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b Molecular Biology Institute of Barcelona, IBMB-CSIC, 08028 Barcelona, Spain 
c ARNA Laboratory, INSERM U1212, CNRS UMR 5320, IECB, University of Bordeaux, F-33600 Pessac, France 
d Institute of Biophysics, AS CR, v.v.i. Kralovopolska 135, 612 65 Brno, Czech Republic 
e Laboratoire d’optique et Biosciences, Ecole Polytechnique, CNRS, Inserm, Institut Polytechnique de Paris, Palaiseau, France   

A R T I C L E  I N F O   

Keywords: 
G-quadruplexes 
Antiproliferative 
Perylenemonoimide 
DNA binding 

A B S T R A C T   

A structure–activity relationship (SAR) study in terms of G-quadruplex binding ability and antiproliferative 
activity of six fluorescent perylenemonoimide (PMIs) derivatives is reported. A positive charge seems to be the 
key to target G4. This study also reveals the importance of the element substitution in the potential biological 
activity of PMIs, being the polyethylene glycol (PEG) chains in the peri position responsible for their anti-
proliferative activity. Among them, the cationic PMI6 with two PEG chains is the most promising compound 
since its fluorescence is enhanced in the presence of G-quadruplex structures. Moreover, PMI6 binds to the 
human telomeric G-quadruplex hTelo with high affinity and displays a high antiproliferative potential towards 
HeLa (cervical adenocarcinoma), A549 (lung adenocarcinoma) and A2780 (ovarian adenocarcinoma) cells. Its 
fate can be followed inside cells thanks to its fluorescent properties: the compound is found to accumulate in the 
mitochondria.   

1. Introduction 

Apart from the well-known classical double-helix conformation, 
DNA can adopt a variety of non-canonical secondary conformations such 
as G-quadruplex (G4) structures. G-quadruplexes have attracted a great 
deal of attention in the last decades due to their roles in DNA replication, 
transcription and genome stability [1] and consequently, in some 
human diseases [2]. G4s result from the stacking of several G-quartets 
stabilized by monocations, each quartet being formed by four guanines 
interacting by Hoogsteen Hydrogen bonds [3]. 

Even if a large number of G-quadruplex binding ligands has been 
reported [4,5] there is still a need to develop selective G4 stabilizing 
ligands, to better understand the biological roles of these structures and 
their potential as therapeutic targets [6,7]. Due to the potential of G- 
quadruplexes as therapeutic targets [8] and the still limited knowledge 
of the biological properties of these structures [9], the development of 
G4 binders has become an important scientific challenge, not only as 
anticancer[4,5,7,8,10,11] or antiviral agents [12–15] but also as fluo-
rescent probes [8,16,17]. Some common features are recurrent in the 

design of these drugs, such as the presence of aromatic rings in order to 
interact with the G-quartets by π- π stacking interactions, positive 
charges to facilitate the binding by electrostatic interactions with the 
negative phosphates and side chains with functional groups that enable 
final stabilization of the whole structure by H-bonding or Van der Waals 
interactions. 

The perylene scaffold turned out to be a very successful starting point 
for the design of G4 ligands [18–20]; the classical representative, PIPER 
(N,N’-bis-(2-(1-piperidino)ethyl)-3,4,9,10-perylenetetracarboxylic acid 
diimide), not only binds to G4 but also induces G4 formation [21]. The 
selectivity of perylenediimide derivatives (PDIs) towards G4 over du-
plexes is modulated by the functionality of the side chains [22,23]. As an 
example, it has been described that the addition of N-cyclic substituents 
at bay positions gives excellent results in terms of G4 selectivity and 
anticancer activity [24–26]. On the other hand, perylenemonoimides 
(PMIs) are scarcely reported as G4 ligands. Two perylenemonoimide 
derivatives have been shown to bind G4 and down-regulate the gene 
expression of the angiogenic factor VEGF [27]. From them, only one 
derivative, PM2, has been further reported in G4-related studies 
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[28,29]. 
In this context, we present here the G4 binding results of a family of 

fluorescent perylenemonoimide derivatives decorated at the peri posi-
tion with pyridine or pyrimidine moieties to extend the perylene core 
and enhance π-stacking with the G-tetrads. In addition, these groups 
bring a substituted piperazine with hydrophilic tails to improve solu-
bility in aqueous solution and prevent self-aggregation. As hydrophilic 
tails we selected one or two polyethylene glycol (PEG) side chains, or a 
biotin residue. Both groups have been frequently used, [30,31] having 
good cytocompatibility, [20,32] that permits extension of the study of 
PMI derivatives to fluorescent labeling or live cell imaging. PEG chains 
are also active players in G4 conformation studies; in this way, the 
conversion of the two hybrid type topologies of the human telomeric G4 
hTelo to a propeller-type form by long PEG tails was described [33]. 
Other authors attached PEG tails to a known G4 ligand, 3,6-bis(1- 
methyl-4-vinylpyridinium)carbazole diiodide [BMVC], leading to a 
conformational change from non-parallel to parallel G4 structures [34]. 
In our case, the binding ability of six synthesized PMIs towards G- 
quadruplex structures, their antiproliferative activities, and the biolog-
ical behavior of the most promising compound have been studied; from 
them structure–activity relationships (SAR) have been established. 

2. Results and discussion 

The synthesis of the six perylenemomoimide derivatives started by 

the Suzuki reaction of the bromoperylenemonoimide I with one equiv-
alent of a N-Boc protected piperazinyl-pyrimidine(or pyridine)boronic 
ester (II-III) (Scheme 1) and one equivalent of Na2CO3, under catalysis 
by Pd(PPh3)4 in Tol:BuOH:H2O (4:1:0.3 v/v), following standard con-
ditions [35–37]. Work-up of the reactions followed by column chro-
matography of residues afforded the N-Boc protected derivatives IV and 
V (69–74% yield). Quantitative deprotection of IV-V and then acylation 
or mono/dialkylation (52–92% yield) of the deprotected amine group 
gave derivatives PMI1-6 used in this study. In detail, the unsubstituted 
piperazine-pyridine derivative PM1 was pegylated to compound PMI2 
and unsubstituted piperazine-pyrimidine derivative PM3 was bio-
tinylated to PM4, mono-pegylated to PM5 and bis-pegylated to the 
cationic PM6. In these compounds the flat aromatic backbone of the 
perylenemonoimide central core has been extended by a conjugated 
pyridine or pyrimidine group. In contrast, the periphery of the com-
pounds has a dual nature: on one side they carry a polar piperazine 
group with highly hydrophilic diethylene glycol methyl ether pendant 
groups (or an extended biotin) while on the other side they carry a non- 
polar bulky 1-adamantylethyl group, suitable for hydrophobic 
interactions. 

2.1. G-quadruplex interaction 

The ability of PMI1-6 to thermally stabilize G4 structures was 
studied by FRET melting assays. We compared binding to a variety of G- 

Scheme 1. Synthesis of the six perylenemomoimide derivatives PMI1-6 used in the study.  
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quadruplexes, including a parallel RNA (21R) and different conforma-
tions of DNA G4: parallel (c-myc, 25ceb), antiparallel (21CTA, TBA, 
Bom17) and hybrid-type (hTelo) quadruplexes as well as an intra-
molecular duplex (dX). The radar plot of the ΔTm of various oligonu-
cleotides in the presence of the studied compounds is shown in Fig. 1 and 
the exact ΔTm values collected in Table S1. PMI2, PMI4 and PMI5 had 
little effect on all these DNA structures. On the other hand, PMI1, PMI3 
and especially PMI6 showed very good thermal stabilization values of 
the quadruplexes. PMI1 and PMI3, being closely related, showed a 
surprisingly different behavior. PMI1 had a strong stabilizing effect on 
the parallel RNA G4 21R and the hybrid G4 hTelo, while PMI3 showed 
the highest stabilizing effect on antiparallel G4s. Therefore, the change 
in one single atom in the structure had a clear effect in the G4 thermal 
stabilization patterns, according to the FRET melting results. PMI6 was 
the most active term of the series, inducing the highest stabilization of 
G4 structures. The most stabilized G4 was the human telomeric G- 
quadruplex (hTelo), which predominantly adopts a hybrid-type 
conformation. The induced thermal stabilization by PMI1, PMI3 and 
PMI6 was concentration-dependent (Figure S42). At a fixed PMI/G4 
ratio, the highest fluorescence enhancements were obtained in the 
presence of the parallel G4 c-myc for PMI1, the antiparallel G4 21CTA 
for PMI3 and the hybrid hTelo for PMI6. For PMI3 and PMI6, both 
bearing pyrimidine, the parallel topologies were the less stabilized G4s. 
Only PMI6 had a slight stabilizing effect on the intramolecular duplex. 

Topological selectivity currently remains incomplete; if accom-
plished, it would substantially impact cancer therapy [7]. Thus, taking 
advantage of the emission properties of the synthesized per-
ylenemomoimide derivatives, additional fluorescence measurements 
with a parallel (c-myc), an antiparallel (21CTA) and a hybrid (hTelo) 
G4s were performed (Fig. 2) in order to confirm PMIs’ conformational 
preference. The fluorescence emission of PMI1, PMI3 and PMI6 
increased in the presence of G4 structures, and the magnitude of this 
increase was correlated with the melting stabilizations reported above: 
the most thermally stabilized topology is the G4 that produced the 
highest emission enhancement. Once more, PMI6 turns to be the most 
G4-responsive compound. 

From these results, we conclude that only PMI1, PMI3 and PMI6 are 
able to thermally stabilize G4 structures. According to the reported acid 
dissociation constant of NH+ methyl substituted N atom of 1-methyl-4- 
phenyl-piperazine (pKa1 = 7.82 ± 0.07) [38] and the calculated pKa for 
PMI3, pKa = 7.70 ± 0.69 (Figure S43), there is an equilibria between the 

protonated and non-protonated species in the secondary amino group of 
PMI1 and PMI3. Thus, the positive charges in PMI1, PMI3 and PMI6 are 
essential for the thermal stabilization of G-quadruplex structures. 
Among them, the cationic PMI6 with two PEG chains induces the 
highest G4 thermal stabilization. The action of the side chains of per-
ylenediimide derivatives [23] and other classic scaffolds such as bis- 
indole derivatives [39] in G4 binding modulation has been previously 
described. Our results confirm the importance of the side chains in the 
activity of this new family of compounds. Since PMI6 induces the 
greatest stabilization of G4s, further studies were conducted to delve 
into the G4 binding mechanism and to test the biological activity of the 
new compound in search of potential antiproliferative activity 

2.2. G-quadruplex binding of PMI6 

FRET Melting Competition Assay: We performed a competition 
FRET melting assay to properly evaluate the selectivity of PMI6 for G4 
structures over double stranded DNA. It consisted on the evaluation of 
the variation of ΔTm with and without competitor; in this case, a 15- to 
50-fold excess of duplex DNA (ds26, as compared to hTelo) was 
employed. At 10 µM of the studied compounds, no competition was 
detected. By contrast, when the concentration of PMI6 decreased, that 
is, at 5 µM, a slight variation of the hTelo thermal stabilization (ΔΔTm ≈
− 3◦C) at the highest excess (50 fold) of competitor was observed 
(Fig. 3). 

Fig. 1. Radar plot of the ΔTm of various oligonucleotides in the presence of 10 
µM of the studied compounds. All fluorescent oligonucleotides were tested at 
0.2 µM strand concentration. dX is a control duplex while all other sequences 
correspond to intramolecular RNA (21R) or DNA (hTelo, 25Ceb, 21CTA, c-myc, 
Bom17 and TBA) quadruplexes, all labeled with 5′FAM and 3′TAMRA. 

Fig. 2. Fluorescence enhancement of 15 µM of PMI1, PMI3 and PMI6 in the 
presence of G-quadruplex structures with different topologies. λexc = 510 nm, 
CPMI/CG4 = 0.1, I = 0.11 M (90 mM LiCl, 10 mM KCl, 10 mM LiCaC), pH = 7.2 
and T = 25 ◦C. 

Fig. 3. Variation of hTelo ΔTm (ΔTmcompetitor - ΔTmw/o competitor) induced by 5 
and 10 µM of PMI6 in the presence of different concentrations of competitor 
(ds26). ChTelo = 0.2 µM. 
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Emission properties study: There are several examples in the 
literature of G4 binders whose fluorescence is enhanced in the presence 
of parallel or antiparallel G4s [40–43]. and of fluorophores able to 
induce a parallel conformation upon binding [44,45] Nevertheless, the 
number of reported fluorophores that turn-on preferably in the presence 
of hybrid G4s without affecting the hybrid-type topology is scarce. As 
PMI6 is fluorescent (Figure S44), its emission in the presence of various 
DNA structures was investigated. We monitored the effect of single- 
stranded (ds17a) or double-stranded DNA (ctDNA), parallel G4 (c- 
myc), antiparallel G4 (21CTA) and hybrid G4 (hTelo). Interestingly, 
PMI6 emission increased substantially in the presence of G-quad-
ruplexes (Fig. 4A), especially hTelo, and the increase was selective with 
respect to other types of oligonucleotides. 

The binding was also confirmed by time-correlated single-photon 
counting (TCSPC) since the obtained fluorescence lifetimes of PMI6 
significantly increased (by ≈1 ns) in the presence of a 2-fold excess of 
G4s (Fig. 4B) which may be related to a restriction in the intramolecular 
rotational diffusion of PMI6 upon G4 binding [46]. Similar fluorescence 
lifetimes in the presence of G4 were obtained for other fluorescent G4 
binders such as 3,6-bis(1-methyl-2-vinyl-pyridinium)carbazole diiodide 
(o-BMVC) whose differences in lifetimes when bound to dsDNA or G4 
enabled its use to visualize G4s in fixed cells by FLIM (fluorescence 
lifetime imaging microscopy) [47,48]. According to the calculated life-
times in the presence of parallel, antiparallel and hybrid G4 topologies 
(Fig. 4B), PMI6 acts as a generalist probe for all G4 conformations, in 
contrast with a recently described G4 cationic probe NBTE (4,4′,4′’- 
(nitrilotris(benzene-4,1-diyl))tris(1-ethylpyridin-1-ium) iodide) [49]. 

Isothermal Titration Calorimetry: Since the largest increase in 
fluorescence intensity of PMI6 is observed with hybrid-type G4 (hTelo), 
and this human telomeric G4 is also the most thermally stabilized, the 
affinity of PMI6 for hTelo was further investigated by isothermal calo-
rimetry (ITC) titrations (Fig. 5). The obtained binding isotherm showed 
a biphasic behavior. Therefore, a “Multiple Binding Sites” model was 
applied to determine the thermodynamic parameters of the PMI6 
interaction with hTelo; the results are shown in Table 1. 

PMI6 binding to hTelo was not a simple process. There were at least 
two different binding processes, with high binding constants; explicitly, 
PMI6 strongly binds hTelo with affinities comparable to Ni-salphen, Ni- 
bypiridine complexes [50], some terpyridine derivatives [51] and pyr-
idostatin [52]. According to the obtained parameters, both processes are 
exothermic but the binding of PMI6 to one of the binding sites (named as 
1) is more exothermic than the binding to the other binding site (named 
as 2). In the light of the obtained T⋅ΔS values, binding process 1 for 
PMI6 interaction is enthalpically driven, whereas the second binding 
process is mostly entropy driven at 25 ◦C. 

Circular Dichroism measurements: Performed CD titrations 
showed that no significant conformational change of the hybrid type 
conformation of hTelo is induced (Figure S45). Apparently, the two 
short PEG chains do not provide PMI6 with the ability to induce a 

Fig. 4. (A) Percentage of fluorescent enhancement of 10 µM of PMI6 upon addition of various oligonucleotides in different conformations. CPMI6 = 10 µM, CPMI6/ 
COligo = 0.2, λexc = 486 nm, I = 0.11 M (90 mM LiCl, 10 mM KCl, 10 mM LiCaC), pH = 7.2 except for i-motif (pH = 5.8) and 25 ◦C. (B) TCSPC decays of 10 µM of 
PMI6 in the absence and in the presence of G-quadruplexes. COligo/CPMI6 = 2, λexc = 475 nm, I = 0.11 M (90 mM LiCl, 10 mM KCl, 10 mM LiCaC) pH 7.2 and 25 ◦C. 

Fig. 5. ITC titration of 39 µM hTelo with PMI6.  

Table 1 
Thermodynamic parameters obtained for the PMI6/hTelo interaction by ITC 
measurements at I = 0.11 M (90 mM LiCl, 10 mM KCl, 10 mM LiCaC), pH = 7.2, 
T = 25 ◦C.  

10-8 ×

K1 

(M− 1) 

ΔH1 

(kJ⋅mol− 1) 
-T⋅ΔS1 

(kJ⋅mol− 1) 
10-7 ×

K2 

(M− 1) 

ΔH2 

(kJ⋅mol− 1) 
-T⋅ΔS2 

(kJmol− 1) 

5.0 ±
1.0 

− 49.5 ±
1.9 

− 0.17 1.3 ±
0.9 

− 6.4 ± 0.8 − 34.3  
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topological change in hTelo, in contrast with the reported behavior for 
other G4 ligands with longer attached PEGs. Once substantial confor-
mational changes are discarded, quantum chemical calculations were 
performed to enlighten the structure of PMI6/hTelo complexes. 

Theoretical studies: As a first step, a molecular docking study was 
performed to predict the most stable conformations of the interaction in 
a 1:1 complex. The lower energy structure from the docking study was 
then further optimized using the semiempirical GFN2-xTB method (See 
Experimental Section for details). Following the same procedure, the 
interaction between hTelo and two units of PMI6 was then modeled. 
Thus, the previously optimized 1:1 complex structure was used as one 
component for a molecular docking study with a second molecule of 
PMI6. The docked structure of lowest energy was further optimized 
using the semiempirical GFN2-xTB method. The obtained structures can 
be described as an interaction of the first unit of PMI6 with hTelo by 
groove binding (Fig. 6A) through π-stacking interaction between the 
adenine-9 and the perylene moiety of PMI6 (See Supporting Information 
for further details, Figs. S46 – S54). This binding mode differs from the 
end stacking reported for the first perylene –based G-quadruplex ligand 
PIPER, in which the perylene core interacts with the terminal G-tetrad 
by π-π stacking interactions [53,54]. Thus, to corroborate if the used 
methodology was adequate, the same molecular docking study was 
carried out with PIPER giving rise to a structure in which PIPER access to 
the top of the G-tetrad (Fig. S55). Fig. 6B shows the second PMI6 
molecule interacting with the adenine-1 and thymine-20 through the 
pyrimidine ring and the perylene moiety, respectively. Additional 
C–H⋅⋅⋅π interactions between the adamantyl fragment and the perylene 
moiety of the PMI6 units can be found, as well as polar interactions 
between the polyether units and phosphate groups. The pyrimidine 
group in both cases seems to play a crucial role in the molecular in-
teractions that contribute to the fitting of PMI6 to hTelo by extending 
the planar structure and by additional polar and π-stacking interactions. 
Also, in both cases, the adamantane groups occupy hydrophobic pockets 
and the bis-pegylated ammonium group present some polar interactions 
with the external parts of the hTelo structure. 

2.3. Biological activity 

The cytotoxicity of these perylenemonoimide derivatives was eval-
uated in tumor cells: HeLa (cervix), A2780 (ovary) and A549 (lung) and 
in human embryonic kidney cells (HEK293). The obtained half maximal 
inhibitory concentrations (IC50) after 72 h of exposition are shown in 
Table 2. From them, it can be deduced that the replacement of the 
pyridine moiety by a pyrimidine leads to a decrease of the anti-
proliferative activity. Undoubtedly, the PEG chains played a key role in 

the cytotoxicity since only PMIs bearing PEG(s), PMI2, PMI5 and PMI6, 
displayed antiproliferative activity and among them, PMI6 was the most 
potent antiproliferative PMI. The antiproliferative activity found here is 
in strong contrast with the expected behavior since PDIs bearing PEG 
have been described as not cytotoxic at 24 h of exposition in HeLa cells 
[32]. 

At this stage, PMI6 is the most interesting PMI since its bears two 
fundamental structural elements: the positive charge that enables G4 
interactions and the PEG chains that increase its antiproliferative po-
tential. However, in the light of the antiproliferative results, G4 inter-
action and cytotoxic activity cannot be straightforwardly correlated and 
other factors may be influencing the observed biological activity. 
Cellular uptake may be one of them. The synthesized PMIs can be named 
as head–tail PMIs where the hydrophobic nature of the head formed by 
the adamantane group and the perylene core facilitate transport through 
the cellular membrane and the hydrophilic chains (charged substituents, 
extended biotine and PEG chains) favor water solubility, prevent ag-
gregation and enable H bonding. These features along with their emis-
sion properties are key for their cellular visualization. In fact, cells 
treated with 6 µM of the compounds under study were visualized by 
fluorescence microscopy revealing that all the complexes are success-
fully internalized by A549 cells within 4 h of exposition (Figure S56). 
Since PMI6 is the most active compound, its subcellular distribution has 
been studied in human embryonic kidney cells (HEK293) by confocal 
microscopy. PMI6 displays a red emission pattern mainly in the cyto-
plasmic region of cells (Fig. 7). Therefore, colocalization experiments 
were performed by immunostaining the cells with markers for Golgi and 
mitochondrion (Figs. S57and S58). PMI6 shows a high degree of 
colocalization with the marker for mitochondria TOM20, and according 
to the Mander’s correlation coefficients, tM1 (the proportion of TOM20 
overlap by PMI6) is 0.86 and tM2 (the proportion of PMI6 overlap by 
TOM20) is 0.66. Thus, this perylene monoimide derivative seems to 
highly accumulate in mitochondria. 

Fig. 6. Optimized structures of the PMI6/hTelo complex with (A) 1:1 and (B) 2:1 stoichiometry.  

Table 2 
IC50 values of the synthesized PMI derivatives in HeLa, A2780, A549 and 
HEK293 cells after 72 h of exposition.   

HeLa (µM) A2780 (µM) A549 (µM) HEK293 (µM) 

PMI1 >40 >40 29.6 ± 2.6 38.6 ± 3.2 
PMI2 18.7 ± 1.6 19.1 ± 1.3 23.4 ± 2.1 33.8 ± 1.6 
PMI3 >40 >40 >40 >40 
PMI4 >40 >40 >40 >40 
PMI5 21.4 ± 2.8 >40 35.2 ± 2.5 38.3 ± 3.2 
PMI6 4.1 ± 1.0 31.3 ± 2.4 15.7 ± 1.2 >40  
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3. Conclusions 

Six fluorescent perylenemonoimide derivatives were synthesized and 
fully characterized. Their ability to stabilize G-quadruplex structures 
was tested by the FRET melting assay. Among them, only PMI1, PMI3 
and PMI6 induced thermal stabilizations of G4s. Interestingly, these 
three compounds exhibited different preferences, as PM1 preferentially 
stabilized the parallel RNA G4 and the DNA human telomeric G4 (hTelo) 
which predominantly adopts a hybrid-type conformation, while PMI3 
preferred antiparallel G4s and PMI6 preferred the human telomeric G4 
(hTelo). Thus, for this series, a positive charge is required for the thermal 
stabilization of G-quadruplex structures. Also, the substitution of the 
pyrimidine by the pyridine moiety in these PMIs led to a change in 
thermal stabilization pattern between parallel and antiparallel G4s. The 
fluorescence of PMI6 significantly increased in the presence of G4s but 
not with other DNA conformations (duplex, single strand or i-motifs). 
PMI6 showed high affinity towards hTelo with at least two different 
binding processes that, according to QM/MM calculations corresponded 
to, first, the accommodation of a PMI6 molecule in the groove of hTelo 
and then, another molecule of PMI6 got bound to the terminal AT bases. 
Both processes were exothermic although the second one had an 
important entropic driven force. With respect to their biological activity, 
only three compounds, those bearing PEG chains at the peri position, 
PMI2, PMI5 and PMI6, displayed antiproliferative activity, showing 
that the PEG chains seem to play a key role in the biological activity of 
this family of perylenemonoimides. Substitution of the pyrimidine by 
the pyridine moiety led to some enhancement of the antiproliferative 
activity. All the studied perylenemonoimide derivatives were able to 
enter the cells and could be visualized because of their orange emission. 
PMI6 was the most cytotoxic compound in the series as well as the best 
G4 ligand and accumulated mainly in the mitochondria. 

4. Experimental Section 

Complete details of the synthesis and characterization of all com-
pounds are given in the supporting information. 

The dried human telomeric sequence, hTelo (d[AGGG(AGGGTT)3]) 
was purchased for Thermo Fisher Scientific Inc. ctDNA was purchased 
for Sigma Aldrich as the lyophilized sodium salt. The double-labelled 
oligonucleotides have as the donor fluorophore in the 5′ end FAM (6- 
carboxyfluorescein) and as acceptor fluorophore TAMRA (6-carboxyte-
tramethylrhodamine) in the 3′ end. These oligos used in the FRET 
Melting Assay, included an intramolecular duplex (F-dx-T: 
TATAGCTAT-hexaethyleneglycol-TATAGCTATA), six DNA G4s (F- 
hTelo-T: GGGTTAGGGTTAGGGTTAGGG, F-25Ceb-T: AGGGTGGGTG-
TAAGTGTGGGTGGGT, F-21CTA-T: GGGCTAGGGCTAGGGCTAGGG, F- 
myc-T: TGAGGGTGGGTAGGGTGGGTAA, F-Bom17-T: GGTTAGGT-
TAGGTTAGG and F-TBA-T: GGTTGGTGTGGTTGG) and a RNA G- 
quadruplex (F-21R-T: GGGUUAGGGUUAGGGUUAGGG). The DNA i- 
motif i-cmyc (TTACCCACCCTACCCACCCTCA), the single stranded DNA 
d17a (CCAGTTCGTAGTAACCC), the antiparallel DNA G-4 21CTA 

(GGGCTAGGGCTAGGGCTAGGG), the parallel DNA G-4c-myc 
(TGAGGGTGGGTAGGGTGGGTAA), the labelled oligonucleotides and 
the duplex used as competitor in competitions experiments, ds26 
(CAATCGGATCGAATTCGATCCGATTG) were purchased from Euro-
gentec as dried samples and were prepared in doubly deionized water. 
Stock solutions of 100 µM double-labelled oligonucleotides and 500 µM 
of the unlabelled oligonucleotides were stored at − 20 ◦C. For working 
solutions, stock solutions were diluted in annealing buffer consisting of 
90 mM LiCl, 10 mM lithium cacodylate (LiCaC) and 10 mM KCl at pH =
7.2 except for the RNA G4, 21R that it is prepared in 99 mM LiCl, 10 mM 
LiCaC and 1 mM KCl at pH = 7.2. Then, for folding reactions, the so-
lutions were heated at 90 ◦C during 5 min and then slowly cooled to 
room temperature, their concentration were spectrophotometrically 
determined at λ = 260 nm using the absorptivity coefficients provided 
by the manufacturer. 

FRET Melting Assay was performed in a real time Polymerase Chain 
Reaction (7500 Fast Real Time PCR, Applied Biosystems) as previously 
described [20]. Briefly, samples containing 0.2 µM oligonucleotide in 
the absence and in the presence of different concentrations of PMI de-
rivatives were prepared in 96-well plates and heated from 25 to 95 ◦C at 
1 ◦C/min recording the emission of FAM and TAMRA. Thermal stabili-
zation (ΔTm) was calculated as the difference between the mid- 
transition temperature of the oligonucleotide with and without the 
drug. In competition experiments, samples were prepared with 0.2 µM of 
F-hTelo-T, 5 and 10 µM of PMI6 and ds26 as duplex competitor in an 
excess of 15 and 50 fold respecting hTelo. The experiments were con-
ducted under the same conditions as the FRET melting assay previously 
described. 

The acid dissociation constants (pKa) of PMI3 was determined 
measuring the absorbance spectra in a dioso-array HP-8453 spectro-
photometer (Agilent Technologies, Palo Alto, California as a function of 
pH. The pKa values were obtained plotting the absorbance at a fixed 
wavelength (λ) as a function of pH. The obtained data were analyzed 
according to the Henderson-Hasselbalch equation [55]. 

Time correlated single photon counting (TCSPC) measurements were 
carried out for the fluorescence decay of the PMI6 in the absence and in 
the presence of two fold excess of G4s. The equipment used was FLS980 
(Edinburgh Instruments). Photo excitation was made at 475 nm using an 
EPL 375 laser. The data were collected and analysed by FAST 3.4.0 
software using the following equation: F(t) =

∑
αi e− (1/τI)

, where, αi and 
τi are the ith preexponential factor and decay time of the excited species, 
respectively. 

Fluorescence measurements were performed with a Shimadzu Cor-
poration RF-5301PC spectrofluorometer (Duisburg, Germany) Titra-
tions were carried out by adding increasing amounts of hTelo to the 
PMI6 solution in a 1 cm path-length cells at 25 ◦C. 

Isothermal titration calorimetry (ITC) experiments were performed 
at 25 ◦C using a Nano ITC (TA Instruments, Newcastle, USA). Prior to 
use, all solutions were degassed during 30 min in the degassing station 
(TA Instruments, Newcastle, USA) to avoid bubbles formation. Then, 25 
injections of 2 µL of PMI6 were injected into the calorimetric cell 

Fig. 7. Representative images of HEK293 cells treated with 3.5 µM of PMI6, a nucleus stain (Hoechst 33258) and the mitochondria antibody (TOM20). Scale bar: 
10 µm 
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containing the hTelo solution with a stirring speed of 250 rpm. Control 
experiments were carried out to determine the contribution of the heat 
of dilution of PMI6 alone and rule out the presence of aggregation 
processes. The obtained thermograms were fitted with Nanoanalyze 
software by a “Multiple Binding Sites”. 

Circular dichroism (CD) spectra were recorded on a MOS-450 Bio-
logic spectrometer (Claix, France), fitted with 1.0 cm path-length cells. 
Titrations were carried out at 25 ◦C by adding increasing amounts of the 
PMI6 to the hTelo solution. 

The geometry optimizations have been performed with the ORCA 
4.2.0 software [56,57]. The structure of the telomere can be downloaded 
from RCSB website (PDB ID: 2hy9). The PMI6 has been previously 
optimized through DFT theory using the hybrid functional B3LYP 
[58,59] and 6-31G** basis set [60] for all the atoms. The docking was 
done with the help of the AutoDock 4.0 software [61] using an efficient 
and durable algorithm, Lamarckian Genetic Algorithm (LGA) [62]. The 
two conformations with the lowest binding energy were further opti-
mized using the GFN2-xTB method [63] as it is implemented in the 
ORCA 4.2.0 software. This method uses the basis def2-SVP [64]. Once 
optimized the complex hTelo-PMI6 as an ensemble was used as 
“macromolecule” in AutoDock, adding a second molecule of PM6 as 
ligand to study the interaction 1:2 followed by a further optimization 
using the GFN2-xTB method. 

Cytotoxicity was studied by means of the CellTiter Non Radioactive 
Cell Proliferation Assay (Promega) in case of HeLa cells. Approximately 
3 × 103 cells were cultured in EMEM (Eagle’s Minimum Essential Me-
dium medium) supplemented with supplemented with 1% of non- 
essential aminoacids and 10% Fetal Bovine Serum (FBS) in 96-well 
plates and incubated at 37 ◦C under a 5% CO2 atmosphere. Cells were 
grown for 24 h and then treated with different concentrations of the PMI 
derivatives for 72 h. After the incubation period, the protocol described 
in technical specifications was followed. Absorbance was read at 570 nm 
in a microplate reader (Tecan Infinite M1000) and three replicates per 
dose were included. In A549 cells (cultured in Dulbecco’s Modified 
Eagle’s Medium (DMEM)), A2780 cells (cultured in RPMI-1640) and 
HEK293 (EMEM supplemented with supplemented with 1% of non- 
essential aminoacids), culture media were supplemented with 10% 
FBS and 1% amphotericin-penicillin–streptomycin solution. In both cell 
lines, the MTT Assays were performed with approximately 3 × 103 

A549, 1 × 104 A2780 cells and HEK293 cells seeded in 96-well plates 
and incubated at 37 ◦C under a 5% CO2 atmosphere. Cells were treated 
with different concentrations of the PMI derivatives under study during 
72 h. Then, treatment was removed and cells were incubated with 100 
µL of MTT (3-(4,5-dimethyltiazol-2-yl)-2,5-diphenyltetrazolium-
bromide) (Sigma Aldrich) dissolved in culture medium (500 μg/ml). 
After 4 h, 100 μL of solubilizing solution (10% (w/v) SDS, 0.01 M HCl) 
were added to each well and incubated for other 18 h. At the end, 
absorbance at 590 nm was read in a microplate reader (Cytation 5 Cell 
Imaging Multi-Mode Reader - Biotek Instruments, USA). Four replicates 
per dose were included. The IC50 values were calculated from cell sur-
vival data of at least two independent experiments using GraphPadPrism 
Software Inc. version 6.01 (USA). In every case, cell death was 
confirmed by microscopy visualization of the treated cells. 

For bioimaging experiments, A549 cells were seeded in appropriated 
96-well plates at a density of 5 × 103 cells/well in 200 µL DMEM without 
phenol red and allow to adhere for 24 h at 37 ◦C and 5% CO2. Then, cells 
were treated with 6 µM of the PMI derivatives and incubated at 37 ◦C 
under 5% CO2 atmosphere for 4 h. Finally, cells were visualized in a 
Cytation 5 Cell Imaging Multi-Mode Reader (Biotek Instruments, USA) 
in bright field and orange fluorescence emission with a 20 × objective. 

As to subcellular localization of PMI6 by Leica SP5 confocal micro-
scope system, HEK293 cells were incubated with 3.5 µM of PMI6 for 1 h 
at 37 ◦C. Then the plates were washed once with PBS supplemented with 
1 mM CaCl2 and 1 mM MgCl2, and then were fixed for 15 min at room 
temperature in 4% paraformaldehyde. A Leica SP5 confocal microscope 
system equipped with 6 different lasers was used for analyzing the 

spectrum of excitation and emission of the fluorescent probe in fixed 
cells. The fluorescent emission spectrum was assessed by using five 
different excitation wavelengths (λEXC): 488 nm, 496 nm, 514 nm, 561 
nm and 633 nm. Although the maximum peak of emission was achieved 
with λEXC of 488 nm, dimmer emission was also detected with λEXC of 
496 nm, 514 nm, 561 nm, but not with λEXC of 633 nm. Therefore, to 
study PMI6 subcellular distribution, we combined subcellular-marker 
antibodies with Alexa-Fluor®633-conjugated secondary antibodies. 
GM130 (BD Biosciences #610822; 1:500) and Tom20 (SCBT#FL-145; 
1:1000) were used as markers of Golgi apparatus and mitochondrion, 
respectively. To analyse co-localization, high resolution images 
(8192x8192 pixels) were acquired on a Leica SP5 confocal microscope. 
The whole cell area was outlined manually in each dual-labelled 
confocal image and then processed with the Coloc2 plugin of the Fiji 
version of the ImageJ image processing software. To calculate the co- 
localization between Tom20 and PMI6, Mander’s coefficients with 
thresholds[65] and the associated Costes P-values[66] were obtained for 
every cell. A total of 21 cells from 3 different experiments were 
analyzed. All the coefficients were verified with the Costes statistical 
significance test. 
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