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Abstract

We present here a combined spectroscopic and theoretical analysis of the binding of N,N’-bis(2-(1-
piperazino)ethyl)-3,4,9,10-perylenetetracarboxylic acid diimide dichloride (PZPERY) to different
biosubstrates. Absorbance titrations and circular dichroism experiments, melting studies and
isothermal calorimetry (ITC) titrations reveal a picture where the binding to natural double-stranded
DNA is very different from that to double and triple-stranded RNAs (poly(A)-poly(U) and
poly(U)-poly(A)Cpoly(U)). As confirmed also by the structural and energetic details clarified by
density functional theory (DFT) calculations, intercalation occurs for DNA, with a process driven by
the combination of aggregates disruption and monomers intercalation. Oppositely, for RNAs, no
intercalation but groove binding with the formation of supramolecular aggregates is observed.
Among all the tested biosubstrates, the affinity of PZPERY towards DNA G-quadruplexes (G4) is the
greatest one with a preference for human telomeric G4s. Focusing on hybrid G4 forms, either sitting-
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atop (“tetrad-parallel”) or lateral (“groove-parallel”) binding modes were considered in the
discussion of the experimental results and molecular dynamics (MD) simulations. Both turned out
to be possible concurrently, in agreement also with the experimental binding stoichiometries higher

than 2:1.
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1. Introduction

Perylene diimides (PDIs) derivatives are aromatic dyes which show intense visible light absorption,
excellent photostability and high quantum yields. The low reduction potential of PDIs [1] makes
them electron acceptors and semiconductors in photoinduced charge transfer reactions; that’s why
they are studied for applications in the fields of energy storage and photovoltaics [2],[3],
luminescent solar concentrators [4], OLEDs [5], nano-scale electronic components [6] and nano-
sensors [7]. PDIs undergo auto-aggregation, and the aggregates show interesting new photophysical
properties arising from m-1t coupling [8],[9],[10]. The absorbance and emission features of PDIs can
be used for sensing purposes [11],[12],[13],[14]. From the biochemical point of view, PDIs can
interact with double-stranded DNA (dsDNA) both by the formation of extended aggregates on the
external DNA backbone [15] or by intercalating between the DNA base pairs [16]. Small molecular
size and the strong polarity of hydrophilic substituents are prerequisites for PDI-based DNA
intercalators [17]. As from the sensing point of view, PDIl-engineered DNA strands may undergo
rapid electron transfer reactions that could serve as a signal reporter for fluorescent nucleic acid
detection [18]. Also, Biotin-PDI molecules were found to be an effective method for fishing G-
guadruplex (G4) structures using streptavidin coated magnetic beads [19]. PDIs derivatives might
have anti-tumour properties, as they were found to be involved in the inhibition of the telomerase
activity by stabilizing DNA-G4s [20]. For instance, the landmark N,N’-bis-(2-(1-piperidino)ethyl)-
3,4,9,10-perylene tetracarboxylic acid diimide (PIPER) and derivatives were proposed to be
promising G4 binders with a selectivity over dsDNA which depends on pH and on self-aggregation
tendency [21],[22]. N,N’-bis-{4-[1-ox0-6-biotinamidohexyl]piperidin-4-yl}-1,6,7,12-tetrakis[3,5-
bis(hydroxycarbonyl)phenoxy]-perylene-3,4,9,10-tetracarboxylic diimide was found to interact with
G4 structures with high selectivity, as no affinity towards double helix DNA was displayed [19]. PDI
derivatives have been found to promote the formation of G4s from oligonucleotides [23],[24] and
even to shift G4 conformation from one to another [25]; in these studies it is also shown that the
electrostatic interactions of the side chains with the grooves play a role in selecting the G4 topology
and producing a different ability to inhibit telomerase. The role of different PDI side-chains in the
G4 binding process was further characterised [26],[27],[28]. Positive charges emerged to be
significantly involved in the G4 stabilization as the PDI bearing positively charged substituents was
found to inhibit the telomerase activity to a greater extent with respect to the neutral equivalents
[29]. Also, the distance between the charged nitrogen atoms in the side-chains and the aromatic
moiety of PDI is known to be an important parameter, in particular, to optimize the interactions
with the negatively charged sugar-phosphate backbone. This evidence is in agreement with the
binding model proposed by Hurley and co-workers, according to whom planar ligands are generally
stacked on the terminal G-tetrad of the quadruplex [30]. This is shown also in papers concerning PDI
derivatives [31]. However, the G-tetrad may also be hindered, and different conformations will drive
formation of adducts with different geometries and ligand/DNA binding stoichiometries larger than
1:1 [25]. On the whole, PDI’s structure/behaviour relationships are not always fully explored and
mechanistic insights into the direct interaction with biosubstrates are not always available.

A robust knowledge of the details of the molecular interactions could be very important to develop
new efficient therapeutic agents and sensors [32]. In this study, we combined spectroscopic and

theoretical investigations to understand PDI derivative binding to nucleic acids. To the best of our
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knowledge, just a few examples of MD simulations for G4 binding are reported in the literature
[19],[33],[25] whereas no DFT calculation on DNA/PDI derivatives is reported at all. As for MD
simulations, the PDB entries used often refer to parallel or anti-parallel G4 structures with inner G-
tetrad accessibility [34],[35]; as this accessibility may not always be ensured in real/hybrid systems
it might be interesting to check what happens in the case of more hindered conformations. The
binding to double helix RNA is scarcely investigated [36],[37], while information on the binding to
triple helix RNA is missing at all; data on intercalation are often based on qualitative approaches
[17],[16] and the same may hold sometimes for G4 binding studies where the spectroscopic results
are not quantitatively discussed [28]. On this basis, and given the still high and even increasing
interest for cutting-edge applications of these systems [12],[38], we think there is room for a
combined spectroscopic/computational investigation, to provide binding details of a PDI compound
to poly- and oligonucleotides. On this basis, the water soluble N,N’-bis(2-(1-piperazino)ethyl)-
3,4,9,10-perylenetetracarboxylic acid diimide dichloride (PZPERY, Figure 1) is here tested to get
information on the mechanistic aspects of its binding to double-stranded DNA, G4 DNAs and RNA
both in double and triple helix forms.
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Figure 1. Molecular structure of N,N’-bis(2-(1-piperazino)ethyl)-3,4,9,10-perylenetetracarboxylic acid
diimide dichloride (PZPERY).

2. Materials and Methods
2.1 Materials For the synthesis of N,N’-bis(2-(1-piperazinyl)ethyl)-3,4,9,10-
perylenetetracarboxylic acid diimide dichloride (PZPERY) please refer to refs. [7] and [39]; some
details are also provided in the Supporting Information.  PZPERY peripheral chains are composed
by piperazine rings (first pKa = 9.1 — 9.2 for alkyl piperazines [40]), that are considered fully charged
in the selected physiological conditions. Stock solutions of PZPERY were prepared by weight directly
in the aqueous buffer needed (see below) and kept at 4°C in the dark. Calf thymus DNA (lyophilised
sodium salt from Sigma-Aldrich, from now on ct-DNA) was dissolved in water and sonicated,
producing short polynucleotide fragments (ca. 500 base pairs) [41]. The sonication procedure used
a MSE-Sonyprep sonicator and 7 cycles of 10 s sonication + 20 s pause at 14 um amplitude; each
sonicated aliquot (8 mL) was kept in ice bath and the final strand length was checked by agarose
electrophoresis using a 100 bp DNA ladder. Then, small stock ct-DNA aliquots (1.5 mL vial) were
frozen and melted just before use. Stock solutions of ct-DNA were standardized
spectrophotometrically (€ = 13200 M*cm™ at 260 nm, | = 0.10 M, pH = 7.0 [42]); concentrations of
ct-DNA are expressed in molarity of base pairs. Polyriboadenylic-polyribourydylic (poly(A)-poly(U))
and polyribouridylic (poly(U)) acids were purchased from Sigma as potassium salts and the stock
solutions were prepared by dissolving suitable amounts of the solid in water. The standardization



of the synthetic RNA stock solutions was attained spectrophotometrically (€ = 14900 M-1cm at 260
nm for poly(A)-poly(U) and € = 8900 M-lcm™ at 260 nm for polyU, at | = 0.1 M, pH = 7.0 [43]).
Poly(U)-poly(A)Cpoly(U) was obtained at pH = 7.0 by the quantitative reaction between equimolar
amounts of poly(U) and poly(A)-poly(U) [44]. The analytical concentration of poly(U), poly(A)-poly(U)
and poly(U)-poly(A)poly(U) are expressed in molarity of single bases, base pairs and base triplets
respectively and indicated as Cy, Cay and Cyay respectively. For polynucleotides, the measurements
were performed at 0.1 M NaCl and sodium cacodylate (NaCac) 2.5 mM (pH = 7.0 buffer). The dried
DNA oligonucleotide Tel23 (hybrid) was purchased from Metabion. Its stock solution was prepared
in an aqueous buffer containing 0.1 M KCI, 2.5 mM LiCac (lithium cacodylate, (CH3),AsO,Li) at pH =
7.0. The molar concentration (in strands) is calculated according to the weight/content provided by
the sample certificate. The formation of the G-quadruplex (G4) structure was carried out by heating
the solution up to 90°C for 6 min and slowly cooling down to room temperature. Doubly labelled
oligonucleotides (fluorescein amidite FAM as 5’-donor and carboxytetramethylrhodamine TAMRA
as 3’-acceptor, purchased from Eurogentec as dried samples) were prepared as 100 uM stock
solutions in MilliQ water. 0.25 uM stock solutions were annealed in 10 mM KCl + 90 mM LiCl + 10
mM LiCac, pH 7.4, in order to obtain working solutions 0.2 uM. The oligonucleotides’ types and
sequences are listed in Table 1. Ultra-pure grade water from a SARTORIUS Arium-pro water
purification system was used as the reaction medium. All reactants not specifically mentioned were
analytical grade and were used without further purifications.

Table 1. Biological role and sequences of the oligonucleotides used (lower part of the table refers to the
tagged oligos with F = FAM and Ta = TAMRA fluorescent labels).

Name G4 Type/origin Tetrads Sequence (5’ to 3’)
Tel23 hybrid DNA human telomere 3 TAGGGTTAGGGTTAGGGTTAGGG

3 F-TATAGCTAT-hexaethyleneglycol-
TATAGCTATA-Ta

F-GGGTTAGGGTTAGGGTTAGGG-Ta
F-GGGUUAGGGUUAGGGUUAGGG-Ta
F-AAGGGTGGGTGTAAGTGTGGGTGGGT-Ta
F-GGGCTAGGGCTAGGGCTAGGG-Ta
F-GGTTGGTGTGGTTGG-Ta
F-GGTTAGGTTAGGTTAGG-Ta

dx DNA intramolecular duplex

Tel21 hybrid DNA human telomere
RTel21 parallel RNA human telomere
CEB25  parallel DNA minisatellites

CTA21  antiparallel DNA human telomere
TBA antiparallel DNA aptamer

BOM17 antiparallel DNA bombyx telomere

2.2 Experimental methods The spectrophotometer is a UV-2450 from Shimadzu equipped a
temperature control to within £ 0.1°C. In the titrations, increasing amounts of the titrant are added
directly in the cuvette. The precise and accurate addition of small volumes of titrant is done owing
to a glass syringe connected to a micrometric screw (Mitutoyo, 1 turn = 8.20 pL). In the ethidium
exchange experiments (EtBr, Sigma, € = 5700 M-1cm™ at 480 nm), ct-DNA is first saturated with EtBr
producing the fluorescence emission signal typical of the intercalated probe (Aex = 520 Nnm, Aem =
595 nm); then, the molecule to be tested is added to the EtBr/ct-DNA mixture and a strong
fluorescence decrease is taken as the proof of EtBr displacement by the intercalating species [45].

Circular dichroism (CD) spectra are recorded on a MOS-450 spectrophotometer (Bio-Logic SAS, Claix,
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France) at 25.0 °C in a 1.0 cm cell. A buffer baseline is collected and subtracted from the sample
spectra. The ITC experiments are performed with a Nano ITC (TA Instruments, Newcastle, USA).
Working solutions are degassed for 30 min in a degassing station (TA, Waters LLC, New Castle, USA)
to avoid the formation of bubbles during the titrations. The dye is injected (25 injections of 2.02 L)
directly into the calorimetric cell (187 uL) containing the polynucleotide solution in the buffer. The
stirring speed is maintained constant at 250 rpm. For all ITC experiments, the contribution of the
heat dilution of PZPERY is measured and subtracted from the titration data. The resulting
thermograms (integrated area of the peak/mole of injectant versus [dye]/[polynucleotide] ratio) are
treated with a model equation for an independent mode of binding using the Nano Analyze
Software (TA Instruments, New Castle, USA). Fluorescence resonance energy transfer (FRET) melting
experiments on G4s are carried out with a 7500 Real Time PCR System (Applied Biosystems). FAM
fluorescence (Aeyc = 492 nm, Aoy, = 516 nm) is recorded from 25°C to 95°C every 0.4°C at 1°C/min
melting rate. 8-well optical tube strips are filled with 25 puL each well (20 uL G4 + 5 uL PZPERY).
Normalised FAM fluorescence is plotted against temperature and the sigmoidal fit of the results
provided the melting temperature (T,,) as the inflexion point of the curve. The difference between
the T,, of PZPERY+G4 and the T,, of G4 represents the AT,, value. H,O was used as the negative
control.

2.3 Computational methods - QM calculations All quantum mechanical calculations were
performed by using the Gaussian 16 package [46]. In order to build the intercalated model, we
started from the solution structure of another intercalated DNA, i.e. the NMR-derived structure of
a DNA fragment intercalated with Thiazole Orange (PDB: 108D) [47]. Both PZPERY and the DNA
fragments constituting the pockets were treated at the QM level. The models used in the
calculations represent: (i) a single molecule of PZPERY in water solution (ii) a system where PZPERY
is placed in the intercalation pocket of DNA [48]. All geometry optimizations were performed with
PZPERY free to move. In the case of the intercalated system, all the DNA atoms were kept fixed. The
Integral Equation Formalism (IEF) version [49] of the Polarizable Continuum Model (PCM) [50] was
used to describe the solvent (water) both in the ground and in the excited state. PCM cavities were
described as a series of interlocking spheres centred on atoms with universal force field (UFF) radii
multiplied by a cavity size factor of 1.2. In the case of the intercalation pocket, a cavity size factor of
1.9 was used in order to fill the space between the base pairs in the double stranded DNA helix.
Both absorption and emission energies in the PCM solvent were obtained within the corrected linear
response (cLR) scheme [51]. Twenty starting structures were built for the intercalated system. These
structures were screened through a preliminary optimization in vacuo at the PM6 semiempirical
level. After removing redundant minima, the remaining structures were reoptimized at the B3LYP/6-
31G(d) level of theory with the D3 dispersion corrections [52],[53]. The lowest-energy minimum was
then chosen for the excited-state calculations. This procedure is used to remove the bias coming
from the initial structure in determining the energy minimum [54]. The excited state geometries
and the absorption and emission energies were calculated with the CAM-B3LYP functional and the
6-31+G(d) basis set. In the case of the intercalated system, the excited state optimizations were
performed with the CAM-B3LYP functional using the 6-31+G(d) basis set to describe PZPERY and the
6-31G basis set for the DNA structure. Natural Transition Orbitals [55] (NTO) were calculated in order
to analyse the nature of the transitions. The absorption line-shape of PZPERY and perylene diimide
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was computed in the linear vibronic coupling approximation. A normal-mode analysis of PZPERY in
vacuo was performed at the B3LYP/6-31G(d) level, followed by a gradient calculation for the excited
state at the CAM-B3LYP/6-31G(d) level. The excited-state gradient was projected onto the normal
modes to finally obtain the Huang-Rhys factors. The latter were used to finally compute the
absorption line-shape in the second-order cumulant expansion formalism [56].

2.4 Computational methods — MD simulations The structure of the Tel23 G-quadruplex
in K*/water solution was obtained from the Protein Data Bank (PDB), with PDB id 2JPZ. In detail, the
first, the second and the last residues of the G4 chain of the PDB file (a 26-mer hybrid) were removed
and two K* atoms were added between the tetrads by using the Maestro software (Maestro, version
10.2, Schroédinger, LLC, New York, NY, 2015), in order to generate the same Tel23 sequence of the
experimental studies. The starting molecular structure of PZPERY was obtained by full geometry
optimization through DFT calculations, as reported above. The starting structures of the
PZPERY/Tel23 system were obtained by docking the ligand on the G4 host with the DOCK6 software
[57]. Spheres within a radius of 0.14 — 0.4 nm were used to define the binding site into a 1.2 nm
large box. The grid-based score depends on the non-bonded terms of the molecular mechanics force
field. The ligand charge for the docking was calculated using the AM1-BCC method. For MD
simulations, GAFF parameters were used for PZPERY, and the corresponding atom-types were
assigned with the ACPYPE software (AnteChamber PYthon Parser interfacE) [58],[59]. The
Amber99SB force field ParmBSC1 nucleic acid parameters were used for the G4 model [60]. Atomic
partial charges of PZPERY were obtained as RESP charges by Hartree-Fock (HF/6-31G(d)) calculations
and using the Antechamber package. A triclinic box (1.0 nm depth on each side) of TIP3P water was
generated around the PZPERY/Tel23 system, for a total of about 5500 solvent molecules; 39 K* ions
and 17 CI- ions were added to neutralize the negative charges of the G4 sugar-phosphate backbone
and to set the solution ionic strength to approximately 0.15 M. Explicit solvent MD simulations for
the PZPERY/G4 system were performed by using the Gromacs 5.0.4 software package [61],[62], at
300 K in the canonical NPT ensemble (whose number of particles (N), pressure (P) and temperature
(T) are constant), under control of a velocity-rescaling thermostat [63]. The particle Mesh-Ewald
method was used to describe long-range interactions [64]. Preliminary energy minimizations were
run for 5000 steps with the steepest descent algorithm, followed by a 500 ps equilibration step, in
which solute was harmonically restrained with a force constant of 1000 kJ/mol-nm?, gradually
relaxed in five consecutive steps of 100 ps each, to 500, 200, 100 and 50 kJ/mol-nmZ2. The final
production run of 100 ns (200 ns for binding site Il) was performed without restraints. Root Mean
Square Deviation (RMSD) plots were used to assess the stability of the G4 model and of the binding
site. Clustering analysis was performed with the g-cluster tool to determine the most recurrent
structures at equilibrium.

Binding energy calculations were performed with the MM/GBSA and MM/PBSA methods, which
combine MM potentials with Generalized Born (GB) or Poisson-Boltzmann (PB) continuum
calculations with surface area (SA) terms to compute energies of the complex, the ligand, and the
DNA [65],[66],[67]. These calculations were performed with the MMPBSA.py [68] interface of
AmberTools 18 [69]. For MM/GBSA calculations, we used the GB model by Onufriev et al. [70]
(option igb = 5 in Amber) in combination with the modified Bondi radii. We did not compute the
entropic term of the interaction; therefore we will refer to the results as “binding enthalpies”. The

6



MM/PB(GB)SA calculations were performed on 600 frames extracted from the last 50 ns of each
trajectory.

3. Results and discussion

3.1 PZPERY preliminary solution tests Before any subsequent test, the solution properties of
PZPERY at physiological conditions (NaCl 0.1 M, NaCac 2.5 mM, pH 7.0) were measured. Absorbance
spectra at different dye concentrations were recorded (Figure S1A — Supporting Information). Upon
increasing concentrations, the absorbance profile changes and the absorbance ratio plots against
Crzpery @re not constant (Figure S1B). The well resolved shape with three peaks typical of PDIs
monomers is never observed, in agreement with the presence of auto-aggregation phenomena
[71],172],173],[74][75]; this behaviour is indicative of the formation of superimposed aggregates of
the H-type [1],[76]. Aggregation was not observed by Isothermal Titration Calorimetry with 3.0 and
1.0 mM of PZPERY in the syringe. It may occur that the PZPERY self-aggregation features do not
enable the calorimetric study [77].

3.2 Spectrophotometric and circular dichroism experiments Starting from the binding
to polynucleotides, Figure 2 shows the absorbance spectra recorded during a spectrophotometric
titration where known amounts of ct-DNA were added to a PZPERY solution.

0.25A | FI/'\ AY T T T T T
0.20+ 1 s 10
< 0.15- . =
. . 0.51
0.10- 1
. N
0.05- T\ ] g 0.0 5
O-OOA--/';T T T ‘.‘x.""‘ 4- 54 T T T T T
400 450 500 550 600 650 0 1 2 3 “ 4 5 6
A (nm) Cona (107 M)

Figure 2. (A) Spectrophotometric titration of PZPERY/ct-DNA and (B) relevant binding isotherm at A =550 nm;
Crzpery = 1.16x10° M, Cpna from O (solid black line) to 5.57x10* M (dotted line), 37.0 °C, NaCl 0.1 M, NaCac
2.5 mM, pH 7.0. The spectrum corresponding to the minimum of the binding isotherm is evidenced as dashed
line.

The spectral behaviour is biphasic and suggests that different binding features may apply to the two
phases of the titration, namely in the presence of different reactants concentrations. The first phase
(very first points of the titration) shows a signal decrease. It corresponds to dye excess conditions
(high dye/DNA ratio). Such biphasic binding isotherms are non-rarely found for other systems also,
and the first phase is explained on the basis of dye-dye interactions on the DNA surface [78][79].
PZPERY, which is already prone to aggregate when alone in solution, will be attracted by the
(negatively charged) DNA backbone and produce a locally high concentration of molecules.
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Therefore, the dye will even more aggregate on the DNA surface, likely favouring some cooperative
external binding over monomer intercalation. This cooperative external binding is not likely to occur
in some real system where the drug/probe ratio is low. In the second phase, the ct-DNA content
increases, and the dye would dilute itself over a high quantity of polynucleotide’s binding sites.
Under these circumstances, aggregates break and the monomer can bind to DNA. This monomer
binding process is the more interesting and probable from a biochemical point of view, and is that
on which we focus. The loss of aggregation is confirmed by the rise of well resolved bands, peaked
at ca. 485, 510 and 550 nm, which very much resemble the spectrum of PDI monomers (see below
theoretical calculations and [1],[71][72]). The second branch of titration, where Cpna/Cpzpery > 1, Can
thus be fitted according to Eq. (1) to yield an estimate of the apparent binding constant of the
monomer (K,pp). It can be demonstrated that this procedure enables the good representation of the
binding features even in the presence of auto-aggregation processes [79].

AA/CPZPERY = (KappAE[DNA])/(1+Kapp[DNA]) +k (1)

In this equation, AA = A - €pzperyCrzpery is the amplitude of the binding isotherm, Ae = €pzpery/ona -
€pzpery IS the difference of the molar extinction coefficients between bound and unbound forms, [P]
is the free DNA, and k is an offset. In the first step, [DNA] = Cpna (total ct-DNA molar concentration)
is set to obtain a first K,,, estimation which is used to re-calculate [DNA] = Cpna - [PZPERY/DNA]. The
procedure is repeated until convergence is reached. We obtain K,p, = (2.8 £ 0.9)x10% M* at 37.0°C.
The titration is repeated at different temperatures. No significant dependence of K,,, on
temperature is observed (Figure S2), likely due to some enthalpy compensation between
endothermic dis-aggregation and exothermic DNA binding processes. Figure S3 shows that the
interaction is favoured at lower ionic strength (steeper second branch) in agreement with the
electrostatic attraction between the DNA phosphate groups and the positive PZPERY. These
experiments also evidence changes in the absorbance shape of PZPERY at different salt content
which confirm the different extent of auto-aggregated forms. lonic strength increase is known to
promote PDI’s intermolecular interactions [25]: in agreement with previous observations, the
absorbance profile is less resolved at NaCl 1.0 M + NaCac 2.5 mM with respect to NaCac 2.5 mM
only. The binding to RNAs is different with respect to ct-DNA, both for poly(A)-poly(U) duplex and
poly(U)-poly(A)Lpoly(U) triplex which behave in a similar way. Under the same experimental
conditions, the signal change upon binding is still evident but much more limited and the second
branch of the titration cannot reach a curvature (Figure S4). Therefore, K, could not be robustly
evaluated for RNAs. Circular Dichroism (CD) titrations confirm the different behaviour of double-
helix DNA vs. double- and triple-helix RNA (Figure 3).
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Figure 3. CD spectra of (A) PZPERY/ct-DNA (Cpna = 7.00x10> M, Cpzpery from 0 (no ICD signal) to 6.97x10° M
(dashed line)); (B) PZPERY/polyA-polyU (Cay = 4.03x10° M, Cpzpery from 0 to 4.03x10°> M); (C)
PZPERY/poly(U)-poly(A)dpoly(U) (Cyay = 6.50%105 M, Cpzpery from O to 8.03x105 M). NaCl 0.1 M, NaCac 2.5
mM, pH 7.0, 25.0°C. Arrows underline the changes occurring upon increasing PZPERY content.

The addition of increasing amounts of PZPERY to a ct-DNA solution provides a strong negative
induced signal (ICD) in the visible part of the spectrum and a significant distortion of the CD bands
of the DNA base pairs in the UV-range, suggesting intercalation of PZPERY into the polynucleotide
[80]. Intercalation of a dye does not always generate an ICD band (in particular if the species does
not have strong absorption bands in the visible range). However, the born of a strong ICD band
means that the binding process induces a highly ordered geometry for the dye, obtained thanks to
the coupling with the DNA template. The analysis of the sign and amplitude of the ICD band may
confirm that this high order-inducing process is intercalation. The amplitude of the ICD signal
corresponds to Ae. The maximum numerical value of Ae can be calculated at the maximum ICD (508
nm) using the relationships [0] = 8/(Cpona*10) and Ae = 6/(32980xCpyaxb) = [0]/3298, being O the
ellipticity read, [6] the molar ellipticity and b the path length (equal to 1 cm) [81]. We have here that
[6] =-2.52x10* mdeg and, thus, Ae = -7.7 M-lcm1, which is compatible with an intercalative process
(|Ag| < 10 M1cm [80]). The ICD signature is very different in the case of RNAs: isodichroic points
(absent for DNA) are present and an evident degenerate exciton coupling appears. An analogous
behaviour has been previously observed in the few studies on other PDIs binding to double stranded
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RNA [36],[37]. Here, the induced (ICD) positive and negative bands point out groove binding as
PZPERY/RNA binding mode for both duplex and triplex RNAs. The UV bands reveal that the
conformational changes induced in the polynucleotide structure by PZPERY are too profound to
arise from a simple external binding. The UV signals are more difficult to analyse as they reflect the
sum of the changes coming from the polynucleotide and those from the UV-part of the ICD signal of
the dye. Still, in the case of ct-DNA, the molar ellipticity is found to increase, which is opposite to
what found in the case of RNAs. A significant bathochromic shift in the band at around 270 nm is
observed for all three systems (ct-DNA 13 nm > poly(A)-poly(U) 8 nm > poly(U)-poly(A)Cpoly(U) 5
nm); this shift is higher in the case of ct-DNA, in agreement with the higher distortion produced by
intercalation. Note that blank tests confirmed no ICD/background signal for PZPERY alone in buffer
(Figure S5). PZPERY intercalation into ct-DNA is confirmed also by ethidium (EtBr) displacements
assays (Figure S6). PZPERY addition to the probe-saturated nucleic acid produces a dramatic
decrease of the light emission due to intercalated EtBr indicating that an exchange reaction takes
place and that the studied PDI substitutes the other dye from its location in the intercalation pocket.
To compare the affinity towards G4s against polynucleotides and evaluate possible selectivity rules,
we performed absorbance titrations with the Tel23 oligonucleotide at different temperatures
(Figure 4) (see below at FRET studies the reason for the choice of this particular sequence). The
relevance of the spectral changes immediately suggests a strong affinity for Tel23: the bands of the
bound species are similar but much more prominent than in the DNA/RNAs cases.
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Figure 4. (A) Spectrophotometric titration of PZPERY/Tel23 (Cpzpery = 6.51%10° M, Crepp3 from O (solid black
line) to 2.04x10> M (dotted line), KCI 0.1 M, LiCac 2.5 mM, pH 7.0, 37.0°C) and (B) binding isotherms at
different temperatures (A = 550 nm). The spectrum corresponding to the minimum of the binding isotherm
is evidenced as dashed line.

Over the whole analysed temperature range, the binding isotherms show the steep shape that is
indicative of a quantitative reaction. This result agrees with the high selectivity shown for some PDlIs
for G4 structures [19]. The slope change occurs at n = Cpzpery/Creizz from 2 to 3, suggesting complex
formation with stoichiometries higher than one.

CD titrations where increasing amounts of PZPERY are added to the G4 showed the born of a positive
ICD band (Figure 5). This behaviour occurs only in the presence of dyes monomers bound on the
lateral surface; oppositely, sitting atop positions would reflect in no ICD [82] whereas dye-dye

interactions on the G4 would produce a bisignate ICD [25].
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Figure 5. CD spectra of PZPERY/G4 (Cye = 2.70x10® M, Cpzpery from 0 (no ICD signal, solid line) to 1.39x10°> M
(dashed line)); KCl 0.1 M, LiCac 2.5 mM, pH 7.0, 25.0°C. Arrows underline the changes occurring upon
increasing PZPERY content.

3.3 Isothermal Titration Calorimetry (ITC) experiments The ITC experiments enable the
determination of the thermodynamic parameters for the binding. The ITC profiles for ct-DNA, RNAs
and Tel23 are very different (Figure 6). For ct-DNA and RNAs there is a specific binding process
accompanied by non-specific binding processes that could be related to the PZPERY stacking along
the polynucleotides. By contrast, the low dilution heat at the end of the Tel23 titration mean that

in this case, non-specific binding processes are absent [83].
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Figure 6. ITC titration with PZPERY of (A) ct-DNA, (B) poly(A)-poly(U), (C) poly(U)-poly(A) Cpoly(U) (for all tree
C°poly = 3.0x10* M, C®pzpery = 3.0x10 M, NaCl 0.1 M, NaCac 2.5 mM, pH 7.0, 25.0°C) and (D) Tel23 (C°rep3 =
6.0x10° M, C°pzpery = 3.0x103 M, KCl 0.1 M, LiCac 2.5 mM, pH 7.0, 25.0°C). Upper panels = heat-flow profiles,
lower panels = relevant thermogrames fitted with Nanoanalyze software (in red, excluded outliers).

The thermodynamic parameters of the PZPERY interaction with the different substrates are
collected in Table 2. Although all the binding reactions are exothermic processes, they are
entropically driven probably due to hydrophobic interactions and desolvation [84]. The binding
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constant of PZPERY/ct-DNA is too small to be accurately determined by ITC and all data related to
this system should be considered as qualitative only. However, K value is in line with
spectrophotometric results. PZPERY shows the greatest affinity towards the human telomeric G-
guadruplex DNA and the lowest towards ct-DNA similarly to the well-known highly selective specific
G4 ligands 360A-Br and PhenDC3 [85]. The positive charge of the two NH piperazinyl groups and the
aromaticity of the perylene were the key for the thermal stabilization of G-quadruplex Tel23. The
highest affinity of positively charged perylene derivatives towards G4 with respect to triplex or
duplex DNA has been previously described [86],[87]. The n = Cpzpery/Cpoly # 1 value found in the case
of Tel23 agrees with previous spectrophotometric findings.

Table 2. Thermodynamic parameters obtained by ITC for the interaction between PZPERY and the quoted
biomolecules. NaCl 0.1 M, NaCac 2.5 mM for polynucleotides, KCI 0.1 M, LiCac 2.5 mM for Tel23, pH 7.0,
25°C.

DNA? poly(A)-poly(U) poly(U)-poly(A)poly(U) Tel 23
K (M) 3x10° (3.3 + 0.1)x10* (3.5 + 0.8)x10° (1.6 + 0.5 )x106
AH (kJ/mol) -6 -6.1+0.2 -2.5%+0.1 -3.81+0.1
AS (J/mol-K) 47 65.9 97.8 108.9
n 0.9 1.5+0.1 1.1+£0.1 2.7%0.1

@ No accurate determination possible, qualitative only data.

3.4 Foster Resonance Energy Transfer (FRET) melting tests FRET melting tests were done
using 2-tetrad (TBA and BOM17) and 3-tetrad G4s (Tel21, RTel21, 21CTA, TBA, 25CEB). This set
contains antiparallel (21CTA, TBA and BOM17), parallel (RTel21 and 25CEB) and mixed/hybrid
(Tel21) conformations. The FRET melting experiments reveal thermal stabilization of G4s by PZPERY
to a different extent, being the effect on double stranded DNA much lower with respect to what
found for G4s (Figure 7). PZPERY thermally stabilized all 3-tetrads G4s in a greater extent than all
the 2-tetrads G4s. Different factors may contribute to the stabilisation, but it can be speculated that

I”

such a behaviour agrees with a contribution of the length in the “groove-parallel” direction
(extension of the lateral surface) in the binding features. Among 3-tetrad G4s, parallel ones are least
stabilized. This pattern is similar to that reported by Freccero et al. for core extended naphthalene
diimides [88]. The most stabilized G4s are the human telomeric G4, Tel21 (hybrid) and 21CTA
(antiparallel), in fact, at r = 10 the melting temperature is beyond the limits of the technique. We
decided to focus the detailed analysis of the binding features on hybrid DNA human telomeric
sequences (Tel21/Tel23). The top G-tetrad stacked binding mode of PDI derivatives has already been
elucidated in previous papers [31]. Highly exposed tetrads constitute a major binding site which may
not always be the most likely to occur in reality. Different papers enlighten the importance of
quadruplex-polymorphism [89],[90] and structural studies have shown that the hybrid-type
intramolecular G4 structure is the major conformation formed in the human telomeric sequences
[91]. On this basis, and given the experimental results, we found it interesting to focus our studies

on the hybrid G4 conformations.
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Figure 7. Values of ATm obtained from FRET melting experiments. ATm = difference in the melting
temperature of the oligonucleotide with and without different concentrations of PZPERY, r = [PZPERY]/[G4].

3.5 QM calculations for ct-DNA intercalation Given that intercalation is found to be the
active binding mode in the case of ct-DNA, we performed QM calculations in order to obtain a
geometrical model of the complex. The ground-state geometries of the intercalated complex were
obtained through a prescreening procedure with the PM6 semiempirical method, followed by
optimizations at the DFT B3LYP-D3/6-31G(d) level (See Methods). This DFT approach was already
used in previous studies by some of the authors to unravel the details of intercalation [48],[92],[54].
Because of the large size of the system, we consider the double stranded DNA intercalation pocket
as a simplified model, which limits the interactions between PZPERY and the polynucleotide to the
first neighbours [54],[93]. The DNA model is obtained by eliminating the entire backbone except for
two adjacent base pairs (GC and AT) and the sugar-phosphate groups connecting those bases.
Excited-state structures were optimized at the TD-DFT level with the CAM-B3LYP functional and the
6-31+G(d) basis set. The superimposition of the TD-DFT optimized structures of the ground (in blue)
and the corresponding excited state (in green) (Figure 8) shows at a glance that they are essentially
equivalent.

Figure 8. Ground state (blue) and excited state (green) optimized structures of PZPERY intercalated into the
DNA double helix.

In the most favourable arrangement, the aromatic core of PZPERY establishes mn-stacking
interactions with ct-DNA base pairs, whereas the positively charged substituents lean towards the
negative phosphate groups. The Natural Transition Orbitals (NTO) provide a qualitative
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representation for the electronic transition density. The dominant NTO pair for the S;—>S; transition
of the intercalated system (95% of contribution to the transition) is shown in Figure S7. The dihedral
angles (carbon atoms 1-2-3-4;5-6-7-8 of Figure S8), dipole moments, absorption and emission
energies obtained with the TD-DFT calculations are summarized in Table 3. The calculated excitation
energies of PZPERY do not significantly change as a result of the DNA binding. Therefore, the
significant spectral changes observed during the absorbance titrations can only be explained by
simultaneous binding and dis-aggregation processes. In order to further confirm that the spectral
features observed in isolated PZPERY should be ascribed to aggregation, we simulated the
absorption spectrum of monomeric PZPERY, compared with its precursor PDI (Figure S9). The
absorption spectrum of PZPERY is identical to that of its precursor PDI for both shape and position,
meaning that the charged substituents do not affect the spectral shape [1]. In addition, the shape
of the simulated spectrum is very similar to that obtained in large excess of ct-DNA, further
confirming that the spectral changes observed upon binding reflect the dis-aggregation of the dye.

Table 3. Calculated properties for PZPERY solvated in water and intercalated into the DNA.

water DNA
Dihedral angle GS -87;92 81;-81
Dihedral angle EXC -87;92 84;-81

Dipole moment GS (D)  7.03 Mas>Mexc
Dipole moment EXC (D) 7.04

Oscillator Strength 1.07 0.54
ABS (eV) 2.52 2.40
FLUO (eV) 2.19 2.12
3.6 MD simulations for G4 interaction The spectrophotometric FRET tests suggest the

occurrence of an external binding mode to G4, but the actual position of the ligand is difficult to
determine because of the complexity of the system. In principle, PZPERY could: (a) stack to the G4-

III

tetrad (“tetrad-parallel” direction); (b) sit-atop the G4 by establishing m-mt interactions with the

I’I

bases in the loops (again “tetrad-parallel” direction); (c) interact with the quadruplex grooves mainly
because of the electrostatic attraction between the positive substituents and the negatively charged
sugar-phosphate backbone (“groove-parallel” direction). Preliminary docking calculations
confirmed both (b) and (c) possibilities; given the choice of a hybrid conformation, where the G-
tetrad is hindered by the loops, option (a) is here not probable and we will focus on the other
alternatives. Also note that the ligand only very rarely intercalates within the G4 itself but rather
stacks on the surface of the terminal G-tetrad, a binding mode that is sometimes classified as a
threading intercalation in the case of G4s even if no intercalation really occurs [31]. Thus, the MD
simulations were performed on hybrid Tel23, on the sitting-atop position (binding site I) as it shows
the best grid score, and on the lateral position (binding site Il) as it is the most frequently occurring

structure. RMSD plots can be used to evaluate the stability of each binding site. RMSDs from the
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first frame are reported in Figure 9 for binding site Il (Figure S11A-B for binding site 1), but the
convergence to the final structure was determined also by considering the RMSDs from the last
frame (Figures S10 and S11C-D). The RMSDs of Tel23 (especially for the G-tetrads and the backbone)
indicate that the oligonucleotide core does not undergo significant conformational changes during
the MD. The RMSD for PZPERY was calculated after aligning the guanine bases to the first frame, in
order to measure the relative displacement of PZPERY in the reference frame of the G4 core.
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Figure 9. RMSD plots from the first frame for binding site Il (lateral position - “groove-parallel” direction)
related to (A) Tel23 (dGbb for guanine+backbone, in black; total for the entire structure, in red) and (B)
PZPERY.

The RMSD analysis highlights that binding mode Il is more flexible, as PZPERY is able to shift along
the groove. However, the persistence of some H-bonds suggests that a precise arrangement of
PZPERY is preferred. Table S2 reports the atoms involved in H-bonds together with the occurrence
of the bond (as the fraction of frames in which the bond is formed with respect to the total MD
frames) and the average distance between the donor and the acceptor atoms. On the contrary, for
binding site I, no H-bond stabilizes the adduct. The high importance of hydrogen bonding in driving
the different ability to interact with the G4 was already evidenced [27]. The stability of binding site
Il was characterized also by considering the distance between PZPERY and Tel23. Figure 10A shows
that the distance (defined in Figure S12) between the ligand and the G4 residues remains
approximately constant during the MD trajectory, showing a flexible but persistent binding mode.
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Figure 10. (A) Distance between Tel23 and PZPERY in binding site Il (lateral position - “groove-parallel”
direction - see Figure S12 for the definition of the distances); (B) PZPERY/Tel23 adduct for binding site II.
Initial position coloured in blue, first cluster position in cyan.

In order to obtain a geometrical representation of the adducts, the PZPERY conformations explored
in the last part of the MD (65 — 85 ns for binding site |, 150 — 170 ns for binding site 1) were clustered
with a cut-off of 0.2 nm. Figure 10B and Figure S13 represent the superimposition of the initial
position of PZPERY (blue) and the one corresponding to a representative frame of the most
populated cluster (cyan). Binding site Il (lateral) could be stabilized by electrostatic attraction
between the positively charged substituents and the negatively charged phosphate groups.

In order to estimate the relative stability of the two binding sites, we performed MM/PBSA and
MM/GBSA calculations (See Computational Methods) for the binding enthalpy of the PZPERY to DNA
along the two MD trajectories. The results (Table S1) show that binding site | (sitting-atop) has a ~9
kcal/mol greater binding enthalpy than binding site Il (lateral), irrespective of the method employed.
Analysis of the various MM/PB(GB)SA energy terms showed that the van der Waals MM term,
common to both models, accounts for most of the difference between the two binding sites (Table
S1). Indeed, binding site | is strongly favoured by the stacking interactions with flanking adenine
nucleobases. It should be noted, however, that the force fields for nucleic acids tend to overestimate
stacking interactions [94], thus we cannot regard these binding energies as quantitative.
Nonetheless, the calculations show that both binding sites may be enthalpically favoured.

4. Conclusions

We have performed a combined spectroscopic/thermodynamic analysis of the interaction of a
water soluble perylene diimide (PZPERY) to different biosubstrates. In parallel, theoretical
calculations were also performed and were crucial to highlight the details of the adduct structures.
This study widens the few examples on MD simulations for G4 binding and reports on a first DFT
calculation on DNA/PDI derivatives.

PZPERY does bind to DNA and RNA polynucleotides but the affinity is not particularly high. The
binding features are very different between DNA and RNAs as intercalation into calf-thymus DNA is
found to occur, whereas groove binding is present for both double or triple RNAs. Natural calf
thymus DNA is geometrically a B-DNA whereas poly(A)-poly(U) duplex resembles A-DNA with a
deeper but narrower major groove and wider and shallower minor groove [95],[96],[97]; in the
triplex the wide groove is furtherly hindered by the third strand. As often observed, the different
geometries of the helices play a crucial role in driving the affinity towards a particular binding mode
[79]. DFT calculations on the DNA adduct confirm that intercalation itself cannot produce the
dramatic changes in the absorbance profiles of the dye which were experimentally observed.
Therefore, this feature is due to the combined effect of intercalation and of aggregates disruption
driven by monomer intercalation. When the negative enthalpy intercalation change [98] is balanced
by the positive contribution of dis-aggregation [1],[72], the overall process has AH close to zero. The
importance of the interplay between auto-aggregation and intercalation ability is quite
straightforward and was already observed for neutral PDIs [99]. This is still present here for the
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water-soluble +2 charged PZPERY: the negatively charged polynucleotides’ backbone, in particular
in the presence of a favourable geometry of the grooves may act as a template (see circular
dichroism of RNAs).

PZPERY shows very good selectivity towards G4 tetrads. The MD simulations on a hybrid G4 form
suggest that, in principle, both sitting-atop and lateral positions are possible. Planar ligands do often
prefer the “tetrad-parallel” geometry for the adduct [30] and this process usually produces a strong
G4 stabilisation [100] as it is observed by the FRET melting assays. On the other hand, MD also
indicates the formation of H-bonds and very favourable complementary geometry for lateral
binding, whereas the same is not found in sitting atop structures. FRET assays seem to suggest an
increase in the stabilisation by increasing the “groove-parallel” direction (lateral surface). More
robustly, the presence of ICD bands in the PZPERY/G4 system indicates lateral binding. Therefore,
both experiments and calculation would show that the two binding modes are possible, with no
significant preference of one over the other. Also, both spectrophotometric and ITC titrations agree
with a binding stoichiometry higher than 2:1, indicating that multiple binding modes may be
simultaneously present.
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HIGHLIGHTS

e PZPERY intercalates into DNA and binds the groove of triple/double RNA helices

e DFT calculations explain the spectrophotometric changes for DNA interaction

e PZPERY shows very good selectivity towards G4 tetrads over polynucleotides

e MD simulations enlighten details for both G4 sitting-atop and lateral bound forms

e If multiple bound forms are possible, FRET and CD suggest lateral one is preferred
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