimeric G4s like those present in some oncogene promotors.
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NDI-NDI interaction and NDI-base interaction.
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Figure 1: UV-Vis absorption spectra for titrations of 3 (a, b), 4 (c, d), 2 (e, f) and 1 (g and h) in the

presence of increasing amounts of hTel22 (a, c, e, g) or hTel45 (b, d, f, h) in 0.01 M Phosphate

buffer with 0.1 M KCl of pH 7; 1 cm cuvette.
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Figure 6: Best poses from docking analysis. Two different views are shown. The ligands are shown in
sticks. The carbon atoms of the ligand are depicted in orange: A) and B) dyad 2; C) and D) dyad 1,
both on hTel46.
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Global analysis of multiwavelength spectroscopic titration data:

The Reactlab™ Equilibria procedure is based on singular value decomposition (SVD) and nonlinear regression modelling
by the Levenberg-Marquardt method. A matrix is created in Excel with all complete absorption or fluorescence spectra,
and each spectrum is assigned to a specific DNA concentration of the titration. The file is launched from the ReactLab™
Equilibria application. Further parameters introduced before launching the optimization procedure are the ligand
concentration, a binding model, and approximate binding constants. While all species of this study are endowed with
absorption signals, the presence or not of fluorescence of the various species is further indicated. The analysis proceeds
optimizing the single binding constants as well as the spectra of the single species. It eventually affords upon
convergence the final binding constants together with the individual spectra of the complexes. The calculated
fluorescence spectra were used to estimate the fluorescence quantum yields of the complexes. The software allows
comparison of experimental data and calculated values at single wavelengths to evaluate goodness of the fit (See file
SI_2 for examples from the fluorescence titrations). Further statistical outputs include standard deviations for each
fitted parameter as well as sum-of-squares and standard deviation for the residuals.

Table S1. Photophysical data of NDIs 1-4 in 10 mM Na* Phosphate buffer of pH 7. We recall that molar absorption coefficients
of the dyads are much lower compared to those of the monomers due to strong chromophore electronic interactions and the
same holds for the fluorescence quantum yields.

NDI Absorption Fluorescence
Ay (NM) €, (Mtecm™) ®.x10? 7 (ns)
1 642 7500 0.1 4.0
2 519 13100 0.8 3.2;9.20
3 522 9500 15 5.6 [
4 616 11000 12 4.4 2d

[a] Excitation at 637 nm and fluorescence measured at 680 nm. [b] Excitation at 465 nm and fluorescence measured at
610 nm. [c] Lifetime of 5.5 ns and 10.5 ns in pure H,0 and D, 0, respectively. [d] Lifetime of 4.5 ns and 14.5 ns in pure

H,0 and D,0, respectively.



Figure S1: Plots of single absorbance and normalized fluorescence intensity values at selected wavelengths as a function
of the ratio [DNA] / [ligand] for all titrations. [DNA] concentration refers to total DNA concentration.
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Figure S2. UV-Vis circular dichroism spectra for titrations of 3 (a, b), 4 (c, d), 2 (e, f) and 1 (g and h) in the presence of
increasing amounts of hTel22 (g, c, e, g) or hTel45 (b, d, f, h). Below figures S1 a-h we show the spectra of the hTel22
and hTel45 in the K* rich buffer used for titrations.
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Figure S3. Visible CD spectra for titrations of 3 (a, b), and 4 (c, d), in the presence of increasing amounts of hTel22 (a, c)
or hTel45 (b, d); 2 cm cuvette.
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Figure S4 a-h. Plots of species concentration vs. total DNA concentrations for the best binding models using the binding
constants reported in Table 3. Figure S4 i: fluorescence spectra for titration of 1 with hTel45 exciting at 490 nm.
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Table S2. Fluorescence quantum yield, @, for the free molecules (1-4), in buffer of pH 7 and relative fluorescence
yields (@ x €), of ligands and their emissive complexes, obtained integrating the area of the calculated fluorescence
spectra shown in figure S4 . In Ref. 26 and 34 we reported the quantum yields of the free molecules.

o D, xg
3 0.15
hTel22 2:1 3:1
hTel45 3:1 6:1
4 0.12
hTel22 4 2:1 3:1
2.3E13 1.8E13 5.3E12
hTel45 4 2:1 4:1
2.4E13 2.8E13 2.7E11
2 0.008
hTel22 2 2:1
4.3E13 4.2E12
hTel45 2 1:1 4:1
1.2E13 1.3E12 4E11
1 0.001
hTel22 1 2:1
5.6E11 5.1E13
hTel45 1 1:1 2:1 4:1
2.3E12 7.7E13 1.7e14 2.2E13




Figure S5: Fluorescence spectra of the various species calculated with the binding constants reported in table 3. The

software Reactlab gives an output representing the product ® x &.
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Table S3. Concentrations for ITC experiments

NDI

3 Control
hTel22
hTel45

4 Control
hTel22
hTel45

2 Control
hTel22
hTel45

1 Control
hTel22
hTel45

[DNA] / pM
10 uM
5uM

10 uM
5uM

10 uM
5uM

10 uM
5uM

[NDI] / um
340 uM
340 uM
340 uM
160 uM
200 uMm
120 uM
100 uM
216 uM
100 pMm
125 uM
230 uM
126 uM

Figure S6. Heat of dilution obtained from titration of NDI molecules over buffer using ITC. The experiments
were performed at the same concentrations of NDI used in the experiments in Figure 5. Raw data are
reported in plots with the same y-axis ranges as used in Figure 5, for a comparison with the binding

titrations over DNA.
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Figure S7. ITC data for hTel22 and 1-2 reaching high ligand/DNA molar ratios:
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From the spectroscopic titrations of the two dyads, we know that aggregation of complexed G4s occurs at dyad excess
above 3-4. Fit of the complete binding isotherms up to dyad excess reaching a concentration ratio dyad:hTel22 of 10:1
and 5:1 for 2 (Figure S3A) and 1 (Figure S3B) respectively, provided binding parameters (Table S3) incompatible with the
data obtained from the fluorescence analysis, with very high affinity constants. These constants, also very different from
the ones obtained for the binding of the monomer to the same DNA molecule, probably reflected the observed G4
aggregation. Therefore, to eliminate artifacts due to this phenomenon, both curves were fitted up to a ratio 4:1 of

dyad:DNA concentration.

Table S4. Binding parameters of the analysis of the ITC experiments of the dyads 1 and 2 with hTel22 exploring the total

DNA range.
N LogK K (UM) AH (kJ mol?) AS (J molK?Y)
hTEL22 +2 2.66 +0.01 7.52 £0.01 0.030 + 0.001 -16.1£0.3 +90.0
3.23+0.02 5.74 +0.002 1.80£0.01 -25.2+0.3 +25.4
hTEL22 +1 1.52 +0.05 8.10 +0.04 0.008 + 0.001 -9.2+0.5 +124
3.18+0.01 6.3+0.3 0.4+0.3 -26.2+0.4 +34.6
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Figure S8. The two potential binding pockets identified by SiteMap program; A) junction binding pocket, B) external
binding pocket. The htel46 dimeric G4 structure obtained through molecular dynamics simulations by Hu et al. was used
(See ref. 12 of the main paper).
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Figure S9. Best binding pose of 3 with hTel46 model.
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Figure S10. Best binding pose of 4 with hTel46 model.
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Figure S11. Best binding pose of 2 with hTel46 model.
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Figure S12. Best binding pose of 1 with hTel46 model.

Table S5. Docking Score (Glide Score) of NDlIs.

1 2 3 4

Glide Score -14.04 -12.61 -11.87 -11.21
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NDI = NXH(CH2);NHX

Binding of naphthalenediimide (NDI) dyads at the interface of contiguous telomeric G-quadruplexes (G4) in hTel45 is revealed by
synergically combining time-resolved fluorescence, induced circular dichroism and isothermal titration calorimetry and further
rationalized with modeling data. In the absence of NMR and crystallographic data the approach used afforded new information that
can help to rationalize the biological behavior of these ligands.
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