Open Journal of Medicinal Chemistry, 2013, 3, 41-49
http://dx.doi.org/10.4236/ojmc.2013.32006 Published Online June 2013 (http://www.scirp.org/journal/ojmc)

Molecular Recognition of Human Telomeric DNA by
Phenanthroline-Based G-Quadruplex Ligands*
Anna Artese1, Lucia Parrotta1, Stefano Alcaro1#, Francesco Ortuso1, Giosuè Costa1, Claudia Sissi2
1

Dipartimento di Scienze della Salute, Università degli Studi “Magna Græcia”, Campus “S. Venuta”, Catanzaro, Italy
2
Department of Pharmaceutical and Pharmacological Sciences, University of Padova, Padova, Italy
Email: #alcaro@unicz.it
Received April 20, 2013; revised May 18, 2013; accepted June 2, 2013

Copyright © 2013 Anna Artese et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

ABSTRACT
G-quadruplexes (G4) are non-canonical DNA structures assumed by guanine rich sequences. G4 are stabilized by the
presence of cations and are characterized by a high degree of structural polymorphism with different patterns of groove,
loop arrangement, strand orientations and stoichiometry. G-rich sequences are over-represented in the promoter regions
of many oncogenes as well as at human telomeres, d(TTAGGG) repeats, ranging in size from 3 to 15 kb, involved in
protecting chromosomal ends. A specialized enzyme, called telomerase, provides a telomere maintenance mechanism
by elongating the end of the G-strand and it is activated in the majority of cancer cells. Therefore there are two general
strategies of telomerase targeting in cancer treatment. One is a direct targeting of telomerase to cause its inhibition; the
other one is the use of G4 stabilizers which block telomerase access to telomere, thus causing an indirect enzyme inhibition. Here, we evaluated the molecular recognition of some phenanthroline-based ligands against four different experimental models of the human telomeric sequence d[AG3(T2AG3)3] by means of docking simulations. Our theoretical
analysis was able to reproduce the experimental affinity measurements, with a linear squared correlation factor r2 equal
to 0.719 among all the studied models. These findings highlighted the importance to consider the polymorphism of the
DNA G4. Interestingly, this correlation resulted always improved with respect to that of the single folds, with the exception of the parallel structure, thus suggesting a key role of this G4 conformation in the interaction network of the
tested binders. Moreover, we identified the moieties of the phenanthroline scaffold directly involved in the complex
formation. This allowed to rationalize the improved binding affinity always associated with a bis-phenanthroline system
and to explain why a phenanthroline substituted with a pyridine ring is favored with respect to the pyrimidine one.
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1. Introduction
Telomeres are specialized structures at the end of human
chromosomes that cap their ends and protect them from
end-to-end fusions, degradation, and genetic instability
[1]. Human and vertebrate telomeres consist of highly
conserved tandem repeats of the hexanucleotide d
(TTAGGG)n 5 - 10 kb in length, ending in a singlestranded G rich 3’-overhang [2-5]. To maintain proper
function of telomeres, the 150 - 250 nucleotide-long single stranded G-rich 3’ overhang forms higher order structures like, a T-loop, and binds to a nuclear-protein complex [6]. Under normal aging conditions, telomeres become shorter at each cell division [7]. When a critical
amount of telomere shortening has occurred, the genetic
*
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program of cell senescence, or cell ageing, is triggered.
This event can be overcome by activation of telomerase,
a reverse transcriptase which elongates telomere terminals. Telomerase activity in normal human cells is generally undetectable leading to successive telomere shortening with each cell division, which ultimately limits their
proliferative capacity in vitro and in vivo [8]. The enzyme is active only in immortal cells like germ line cells
[9], embryonic stem cells [10], and 90% of all tumor
cells in humans [11]. For this reason, telomerase can be a
potentially highly selective and attractive drug target for
anticancer strategies. In addition, the induction of a telomere structure not recognized by the telomerase can
indirectly target the enzyme resulting in inhibition of its
catalytic activity. This working model is based on the
G-rich character of telomeres. It has been experimentally
confirmed that they can fold into peculiar structures
OJMC
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called G-quadruplexes (G4s) which are not processed by
the enzyme. The G4 conformation, as the name suggests,
has a core that is made up of guanine bases only, with
four guanines arranged in a rotationally symmetric manner.
In addition to the human telomere, G4-forming sequences are over-represented in the promoter regions of
many oncogenes, such as c-myc [12], c-kit [13], bcl-2
[14], VEGF [15], and HIF-1a [16], whereas the occurrence of G4-forming sequences in tumor suppressor
genes tends to be much lower [14].
G-quadruplexes are characterized by a remarkable
structural polymorphism and can be classified primarily
based on strand stoichiometry. In particular tetramolecular G-quadruplexes, formed by four guanine-rich DNA or
RNA sequences, adopt only a parallel conformation with
all four strands in the same direction, appearing to be the
least polymorphic [17,18]. Bimolecular G-quadruplexes,
formed from the dimerization of two guanine-rich sequences, are quite diverse providing three possible conformations, one parallel and two antiparallel structures.
Finally, unimolecular G-quadruplexes, formed from the
folding of a single guanine rich sequence into a fourstranded quadruple helical structure with three connecting loops, are capable of adopting multiple topologies
due to different glycosidic conformations of guanines,
which in turn define specific patterns of groove, loop
arrangement, strand orientations and stoichiometry [19].
The first human telomeric structure was solved using
NMR spectroscopy in Na+ solution (PDB model 143D)
[20]. It corresponds to an antiparallel G4 consisting of
three stacked G-quartets with two lateral and a diagonal
connecting loops. Subsequently, X-ray crystallography
experiments showed that in K+ containing sample, the
human telomeric sequence adopted a parallel topology
(PDB model 1KF1) [21] consisting of three stacked
G-quartets and three double chain-reversal loops. In addition to these conformations, two mixed topologies, called
Form 1 and Form 2 which differ from each other only by
the order of loop arrangements, were observed.
These folds are also defined as hybrid-1 (2GKU-5’T2-core-A-3’, 2HY9-5’-A3-core-A2-3’, and 2JSM-5’-TAcore-3’) [22-24], and hybrid-2 (2JSL-5’-TAcore-T2-3’
2JPZ-5’-T2A-core-T2-3’) [24,25].
A substantial effort has been made to identify synthetic and natural compounds able to lock telomeric
DNA in a G4 conformation and thus impede telomere
elongation in vivo. Most of known G4 stabilizers are
characterized by an extended planar aromatic array, in
which the π-delocalized system allows stacking interactions with the external guanine tetrads, and positively
charged side chains, that enhance the ligand affinity by
interacting with the negative phosphates of the DNA
backbone [26,27]. Among them, the trisubstituted acCopyright © 2013 SciRes.

ridine BRACO-19, the polycyclic compound RHPS4 and
the natural ligand telomestatin are three of the most commonly studied agents [28]. Nevertheless, there are several other classes of indirect telomerase inhibitors characterized by a remarkable chemical diversity, such as
porphyrins, perylene diimides, fluoroquinolones, indoloquinolines, cryptolepines, quindolines, phenanthrolines,
triazines, carbazole derivatives, ethidium derivatives, bisamido-anthraquinones, fluorenones, acridones and acridines [29]. Recently, a new class of naphthalene diimides (NDIs), capable of reversibly binding and subsequently alkylating telomeric DNA, has been identified
[30].
Phenanthroline derivatives and pyridostatin have been
used in several cell-culture studies, in which they have
been demonstrated to bind within the cells and disrupt
the expression of targeted DNA-quadruplex-forming sequences [31-33]. These compounds have also turned out
to be excellent tools for assessing the biological relevance of quadruplexes in vivo [34,35].
An alternative approach to increase the planar stacking
surface of a G4 binder comprises the coordination of
planar ligands by transition metal ions. Indeed, several
metal complexes have shown remarkable G4 recognition
properties [36-38]. In previous works, we focused our attention on the G4 binding by phenanthroline-based derivatives. These studies confirmed that phenanthrolinemetal ion coordination can largely improve G4 recognition compared to the free ligands [39,40]. Interestingly,
the nature of metal ion played a key role in driving such
an effect. However, during this investigation, some ligands with interesting G4 affinity also in the absence of
metal ion coordination have been identified [41]. To better understand the rationale behind these results, in this
manuscript we analyzed a set of phenanthroline compounds in absence of coordinating metal ions by means
of a docking approach and we related the experimental
data acquired in solution to their theoretical molecular
recognition with respect to four different receptor folds
of the human telomeric sequence d[AG3(T2AG3)3]. Specifically, the aim of our study was to find a theoretical
procedure able to reproduce the experimental affinity
measurements in order to use it as predictive tool in drug
design and lead optimization processes toward the G4
target. Our analysis allowed us to identify the key moieties of the phenanthroline scaffold, highlighting the optimal position for the positively charged basic side chain
and possible structural modifications aimed to improve
the affinity of these ligands versus G4 different folds.

2. Material and Methods
2.1. Analysis of Compounds 1-8
The phenanthroline-based G4 ligands 1-8 were built by
OJMC

A. ARTESE ET AL.

means of Maestro GUI (Maestro Graphics User Interface)
version 9.8 [42]. For all the studied analogues, the existence probability of diverse tautomeric and protomeric
forms was evaluated at pH 7.4 and the most probable
forms, reported in Table 1, were considered. All structures were submitted to 2000 iterations of full energy
minimization adopting the Polake-Ribiere Conjugated
Gradient (PRCG) algorithm and the “all atoms” notation
of the OPLS_2005 force field [43].
Solvent effects were considered by adopting the implicit solvation model GB/SA water [44]. The optimization process was performed up to the derivative convergence criterion of 0.05 kcal Å-1·mol-1. All the calculations were computed by using the version 9.8 of the
MacroModel software [45].

2.2. PDB Model Pre-Treatment
The PDB X-ray structure 1KF1 [21] and the NMR models 143D [20], 2HY9 [23] and 2JPZ [25], related to the
telomeric sequence d[AG3(T2AG3)3], were downloaded
from the Protein Data Bank [46]. Co-crystallized water
molecules and counter ions were removed from the
X-ray structure. In their sequences, the hybrid NMR
structures 2HY9 and 2JPZ presented head and tail caps,
Table 1. 2D chemical structures of compounds 1-8 (Lig).
Lig

Chemical structure

1

2

3

4
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Lig

5

6

7

8

Chemical structure

43

resulting both formed by 26-mer. Thus, to obtain a similar analysis with respect to the first two models, the hybrid PDB structures were modified by deleting these caps,
that is, considering them as conformational templates for
the canonical 22-mer d[AG3(T2AG3)3]. The 27 experimental conformations extracted from the four PDB models were energy-optimized exactly in the same conditions
(force field, implicit solvation model, iterations and convergence criterion) adopted for the ligands. For each G4
fold, the lowest energy conformation was chosen as receptor for the next docking study (for details see Supporting Information Tables S1-S4).

2.3. Docking Simulations and Thermodynamic
Evaluation
Docking simulations were performed using the ligand
flexible algorithm of Glide [47] at Standard Precision (SP)
level. The docking binding site was defined by means of
a regular box, which included the whole receptor
structure, with a volume of 125000 A3. Glide grid maps
were computed using the standard precision algorithm.
The optimized ligands were submitted to flexible Glide
docking simulations, evaluating their recognition against
all G4 conformations. The best poses complexed to all
considered G4 structures were optimized by means of a
full energy minimization procedure, carried out using the
same force field and environment reported for the ligands
optimization. Analysis of the results was carried out
taking into account the thermodynamic estimate of the
state equations (free energy, enthalpy, and entropy of
complex formation) computed at 300 K (Table 2). The
evaluation of hydrogen bonds (HBs) and VdW contacts
was performed by means of Maestro graphical interface
Table 2. Free energy of complexation, reported as ΔGbind
and expressed in kcal mol-1, of compounds 1-8 against the
PDB human telomeric sequence d[AG3(T2AG3)3] folds.
Ave ΔGbind, ΔTm and r2 indicate, respectively, the average
free energy of complexation considering all the G-quadruplex folds, the melting temperature shift measured at 10 µM
and the linear squared regression coefficient.
Ligand

1KF1

143D

2HY9

2JPZ

1

−45.50

−41.40

−38.40

−44.30

Ave
ΔGbind
−42.40

ΔTm
(10 µM)
19.54

2

−49.00

−42.00

−35.90

−37.00

−40.98

17.04

3

−37.50

−36.60

−28.90

−35.80

−34.70

7.14

4

−20.70

−28.90

−20.80

−30.20

−25.15

1.10

5

−24.40

−39.70

−20.80

−30.00

−28.73

2.46

6

−30.30

−31.90

−37.40

−34.60

−33.55

1.66

7

−28.50

−38.50

−37.20

−33.00

−34.30

4.20

8

−19.10

−19.80

−16.80

−19.90

−18.90

0.34

r2

0.874

0.468

0.379

0.630

0.719
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(Maestro Graphics User Interface, version 9.8, Schrödinger, LLC).

2.4. Ligands
Stock solutions (4 mM) of 7 were prepared in deionized
water; all other ligands were dissolved in DMSO. They
were diluted to the appropriate concentration in the
working buffer prior to use.

2.5. Fluorescence Melting Studies
Melting experiments were performed in a Roche Light
Cycler, using an excitation source at 488 nm and recording the fluorescence emission at 520 nm. Target
DNA was HTS (AGGGTTAGGGTTAGGGTTAGGGT,
labelled with dabcyl and fluorescin at 5’ and 3’ end, respectively). It was synthesised and HPLC purified by
Oswel Research Products Ltd. (Southampton, UK).
Mixtures (20 mL) contained 0.25 mM of target DNA and
variable concentrations of tested derivatives in 50 mM
potassium buffer (10 mM LiOH; 50 mM KCl pH 7.4
with H3PO4). They were first denatured by heating to
95◦C for 5 min and then cooled to 30◦C at a rate of 0.5◦C
min−1. Then, temperature was slowly increased (0.2◦C
min−1) up to 90◦C and again lowered at the same rate to
30◦C. Recordings were taken during both these melting
and annealing reactions to check for hysteresis. Tm values were determined from the first derivatives of the
melting profiles using the Roche LightCycler software.
Each curve was repeated at least three times and errors
were ± 0.4◦C.

3. Results and Discussion
In our previous works we have investigated the G4 binding properties of two families of Phen derivatives. The
first one comprises a Phen heterocycle with different
substitution pattern on the aromatic system (compounds
6-8). For this group, an efficient G4 interaction was
observed only when two ligands were accommodated
around one metal center. We proposed that this complex
most likely bound with an extended aromatic surface
available for stacking interactions likely with the G-tetrads. To sustain this model, we subsequently examined a
second series of derivatives in which two Phen moieties
were covalently linked through an amine or thioether
bond (compounds 1-3). In agreement with our prediction,
these compounds were able to bind G4 structure even in
the absence of coordinating-metal ions. Moreover, the
simultaneous involvement of both Phen moieties in DNA
recognition was suggested by the relevant efficiency in
comparison to the mono-derivatives. These results are
well described by monitoring the variation of the melting
temperature of a DNA containing four repeats of the human telomeric sequence folded into a G4 conformation.
Copyright © 2013 SciRes.

Indeed, as reported in Figure 1, only derivatives 1-3 increased it to a remarkable extent (≈ 20◦C) in the low
micromolar range.
Here, we applied the same experimental protocol to
two novel compounds which are expected to fill the gap
between the above described two series of derivatives.
These are represented by compounds 4 and 5 which contain a pyridine or a pyrimidine linked to Phen by a thioether bond, the same linker which provided 1 with optimal G4 interaction properties. As a result, we assumed
they can present to the DNA G-quartets an intermediated
planar surface area. Interestingly, these compounds performed better than the leading Phen but worse than
compounds 6 and 7. his is most likely due to the absence
of protonable side chains in the novel compounds, thus
suggesting that the partly increased stacking is not sufficient to overcome the loss of ionic interactions with the
macromolecule.
Nevertheless, we cannot exclude that no favorable reciprocal orientation of the two aromatic systems is occurring.
To fully rationalize the binding energies involved in
the recognition process, we have developed a computational protocol to theoretically generate and evaluate the
molecular recognition of phenanthroline-based ligands
against the G4 human telomeric repeated sequence. The
computational approach assumes the target DNA in equilibrium among different known G4 folds. The configurational ensembles generated in the docking experiments
were submitted to a full energy minimization procedure
(for details see Material and methods), obtaining free energy
estimations directly comparable to each other and to the
experimental melting data.
Different conformations of the DNA human telomeric
repeat sequence d[AG3(T2AG3)3] have been experiment
tally determined. In order to consider its conformational
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Figure 1. Variation of the melting temperature of the oligonucleotide HTS induced by increasing concentration of
compounds 1-8 determined in 50 mM potassium buffer, pH
7.4.
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polymorphism, we included in our study four PDB entries (codes 1KF1 [21], 143D [20], 2HY9 [23] and 2JPZ
[25]) among Xray and NMR structures, using all the
conformations stored in each experimental structure, as
reported in our previous experiences [48-50]. After the
geometric optimization procedure of the studied ligands,
for each of them the energy minimized conformation was
selected for the docking simulations. The obtained best
pose of compounds 1-8 was fully optimized and thermodynamically estimated. Subsequently, in order to investigate the performance of our docking protocol with
reference to the melting measurements, we correlated the
theoretical binding affinities of the phenanthroline binders with their experimentally determined efficiencies,
summarized as ΔTm (10 µM), which represent the variation of the melting temperature induced by a 10 mM
concentration of tested ligands on the telomeric G4.
For the two data sets, we computed the linear squared
correlation factor r2. In particular, as shown in Table 2,
we obtained a significant correlation (r2 equal to 0.874)
using as receptor the parallel fold and a moderate value
was also associated to the hybrid-2 model 2JPZ (r2 equal
to 0.630). The observation that the parallel and the mixed
folds can give better correlation results is in agreement
with the remark that the structure of telomeric G-quadruplexes in K+ solution is most important, since K+ is
much more abundant than Na+ in cellular environments.
Moreover recent studies highlighted the hybrid-type intramolecular G4 structures as the major conformations
formed in human telomeric sequences in K+ solution,
with a dynamic equilibrium between hybrid-1 and hybrid-2 conformations [22-25,51]. As indicated in Table 2,
the average correlation between theoretical and experimental data yielded an r2 value equal to 0.719 among all
the studied models, confirming the importance of considering the polymorphism of the DNA G4 when docking experiments are performed on this target. Interestingly, this correlation was always improved with respect
to those of the single folds, with the exception of the
1KF1 model (r2 equal to 0.874), thus suggesting a key
role of the parallel structure in the interaction network of
1-8 G-binders. As shown in Table 2, the presence of the
bis-phenanthroline system was associated with an improved binding affinity, 1 and 2 being the most efficient
in stabilizing G4. Interestingly, even if in 1 the amine
side chain is substituted by a thioether linker, its recognition against all G4 fold was not disadvantaged. By analyzing their best poses toward the parallel telomeric
structure, we observed they are both involved in end
stacking interactions with the G4 core (Figure 2). Distinctly, the thermodynamic evaluation of 1 versus its
simplified analogue 5 underlined a remarkably unfavorable profile for the latter. Such an observation could be
justified by its reduced stacking interaction network, as
Copyright © 2013 SciRes.
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Figure 2. 1 and 2 best pose against 1KF1 PDB model
obtained by Glide docking method ensemble optimization. 1
and 2 are indicated, respectively, as green and warm pink
carbon stick representation. The DNA G4 is represented as
sky blue transparent cartoon. Nonpolar hydrogen atoms
are omitted for sake of clarity.

reported in Figure 3, where the smaller 5 was shown to
fit into a lateral loop of the G4 parallel fold. The recognition of phenanthroline binders towards the hybrid-2 2JPZ
fold indicated 1 as the best one in stabilizing such a
structure. In particular, by comparing the poses of 1 and
2, we observed 1 involved in one hydrogen bond with
adenine at position 7 and two with guanine at position
16.
By contrast 2 was able to establish only one hydrogen
bond with G16, thus suggesting a somehow reduced
binding affinity (Figure 4).
Interestingly, in order to rationalize the better binding
affinity of 7 if compared to that of 6, we analyzed their
optimized poses obtained in the recognition of the G4
antiparallel structure 143D, since docking results suggested this one as the most discriminated target. As reported in Figures 5, 7 resulted better embedded in the
DNA structure, since it is accommodated in a kind of
internal pocket and is involved in a wide stacking interactions network with the guanine core (at positions 2, 3,
14 and 15).
By contrast 6 is able to recognize only the bottom site
of 143D model, making stacking interactions with the
nucleobases T5, T6, A7, G8 and A19 and thus losing
most of the stabilizing contacts with the guanine tetrad.
Such an observation could be justified by a reduced
steric hindrance of 7 and by the different position of the
charged basic side chain, that is favored when inserted at
OJMC
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Figure 3. 1 and 5 best pose against 1KF1 PDB model
obtained by Glide docking method ensemble optimization. 1
and 5 are indicated, respectively, as green and magenta
carbon stick representation. The DNA G4 is represented as
sky blue transparent cartoon. Nonpolar hydrogen atoms
are omitted for sake of clarity.

Figure 5. 6 and 7 best pose against 143D PDB model
obtained by Glide docking method ensemble optimization. 6
and 7 are indicated, respectively, as orange and yellow
carbon stick representation. The DNA G4 is represented as
sky blue transparent cartoon. Nonpolar hydrogen atoms
are omitted for sake of clarity.

position 4 of the phenanthroline scaffold if compared to
positions 2 and 9. Analyzing the complexes of 4, 5 and 8,
associated to the most unproductive thermodynamic profiles, we observed a remarkably decreased number of
Van der Waals interactions of these ligands with all the
G4 considered conformations (data not shown), according to their low ΔTm measurements.
Specifically 4 and 5 best poses against 2HY9 hybrid
model, reported in Figure 1 of the Supplementary Information, were associated with the poorest recognition
of such DNA conformation.
However 5 resulted related to a better thermodynamic
profile in the recognition of the parallel and, in particular,
of the antiparallel G4 structures if compared to 4, suggesting the favorable role of the pyridine ring with respect to the pyrimidine one.

4. Conclusions

Figure 4. (a) 1 and (b) 2 best pose against 2JPZ PDB model
obtained by Glide docking method ensemble optimization. 1
and 2 are indicated, respectively, as green and light orange
carbon stick representation. The DNA G4 is represented as
sky blue transparent cartoon. The nucleobases involved in
hydrogen bonds, indicated as black dashed lines, are
reported as slate carbon sticks. Nonpolar hydrogen atoms
are omitted for sake of clarity.
Copyright © 2013 SciRes.

In conclusion, in this manuscript the conformational
polymorphism of the G4 DNA human telomeric repeat
sequence has been considered analyzing X-ray and NMR
PDB models. The set of G4 experimental models included four structures for a total of 54 target conformations.
Our docking analysis was able to reproduce the experimental affinity measurements, with a linear squared
correlation factor r2 equal to 0.719 among all the studied
models. This correlation was always improved with respect to that of the single folds, with the exception of the
parallel structure, thus suggesting a key role of this G4
conformation in the interaction network of the studied
OJMC
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tested binders.
The second step of our analysis will be the application
of the same computational procedure to the studied phenanthroline compounds in presence of coordinating metal
ions, with the aim of evaluating their role in the target
recognition. Moreover, the obtained results suggested us
to analyze some structural modifications onto the phenanthroline scaffold, such as the introduction of a second
basic side chain at position 7 in ligand 7, in order to improve its G4 affinity, already favored with a single substitution, with respect to that of 6.
Finally, with the aim of enriching the theoreticalexperimental correlation factors, mo lecular dynamics simulations are currently under consideration in our laboratory and will be useful for the drug design of novel
ligands toward specific G4 folds.
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