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Here we present a novel family of carbohydrate conjugates based on the 2-aryl-imidazo[4,5-f][1,10]phenanthro
line core modified with carbohydrates (carb-APIPs). The hybrid compounds were prepared by direct treatment of
the unprotected carbohydrate with 2-(4-aminophenyl)-1H-imidazo[4,5-f][1,10]phenanthroline (APIP). The Nglycosylation reactions with the monosaccharides tested afforded stereoselectively the more stable N-β-glyco
pyranosylamines that, in solution, underwent a dynamic equilibrium leading to anomeric mixtures with a small
participation of the α isomer. DNA interaction experiments with telomeric G-quadruplex DNA included DNA
FRET melting assays, circular dichroism, and equilibrium dialysis and revealed that the novel carb-APIPs bind
the G-quadruplex structure with high affinity. Interestingly, the presence of the carbohydrate confers good
selectivity towards the telomeric quadruplex structure, as suggested by competition DNA FRET melting assays.
Besides the extended aromatic surface that allows π-stacking interactions, the carbohydrate part of the conjugate
may contribute to groove binding recognition, as indicated by viscosity experiments. In addition, the novel carbAPIPs showed significant cytotoxic properties in PC3 and HeLa cells and, to a lesser extent, in MCF7 cells and
normal human fibroblasts (HFF1).

1. Introduction
The development of multifunctional compounds with high biosafety
and multimodal therapeutic performance is currently a very active and
competitive area of research. An essential aspect in this field is the
possibility of modulating the properties of these derivatives throughout
structural variations in several frameworks in an attempt to provide
synergistic effects of the different active domains with sequential or
supplementary activities. Among the diverse strategies so far explored,
those based on biologically derived systems have been emerging as a
privileged approach. Within this context, the incorporation of imidazole
derivatives or carbohydrate subunits is particularly effective to control
the biocompatibility and functions of multitarget compounds owing to
their characteristics and structural variety [1,2].
Imidazole-based compounds have attracted considerable interest for
their versatile properties in chemistry and the broad spectrum of bio
logical activities. Imidazole core is ubiquitous in nature and develops a
critical function in many structures, such as nucleic acids or metal
loproteins and synthetic bioactive derivatives, with a whole range of

medicinal chemistry applications as antiviral, antifungal, antibacterial
or anticancer agents [1]. For example, veliparib and other poly(ADPribose) polymerase (PARP) inhibitors have arisen as promising bio
markers and anticancer therapeutics [3]. Particularly, imidazophenan
throline derivatives (IPs) play a key role in the implementation of a wide
variety of multifunctional compounds and are receiving growing
attention [1,4–8]. They are excellent chelating ligands that can form
stable complexes with d-block transition metals and lanthanide ions.
Imidazophenanthroline analogues and their metal complexes have been
found to be ideal DNA probes due to their diverse DNA-binding modes,
efficient DNA photocleavage effects and prominent photophysical and
electrochemical properties [4–8]. These compounds have proved their
ability to bind biologically relevant DNA structures, particularly quad
ruplex DNA, showing different degrees of selectivity. They can interact
with G-4 DNA by end π-stacking and/or groove binding with high af
finity. In addition, they can induce the stabilization of G-4 DNA in
oncogenic promoters and at telomeres, which closely relates to the
regulation of gene expression and inhibition of telomerase activity, as
well as to their therapeutic potential in cancer chemotherapy [9,10]. It
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has been found that diverse sets of IPs exhibited cytotoxic activities and
inhibitory selectivity against several human cancer cell lines but with
low toxicity towards normal cells [4–7]. Other mechanisms have also
been described to elucidate the anticancer activities of these compounds
based on the inhibition of DNA synthesis or DNA photocleavage via
formation of reactive oxygen species [5–7]. In addition, they have also
been proposed as fluorescence molecular probes for cellular imaging
and cancer screening studies due to their prominent optical properties
[4–7]. Other applications include their use as dyes and functional ma
terials, such as electrochemical DNA biosensors, organic light-emitting
diodes (OLEDs) [4–6,8].
On the other hand, carbohydrates currently play a significant role in
medical chemistry and chemical biology [2,11,12]. The intracellular
uptake in tumor cells can be ensured by appending sugars on multivalent
derivatives by taking advantage of the “Warburg effect” and energy
requirements displayed by cancerous cells, which would greatly
enhance the targeting efficacy of an anticancer agent [13]. In addition, it
is well known that many carbohydrates are good binders for nucleic
acids in general, and for G-quadruplexes in particular. Recent studies on
sugar-DNA conjugates highlight the fact that carbohydrates are able to
bind G-quadruplexes through stacking interactions as well as hydrogen
bonding or hydrophobic contacts involving the grooves and/or loops,
which can further stabilize these secondary structures [14–16]. More
over, several carbohydrate-functionalized derivatives have been proven
to be excellent G-quadruplex ligands and/or exhibit relevant antitumor
activity, which makes them interesting compounds from the perspective
of anticancer therapies [14–16].
Bearing in mind that selective G-quadruplex ligands offer great
promise for anticancer drugs development [9,10], we are interested in
the preparation of carbohydrate conjugates based on heteroaromatic
systems acting as bidentate metal chelators and DNA intercalating
agents. We have shown that the N-(1,10-phenanthrolin-5-yl)-β-glyco
pyranosylamine and N1-(4,5-diazafluoren-9-yliden)-N2-glycopyranosyl
hydrazine copper(II) complexes can bind DNA sequences and prefer
entially stabilize G-quadruplex DNA structures over dsDNA [15b,15c].
Moreover, several complexes exhibited a cytotoxic activity against
cultured HeLa and PC3 tumor cells comparable to other metal complexes
normally used for chemotherapeutic purposes, such as cisplatin [15c].
Herein, we describe the synthesis and characterization of a novel series
of N-4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenyl-β-glycopyr
anosylamines (carb-APIPs, Scheme 1), as well as their DNA interactions
and cytotoxic activity. These ligands have several important features,
which are favorable for developing efficient DNA binding and anti
cancer agents. The extended planar aromatic imidazophenanthroline
backbone and the extra π-conjugation with the aryl moiety leads to a
potentially better π-stacking and higher active component compared to
the 1,10-phenanthroline or 4,5-diazafluorene systems set out in our
previous studies, suggesting that the selected derivatives may be able of
binding quadruplex structures (G4s) on their own, [9,10] even in the

absence of a metal, unlike the previously reported derivatives [15b,15c].
Moreover, it is well-documented that 1H-imidazo[4,5-f][1,10]phenan
throline-based ligands are efficient binders of quadruplex DNA struc
tures [4,6,7]. These new N-heteroaryl glycosylamines include a
carbohydrate unit connected to the outer aryl system through a Nglycoside linker. By sugar conjugation we expected to increase com
pound solubility and bioavailability, incorporate an extra binding
domain to increase interactions with G-quadruplexes and improve tar
geting efficacy, as well as promote the entry into the cell through spe
cific sugar transporters [13–16]. Because carbohydrates can give rise to
significant differences in the affinity for a quadruplex-target, we selected
to attach different monosaccharides in order to obtain useful SAR in
formation on the role the carbohydrate core plays in binding and its
ability to raise additional interactions, as well as corroborate previous
studies on related derivatives. The chosen carbohydrates (D-glucose, Dmannose, 2-deoxy-D-glucose, L-rhamnose, L-xylose), represent examples
of monosaccharides from the D- and L-series, with different stereo
chemical arrangement and/or replacement of the OH groups. Moreover,
they have exhibited relevant biological activities as key structural units
in antitumor agents and vaccines [2,11,12]. In addition, glycosylamines
are key players in carbohydrate enzymology, as they can act as in
hibitors of glycosidases [17]. For example, antitumor indolocarbazole Nglycosides such as rebeccamycin analogues can inhibit topoisomerases,
kinases and/or bind to DNA [18].
In addition to the preparation of the novel carb-APIPs and their
structural characterization, an initial study of DNA interactions has been
carried out on the human telomeric G-quadruplex structure Tel22 as a
potential DNA target. Different techniques have been employed for this
purpose, which include fluorescence-based assays (non-competitive and
competitive DNA FRET melting assays), circular dichroism and equi
librium dialysis experiments. Furthermore, viscosity assays with dsDNA
have been used as well to establish their general DNA binding behavior
as π-stacking/intercalating or/and groove binding agents. Finally, a
preliminary evaluation of cytotoxic activity against a panel of cultured
tumor cells is also included in this work.
2. Results and discussion
2.1. Synthesis and structural study
The N-glycosylation reactions were carried out by direct treatment of
the unprotected carbohydrate with 2-(4-aminophenyl)-1H-imidazo[4,5f][1,10]phenanthroline [15a,19]. After dehydration of the tetrahedral
intermediate, the reactive electrophilic imine sets the stage for intra
molecular cyclization to afford generally the corresponding
thermodynamically-favored cyclic N-glycoside. The best results were
obtained using a large excess of carbohydrate (3 equiv.) and a catalytic
amount of (NH4)2SO4 as promotor in methanol, as was previously
described for the synthesis of N-(1,10-phenanthrolin-5-yl)-

Scheme 1. Structure of the 2-(4-aminophenyl)-1H-imidazo[4,5-f][1,10]phenanthroline carbohydrate conjugates (carb-APIPs).
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β-glycopyranosylamines [15a]. At 60 ◦ C for 24 h the conversion of the
starting amine 2 was practically quantitative and the reactions with the
monosaccharides tested afforded the N-β-glycopyranosylamines 3a-e in
synthetically useful yields (78–84%, Scheme 2); when the process was
carried out in the absence of catalyst the yields were lower (ca.
60–70%). Decomposition, hydrolysis and/or other by-products were not
detectable in yields higher than 3%. Thermodynamics is a major driving
force in determining anomeric stereoselectivity, which is strongly
influenced by the steric features of the amine and the sugar. The high
stereoselectivity of the process could be explained on the basis of the
greater stability of the β anomer, with an equatorial disposition of the
anomeric group, owing to the contribution of the reverse anomeric effect
and the exo-anomeric interactions that control the conformational
preferences of the nitrogen glycosides. For N-arylglucopyranosylamines
it was described that accentuated steric interactions associated with the
exo-anomeric effect were operative in the axial isomer, thereby favoring
the equatorial one [20]. Moreover, this trend may be enhanced for
aglycons with a greater bulk near to the point of glycosylation.
The carb-APIP derivatives 3a-e were studied in depth by 1H and 13C
NMR in (CD3)2SO, using homonuclear and heteronuclear 2D-NMR
techniques for the identification and unambiguous assignment of the
proton and carbon resonances (Figures S1-S22). At 500 MHz the 1H
NMR spectra showed greater complexity in the region around 3.0–5.1
ppm, where most signals of the saccharide moieties appear. Addition of
D2O facilitated the identification of acidic OH and NH proton resonances
and the study of the remaining signals since, in these conditions, the
vicinal coupling constants with OH and NH protons were removed. The
interpretation of the 1H–1H COSY and ROESY spectra was based on the
unambiguous assignment of the signals corresponding to the anomeric
protons (H-1) and the 6-OH protons (apparent triplet) in 3a-c, CH3-6
groups in 3d or cyclic CH2 protons in 3c,e owing to their shape and
chemical shifts. The bridge NH proton was observed as a doublet around
7.0–6.2 ppm, while imidazolyl NH proton appeared as a singlet about
13.4 ppm. Aromatic protons of amine 2 and N-glycosides 3a-e resonate
around 9.0–6.7 ppm, showing very similar chemical shifts. The un
equivocal assignment of all carbon resonances was based on the chem
ical shifts observed in related systems and the analysis of the direct and
long-range 1H–13C correlated spectra (gC2HSQCSE, gHMBC), once the
signals of the respective protons were established. Chemical shifts and
shape of the phenanthroline proton signals are dependent on the solvent
and concentration; H-4′′ /H-11′′ as well as H-5′′ /H-10′′ and H-6′′ /H-9′′
(see scheme 2 for numbering) become chemically equivalent in 2,
however usually appear as discrete signals without degeneracy,
although with subtle but detectable Δδ. in derivatives 3a-e. Concerning
the carbon atoms, the imidazo[4,5-f][1,10]phenanthroline group gives

broadened and weak signals -except C-2′′ quaternary imidazole carbons
beyond detection in some cases- that were more easily identified in the
1
H–13C correlation 2D spectra (gC2HSQC, gHMBC, Figures S3, S8 and
S9). This behavior suggests an intermediate exchange rate for the
imidazole prototropic taumerism [8b,21] and a small influence of the
carbohydrate moiety, probably due to the existence of different
hydrogen bond networks in 2 and the N-glycosylamines. For all com
pounds, the carbons of the substituted aryl group attached to the imi
dazophenanthroline system gave sharp signals. Data are collected in
Table 1 and in the Experimental section.
The N-glycosylamines generally adopt a cyclic structure predom
inating pyranose forms, which can exist in solution as dynamic equi
librium mixtures of two possible anomers (α/β) by a thermodynamic
balance between the open imine-type intermediate and closed ring
forms. The composition of the equilibrium depends largely on the sol
vent, the nature of the carbohydrate and the aglycon, along with the
basicity of the compounds. Usually, the β anomer is favored due to its
greater stability and the tendency for equatorial orientation of the
anomeric group is so strong that is the unique form detected for some
derivatives. This is the case of the N-(1,10-phenanthrolin-5-yl)-β-gly
copyranosylamines in which the phenanthroline moiety is directly
connected to the anomeric carbon by the N-glycosidic atom [15a]. The
solution equilibrium between both anomers has been put forth as a
potential advantage in the context of bioactivity, where binding of one
isomer to a biological target would help drive the equilibrium towards
the bioactive form.
The NMR spectra of the carb-APIPs 3a-e, recorded using freshly
prepared samples in (CD3)2SO, provide conclusive evidence that these
derivatives adopt N-glycopyranoside structure and exist practically as a
single anomer [15a,19f,19g,19i,20]. The anomeric configuration could
be readily inferred from NOE experiments (2D ROESY spectra). The NOE
correlations between H1 and H-3/H-5 protons in all cases (Scheme 2)
and between H1 and the equatorial H-2 in 3b-d indicate an axial
orientation of the anomeric proton (Figure S13 for 3b). The large vicinal
coupling constants (10.7–8.2 Hz, Table 1) between H-1 and the H-2 in
3a,c,e corroborate their trans-diaxial relationship proving the equatorial
disposition of the anomeric group. These features as well as anomeric
proton and carbon chemical shifts and the 13C–1H direct coupling con
stant for the C-1 carbon (1JCH = 150 Hz, Table 1) are in agreement with
the β anomeric configuration [15a,20a]. The experimental values of the
vicinal proton coupling constants of the pyranoside ring revealed that
the D-glycosides 3a-c adopt exclusively the 4C1 conformation and the Lglycosides 3d,e the 1C4 form in (CD3)2SO or (CD3)2SO/D2O solutions.
The large values of coupling constants 3JNH-H1 (9.5–7.6 Hz, Table 1) are
consistent with a near anti relationship between NH and H-1 in (CD3)2SO

Scheme 2. Synthesis of the carb-APIPs 3a-e.
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Table 1
Selected NMR parameters of the N-aryl-imidazo[4,5-f][1,10]phenanthroline glycosylamines (carb-APIPs) 3a-e in (CD3)2SO.
2
δ (ppm)
H-1
bH
H-2′ (6′ )
H-3′ (5′ )
H-5′′ (10′′ )
C-1
C-1′ b
J (Hz)
3
J H1-H2
3
J H1-NH
1
JC1-H1
a
b

5.64
6.74
7.97
7.81
152.1

3aβ
(α)

3bβ
(α)

3cβ
(α)

3dβ
(α)

3eβ
(α)

4.50(5.02a)
6.77
6.90
8.05
7.80; 7.84
84.4
148.8

4.87 (4.97a)
6.31 (6.85)
6.97
8.04
7.80; 7.84
81.1
147.9

4.81 (5.18)
6.95 (6.94)
6.87
8.04
7.80; 7.84
79.7 (78.4)
148.2

4.87 (4.94)
6.23 (6.85)
6.96 (6.98)
8.04 (8.05)
7.81; 7.85
80.8 (83.2)
147.9

4.47 (5.00a)
6.75 (6.46)
6.88
8.05
7.80; 7.84
85.0 (80.7)
148.5

8.6 (4.9a)
7.6
150

- (1.8a)
9.5 (5.3)
150

10.7;1.5 (4.9)
8.3 (5.5)
150 (1 5 5)

- (1.5)
9.5 (6.1)
150 (1 6 0)

8.2 (4.0a)
8.0 (6.5)
150 (15 5)

Values in (CD3)2SO-D2O.
C-1′ is C-4′ in the starting amine 2.

solution, probably due to a preferred conformation around C1-N bond
stabilized by certain contribution of exo-anomeric interactions
[15a,20a].
However, when the compounds were kept in (CD3)2SO or (CD3)2SO/
D2O solutions it was found that β anomer underwent a slow intercon
version to the α anomer leading to an equilibrium mixture of both iso
mers (Figure S17). In any case, the preference corresponds to the
equatorially substituted isomer and the β/α ratio is dependent on the
nature of the carbohydrate and the solvent. Thus, after 24 h in
(CD3)2SO/D2O solutions the participation of the α anomer was about
10% for 3a, 3% for 3b and 20% for 3c-e. These observations corroborate
that the N-glycosylation occurred stereoselectively leading exclusively
to the most stable N-β-glycoside that may be the solid-state structure,
while any observed anomeric mixture is due to a dynamic solution
equilibrium. The different behavior of derivatives 3 compared to the N(1,10-phenanthrolin-5-yl)-β–glycopyranosylamines [15a] might be
related to the different environment around the glycosidic bond: the
phenyl ring moves away the bulky heteroaromatic system, leading to
lower steric demand of the anomeric substituent [20].

well, as a comparative measurement for duplex stabilization [23c].
Experiments were performed on folded (or annealed) DNA in the
absence and in the presence of increasing concentrations of carb-APIPs
3a-e and precursor amine 2 by slow heating from 25 ◦ C to 95 ◦ C. This
allowed the determination of Tm values (precisely T1/2 values)[23a] and
to establish whether a significant variation of thermal stability of the
secondary DNA structure is observed upon compound binding.
The ability of a G4 ligand to stabilize quadruplex DNA, estimated by
the modification of its melting temperature (ΔTm), is usually reported at
1 μM compound concentration. In our experimental conditions, all carbAPIPs showed a very significant stabilization of the telomeric quad
ruplex, with ΔTm values at the reference concentration ranging from ca.
7 to 12 ◦ C (Fig. 1A). The higher stabilization results obtained for 3b and
3d (mannose and rhamnose derivatives, respectively) are comparable to
those found with other well established quadruplex ligands tested under
the same experimental conditions, such as, for example, compound
360A (ΔT1/2 ≈ 12 ◦ C, at 1 μM) [15b]. Regarding the effect of ligand
concentration, a direct correlation between concentration and G4 sta
bilization was observed, although the Tm increment observed was not
regular for all compounds. At 1 μM, for example, the order of thermal
stabilization observed for the carb-APIs was 3b > 3d > 3a > 3e > 3c,
with that meaning that the mannose derivative is the more efficient
stabilizing ligand and the 2-deoxyglucose the less efficient. At a ligand
concentration range between 2.5 and 4.5 μM the relative order of sta
bilizing ability between 3d and 3a (rhamnose and glucose, respectively)
is reversed (Fig. 1A), although at the higher concentration, 5 μM, the
rhamnose derivative 3d showed again a higher ΔTm value. In addition,
up to a concentration of ~4 μM, compound 2 induced less stabilization
of the telomeric quadruplex structure than the carb-APIPs, with the
exception of compound 3c. It is important to point out that these results
clearly differ from those obtained with the family of N-(1,10-phenan
throlin-5-yl)-β-glycopyranosylamines, where no DNA thermal stabili
zation was observed unless the ligands were complexed with Cu(II), and
even in that case, no appreciable thermal stabilization was observed
until a 3 μM compound concentration was reached [15b]. In general, the
new family of ligands, which include in their structure the imidazole and
a phenyl ring, are much better G4 stabilizers than their N-(1,10-phe
nanthrolin-5-yl)-β-glycopyranosylamine counterparts, which can be
explained in terms of their increased surface which might favor π-in
teractions with the telomeric quadruplex.
When compounds 3a-e were tested for stabilization of doublestranded DNA, with the 10 bp sequence F10T (Fig. 1B), it was found
that they were able to produce a modest stabilization of the labeled DNA
duplex structure. At a concentration of 1 μM, all the carb-APIPs and
compound 2 revealed low and relatively similar stabilization, with ΔTm
values of 2–3 ◦ C. As compound concentration was increased, the stabi
lization profile differed slightly, showing that 3b, 3d and 3a (containing
mannose, rhamnose and glucose, respectively) can stabilize dsDNA to a

2.2. DNA interactions
2.2.1. DNA FRET melting assays
In the study of DNA interactions, we first wanted to determine
whether the series of carb-APIP compounds (3a-e) can efficiently bind
DNA and, in particular, quadruplex DNA. As DNA target, the human
telomeric sequence was chosen (Table 2), folded in the presence of po
tassium ions, which represents a mixture of hybrid structures. This
quadruplex DNA was selected based on the wide structural information
available of this polymorphic structure and its biological relevance in
cancer biology [22].
FRET DNA melting assays were thus initially used to determine
whether the carb-APIPs are able to thermically stabilize the telomeric
quadruplex structure. For that purpose, oligonucleotide F21T labeled
with the fluorophore FAM at its 5′ end and the fluorophore TAMRA at
the 3′ end was employed [23a,23b]. In a similar fashion, in parallel
experiments, interaction with oligonucleotide F10T was investigated as
Table 2
DNA oligonucleotide sequences used to study carb-APIP-DNA interactions.
Name
Type
sequence
Tel 22
F21T
F10T
ds26
a

Sequence (5′-3′)

G4 (telomeric)
5′ -AGGGTTAGGGTTAGGGTTAGGG-3′
G4 (telomeric, Fla) 5′ -FAM-GGGTTAGGGTTAGGGTTAGGG-TAMRA − 3′
dsDNA (Fla)
5′ -FAM-TATAGCTATA/Sp18/TAGCTATA-TAMRA − 3′
dsDNA
5′ -CAATCGGATCGAATTCGATCCGATTG-3′

Fl = fluorescencently labeled.
4

P. Gratal et al.

Bioorganic Chemistry 125 (2022) 105851

Fig. 1. DNA FRET melting experiments for compounds 3a-e and 2 at a concentration range between 0 and 5 μM with A) telomeric oligonucleotide F21T (potassium
buffer). B) duplex DNA F10T (sodium buffer).

greater extent than 3c and, especially, over 3e (bearing 2-deoxyglucose
and xylose, respectively). Compound 2 displayed a modest stabilization
of F10T, lower than compounds 3b, 3d and 3a, but higher than that
observed for compounds 3c and 3e. The interval of ΔTm values at the
higher concentration (5 μM) ranges from 3 to 9 ◦ C with F10T, compared
to 13 to 23 ◦ C in the case of the quadruplex F21T DNA sequence. Taken
together, these results may suggest the preferential binding and stabi
lization of the quadruplex DNA structure by the carb-APIPs. However, as
the duplex F10T DNA displays higher thermal stability than quadruplex
F21T, these finding should be taken with caution and additional ex
periments under real competition conditions should be considered.
Therefore, to address quadruplex versus duplex DNA selectivity,
analogous melting experiments with F21T were repeated by maintain
ing the carb-APIP concentration equal to 5 μM, in the absence and in the
presence of an unlabeled dsDNA competitive sequence, ds26. Following
standard protocols, the competitive sequence was added at two different
concentrations, 3 and 10 μM, which represent a considerably high
duplex DNA stoichiometric excess (15-fold and a 50-fold, respectively).

Afterwards, binding selectivity (S), at 3 and 10 μM, was determined
according to the following equation: S= (ΔTm)with dsDNA competitor/
(ΔTm)without dsDNA competitor. Compounds especially selective for quad
ruplex DNA structures are expected to maintain the ΔTm values very
similar to the values in the absence of duplex DNA, irrespective of the
amount of dsDNA added. Thus, S values of 1 (or near to 1) represent high
selectivity for the quadruplex DNA structure.
As previously mentioned, when the telomeric quadruplex F21T was
incubated with carb-APIPs at 5 μM concentration, significant stabiliza
tion of the structure was observed (Fig. 2). Upon the addition of excess of
the ds26 sequence at 3 and at 10 μM concentration, some of the com
pounds displayed an appreciable decrease in ΔTm, such as 3b (with
mannose) and, to a letter extent, 3c and 3a (having 2-deoxyglucose and
glucose, respectively). However, compounds containing xylose (3e) and,
especially, rhamnose (3d) were able to maintain the ΔTm values closer
to the initial values, even at high excess of duplex DNA. This observation
indicates that these two compounds are quite selective for quadruplex
structure, in particular the rhamnose derivative. The values of

Fig. 2. Competition DNA FRET melting experiments for carb-APIPs 3a-e at a 5 μM concentration with 0.2 μM G4 sequence F21T (10 mM lithium cacodylate, 90 mM
LiCl, 10 mM KCl) in the absence (blue) and in the presence (green and pink) of competitor dsDNA sequence ds26: 3 μM, 15-fold dsDNA excess (green) and 10 μM, 50fold dsDNA excess (pink). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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selectivity (S) found were: 0.91 and 0.87 for 3d and 0.86 and 0.74 for 3e,
at 3 and 10 μM of competitor, respectively (Table S1 in Supporting In
formation). S values for rhamnose derivative 3d were found to be very
close to those obtained with reference quadruplex ligand 360A (0.93
and 0.88, at 3 and 10 μM of competitor, respectively, Table S1 and
Fig. S23A). In summary, selectivity determined by this assay was found
to decrease in the order 3d > 3e > 3a ≈ 3c > 3b. Finally, it is important
to remark that the precursor amine, compound 2, tested under the same
experimental conditions, showed considerably lower selectivity values
(S = 0.67 and S = 0.47, at 3 and 10 μM of competitor, respectively,
Table S1 and Fig. S23B) than any of the carb-APIPs studied herein,
which clearly indicates that the carbohydrate part of the ligand is
exerting a significant contribution in quadruplex recognition, and
conferring the compounds with quadruplex/duplex binding selectivity.

quadruplex topology and, in the present case, confirms the existence
of DNA hybrid (3 + 1) structures [26].
For the qualitative evaluation of the effects of the carb-APIPs on DNA
structure, the CD spectra of G-quadruplex DNA, folded in the presence of
K+ at different molar ratios [ligand/DNA, from 0:1 up to 5:1], were
recorded. Interestingly, several spectral modifications were observed,
indicating that the carb-APIPs can induce changes in the conformation
of Tel22.
As shown in Fig. 3 (Panel A), the glucose derivative 3a gave rise to
changes both in the 295 nm band and in the region ca. 240–270 nm. The
intensity of the signal at 295 nm was slightly reduced as a function of an
increase of compound 3a concentration, whereas the wide region at
240–270 nm presented a considerable enhancement in ellipticity. This
change may be suggestive of an increase in the parallel character of the
structure. In the case of the compounds containing mannose and 2-deox
yglucose (3b and 3c, Fig. 3, panels B,C), the intensity of the character
istic bands at 295 nm was reduced to a greater extent than in the case of
compound 3a, whereas the region 240–270 keeps the same signature as
in Tel22 alone, with a slight ellipticity enhancement as compound
concentration increases. However, 3c, at the higher ligand to DNA ratio
studied, produced a greater spectral modification at ~ 260 nm, an effect
that resembles that observed for compound 3a. The rhamnose derivative
3d showed a clear increase in the intensity of the shoulder at 270 nm,
while little effect on the band at 295 nm (Fig. 3D). Overall, compounds
3a-d seem to stabilize the parallel-type topology at the ligand/DNA
ratios examined. The xylose derivative 3e, exhibited a more subtle
modification of the CD spectrum of the telomeric quadruplex, which
reflects that its binding is not producing important structural changes
(Fig. 3E). Moreover, this compound showed a concentration-dependent,

2.2.2. Circular dichroism
Next, the effect of the binding of carb-APIPs 3a-e on the structure of
the telomeric G-quadruplex sequence DNA, folded under potassium
conditions, was qualitatively monitored by circular dichroism (CD). This
technique allows the determination of characteristic folding topologies
of G-quadruplexes as a function of metal ion and concentration, tem
perature, etc. or upon ligand binding [24,25].
In our experimental conditions, the CD spectrum of Tel22 was found
to be consistent with previous data reported in the literature for a
properly folded structure. The folding topologies for the studied quad
ruplex, a mixture of hybrid structures, belong to the group II topology
[24b,24c]. In K+ solution, Tel22 characteristic spectral properties are a
positive signal around 295 nm with a shoulder at 270 nm, and a trough
at 235 nm. These features are distinctive of mixed antiparallel-parallel

Fig. 3. Changes in CD spectra of quadruplex Tel22 (4 μM strand molarity), folded in the presence of potassium ions, (10 mM lithium cacodylate, 90 mM LiCl, 10 mM
KCl, pH 7.3, 25 ◦ C) upon addition compounds 3a-e and 2 in a molar ratio DNA/Compound ranging from 1:1 to 1:5. A) Tel22 + 3a. B) Tel22 + 3b. C) Tel22 + 3c. D)
Tel22 + 3d. E) Tel22 + 3e. F) Tel22 + 2.
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slight stabilization of the telomeric hybrid-type topology, as revealed by
the increase in intensity of the characteristic spectral bands.
Finally, it is important to point out that the effects observed in the CD
spectra are a consequence of the presence of the carbohydrate moiety,
because the precursor compound, amine 2, under the same experimental
conditions, did not show alteration on the CD spectral signature of
Tel22, beyond a slight ellipticity enhancement at 295 nm (Fig. 3F).
Taken together, the experiments revealed that the carb-APIPs under
investigation can induce appreciable modifications on the CD spectrum
of Tel22 and confirm their binding to this particular secondary structure.
Furthermore, our results suggest that the spectral changes observed are
not totally uniform, as they are dependent on the particular carbohy
drate, in good agreement with previous work with other carbohydrate
analogues [15b].

deoxyglucose and rhamnose derivatives, respectively). This finding
points towards the fact that the rhamnose- and 2-deoxyglucose-APIPs
can be considered the best quadruplex ligands in terms of binding af
finity to the target quadruplex sequence.
2.2.4. Viscosity assays
As the preceding interaction studies performed on carb-APIPs 3a-e
revealed that the compounds bind the telomeric quadruplex efficiently,
but they can as well recognize dsDNA, we settled out to investigate the
mode of interaction with the latter. This can be approached by using a
relatively simple assay, viscosity titrations, which allow determining
whether a compound of interest binds duplex DNA either by intercala
tion between the DNA base pairs, which results in an increase of the
solution viscosity, or by binding to the DNA grooves, or externally [30],
which barely affects its viscosity. For that purpose, the theory of Cohen
and Eisenberg was applied [31], and gradual titrations of DNA solutions
with the carb-APIPs were carried out. This produced linear plots of the
cubed root of the relative DNA viscosity (η/ηo)1/3 versus the molar ratio
of bound ligand to DNA nucleotide (r), from which slope values were
determined. These values can be roughly correlated with DNA-ligand
binding modes in the following way: groove binding compounds
commonly display a slope close to 0.0, whereas classical intercalating
molecules, such as ethidium bromide (monointercalant) give rise to
slope values close to 1.0 [30,31]. Experimentally, it has been found that
the slopes associated with minor-groove binder compounds can vary
within the range from − 0.3 to 0.2 [32].
Viscometric assays were carried out at a temperature of 25 ± 0.01 ◦ C
by adding small aliquots of each carb-APIP 3a-e (or compound 2 or
selected controls) to the DNA solutions of Calf Thymus (CT) DNA, in 10
mM sodium phosphate buffer (pH 7.2). Flow times were recorded in the
presence (η) and in the absence (ηo) of compound. The viscosity data
were plotted as (η/ηo)1/3 versus r, as shown in Fig. 4.
Compounds 3a-e demonstrated a linear (η/ηo)1/3 versus r correlation
at the ligand to DNA molar ratios used in the experiments. The com
pound slope values resulting from the viscosity plots ranged from 0.23
(3d) to 0.46 (3b). The mannose derivative 3b, which displayed the
lowest quadruplex selectivity in FRET melting assays gave rise to the
highest slope in the dsDNA viscosity titration. On the contrary, the
rhamnose derivative 3d, which displayed high affinity and selectivity
for the telomeric quadruplex in the preceding experiments, yielded the
lowest slope value. 3a and 3e showed almost identical behavior with a
slope value ~ 0.30 and, to a lesser extent, 3b and 3c, with values of ~
0.47 and ~ 0.40, respectively (Fig. 4). Compound 2, the precursor
amine, gave rise to a slope value similar to the mannose (3b) and 2-deox
yglucose (3c) derivatives, ~ 0.44.
It is evident from the results obtained that these carb-APIPs do not
interact with dsDNA by a classical intercalation mechanism, but rather
by a mixed binding mode involving groove binding and, in some cases,
partial or not classical intercalation. The rhamnose derivative 3d is
likely to bind the DNA grooves or externally, while the mannose de
rivative 3b stands out in the carb-APIP series for a higher contribution of
intercalation, although this cannot be considered a classical intercalator,
such as ethidium bromide (Fig. 4, slope ~ 1.02). Notwithstanding, it is
important to remark that the differences in the viscosity slope values are
not sufficient to account for significant differences in binding modes,
and they suggest that these carb-APIPS and the precursor compound 2
interact with duplex DNA in a similar fashion, with a highest, but modest

2.2.3. Equilibrium dialysis
Equilibrium dialysis experiments with the quadruplex telomeric
sequence Tel22 were carried out to determine apparent binding asso
ciation constants. The experiments were adapted from the technique
developed by the Chaires group [27], which is based on the fundamental
thermodynamic principle of equilibrium dialysis [28] and the Crothers
competition dialysis method [29].
2 μM solutions of compounds 3a-e (dialysate solutions, 100 mM KCl)
were equilibrated with 75 μM of nucleic acid for 24 h. (Under these
conditions, compound 2 was found to precipitate in the buffer system
and, therefore, it was not included in the study). At the end of the
equilibration period, a detergent was added to the dialysis solutions, and
UV–visible spectra were recorded in order to determine the concentra
tions of free and DNA-bound ligand. Apparent association constants
were calculated by using the equation Kapp = Cb/(Cf)(Stotal-Cb) [27c],
where Cb is the amount of ligand bound, Cf is the free ligand concen
tration and Stotal = 75 μM, in monomeric units (tetrads in this case).
Table 3 shows that compounds 3a-e have a good affinity for telo
meric G-quadruplex DNA, with apparent association constants in the
order of 105 M− 1. In general, these derivatives show a similar grade of
affinity towards the quadruplex structure, although dependent of the
type of carbohydrate. This behavior resembles that previously observed
with the family of the copper(II)complexes of N-(1,10-phenanthrolin-5yl)-β-glycopyranosylamines. Under the present conditions, the 2-deoxy
glucose (3c) and rhamnose (3d) derivatives exhibited the highest
binding affinity, closely followed by the glucose-APIP 3a. On the other
hand, the mannose (3b) and xylose (3e) compounds presented the
lowest Kapp values. However, it is important to highlight that the asso
ciation constants determined for the carb-APIPs alone, possessing an
extended aromatic surface, were found to be one order of magnitude
higher than those obtained in the case of two molecules of N-(1,10phenanthrolin-5-yl)-β-glycopyranosylamine coordinated to Cu(II).
Additional dialysis experiments with Calf Thymus (CT) dsDNA were
carried out. In general, even if the experimental conditions (such as ionic
strength, biomolecule size and sequence) are not exactly comparable, it
was found that apparent binding constant values were lower than those
determined with telomeric quadruplex structures, except for compound
3e. Interestingly, compounds 3c and 3d revealed a binding affinity to
dsDNA ~ 6-fold and ~ 13-fold lower than to G4 Tel22, respectively. The
xylose derivative 3e, on the other hand, and in the experimental con
ditions tested, showed a remarkable affinity towards dsDNA, higher
than 3a and 3b, and much higher than 3c and, especially, than 3d (2-

Table 3
Apparent association constants for carb-APIPs 3a-e obtained by equilibrium dialysis.
3a
(Glucose)
Kapp (M− 1) × 10−

DNA
Tel22 (G-quadruplex, K )
CT dsDNA (no salt)
+

3.15 ± 0.08
2.32 ± 0.56

3b
(Mannose)
5

Kapp × 10−

3c
(2-Deoxyglucose)

5

Kapp × 10−

2.02 ± 0.18
1.15 ± 0.30

5

4.18 ± 0.01
0.71 ± 0.01

7

3d
(Rhamnose)
Kapp × 10−

5

3.70 ± 0.30
0.29 ± 0.01

3e
(Xylose)
Kapp × 10−

5

1.06 ± 0.03
5.20 ± 0.13
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Table 4
Cytotoxic activity of compounds 3a-e, 2 and selected controls in tumor PC3,
HeLa, and MCF7 cultured cells and normal fibroblast (HFF1) cells after 72 h
incubation.a
SIb,c

PC3

Hela

MCF7

HFF1

Compound

IC50 (μM)

IC50 (μM)

IC50 (μM)

IC50 (μM)

2
3a (glucose)
3b (mannose)
3c (2-deoxyglucose)
3d (rhamnose)
3e (xylose)
360A
Cisplatin

4.3 ± 0.9
8.3 ± 2.3
4.3 ± 1.3
1.9 ± 0.6
4.4 ± 0.4
3.9 ± 0.8
2.5 ± 0.8
12.8 ± 0.9

6.1 ± 2.3
7.9 ± 1.5
6.7 ± 1.4
5.5 ± 0.8
4.7 ± 1.3
10.9 ± 2.6
8.5 ± 1.4
18.0 ± 1.9

5.2 ± 1.0
33.5 ± 3.1
21.5 ± 1.4
7.9 ± 0.4
22.9 ± 1.3
14.7 ± 2.3
44.9 ± 9.2
96.5 ± 6.7

15.8 ±
33.2 ±
26.4 ±
10.5 ±
40.0 ±
21.2 ±
30.6 ±
36.4 ±

0.8
5.0
2.5
1.8
6.8
2.9
2.3
4.4

3.7b 3.0c
4.0b 1.0c
6.1b 1.2c
5.5b 1.3c
9.1b 1.7c
5.4b 1.4c
12.2b0.7c
2.8b 0.4c

a
IC50 values for reference compounds 360A and cisplatin were determined
under identical experimental conditions [33].
b
SI (Safety or selectivity index) determined as IC50 (HFF1)/IC50 (PC3).
c
SI determined as IC50 (HFF1)/IC50 (MCF7).

demonstrated the higher antitumor activity in the series, followed by the
rhamnose and the xylose-APIPs (3d and 3e), then the mannose (3b) and,
finally, by the glucose (3a) derivative. Compound 2 showed a significant
cytotoxicity activity as well, especially relevant in the MCF7 cell line,
with IC50 values in the range 4–6 μM. MTT assays performed with the
previously reported N-(1,10-phenanthrolin-5-yl)-β-glycopyranosyl
amines (Table S2), revealed that all carb-APIPs reported in this work
have better antitumor biological activity (lower IC50 values), suggesting
that an increased aromatic surface and the particular structural features
of the carb-APIPs are clearly beneficial.
Regarding the carb-APIPs cytotoxicity in normal cells, a preliminary
study with human fibroblasts (HFF1 cell line, Table 4, Figure S27) in
dicates that the carb-APIPs, compound 2, and reference antitumor
compounds (360A and cisplatin) are moderately less cytotoxic in the
healthy cells, especially in comparison with cytoxicity results obtained
in PC3 and Hela cells. The selectivity indexes (SI), determined with
respect to PC3 cells, for example, reflect selectivities for the carb-APIPs
in the range 4 to 9-fold, higher than cisplatin, but lower than compound
360A. The best compound in the carb-APIP series turned out to be 3d,
the rhamnose derivative, with an estimated 9-fold selectivity. The
selectivity effect is considerably diminished when referred to MCF7
cells, in particular for the antitumor reference compounds, 360A and
cisplatin. Even in this case, the family of carb-APIPs shows more selec
tivity than the controls, with exception made for compound 2, which
possesses a remarkable cytotoxic antitumor activity in MCF7.
Finally, preliminary cell cycle arrest assays using flow cytometry
were carried out, in HeLa cells, treated with the compounds at IC50
equivalent concentrations, for 72 h. Under these conditions (5 and 10
μM of carb-APIP) modest alterations in the cell cycle distribution
(SubG0, G0/G1, S or G2/M populations) were detected. After 72 h of
incubation, it was found that most of the carb-APIPs arrested cell cycle at
the G0/G1 phase (Figure S29, 10 μM concentration, ~ 5–7% increase
relative to control), whereas the amine precursor, compound 2, and 3d
(rhamnose derivative), minimally affected this cell phase. Compounds
3b, 3c, 3e and 2 produced a similar decrease in the number of cells in S
and G2/M (~7–9%) phases and a slight increase of SubG0 (~2–3%), the
population of apoptotic cells, whereas 3d showed a distinctive increase
of the number of cells in S phase (~5%) and subsequent decrease in G2/
M. Additional experiments testing the rhamnose derivative, compound
3d, along with 360A, cisplatin and 2, in HeLa cells (Figure S30)
confirmed that 3d exerts minor effects on HeLa cell cycle progression
compared to the antitumor reference ligands used in the present study,
interfering with DNA synthesis. However, the distinctive effects
observed among the different carb-APIPs and between this family of
compounds and precursor 2, once again highlight the important role
that the carbohydrate subunit must play to confer the carb-APIP con
jugates with the particular biological properties. Further investigation

Fig. 4. Viscosity titration experiments of Calf Thymus (CT) DNA and carb-APIPs
3a-e at 25 ⁰C (10 mM sodium phosphate buffer, pH 7.2). Averaged slope values
are, ca.: 0.29 (3a), 0.47 (3b), 0.40 (3c), 0.23 (3d), 0.31 (3e), 0.44 (2), 1.02
(EB), − 0.04 (blank, no compound), − 0.17 (DETA). EB: ethidium bromide
(classical intercalant); DETA: diethylenetriamine (non-specific, electrostatic binder).

contribution of intercalation in the case of compounds 3b, 2 and 3c, and
a higher contribution of groove binding for the rhamnose derivative 3d.
Although these finding cannot be directly extrapolated to quadruplex
DNA, which differs in the number and dimensions of the grooves and it
presents a highly dynamic character, these results allow us to hypoth
esize that 3a-e interact with the human telomeric quadruplex, besides
by π-π stacking interactions, by recognizing the grooves and/or loops of
the structure, likely establishing hydrogen-bond interaction networks
between the carbohydrate and the phosphate backbones.
2.3. Cytotoxic activity in cultured cells
Finally, we tested the biological antitumor activity of carb-APIPs in
cultured PC3 (prostate), HeLa (cervix) and MCF7 (breast) cancer cells
and in normal human fibroblast (HFF1) cells, by the MTT assay, after a
72 h treatment. In addition, effects on cell cycle progression were
studied preliminarily. G-quadruplex ligand 360A and cisplatin were
included in some of the experiments for comparison purposes, as they
are known cytotoxic compounds, as well as the carb-APIP amine pre
cursor, compound 2. In addition, the cytotoxicity in cancer cells of some
representative derivatives (4–7) of the N-(1,10-phenanthrolin-5-yl)β-glycopyranosylamines series is also reported in this work (Table S2) to
compare the two families of derivatives, and to establish whether an
increase in aromatic surface is exerting an effect on antitumor activity.
Other carbohydrate analogues, the N1-(4,5-diazafluoren-9-yliden)–N2glycopyranosyl hydrazines, have been previously found inactive up to a
100 μM concentration [15c].
The results from this assay revealed that most of the compounds,
after a 72 h treatment, have significant antitumor activity in cultured
cells, as they are cytotoxic in the low micromolar concentration range,
with IC50 values around 10 μM and below (Table 4, Figures S24-S26) in
HeLa and PC3 cell lines, and slightly higher (up to 34 μM) in MCF7.
Their antitumor activity is comparable to that determined for the
quadruplex ligand 360 and significantly higher than the metallo-drug
cisplatin. As a matter of fact, all carb-APIPs exhibited a better anti
tumor activity than the reference compounds in the MCF7 breast cancer
cell line. Although their relative antitumor activity is similar and
dependent on the cell line tested, in general, 2-deoxyglucose-APIP (3c)
8
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determined by 1H NMR spectroscopy; TLC was performed on precoated
Kieselgel 60 F254 aluminum sheets; plates were eluted with methanol,
dried and then eluted with methanol/ NH4OH (30%) 10:0.7; detection
was first by UV and then by charring with sulphuric acid in ethanol (1:4,
v/v). Melting points were taken on an Electrothermal Digital IA9100
apparatus and were uncorrected. Optical rotations were measured in
HPLC grade dimethylsulfoxide on a Perkin-Elmer 341 polarimeter; [α]D
values are given in 10− 1 deg∙cm2∙g− 1; concentration is given in
mg∙mL− 1. ESI mass (+mode) spectra were performed on a Thermo
Scientific TSQ Quantum LC/MS or an AB Sciex QSTAR Pulsar Q-TOF
instruments. IR spectra (KBr disks) were recorded on a FT-IR PerkinElmer Spectrum 2000 spectrophotometer. All NMR spectra (1H, 13C, 2D
1
H–1H gCOSY, TOCSY, ROESYAD, 1H–13C gC2HSQCSE, gHMBC) were
recorded on a Varian 300 UNITY-Plus or VNMRS-500 and Brucker-400
spectrometers in (CD3)2SO or (CD3)2SO/D2O at 298 K using standard
pulse sequences. Chemical shifts are reported relative to the residual
(CHD2)2SO (δH 2.50 ppm), or (CD3)2SO (δC 39.5 ppm); resonance pat
terns are designated with the notations s (singlet), d (doublet), t (triplet),
q (quartet), and m (multiplet); in addition, the notations ap and br are
used to indicate an apparent multiplicity and a broad signal; geminal H6′ protons at the sugar moieties resonating at low and high frequency are
denoted as H-6′ a and H-6′ b, respectively; axial and equatorial protons of
pyranose CH2 groups are indicated as Hax and He. Lorentz-Gauss
transformation was used to improve the resolution of the 1H NMR
spectra. Errors: 1H, δ ± 0.01 ppm, J ± 0.1 Hz; 13C, δ ± 0.1 ppm.
For DNA interaction studies, distilled, deionized water (ddH2O,
Milli-Q) was used for the preparation of all buffers and aqueous solu
tions. All reagents and solvents were synthesis or molecular biology
grade and were utilized as provided by Sigma-Aldrich. Carb-APIPs so
lutions were freshly prepared for each assay, including a small per
centage of DMSO as co-solvent in the concentrated solutions, from
which working solutions in water were made by serial dilution.

under a wider range of experimental conditions with a panel of different
cell lines will be needed to fully characterize the effects of the com
pounds on cancer cell cycle progression.
3. Conclusions
Treatment of 2-(4-aminophenyl)-1H-imidazo[4,5-f][1,10]phenan
throline with different unprotected monosaccharides afforded a novel
series of N-4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenylβ-glycopyranosylamines (carb-APIPs) with synthetically useful yields
and excellent stereoselectivity. Interestingly, these carbohydrate con
jugates underwent in solution a dynamic equilibrium leading to
anomeric mixtures with small participation of the α isomer.
In addition, we have reported the interactions of the novel carbAPIPs 3a-e with the human telomeric quadruplex sequence, folded in
the presence of potassium ions. This family of compounds has shown a
significant ability to bind telomeric G-quadruplex DNA, as established
by FRET-based DNA melting experiments, in non-competitive and in a
competitive version, by circular dichroism titrations, and by equilibrium
dialysis. From the results obtained by competition FRET, it can be
inferred that the presence of the carbohydrate is conferring quadruplex
versus duplex DNA binding selectivity. In addition, the carb-APIPs are
able to induce conformational changes in the telomeric structure that
are dependent on the nature of the carbohydrate, as shown by CD ti
trations. All derivatives were found to bind quadruplex DNA with high
affinity, determined by equilibrium dialysis experiments. Finally, addi
tional viscosity experiments performed on dsDNA (CT) point towards an
interaction that involves groove binding and, possibly, partial interca
lation. The extended aromatic surface of these derivatives and structural
characteristic of the compounds may not be optimal for binding to
dsDNA by classical intercalation. Therefore, the results described herein
are consistent with a DNA-ligand interaction that may involve, at least in
part, the recognition of the DNA grooves and/or loops of the telomeric
quadruplex besides the typical π-π stacking interactions with the
external tetrads of the G-quadruplex. This groove binding is likely to be
conditioned by the nature of the particular carbohydrate component of
each carb-APIP.
Regarding the biological activity, all derivatives have shown signif
icant antitumor activity in HeLa, PC3 and MCF7 tumor cell lines, with
IC50 values in the low micromolar concentration range. At the same
time, they also have proven cytotoxic in normal fibroblast cells (HFF1),
although to a lower extent that in PC3 and HeLa cells, which confers the
compounds with modest but interesting selectivity, especially in the case
of the rhamnose derivative 3d. Their antitumor activity and selectivity
compare well with that observed for quadruplex ligand 360A and they
are significantly better than cisplatin metallo-drug, especially in the
breast cancer cell line (MCF7). Moreover, compared to other carbohy
drate derivatives reported previously [15b,15c], the conjugation with
the 2-(4-aminophenyl)-1H-imidazo[4,5-f][1,10]phenanthroline core
(APIP) confers the compounds with an increased biological activity,
without the need of further coordination to a metal species. Finally,
preliminary cell cycle assays suggest that the carbohydrate conjugates,
at IC50 equivalent concentrations, modestly affect cell cycle progression
in HeLa cells, resulting in a slight increase in the G0/G1 and SubG0
populations. In addition, the rhamnose derivative 3d seems to promote
cell cycle arrest in S phase. Further studies with selected candidates will
be required to shed more light on the underlying mechanisms that ac
count for the biological activity of the carb-APIPs.

4.2. Synthesis of 2-(4-Aminophenyl)-1H-imidazo[4,5-f][1,10]
phenanthroline (2)
2-(4-Aminophenyl)-1H-imidazo[4,5-f][1,10]phenanthroline (2) was
prepared in two steps from 1,10-phenanthroline-5,6-dione [34] as pre
viously described [4c,6o,35] with small variations. Firstly, treatment of
the 1,10-phenanthroline-5,6-dione with 4-nitrobenzaldehyde and
NH4OAc (molar ratio dione/aldehyde/NH4OAc 1:1.2:20) in glacial
HOAc ([dione] = 0.1 M) at 124 ◦ C for 5 h led to 2-(4-nitrophenyl)-1Himidazo[4,5-f][1,10]phenanthroline [4c,35] with a yield of 94%.
Reduction of nitro derivative with hydrazine hydrate using Pd/C 10% as
catalyst [6o] at 70 ◦ C for 6 h afforded 2 as a dark orange powder (97%).
δH (300 MHz; (CD3)2SO) 5.64 (2H, br s, NH2), 6.74 (2H, dap, J = 8.7 Hz,
H-3′ (5′ )), 7.81 (2H, dd, J = 8.1, 4.3 Hz, H-5(10)), 7.97 (2H, dap, J = 8.7
Hz, H-2′ (6′ )), 8.90 (2H, dd, J = 8.1, 1.8 Hz, H-4(11)), 9.00 (2H, dd, J =
4.3, 1.8 Hz, H-6(9)), 13.30 (1H, s, NH); δC (75 MHz; (CD3)2SO) 113.6 (C3′ (5′ )), 117.3 (C-1′ ), 123.2 (C-5(10)), 125.5a (C-3b(11a)), 127.6 (C-2′
(6′ )), 129.4 (C-4(11)), 135.4a (C-3a(11b)), 143.2 (C-7a(7b)), 147.4 (C-6
(9)), 150.5 (C-2), 152.1, (C-4′ ); a values deduced from 1H–13C gHMBC
spectrum, tentative assignment.
4.3. Synthesis of N-4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)
phenyl-β-glycopyranosylamines general procedure
To a stirred solution of the 2-(4-aminophenyl)-1H-imidazo[4,5-f]
[1,10]phenanthroline (156 mg, 0.5 mmol) in 10 mL of methanol
([amine] = 0.05 M) was added the monosaccharide (1.5 mmol) and ca.
4 mg of (NH4)2SO4 [15a]. The reaction mixture was heated at 60 ◦ C for
24 h and then allowed to cool to room temperature. The solid obtained
was separated by filtration and washed with MeOH (2 × 10 mL) and H2O
(2 × 10 mL) to remove the (NH4)2SO4 salt and to eliminate excess of
sugar as well as possible traces of the starting amine and/or other byproducts, and then treated with Et2O. After drying in vacuum, the

4. Experimental
4.1. General methods
All reagents were commercially available (Sigma-Aldrich) in high
purity and used as received. The N-glycosylation reactions were moni
tored by thin-layer chromatography (TLC) and their composition was
9
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purity of the N-glycopyranosylamines 3a-e was checked by TLC, 1H
NMR and analytical data.
N-4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenyl-β-Dglucopyranosylamine (3a). White solid; yield: 78%; Rf = 0.42; mp
245–247 ◦ C (decomposition); [α]22
D − 21 (c 1.11 in DMSO); IR (KBr) νmax
– N, C–
– C),
3292 br (NH and OH), 1614 (δ NH), 1566, 1529, 1483 (C–
1077, 1022 cm− 1; δH (500 MHz; (CD3)2SO) 3.15 (1H, tdap, J = 9.5, 9.2,
5.1 Hz, H-4), 3.22 (1H, tdap, J = 8.9, 8.6, 5.5 Hz, H-2), 3.29a (2H, m, H3, H-5), 3.47 (1H, dtap, J = -11.9, 6.1,5.8 Hz, H-6a), 3.70 (1H, ddd, J =
− 11.9, 5.5, 2.1 Hz, H-6b), 4.48 (1H, tap, J = 5.8, 5.5 Hz, OH-6), 4.50
(1H, tap, J = 8.6, 7.6 Hz, H-1), 4.93b (1H, d, J = 5.5 Hz, OH-2), 4.93b
(1H, d, J = 5.1 Hz, OH-4), 5.01 (1H, d, J = 4.6 Hz, OH-3), 6.77 (1H, d, J
= 7.6 Hz, NH), 6.90 (2H, dap, J = 8.9 Hz, H-2′ (6′ )), 7.80 (1H, dd, J =
8.0, 4.2 Hz, H-5′′ (10′′ )), 7.84 (1H. dd, J = 8.2, 4.2 Hz, H-5′′ (10′′ )), 8.05
(2H, dap, J = 8.9 Hz, H-3′ (5′ )), 8.90c (1H, dd, J = 8.0, 1.8 Hz, H-4′′
(11′′ )), 8.90c (1H, dd, J = 8.2, 1.8 Hz, H-4′′ (11′′ )), 9.01d (1H, dd. J = 4.2,
1.8 Hz, H-6′′ (9′′ )), 9.02d (1H, dd, J = 4.2, 1.8 Hz, H-6′′ (9′′ )), 13.38 (1H, s,
NH-1′′ ); δC (125 MHz; (CD3)2SO) 60.9 (C-6), 70.2 (C-4), 73.0 (C-2), 77.5,
77.8 (C-3, C-5), 84.4 (C-1 1JC1-H1 = 150 Hz), 113.2 (C-2′ (6′ ), 118.7,
119.3 (C-4′ , C-3′′ b(11a′′ )), 123.0, 123.2 (C-5′′ (10′′ )), 125.8e (C-3′′ b
(11′′ a)), 127.3 (C-3′ (5′ )), 129.3, 129.5 (C-4′′ (11′′ )), 135.7e (C3a”(11′′ b)), 143.0, 143.5e (C-7′′ a(7′′ b)), 147.3, 147.5 (C-6′′ (9′′ ), 148.8
(C-1′ ), 151.7 (C-2′′ ); a 3.30 (1H, tap, J = 8.9, 8.8 Hz, H-3), 3.30 (1H, m,
H-5) partially overlapped signals in (CD3)2SO-D2O; b,c,d overlapped
signals; e values corroborated from 1H–13C gHMBC spectrum, tentative
assignment. HRMS (ESI-TOF): (M+H)+, found 474.1776 C25H24N5O4
requires 474.1772. When the NMR spectra were registered after 24 h
some signals corresponding to α anomer were also identified, δ H (500
MHz; (CD3)2SO-D2O): 5.02 (1H, d, J = 4.9 Hz, H-1), 7.10 (2H, dap, J =
8.8 Hz, H-2′ (6′ )).
N-4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenyl-β-Dmannopyranosylamine (3b). White powder; yield: 79%; Rf = 0.41; mp
203–205 ◦ C (decomposition); [Found: C, 60.98; H, 4.91; N, 13.98.
C25H23N5O5⋅H2O requires C, 61.09; H, 5.13; N, 14.25%]; [α]22
D − 85 (c
1.64 in DMSO); IR (KBr) νmax 3369 br (NH and OH), 1615 (δ NH), 1528,
– N, C–
– C), 1074 cm− 1; δH (500 MHz; (CD3)2SO) 3.24 (1H, ddd,
1484 (C–
J = 9.2, 6.1, 2.1, H-5), 3.41 (1H, tdap, J = 9.4, 9.2, 5.2 Hz, H-4), 3.46a
(1H, ddd, J = 9.4, 5.7, 3.8 Hz, H-3), 3.47a (1H, dt, J = -11.6, 6.1 Hz, H6a), 3.70 (1H, ddd, J = -11.6, 5.5, 2.1 Hz, H-6b), 3.79 (1H, br tap, J =
5.2, 3.8H, H-2), 4.39 (1H, tap, J = 6.1, 5.5 Hz, OH-6), 4.77b (1H, d, J =
5.2 Hz, OH-4), 4.78b (1H, d, J = 5.7 Hz, OH-3), 4.82 (1H, d, J = 5.2 Hz,
OH-2), 4.87 (1H, dap, J = 9.5 Hz, H-1), 6.31 (1H, d, J = 9.5 Hz, NH),
6.97 (2H, dap, J = 8.9 Hz, H-2′ (6′ )), 7.80 (1H, dd, J = 8.2, 4.3 Hz, H-5′′
(10′′ )), 7.84 (1H. dd, J = 8.2, 4.3 Hz, H-5′′ (10′′ )), 8.04 (2H, dap, J = 8.9
Hz, H-3′ (5′ )), 8.90c (1H, dd, J = 8.2, 1.8 Hz, H-4′′ (11′′ )), 8.90c (1H, dd, J
= 8.2, 1.8 Hz, H-4′′ (11′′ )), 9.01d (1H, dd. J = 4.3, 1.8 Hz, H-6′′ (9′′ )),
9.02d (1H, dd, J = 4.3, 1.8 Hz, H-6′′ (9′′ )), 13.38 (1H, s, NH-1′′ ); δC (100
MHz; (CD3)2SO) 61.2 (C-6), 67.1 (C-4), 70.9 (C-2), 74.4 (C-3), 77.9 (C5), 81.1 (C-1 1JC1-H1 = 150 Hz), 113.6 (C-2′ (6′ ), 119.0, (C-4′ , C-3′′ b
(11a′′ )), 123.1 (C-5′′ (10′′ )), 125.6e (C-3′′ b(11′′ a)), 127.3 (C-3′ (5′ )), 129.4
(C-4′′ (11′′ )), 135.0e (C-3a′′ (11′′ b)), 143.2 (C-7′′ a(7′′ b)), 147.4 (C-6′′ (9′′ ),
147.9 (C-1′ ), 151.7 (C-2′′ ); a,b,c,d overlapped signals; e values deduced
from 1H–13C gHMBC spectrum, tentative assignment. LRMS (ESI) m/z
474 (M+H)+. When the NMR spectra were registered after 24 h some
signals corresponding to α anomer were also identified, δH (500 MHz;
(CD3)2SO): 6.85 (1H, d, J = 5.3 Hz, NH), 7.03 (2H, dap, J = 8.9 Hz, H-2′
(6′ )), 8.05 (2H, dap, J = 8.9 Hz, H-3′ (5′ )); δH (500 MHz; (CD3)2SO-D2O):
4.97 (1H, d, J = 1.8 Hz, H-1).
N-4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenyl-β-2deoxy-D-glucopyranosylamine (3c). Beige solid; yield: 80%; Rf = 0.50;
mp 233–235 ◦ C (decomposition); [α]22
D − 60 (c 2.16 in DMSO); IR (KBr)
– N,
νmax 3309 br (NH and OH), 1614 (δ NH), 1566, 1529, 1484 (C–
– C), 1068 cm− 1; δH (500 MHz; (CD3)2SO) 1.60 (1H, cap, J = 11.6,
C–
− 11.0, 10.7 Hz, H-2ax), 2.08 (1H, ddd, J = -11.0, 5.2, 1.5, H-2e), 3.06
(1H, tdap, J = 9.5, 8.8, 4.9 Hz, H-4), 3.24 (1H, ddd, J = 9.5, 5.8, 2.2 Hz,
H-5), 3.49 (1H, dtap, J = -11.9, 5.8 Hz, H-6a) 3.54a (1H, m, H-3), 3.70

(1H, ddd, J = -11.9, 5.5, 2.2, H-6b), 4.43 (1H, tap, J = 5.8, 5.5 Hz, OH6), 4.81 (1H, tdap, J = 10.7, 8.3, 1.5, H-1), 4.87 (1H, d, J = 5.2 Hz, OH3), 4.90 (1H, d, J = 4.9 Hz, OH-4), 6.87 (2H, dap, J = 8.6 Hz, H-2′ (6′ )),
6.95 (1H, d, J = 8.3, NH), 7.80 (1H, dd, J = 8.0, 4.2 Hz, H-5′′ (10′′ )), 7.84
(1H. dd, J = 8.3, 4.2 Hz, H-5′′ (10′′ )), 8.04 (2H, dap, J = 8.6 Hz, H-3′ (5′ )),
8.89b (1H, dd, J = 8.0, 1.5 Hz, H-4′′ (11′′ )), 8.90b (1H, dd, J = 8.3, 1.5 Hz,
H-4′′ (11′′ )), 9.01c (2H, br s, H-6′′ (9′′ )), 13.37 (1H, s, NH-1′′ ); δC (100
MHz; (CD3)2SO) 37.2 (C-2), 61.1 (C-6), 71.5, 71.7 (C-3, C-4), 77,6 (C-5),
79.7 (C-1, 1JC1-H1 = 150 Hz), 113.3 (C-2′ (6′ ), 118.8, 119.2 (C-4′ , C-3′′ b
(11a′′ )), 123.0, 123.6 (C-5′′ (10′′ )), 125.7d (C-3′′ b(11′′ a)), 127.3 (C-3′
(5′ )), 129.3 (C-4′′ (11′′ )), 135.6d (C-3a”(11′′ b)), 143.0, 143.4 (C-7′′ a
(7′′ b)), 147.3 (C-6′′ (9′′ ), 148.2 (C-1′ ), 151.7 (C-2′′ ); a 3.55 (1H, ddd, J =
11.6, 8.5, 5.2 Hz in (CD3)2SO-D2O; b overlapped signals; c 9.02 (2H, dd,
J = 4.3, 1.8 Hz) in (CD3)2SO-D2O;dtentative assignment. HRMS (ESITOF): (M+H)+,found 458.1828 C25H24N5O4 requires 458.1823. When
the NMR spectra were registered after 24 h some signals corresponding
to α anomer were also identified, δH (500 MHz; (CD3)2SO): 1.72 (1H,
tdap, J = − 12.8, 11.6, 4.9 Hz, H-2ax), 2.02 (1H, br dd, J = − 12.8, 5.2,
Hz, H-2ec), 3.14 (1H, tap, J = 9.2, 8.8 Hz, H-4), 3.90 (1H, m, H-3), 4.30
(1H, sa, OH), 5.18 (1H, tap, J = 5.5, 4.9 Hz, H-1), 6.94 (1H, d, J = 5.5 Hz,
NH), 7.02 (2H, dap, J = 8.9 Hz, H-2′ (6′ )); δC (100 MHz; (CD3)2SO) 78.4
(C-1, 1JC1-1H = 155 Hz).
N-4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenyl-β-Lrhamnopyranosylamine (3d). Light orange solid; yield: 81%; Rf =
0.54; mp 218–220 ◦ C (decomposition); [α]22
D + 60 (c 2.13 in DMSO); IR
– N,
(KBr) νmax 3306 br (NH and OH), 1614 (δ NH), 1527, 1484 (C–
– C), 1073, 1057 cm− 1; δH (500 MHz; (CD3)2SO) 1.16 (3H, d, J = 6.1
C–
Hz, CH3-6), 3.19 (1H, tdap, J = 9.5, 9.2, 5.2 Hz, H-4), 3.31 (1H, dc, J =
9.2, 6.1 Hz, H-5), 3.41 (1H, ddd, J = 9.5, 5.5, 3.4 Hz, H-3), 3.78 (1H, br
tap, J = 5.2, 3.4 Hz, H-2), 4.76 (1H, d, J = 5.5 Hz, OH-3), 4.80 (1H, d, J
= 5.2 Hz, OH-4), 4.87 (1H, d, J = 9.5 Hz, H-1), 4.91 (1H, d, J = 5.2 Hz,
OH-2), 6.23 (1H, d, J = 9.5 Hz, NH), 6.96 (2H, dap, J = 8.9 Hz, H-2′ (6′ )),
7.81 (1H, dd, J = 8.3, 4.2 Hz, H-5′′ (10′′ )), 7.85 (1H. dd, J = 8.3, 4.2 Hz,
H-5′′ (10′′ )), 8.04 (2H, dap, J = 8.9 Hz, H-3′ (5′ )), 8.90 (2H, dd, J = 8.3,
1.8 Hz, H-4′′ (11′′ )), 9.01 (2H, dd, J = 4.3, 1.8 Hz, H-6′′ (9′′ )), 13.39 (1H,
s, NH-1′′ ); δC (100 MHz; (CD3)2SO) 18.1 (CH3-6), 71.1 (C-2), 72.0 (C-4),
72.6 (C-5), 74.1 (C-3), 80.8 (C-1, 1JC1-H1 = 150 Hz), 113.7 (C-2′ (6′ ),
119.1, (C-4′ , C-3′′ b(11a”)), 123.1, 123.3 (C-5′′ (10′′ )), 125.8a (C-3′′ b
(11′′ a)), 127.4 (C-3′ (5′ )), 129.6 (C-4′′ (11′′ )), 135.7a (C-3a”(11′′ b)),
143.1, 143.4 (C-7′′ a (7′′ b)), 147.4, 147.5 (C-6′′ (9′′ ), 147.9 (C-1′ ), 151.7
(C-2′′ ); a tentative assignment. HRMS (ESI-TOF): (M+H)+, found
458.1828 C25H24N5O4 requires 458.1823. When the NMR spectra were
registered after 24 h some signals corresponding to α anomer were also
identified, δH (500 MHz; (CD3)2SO): 1.12 (3H, d, J = 6.2 Hz, CH3-6),
3.26 (1H, tdap, J = 9.2, 5.2 Hz, H-4), 3.72 (1H, ddd, J = 9.2, 6.1, 3.7 Hz,
H-3), 3.81 (1H, tdap, J = 3.7, 1.5 Hz, H-2), 4.94 (1H, dd, J = 6.1, 1.5 Hz,
H-1), 6.85 (1H, d, J = 6.1 Hz, NH), 6.98 (2H, dap, J = 8.8 Hz, H-2′ (6′ )),
8.05 (2H, dap, J = 8.8 Hz, H-3′ (5′ )); δC (100 MHz; (CD3)2SO) 70.7 (C-3),
83.2 (C-1, 1JC1-1H = 160 Hz), 113.3 (C-2′ (6′ ).
N-4-(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenyl-β-Lxylopyranosylamine (3e). Light orange solid; yield: 84%; Rf = 0.53;
mp 178–180 ◦ C (decomposition); [α]22
D + 12 (c 2.41 in DMSO); IR (KBr)
– N, C–
– C),
νmax 3304 br (NH and OH), 1613 (δ NH), 1528, 1483 (C–
1049 cm− 1; δH (500 MHz; (CD3)2SO) 3.18–3.36a (4H, m, H-2, H-3, H4,
H5ax), 3.70 (1H, dd, J = -10.9, 5.1 Hz, H-5e), 4.47 (1H, tap, J = 8.2, 8.0
Hz, H-1), 4.95 (1H, d, J = 5.2 Hz, OH), 4.99 (1H, d, J = 5.0 Hz, OH), 5.05
(1H, d, J = 4.3 Hz, OH), 6.75 (1H, d, J = 8.0 Hz, NH), 6.88 (2H, dap, J =
8.9 Hz, H-2′ (6′ )), 7.80 (1H, dd, J = 8.0, 4.3 Hz, H-5′′ (10′′ )), 7.84 (1H. dd,
J = 8.0, 4.3 Hz, H-5′′ (10′′ )), 8.05 (2H, dap, J = 8.9 Hz, H-3′ (5′ )), 8.90b
(1H, dd, J = 8.0, 1.8 Hz, H-4′′ (11′′ )), 8.92b (1H, dd, J = 8.0, 1.8 Hz, H-4′′
(11′′ )), 9.01c (1H, dd, J = 4.3, 1.8 Hz, H-6′′ (9′′ )), 9.02c (1H, dd, J = 4.3,
1.8 Hz, H-6′′ (9′′ )), 13.38 (1H, s, NH-1′′ ); δC (100 MHz; (CD3)2SO) 66.4
(C-5), 69.8 (C-4), 72.9 (C-2), 77.6 (C-3), 85.0 (C-1, 1JC1-H1 = 150 Hz),
113.1 (C-2′ (6′ ), 118.7, (C-4′ , C-3′′ b(11a′′ )), 123.0 (C-5′′ (10′′ )), 125.6d (C3′′ b(11′′ a)), 127.2 (C-3′ (5′ )), 129.3 (C-4′′ (11′′ )), 135.5d (C-3a′′ (11′′ b)),
142.9, 143.2 (C-7′′ a (7′′ b)), 147.2 (C-6′′ (9′′ ), 148.5 (C-1′ ), 151.5 (C-2′′ );
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3.20 (1H, tap, J = 8.6 Hz, H-2), 3.25e (1H, tap, J = -11.0, 10.4 Hz, H5ax), 3.25e (1H, tap, J = 8.6 Hz, H-3), 3.34 (1H, ddd, J = 10.4, 8.6, 5.2
Hz, H-4) in (CD3)2SO-D2O; b,c,e overlapped signals; d tentative assign
ment. HRMS (ESI-TOF): (M+H)+, found 444.1663 C24H22N5O4 requires
444.1666. When the NMR spectra were registered after 24 h some sig
nals corresponding to α anomer were also identified, δH (500 MHz;
(CD3)2SO): 6.46 (1H, d, J = 6.5 Hz, NH); δH (500 MHz; (CD3)2SO-D2O):
5.00 (1H, d, J = 4.0 Hz, H-1); δC (100 MHz; (CD3)2SO) 80.7 (C-1, 1JC1-1H
= 155 Hz).

4.6. Equilibrium dialysis
Experiments were performed as previously reported [33]. The un
labeled G-quadruplex DNA (Tel22 sequence, 5′ -A(GGGTTA)3GGG- 3′ )
was purchased from IDT®, HPLC-purified and desalted. Duplex DNA
from calf thymus (CT DNA), (deoxyribonucleic acid, activated, type XV),
was directly purchased from Sigma Aldrich and used as provided. A 10
mM potassium phosphate buffer (pH = 7.2) with a KCl salt concentra
tion of 100 mM was employed in the preparation of the telomeric
quadruplex solution. For CT DNA, sodium phosphate buffer (10 mM, pH
= 7.2) was used, in the same conditions as required in viscosity assays.
Concentration of the initial water solution was determined by UV–vi
sible at 90 ◦ C spectrophotometry using the λmax value and extinction
coefficient provided by the manufacturer. For each dialysis assay, a 0.2
mL volume of each DNA in buffer (75 μM in monomeric units, tetrads or
base pairs) was pipetted into individual dialysis units (Biotech Regen
erated Cellulose (RC) membrane, part number 133192, Spectrum Lab
oratories, Inc.). The dialysis units were then placed in a beaker
containing 200 mL of a 2 μM solution of compound in buffer. The beaker
was covered with Parafilm and wrapped in aluminum foil, and its con
tents were allowed to equilibrate with continuous stirring for 24 h at
room temperature (22 ◦ C). At the end of the equilibration period, the
DNA solutions inside the dialysis units were carefully transferred into
microcentrifuge tubes and a 10.0% (w/v) stock solution of detergent
(Triton X-100 or SDS) was added to give a final concentration of 1.0%
(w/v). These solutions were allowed to equilibrate for another 2 h, after
which the total concentration of the ligand (Ct) was determined by
UV–visible absorbance measurements using the determined extinction
coefficient for free carb-APIPs in the presence of 1.0% detergent. The
concentration of free compound (Cf) was also determined spectropho
tometrically using an aliquot of their dialysate solution. The amount of
DNA-bound compound (Cb) was then calculated by the difference Cb =
Ct - Cf and apparent association constants (Kapp) determined.

4.4. DNA FRET melting assays
DNA FRET melting experiments were run according to previously
reported protocols [33]. Labeled oligonucleotides F21T (5′ - FAM – (GGG
TTA)3GGG – TAMRA − 3′ ) and F10T (5′ - FAM – TAT AGC TA TA/Sp18/
TA GCT ATA – TAMRA − 3′ ) were dissolved in BPC grade water to
provide 50 μM stock solutions. 0.25 μM solutions of F21T and F10T were
then prepared by mixing the DNA stock solution (50 μM), the corre
sponding 2X buffer (K+ salt) and water. These solutions were heated at
90 ◦ C for 5 min and then cooled at 0 ◦ C (F21T) or gradually to room
temperature (F10T) for three hours. The solutions were allowed to stand
overnight at 4 ◦ C.
Compounds 3a-3e were dissolved in water, containing a small pro
portion of DMSO (25 μM stock solution, DMSO % < 0.04 %). Carb-APIPs
were tested at a concentration range from 0 to 5 μM using the oligo
nucleotide sequences F21T and F10T. Each well of the 96-well micro
plate contained a 50 μL total volume with a 200 nM oligonucleotide
concentration in the corresponding buffer pH = 7.3. The buffering sys
tem for F21T contained 10 mM potassium chloride, 90 mM lithium
chloride and 10 mM lithium cacodylate; the buffer used with F10T
contained 100 mM lithium chloride and 10 mM lithium cacodylate.
The experiments were performed on an ABI PRISM® 7000 Sequence
Detection System (Applied Biosystems). The melting procedure included
a 5-min incubation at 24 ◦ C followed by a temperature ramp at a 1 ◦ C/
min rate with fluorescence measurement at every degree up to 95 ◦ C.
The melting curves were obtained as a change in emission of FAM (6carboxyfluorescein) excited at 492 nm and emitting at 516 nm. Exper
iments were run at least in duplicate. The melting temperatures (Tm)
were determined from normalized curves as the mid-transition T1/2
temperatures. T1/2 represents an apparent melting temperature, defined
as the temperature where the normalized fluorescence has a value of 0.5.
The competition FRET melting assays were carried out by employing
analogous experimental conditions and following the same protocol as
the non-competition experiments, with the F21T sequence and a carbAPIP concentration of 5 μM, in the absence or in the presence of DNA
duplex competitor sequence ds26 (5′ -CAA TCG GAT CGA ATT CGA TCC
GAT TG-3′ ). Experiments were run in triplicate. Two different dsDNA
concentrations were tested: 3 μM (15-fold duplex excess) and 10 μM (50fold duplex excess). Selectivity of quadruplex versus duplex binding (S)
was calculated at the two dsDNA tested concentrations according to the
formula S = (ΔTm)with dsDNA competitor/(ΔTm)without dsDNA competitor.

4.7. Viscosity titrations
The viscosity measurements were performed in a Visco System AVS
470 at 25 ◦ C, using a microUbbelohde (K = 0.01) capillary viscometer
[33]. Solutions of DNA (Calf thymus, CT), carb-APIPs 3a-3e, compound
2 and appropriate controls (ethidium bromide, as classical DNA inter
calator, diethylenetriamine, as a non-specific electrostatic binder) were
prepared in sodium phosphate buffer (10 mM, pH = 7.2). As a control for
the effect of dilution on DNA viscosity (maximum dilution ~ 2.5%
volume), a blank control (titration in the absence of compound, max.
0.04% DMSO) was also run. DNA solutions (0.3–0.4 mM, in nucleotides)
were equilibrated for 20 min at 25 ◦ C and then 20 flow times were
registered. Small aliquots (ca. 30–60 μL) of solutions of the tested ligand
(2 mM) were added next. Before each flow time registration, the solu
tions were equilibrated for at least 20 min at 25 ◦ C and then 20 flow
times were measured. With the averaged flow times and the viscometer
constant, the viscosities (μ) for each point were calculated, with μ0 rep
resenting the DNA solution viscosity in the absence of compound. The
viscosity results were then plotted as (μ/μ0)1/3 versus the molar ratio of
bound ligand to DNA nt (r).

4.5. Circular dichroism
Experiments were performed as previously reported [33]. The CD
spectra were obtained using a Jasco J-715 spectropolarimeter. CD ex
periments were carried out with the DNA oligonucleotide sequence 5′ -A
(GGGTTA)3GGG-3′ (Tel22) folded into G-quadruplex at the concentra
tion of 4 μM (strand molarity) in analogous experimental conditions
than those used in DNA FRET melting assays. The buffer system con
tained a 110 mM total salt concentration − 10 mM lithium cacodylate,
90 mM LiCl, 10 mM KCl at pH 7.3. Solutions of the DNA and ligands 3a3e at DNA/ligand ratios varying from 1:1 to 1:5 were prepared 3 h prior
measurement. The CD spectra were recorded at 25 ◦ C using a 0.5 cmpath cell, 1 nm band width, and 0.5 nm intervals. The CD spectra were
averaged over two scans.

4.8. Cell culture and MTT colorimetric assays
Antitumor activity in cultured cells was tested as previously reported
[33]. Human PC3 (prostate), HeLa (cervix) and MCF7 (breast) tumor
cells were purchased from American Type Culture Collection (ATCC).
Cells and culture media were: PC-3 (CRL-1435™, RPMI), HeLa (CCL2™, DMEM), MCF7 (HTB-22™, DMEM), HFF-1 (SCRC-1041™, DMEM).
Culture media was acquired from Sigma: RPMI 1640, DMEM + 10% FBS
(Fetal Bovine Serum) + 10% antibiotic (penicillin/streptomycin/
amphotericin B). MCF7 cells were, in addition, supplemented with in
sulin (Sigma, Ref. I1882, 0.001 mg/mL in 500 mL media). Cells were
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maintained at 37 ◦ C in the presence of 5% CO2, renewing culture media
three times per week. On the seeding day, when cells reached 80–100%
confluence, cells were trypsinized, centrifuged and the concentration
adjusted to the required experiment concentration. Cells were then
seeded at a density of 10,000 cells/well into 24-well plates and treated
with different concentrations of the carb-APIPs 3a-3e or the cytotoxic
agents cisplatin and 360A (typically to cover the 10 nM–100 µM range),
from freshly prepared stock solutions in culture media. The experiments
were run in triplicate, in a total 0.55 mL well volume. After 72 h incu
bation (37 ◦ C/5% CO2), 50 μL of MTT (5 mg/mL) was added followed by
incubation for another 4 h. Then, the medium in each well was replaced
by DMSO (0.5 mL) and the absorbance in every well assessed at 570 nm
in an ELISA plate reader (ELX 800 Biotech Instruments, Spain). Absor
bance values were normalized against negative controls (untreated cells
or untreated cells with 0.15% DMSO, both in triplicate) and the per
centage of viable cells versus compound logarithmic concentration was
plotted. IC50 values were determined through the equation 1/(1 + 10^
(m2*(log(m1)− x))); m1 = 0.000003; m2 = 1 using Kaleidagragh™
(3.52) software.
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