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Abstract

G-quadruplexes have raised considerable interest during the past years for
the development of therapies against cancer. These noncanonical structures
of DNA may be found in telomeres and/or oncogene promoters, and it has
been observed that the stabilization of such G-quadruplexes may disturb tu-
mor cell growth. Nevertheless, the mechanisms leading to folding and sta-
bilization of these G-quadruplexes are still not well established, and they
are the focus of much current work in this field. In seminal works, stabi-
lization was observed to be produced by cations. However, subsequent stud-
ies showed that different kinds of small molecules, from planar and non-
planar organic molecules to square-planar and octahedral metal complexes,
may also lead to the stabilization of G-quadruplexes. Thus, the comprehen-
sion and rationalization of the interaction of these small molecules with G-
quadruplexes are also important topics of current interest in medical appli-
cations. To shed light on the questions arising from the literature on the
formation of G-quadruplexes, their stabilization, and their interaction with
small molecules, synergies between experimental studies and computational
works are needed. In this review, we mainly focus on in silico approaches
and provide a broad compilation of different leading studies carried out to
date by different computational methods.We divide these methods into two
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main categories: (a) classical methods, which allow for long-timescale molecular dynamics sim-
ulations and the corresponding analysis of dynamical information, and (b) quantum methods
(semiempirical, quantum mechanics/molecular mechanics, and density functional theory meth-
ods),which allow for the explicit simulation of the electronic structure of the systembut, in general,
are not capable of being used in long-timescale molecular dynamics simulations and, therefore,
give a more static picture of the relevant processes.
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1. INTRODUCTION

G-quadruplexes are noncanonical secondary structures formed from nucleic acid sequences that
are rich in guanine. The basic unit of these structures is known as a G-quartet or G-tetrad and
consists of a square planar structure formed by four guanine bases, which interact via Hoogsteen
hydrogen bonds (145) (Figure 1). Stacking of more than one G-tetrad forms the G-quadruplex
(Figure 2). This stacking is produced in such a way that the O6 atoms of guanines are oriented to
the center of the structure, and the resulting system has some tubular empty space in the center,
which is called the ion channel.When an alkali metal cation is placed (68) in this ion channel, it may
interact with up to eightO6 atoms; this coordination leads to the stabilization of theG-quadruplex.
Moreover, from the guanines involved in the G-tetrads of the G-quadruplexes, various numbers
of interspersing residues form loops that connect each G-tetrad plane. G-quadruplexes can be
viewed and studied as monomeric structures that differ in tetrad number, strand polarity, loop
topology, etc., or they can be studied as multimers that form higher-order structures, which can
contain hundreds of G-quadruplex monomers (12, 87). To form the G-quadruplexes, the regular
duplex DNA structure must open; once the helix is divided, the guanine-rich strand forms the
G-quadruplexes. Although G-quadruplexes coming from a single strand are the most common
structures, G-quadruplexes derived from up to four different strands have been found (122, 127,
138, 186).

G-quadruplexes have been associated with a large number of genomic functions, such as tran-
scription and replication (61), and studies have revealed their presence in key regions of the human
genome, such as promoters (150), untranslated regions (UTRs) (10), and telomeres (17). In the
case of telomeres, the formation of telomeric G-quadruplexes has been shown to inhibit telom-
erase activity (46), which is responsible for maintaining the length of telomeres and is involved
in 85% of cancers (110). This inhibition causes apoptosis of cancer cells and, since telomerase
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Figure 1

G-tetrad structure with a potassium cation.

is overexpressed in the majority of cancer cells and in relatively few somatic cells, is recognized
as a potential cancer-specific target that would avoid the death of somatic cells in chemotherapy
treatments for tumors. For this reason, this strategy has been considered in current drug design to
devise alternative therapies for cancer treatments, and the studies on small molecules that bind and
stabilize G-quadruplexes have become a current hot topic of pharmaceutical and medical research
(43).

Figure 2

G-quadruplex structure formed by three stacked G-tetrads and metallic cations.
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a b c

Figure 3

Representation of different binding modes between a ligand and a G-quadruplex DNA. (a) End stacking.
(b) Groove binding mode. (c) Loop binding mode.

To both carry out the inhibition of telomerase and alter the expression of oncogenes via a
mechanism similar to that described above, G-quadruplexes have to be stabilized to ensure the
disruption of these processes.Many organic small planar molecules (2) and some metal complexes
(22) showed not only high affinity for G-quadruplexes, but also more selectivity for binding to G-
quadruplexes than to duplex DNA, indicating that they may further stabilize the G-quadruplexes.
They may interact with G-quadruplexes by means of end stacking, groove binding, or the loop
binding mode (Figure 3). The case of organic planar small molecules has been widely studied,
and it has been shown that the following characteristics of the molecule increase the affinity for
G-quadruplexes: (a) a π-delocalized system, which helps with the stacking of the G-tetrad; (b) a
positive or partial positive charge, which interacts with the O6 of the guanines oriented toward
the center of the G-tetrads; (c) positively charged substituents, which are able to interact with the
negatively charged phosphate backbone; and/or (d) a surface area similar to the G-tetrads, which
creates a greater affinity toward the G-quadruplex than toward regular DNA. Taking these char-
acteristics into account, most of the studied ligands are organic molecules with a high number
of aromatic rings, such as porphyrins, acridines, acridones, quinacridines, anthraquinones, por-
phyrazines, perylenes, quinoanthroxazines, barberines, bistriazoles, or coronenes. However, metal
complexes offer a broad range of structural and electronic properties that can be exploited when
designing new drugs.Themetal center may be used as a structural focus to organize ligands in spe-
cific geometries and orientations for optimal G-quadruplex binding. In addition to their structural
characteristics, the electronic properties ofmetal atomsmay reduce the electron density on coordi-
nated aromatic ligands. This allows the introduction of electron-poor systems, which are expected
to show stronger π interactions with G-tetrads. Thus, although most of the reported molecules
are purely organic structures, the interest in metal complex systems has increased during recent
years. Below, we present some examples of molecules that are considered to be G-quadruplex
stabilizers according to their structural features.

Porphyrins, which have wide aromatic surfaces, and their derivatives have been extensively
studied. Substitutions at the meso position may possibly increase their selectivity and/or affinity
to G-quadruplexes (67) (Figure 4). Metalloporphyrins were the earliest synthesized metal com-
plexes due to the good results obtained with the pure organic porphyrins and the assumption that
the introduction of a metal ion would add some electrostatic effects to the interaction that would
enhance binding affinity. One of the most efficient porphyrin-based ligands is MnIII-porphyrin,
which can distinguish between duplex and G-quadruplex DNA by four orders of magnitude (38).
Telomestatin is a natural macrocyclic compound that consists of seven oxazole rings and one thia-
zoline ring molecule and that has 70 times higher affinity for intramolecular G-quadruplexes than
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Figure 4

Chemical structure of TMPyP4 (left) and the overlapping of its porphyrin ring with terminal DNA bases
(right).

for duplex DNA (83). Some compounds similar to telomestatin, such as hexaoxazoles or bistri-
azoles, have been shown to have a high degree of selectivity comparable to that of telomestatin
and also exhibit moderate levels of cytotoxic activity (8, 111). Noncyclic polydentate compounds
have also shown great potential to stabilize G-quadruplexes. One of the most studied complexes
is the metal–salen system, which was able to intercalate between the DNA bases through π–π
stacking (105) and has been studied using different metal centers and sidearms. Planar metal
complexes made from combinations of NiII, CuII, and PtII metal atoms and both salphen and
salen ligands were reported as efficient G-quadruplex binders (80, 166, 175). Nonplanar metal–
salphen complexes, such as the ZnII(H2O)–salphen or the VIV=O–salphen complexes (3), have
also been considered, although such nonplanar complexes showed only low affinity or specificity
and did not show effective G-quadruplex stabilization in general. RuII, IrIII (129), and FeIII (40)
octahedral metal complexes with planar ligands have also been investigated, especially ruthenium
polypyridyl complexes.The ligands that have given the best results for octahedral metal complexes
are ethylenediamine (dien), bipyridine (bpy), phenanthroline (phen), dipyridophenazine (dppz),
phenanthroimidazol, and phenylpyridine (ppy) (25, 95, 96, 176, 180). In these octahedral metal
complexes, it was observed that the planar ligands with large π-delocalized aromatic surfaces are
involved in end-stacking or intercalating between DNA bases.However, it is more difficult for the
nonplanar part of the molecule to interact at the end-stacking or its intercalation between DNA
bases, which could become a problem for the achievement of an efficient interaction. Finally, some
multinuclearmetal assemblies have also been found to be effectiveG-quadruplex binders.Tetranu-
clear platinum(II), [Pt(en)(4,4′-dipyridyl)]4, reported by Kieltyka et al. (82), was able to establish
an effective interaction through end-stacking, where ethylenediamine ligands allowed hydrogen
binding with the DNA backbones. The complex showed a strong stabilization of G-quadruplexes
with high selectivity and telomerase activity inhibition [IC50 = 0.2 μM in an in vitro telomeric re-
peat amplification protocol (TRAP) assay]. There are also some di- and trinuclear PtII complexes
that can achieve effective stabilization of G-quadruplexes (177, 178).
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Thus, different molecules, binding modes, and mechanisms of stabilization of G-quadruplexes
have been studied during the past decades with the aim of understanding and rationalizing the
formation and stabilization of these G-quadruplexes. Nevertheless, much work has to be carried
out to improve the use of G-quadruplexes as specific targets in alternative chemotherapies for
cancer. In many of these investigations, experimental studies have been supported by computa-
tional methods for a better understanding of the formation of G-quadruplexes or their interaction
with ligands. For this reason, knowledge of the state-of-the-art computational methods used in
studies on G-quadruplexes is useful and timely. In this article, we carry out an extensive review
of the state of the art of theoretical and computational methods used to address these systems;
the review is divided into two parts: (a) nonquantum methods and (b) quantum methods. The
former allows long-timescale molecular dynamics (MD) simulations, enhanced simulation tech-
niques such as metadynamics, and the use of coarse-grained force fields. These methods can de-
scribe the evolution of the system over time and give highly relevant information on the dynamics
of the system. The latter can be of different accuracy and efficiency and includes semiempirical,
quantum mechanics (QM)/molecular mechanics (MM), and density functional theory (DFT) in
reduced models. These types of methods can explicitly treat the electronic structure of the sys-
tem. However, they have a limited application in terms of dynamic information, since, in general,
they are computationally demanding and only allow short-time simulations. Therefore, they are
used to provide a more static picture of the different interactions in the systems, characterized by
accurate electronic structure determination.We expect that our work will be useful in classifying,
compiling, and summarizing the state of the art of computational works applied to noncanonical
DNA G-quadruplex structures and will help to improve new computational tools to be applied to
this field of research with pharmaceutical and medical applications.

2. NONQUANTUM METHODS

2.1. Molecular Dynamics Simulations

Methods based onMD simulations have been the most-used computational methods for the study
of G-quadruplexes and have the advantage of giving a view of the dynamic evolution of the system
over time. The trajectories of the atoms composing the system are determined by solving the
Newton’s equations of motion numerically, whereas the forces between the particles and their
potential energies are calculated by using interatomic potentials or molecular mechanical force
fields. MD simulations are useful for studying G-quadruplexes because they accommodate the
size of the structures and because no chemical reactions, in which covalent bonds are breaking
and/or forming, have to be considered. In this context, the use of force fields is an appropriate
choice to account for the energetics of a given structure of the system, but care should be taken
to analyze the sensitivity of the calculations when using any specific force field.

Šponer, Orozco, and their colleagues (42) used side loops of G4-DNA as a benchmark to test
the quality and accuracy of different force fields. They used Amber 5.0–9.0 software packages and
CHARMMcode to run and test several force fields [parm99 (24), parmbsc0 (125)],with amodified
glycosidic χ torsion profile force field version done by Ode et al. (117) and CHARMM27 (47,
104). Side loops of systems were studied for the d(G4T4G4)2 quadruplex from Oxytricha nova
[OXY quadruplex; Protein Data Bank (PDB) ID 1JRN], which contains diagonal loops (58), and
the human telomeric monomolecular d[AGGG(TTAGGG)3] quadruplex (HT quadruplex; PDB
ID 1KF1) with propeller loops (122). They obtained many relevant results and conclusions. For
instance, taking into account all of the calculations that were carried out, the behavior of the
side chains did not change when the ion did, and the excess of salt did not seem to change the
behavior of the side chains either. In addition to standard dynamics, locally enhanced sampling
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Figure 5

Scheme of ion penetration into the central binding site. Figure adapted with permission from Reference 135.

(LES) was run, which gave similar results. The importance of choosing a proper force field was
also outlined. For instance, when using the parm99 force field, they were not able to reproduce
experimental loop structures, the loops were unfolded, and the structure was lost. In contrast,
using the parmbsc0 force field, the obtained loop structures were quite close to the experimental
values and kept essentially identical geometries.However, the agreement with the experiment was
not perfect. While, in the X-ray results, the adenine base is stacked with the first thymine of the
loop, in the computational model, the adenine is stacked with its neighbor thymine in the loop
due to the rotation of the first thymine. Modified parameters for χ torsion done at that time led
to the same structures obtained with parm99 and parmbsc0 without χ modification; therefore,
there was not any advantage to using the χ correction. In 2012, Krepl et al. (89) used χ torsion
parameters, which significantly improved the G-quadruplex description and were also included in
the current OL15 DNA force field.

Reshetnikov et al. (135) performed a study to address the ion binding and the ion penetration
into the central ion channel of a 15-TBAG-quadruplex (Figure 5). They ran three different types
of simulations: (a) 15-TBA, including K+ or Na+ ions, using the description of cations by pair-
additive force fields (28); (b) the same system but with the TGT loop deleted; and (c) systems in
which the two TT loops were removed. GROMACS 4.0 software was used for MD simulations
with the parmbsc0 force field and TIP4P explicit solvent box with 15 Å depth from the solute.
Negative charges of the system were neutralized by adding K+ and Na+ by replacing random
water molecules in a distance equal to 6 Å, and in some simulations, an excess of salt was added. In
the first type of simulation, Reshetnikov et al. observed that, in all simulations, the G-quadruplex
spontaneously sucked the cation from the bulk, which finally reached the central ion channel. In
that process, the G8 and T9 bases realigned to allow the access of the ion to the G-tetrads in a first
step; subsequently, the guanines composing the G-quartet were forced to open to provide space
to the cation to move to the final position in the center of the ion channel. Figure 6 shows how
the insertion of the Na+ cation stabilizes the structure; however, in the case of K+, the ion took
longer to be captured, and theG-quadruplex did not recover its structure before the end of theMD
simulation. In the second type of simulation,where the TGT loop was removed,Reshetnikov et al.
saw that the G-quadruplex was unable to keep the structure until the cation was trapped. In the
third type of simulation, without TT loops, the structure collapsed in two out of 10 simulations.
The capture of the ion occurred between 2 and 6 ns of the simulations, so it stabilized the structure.
Reshetnikov et al. supported the work done with MD with QM/MM dynamics to demonstrate
the relative stability of K+ in different positions within the G-quadruplex structure. In this work,
they saw how loops can influence the G-quadruplex geometry, stability, and ion binding, and that
the TGT loop acted as a gate that allowed the ion to pass to the ion channel.
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Figure 6

Molecular dynamics simulations of 15-TBA during Na+ penetration. The letter P in the figure and the
dashed vertical lines indicate the simulation step where the cation penetrates the G-quadruplex. (a) Area of a
square formed by O6 atoms of the upper G-quartet. (b) Distance between the cation and center of mass
(COM) of the eight O6 atoms of the G-quadruplex. (c) Distance between the COMs of the G8 nucleic acid
base and the eight O6 atoms of the G-quadruplex. Figure adapted with permission from Reference 135.

Petraccone and colleagues studied the interaction between 5,10,15-tris[4(1-piperidino)
butyl]diindolo[3,2-a:3′,2′-c]carbazole (azatrux) (51) and the 1KF1 G-quadruplex by docking and
MD (126) simulations. For the docking, they used the INSIGHT II package (www.accerlys.com),
calculating the partial charges for the azatrux molecule using MOPAC. Docking results indicated
that the azatrux ligand docked on the 3′-end of the quadruplex. They hypothesized that the re-
sult was due to the orientation of the TTA loop, which created a groove accessible for the ligand,
and the fact that the 5′-3′strand polarity generated by the phosphodiester backbone makes 3′-end
more polar and favorable for the positively charged side chains of the ligand. For the MD simula-
tions, the Amber parmbsc99 force field was used with the GROMACS package. The system was
solvated in a TIP3Pwater box, and K+ counter-ions were added to neutralize the system.The sim-
ulations were run for 15 ns without any restriction on the system. The obtained root mean square
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deviation (RMSD) from the simulation indicated that the azatrux-G-quadruplex complex was
more stable than the G-quadruplex alone, with RMSDs of 2.3 Å and 2.7 Å, respectively. More-
over, the two side chains that are positioned in the groove, interacting with the ligand, maintained
stable structures during the simulation, while the third chain, not interacting with the ligand, was
highly flexible.

Islam et al. (71) studied the conformational variability of the TTA side loops. They used the
1KF1 PDB structure to model the G-quadruplex. The MD simulations were carried out using
Amber11 software and the parmbsc0 version of the Cornell et al. (29) force field. The system was
solvated in a TIP3P water box (65 Å × 64 Å × 68 Å). The integrity of the G-quadruplex was kept
during the 1.5 μs of the MD simulations; to illustrate the importance of the timescale, RMSD
was assessed over both short and long simulation times. As in most of the published systems, MD
simulations were performed on a timescale from 1 to 100 ns. In this work, the authors wanted to
show how different timescales provided different qualitative results of the dynamics. In fact, it was
proven that, for the first approximately 300 ns of simulation, an ambiguous picture of the loop
dynamics was obtained, and that only after that period of time was the system settled down. The
root mean square fluctuation (RMSF) analysis indicated that the mobility of each of the loops was
independent of the others, while at first it appeared to be equivalent, exposing again the relevance
of the side chains and the influence that they could have on the stability of the system.

Grunenberg et al. (57) compared the performance of different force fields (AMBER, OPLS,
MMFF) and DFT (ωB97XD) for two systems, syn-anti (SA) and anti-anti (AA). The work ad-
dressed a problem reported by Šponer et al. (155) in calculating different G-quadruplexes, where
the force fields indicated that the SA stem was the lowest minimum (−14 kcal/mol with respect
to the AA stem), whereas DFT favored the AA stem, 5 kcal/mol below the SA. In fact, this latter
result agreed with the experimental evidence. Grunenberg et al.’s goal was to check the reliability
of the force field calculations in G-quadruplex systems by testing different force fields to obtain
the same results as DFT in both vacuum and solvation with water within a continuum approach.
Grunenberg et al. found that both OPLS and MMFF force fields, but not AMBER, reproduced
the experimental (and DFT) trend: higher stability for the AA stem in comparison with the SA
stem. It must be said that their results were based on potential energy calculations in vacuum or
considering a continuum approach for solvent effects, and it is known that, to evaluate a proper
stability of any given system, the free energies must be taken into account, which requires an
appropriate Boltzmann sampling. This Boltzmann sampling can only be attained by MD simula-
tions in systems with a high number of degrees of freedom. One of the conclusions of this work
is that the AMBER force field fails in the description of the relevant hydrogen bonds. Since G-
quadruplexes are noncanonical DNA structures, and were not included in the original force field
training set, the standard assignment of atomic charges is the source of small individual electro-
static errors. To solve this problem and reproduce the DFT results with AMBER, Grunenberg
et al. modified the AMBER force field using quantum-adapted charges applying the Reppes and
Goddards charge equilibrium (QEq) formalism (131). The AMBER-QEq force field indeed re-
produced the experimental and DFT trends, and the AA rotamer was calculated to be the most
stable conformer using the AMBER force field. The main conclusion of this work was that, when-
ever the empirical potential is flexible enough to adapt to special electrostatics, the force fields can
reproduce the correct relative energy order of different arrangements of G-quadruplex guanine
stems (G-DNA).

Barone et al. (165) extensively studied various salen- and Schiff-base metal complexes. They
studied the affinity of three square-planar NiII, CuII, and ZnII Schiff-base complexes [N,N′-
bis-5-(triethyl ammonium methyl)-salicylidene-2,3-naphthalendiimine)] for human telomeric (h-
telo) and c-myc G-quadruplex (G4) DNA. They compared the results obtained experimentally
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(with UV-visible absorption spectroscopy and circular dichroism) with molecular dynamics and
QM/MM calculations. Schiff-base complexes were similar to salphen-base complexes but with an
extended planar area. The absorption spectroscopy confirmed that the three metal compounds
showed binding selectivity for G4 structures and that the binding of the NiII complex was tighter
than that of CuII, which in turn was tighter than that of ZnII. However, circular dichroism (CD)
results indicated that NiII and CuII complexes had a preference to induce the formation of an-
tiparallel c-myc G4 structures, whereas ZnII stabilized the parallel structures. Furthermore, the
NiII complex was able to induce the formation of G4-DNA, even in the absence of K+ cations.
MD calculations were also performed between the ZnII metal complex and h-telo and c-myc. The
dynamics were run using GROMACS software with the Amber99 force field and parmbsc0 for
nucleic acid torsion; K+ were considered as backbone phosphate group counter-ions. The results
of the MD simulations showed that the strong interaction between the ZnII complex and both
G4-DNA models was driven by the strong electrostatic attraction between the positively charged
triethylammoniummethyl groups of the Schiff-base ligand and the negatively charged phosphate
groups of the biomolecule. In the case of c-myc, long-range interactions allowed the metal to easily
approach the G-tetrad. Subsequently, π–π stacking interaction occurred, which brought the sys-
tem to the equilibrium.However, in the case of h-telo, equilibrium was reached after 5 ns, and the
metal complex remained stacked until the end of the MD simulations. The geometry after 50 ns
was used for further geometry optimizations by hybrid ONIOM two-layer QM/MM calculations.
The high layer involved the four guanine bases of the 3′ ending of the G4-DNA and the metal
complex; the rest of the system belonged to the low layer. It is interesting to see how the metal
ion of the Schiff-base complex was aligned with the two potassium cations in the central channel
formed by the three stacked G-tetrads. The binding of the ligand to DNA was always exothermic.
However, both entropy and solvation had a destabilizing effect on the DNA binding energy. The
formation free energy was always smaller than the formation enthalpy, indicating that the entropic
contribution, in �G = �H − T�S, was always negative. Finally, the calculated formation free en-
ergy values in solution, −34.6, −14.4, and −20.9 kJ/mol−1 for NiII, CuII, and ZnII, respectively,
were in good agreement with the experimental values.

Stadlbauer et al. (158) carried out μs-scale explicit solvent MD simulations for G-triplexes,
which can participate in the folding pathway of G-quadruplexes.To build the triplexes, four differ-
ent monomolecular structures were used, removing the first or the last G-strand and its adjacent
loop: the X-ray structure of a parallel-stranded quadruplex (PDB: 1KF1) (122), two NMR 3 + 1
hybrid quadruplexes [PDB: 2GKU (101) and 2JPZ (33, 171)], and a NMR antiparallel basket type
structure (PDB: 143D) (171). Stadlbauer et al. took into account three possible cation layouts: (a)
one cation placed between the first and secondG-tetrads, (b) one cation placed between the second
and third G-tetrads, and (c) two cations filling the ion channel. Solute waters were added with the
xLeaP module of Amber12 in a truncated octahedral box with a minimum distance of 10 Å from
the solute.The TIP3P water model was used for the NaCl simulations, and the SCP/Emodel (78)
was used for the KCl simulations. In all of the simulations, an excess of salt was added. The MD
simulations were carried out with the CUDA version of the pmemdmodule of Amber12 (91) using
the parmbsc0 version of the Cornell et al. (29) force field. Periodic boundary conditions were used,
and electrostatic interactions were calculated by the Edwald method (34) with the nonbounded
cut-off set to 9 Å. Furthermore, the 2-fs-step SHAKE algorithm (139) was applied to hydrogen-
containing bonds to restrain the bond distances. They found that antiparallel triplexes with diag-
onal and lateral loops were potentially stable enough to keep the structure during a considerable
amount of time and thus to be considered as part of the folding pathway of the complex G-
quadruplex folding process. However, all parallel triplexes lost their structure within 10 ns, which
is in agreement with the study done by Štefl et al. (160) showing instability of parallel-stranded
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G-triplexes. More interesting was the case of antiparallel triplexes with two lateral loops. A
rearrangement of side loops transformed the lateral loops to diagonal loops, a change that
preserved the compatibility of the syn/anti distribution of the antiparallel triplex. Such strand
reorientation could occur during the dynamics of real triplexes. Štefl et al. also studied a triplex
with a fourth nonbonded G-strand. They carried out 5 μs simulation to check if the unlinked
chain joined the rest of the structure to form the G-quadruplex.Unfortunately, the rearrangement
was unreachable on their μs simulation timescale, and no noticeable movement of the strand was
observed. Finally, they noticed that triplexes with narrow grooves between two of their strands
attract cations from the bulk solvent into the groove, since the close space between the phosphates
creates an electrostatic minimum inside the groove and an optimal space for the ion binding.

Barone et al. (20) studied a NiII and ZnII salen-base complex with a small difference in the 2,3-
diimine group, which was turned into a 4,5-pyrimidindiimine.MD simulations were run with the
GROMACS 5.0.4 package, using the Amber99 force field parmbsc0. The simulation, of 250 ns,
started with the metal complex 10 Å away from the 3′ G-quartet, to simulate the molecular recog-
nition process. The RMSD plot of the nonhydrogen atoms showed that G-quartets were rigidly
bound around their equilibrium position during all simulation time. However, the large values of
the RMSD of all atoms were due to the large and continuous oscillations of the highly flexible
loops and surrounding bases. In agreement with previous works (165), during the simulation, the
metal complex roughly aligns the nickel atom with the potassium channel. However, the metal is
not equidistant from the four bases because of the presence and steric hindrance of the TTA loop.

Barone and colleagues (19) studied three NiII and ZnII salphen-like ligands (N,N′-bis-
salicylidene-1,2-phenylenediaminato) with different substituents (H, F, CF3) in position 4 of the
phenyl ring on the N,N′ bridge. NiII complexes showed a higher affinity toward both duplex and
G-quadruplex DNA compared to ZnII analogs, but ZnII complexes possessed high selectivity to-
ward G-quadruplex DNA and a negligible affinity toward duplex DNA. Barone and colleagues
(19) used a similar methodology to previous work (20), but instead of parmbsc0, they included the
bsc1 correction (76). In the MD simulations with hydrogen as substituent group, the RMSD of
the guanines remained stable, indicating that the general structure of the G-quadruplex kept its
shape. However, in the RMSD of all atoms, a significant change could be seen between 200 and
400 ns (Figure 7). Barone et al. stated that this change corresponded to the movements of the
TTA side loop. In any case, the principal structure and the distance between the metal complex
and the G-quadruplex did not change. In the case of fluorine substituent, the system reached a
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Figure 7

RMSD (Å) of all nonhydrogen atoms (black) and guanine atoms (red) for the molecular dynamics simulation on the interaction between
N,N′-bis-salicylidene-1,2-phenylenediaminato (a) NiII and (b) ZnII and (c) RMSD (Å) distances between ZnII and O6 atoms of the four
guanines in the 3′ quartet. Figure adapted with permission from Reference 19. Abbreviation: RMSD, root-mean-square deviation.
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state of equilibrium at approximately 220 ns of simulation (Figure 7). The RMSD of the guanine
atoms remained stable throughout all of the simulation time, confirming that the major conforma-
tional changes were only due to theG-quadruplex loops and the rotation of the triethylammonium
group. The calculated distance between the F atom and the O6 oxygen atom (Figure 7) of G22
(4.9 Å) was very similar to that reported for the crystallographic structure by Campbell et al. (21)
(PDB ID 3QSC), 5.3 Å for the F atom. Campbell et al. concluded that electrostatic repulsion
between F and O6 atoms made the π–π stacking interaction less tight. Nonetheless, the compu-
tational simulations suggested that the distance was too long for such electrostatic repulsion. This
was confirmed by experimental results in which, when a fluorinated substituent was introduced,
no loss of DNA-binding strength occurred, as would be expected in the case of repulsion.

As one can see from these simulations, the location of cations in G-quadruplex channels is key
to the stability and structural properties of these systems. However, it is not always clear where
to locate these ions, and long-timescale simulations would be needed to equilibrate the initial
position of these cations if the positions are assigned randomly. In this sense, it is important to
highlight the recent work by York and colleagues (50) using the OL15 (125) FF combined with
the 3D-RISM molecular solvation theory in MD to create a predictive model for cation occu-
pancy in G-quadruplex channels as a function of salt concentration. In their recent cutting-edge
work, Islam et al. (72) used the OL15 force field to provide new insights into the limitations of the
MD methods applied to G-quadruplexes. For instance, they demonstrated that, even with high-
performance computers and using specialized enhanced sampling or the Markov state model, one
cannot achieve quantitative convergence of the loop conformational space; furthermore, propeller
loops are not correctly described, an issue that appears to be unsolvable with just dihedral repa-
rameterizations. They also showed that simulations within the microsecond timescale are needed
to investigate the conformational plasticity of the loops. A realistic description of the loops is also
difficult to resolve due to the lack of enough experimental data, as the loops are significantly under-
determined in NOE-based ensemble-averaged experiments, and therefore, a direct unambiguous
comparison of MD with NMR is not possible. Finally, Jiří Šponer’s group (63, 75) showed how
the performance of the current force fields is not as good as expected when they are used to carry
out long simulations and remarked on the care that one should take in choosing a proper force
field and interpreting the theoretical results.

In conclusion, in general, classical MD simulations are the most-used computational methods
to understand the structure and stability of G-quadruplexes, since the study of large biological
systems requires taking into account the evolution of the system during some period of time.MD
simulations have been used not only to study the interaction of G-quadruplexes with ligands, but
also to study the conformations of side loops, which are responsible for the different structures
and behaviors of the G-quadruplexes. Finally, one has to be careful with the choice of the different
force fields and the different parameters chosen to study the G-quadruplexes, since not all of the
standard force fields with standard parameters can describe these noncanonical DNA structures
correctly.

2.2. Metadynamics

Metadynamics simulations, first proposed by Laio & Parrinello (90), have also been used to ex-
plore the free energy surface of G-quadruplexes. The algorithm describes the system using a few
collective variables. During the simulation, the location of the system in the space determined by
the collective variables is calculated, and a positive Gaussian potential is added to the real energy
landscape of the system. In this way, the system is pushed away from the previous point. During
the simulation, more and more Gaussian functions are added until the system explores the full
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The free energy surface (FES) of the 3′ end opening of TBA shows three main energy minima: (a) TBA occurs in the G-quadruplex
structure, (b) an intermediate state occurs, and (c) the G-triplex structure is formed. Figure adapted with permission from Reference 96.

energy landscape. This method has been used to study the folding–unfolding processes and bind-
ing between ligands and G-quadruplexes.

Limongelli et al. (99) studied the unfolding pathway of the (5′-dGGTTGGTGTGGTTGG-
3′) TBA G-quadruplex. The free energy surface (FES) was calculated as a function of two col-
lective variables (CVs), the radius of gyration CV defined by the oxygen atoms of the guanines
forming the G-tetrads and a second CV that counted the number of hydrogen bonds between
these guanines. After approximately 80 ns of metadynamics simulation, three main energy min-
ima were identified: (a) one that corresponded to the experimental TBA G-quadruplex structure
(Figure 8a) (107); (b) a second that showed a partial opening of the 3′ end (Figure 8b) and can
be considered the first event in the unfolding process of TBA; and (c) a third in which the 3′ end
opens completely, with two guanine bases leaving the G-quartet (one guanine in each G-quartet)
and pointing toward the solvent. The rest of the guanine bases formed a G-triplex. While the 3′

overhang was flexible, the rest of the TBA was rather stable, forming two G:G:G planes, namely,
G-triads, that formed an array of Hoogsteen-like hydrogen bonds. In this conformation, the metal
ion was coordinated at the center of the two triads in a similar way to that of the G-quadruplex
structure. This G-triplex structure differed from the known triplex structures not only because
of the base pairing, but also because of the conformation adopted by the side chains (Figure 9).
The thermodynamic stability was investigated by CD. The spectrum showed two positive bands
at 289 nm and 253 nm and two negative bands at 235 nm and 265 nm, indicative of a homopolar
stacking of the nucleobases (130), in agreement with the proposed G-triplex structure.
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Representation of the G-triad structure for the G-triplex.

Bian et al. (16) studied the folding pathway of the hybrid-1 type human telomeric G-
quadruplex. Four CVs were included in this case: (a) the total number of contacts between 12
guanines forming the G-tetrads (Q), (b) the dRMSD of the carbon atoms of the backbone, (c) the
binding and contacts between K+ ions and O6 atoms of guanines (NKO), and (d) the radius of
gyration (Rg). The free energy landscape (Figure 10) showed a diagonal shape, indicating coop-
erativity between the binding of metal ions and the formation of contacts between guanine bases.
The proposed folding pathway started with intermediate-I at its unfolded state. Intermediate-II
was characterized by a well-formed hairpin at the 3′ terminal and an unstable hairpin at the 5′

terminal. Intermediate-III corresponded to a triplex composed of the last three guanine steps,
converging to the same conclusions obtained by Limongelli et al. (99). In intermediate-IV, two of
the three G-tetrads were formed; at this folding stage, seven out of eight of the nearby nucleotides
were in position, and thus one of the guanine bases was not docked. In the final two intermediates,
the G-quadruplex was folded or almost folded. Bian et al. also studied the syn/anti orientations and
observed that the bases took the correct orientations as long as they had a stable hydrogen bond,
while the orientation syn/anti varied in the opposite case. Misfolded intermediates with wrong
syn/anti configurations were observed in the early intermediates but not in the later ones.

These studies demonstrated the adequacy of metadynamics to explore the conformational
space of these systems and allowed the determination of folding and unfolding pathways, which
was not possible with standard MD techniques.

2.3. Coarse-Grained Methods

To perform long time simulations in complex biological systems like G-quadruplexes, we may
use some approaches to simplify the description of the potential energy by using coarse-grained
methods. Coarse-grained models (CGMs) were first presented by Levitt and Warshel (94, 172)
and aim to simulate the behavior of complex systems by using their coarse-grained (simplified)
representation. In coarse-grained models, the molecules are represented not by individual atoms
but by pseudoatoms, which approximate groups of atoms such as the whole amino acid residue.
By decreasing the degrees of freedom, one can study much longer simulation times at the expense
of molecular detail.
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The free energy landscape and the representative structures of the basins of attraction. The units of the free
energies are kcal mol−1. Figure adapted with permission from Reference 16.

Rebic et al. (132) developed the first CGM for G-quadruplexes. The MagiC software package
(112) was used to coarse-grain the reference system, 2HY9 (33) human telomeric [3+1] hybrid
type with d[A3G3(T2AG3)3A2] sequence. The position of each CGM bead was calculated as the
center of mass of the included atoms in each nucleotide or group, and the total charge of the
atomic group was assigned as the charge of the bead. The reference molecule consisting of 843
atoms was reduced into a CGM system of 21 beads by taking each nucleotide and grouping them
into a single bead (Figure 11). The model contained three types of beads, G-quadruplex core (G),
loop (L), and potassium ions (K). To describe intermolecular interactions, three combinations had
to be added, G–K, L–K, and K–K, since G and L are in the same fragment, and only K were
not bounded. Based on a detailed core description, different combinations on G-tetrads were
taken into account, which meant that different syn/anti bead arrangements could have different
intermolecular bond interaction potentials. Additional bond interactions between G-strand beads
were required to keep the proper distance between G-tetrad planes. Furthermore, the G beads
and potassium ions interacted purely through the intermolecular pairwise interactions, while G
beads and channel potassium interactions contained additional intramolecular terms; thus, it was
necessary to describe the interaction between these two ions separately. Altogether, the reference
structure interactions were described using 17 different effective potential terms, 3 of which were
intermolecular, and 14 of which were intramolecular.

The MagiC’s kernel module was used to obtain the effective CGM potentials by means of the
iterative Boltzmann inversion (IBI) (154) and inverse Monte Carlo (IMC) (103) methods, also
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843 atoms

21 CG beads

Core
Loop
K+ in solution
K+ in ion channel

Figure 11

Mapping scheme used to generate the coarse-grained model. Red indicates the core, green indicates the
loop, cyan indicates K+ in solution, and yellow indicates K+ in the ion channel. Figure adapted with
permission from Reference 132.

known as Newton inversion (NI) (102). The software, through an iterative process, refined the
effective potentials and fitted them to reproduce the intermolecular and intramolecular distances
and angles. Inspection of the RMSF revealed that the guanine residues constituted a rigid block
during the whole simulation (1 μs), and their fluctuations were within 1 Å from the reference
experimental structure. A structure of 20 blocks of 1KF1 parallel G-quadruplex was also built in
which the blocks were consecutively stacked on each other and interacted purely through the G-
tetrads (no TTA loop between blocks and terminal G beads of blocks were connected in the 5′ →
3′ direction) (Figure 12). The structure was mapped using the same rules as for 2HY9. Rebic et al.
(132) observed that the G-tetrads of the higher-order structure did not change the behavior from
that observed in the small 1KF1 building block. To study the structure flexibility, the calculated
RMSF with respect to starting G beads was compared; the fluctuation profile of the G-quadruplex
showed a similar trend as a CGM of canonical DNA (115).

Stadlbauer et al. (157) studied the unfolding of human telomeric G-quadruplexes using coarse-
grained methods. In this case, simulations were performed using HiRE-DNA (31) where, instead
of using one bead (132) for each nucleotide, the authors used six or seven beads, correspond-
ing to the backbone-heavy atoms P, O5′, C5′, C4′, and C1′, and to the center of mass of each of
the aromatic rings of the bases (Figure 13). Geometric parameters controlling bond distances,

715 atoms

21 CG beads

420 CG
beads

Figure 12

Reduction of degrees of freedom for the 1KF1 and the structure consisting of 20 blocks of 1KF1. The
structure is shown without potassium ions. Figure adapted with permission from Reference 132.
Abbreviation: CG, coarse-grained.
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OO O5'
C5'

POO O5'
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C4' C1'

G1
G2NN

NN
NN

NHNH

NH2NH2

OO

Figure 13

Coarse-grained model representation of a guanine nucleotide. Figure adapted with permission from
Reference 157.

equilibrium angles, and dihedrals were specific for each type of nucleotide (A, G, C, U). CGM
simulations were carried out for five structures, each with different syn/anti orientations: 1KF1,
143D, 2JSM (127), 2KF8 (98), and 2KM3 (97). In most cases, the unfolding came from destabi-
lization of one terminal G-tetrad, which caused a loss of stacking, and the unpaired bases were
oriented toward solvent. After the first destabilization, the unfolded G bases were free to fluctuate
between syn and anti conformations, and finally, all structure was destabilized. In the case of 2JSM,
a short-living G-triplet structure was formed, in agreement with other studies (16, 99).

In summary, coarse-graining provides the critical link between the highly detailed world of the
atomic interactions and the highly averaged world of thermodynamics. Inmany ways,CGMs com-
plete the quest to use computer simulation and molecular modeling to understand and predict the
behavior of biomolecular systems. In the case of G-quadruplexes, coarse-grained methods make
it possible to study larger systems on a longer timescale, which is always beneficial in biological
systems.

3. QUANTUM METHODS

In the previous section, we describe how quantum methods can be applied to improve the force
fields, especially atomic charges, which are then applied to perform MD simulations. In addition,
quantum methods can also be used to gain insight into the thermodynamics and structural details
of G-quadruplexes and their various chemical properties. In this section, we discuss some of the
work on this subject.

3.1. Semiempirical Methods

Semiempirical quantum chemical methods gain speed in their implementation over computers by
neglecting many of the difficult integrals (such as several two-electron integrals) that appear with
the application of first-principles methods to molecular problems. The error introduced using
semiempirical models is compensated with the use of parameters determined by the comparison
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of calculations with experiments, which requires careful parameterization. This procedure can
sometimes produce a model of higher accuracy when compared to the experiment than can ab
initio calculations. There are currently several kinds of software with different approximations
depending on the goal to be achieved. MOPAC, AMPAC, and SPARTAN use parameters to fit
experimental heats of formation, dipole moments, ionization potentials, and geometries. There
are also methods whose primary aim is to calculate excited states and thus to predict electronic
spectra. These methods include ZINDO (184) and SINDO (114).

Semiempirical methods are mainly used to calculate partial charges (14) to improve force fields
that are then used inMD simulations (59, 60, 126).However, some works use semiempirical meth-
ods to gain relevant information on the thermodynamics and structural properties of the systems
of interest. In this section, we highlight some relevant works with this purpose in the field of
G-quadruplex research.

Husby et al. (70) developed a systematic and general approach to determine all plausible
positions for binding a ligand to a G-quadruplex structure (dynamic docking), taking fully into
account the flexibility of both the target [1K8P, parallel-folded intramolecular human telomeric
quadruplex (122)] and the ligands [piridostatin (136) and the pentacyclic acridine derivative
RHPS4 (143)]. They evaluated the most energetically favorable binding regions using three
different methods to calculate free energies. They proposed three main steps: (a) sampling of
the G-quadruplex and ligand conformational space via calculations of explicit MD starting from
several ligand positions; (b) clustering of the ligand conformations determined by theMD calcula-
tions; and (c) calculation of binding energies of the proposed binding poses of the complexes using
three different methods, one of them being the semiempirical PM6-DH2 method. Overall, they
obtained a good correlation between methods, with a much better agreement between methods
for pyridostatin compared to RHPS4. They observed that pyridostatin had some flexible ligands,
and its conformational variability and electrostatic interactions with the backbones contributed
to better binding and stabilization. They also found that pyridostatin had a slight preference of
4 kcal/mol for the 5′ face compared to the 3′ face of the G-quadruplex, while RHPS4 had no
significant difference in the binding energies. Finally, they showed the better performance of
their dynamic docking in comparison with conventional dockings, since their method was able
to improve the description of the flexible side loops of the G-quadruplexes and the rotable bonds
of the ligands.

Semiempirical methods have also been used inG-quadruplexes to study other chemical proper-
ties. Dinçalp et al. (36) carried out a synthesis of binding studies and analysis of the visible absorp-
tion spectrum of Ph-β GluOAc [4-O-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyloxy)phenol]
and PDI-Ph-βGluOAc [N,N′-bis(2,6-diisopropylphenyl)-1,7-bis[4-O-(2,3,4,6-tetra-O-acetyl-β-
d-glucopyranosyloxy)phenoxy]perylene-3,4,9,10-tetracarboxylic diimide] peylene diimide dyes.
Theoretical calculations were performed using Hyperchem package v8.0 to characterize the ge-
ometries, visible spectra, and energy densities of the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) surfaces of Ph-βGluOAc by means
of ZINDO/S. For the obtained HOMO–LUMO energy densities of the PDI-Ph-β-GluOAc
molecule, the electronic distribution of the HOMO level was mostly centered in the core re-
gion of the molecule. The excited state did not show significant change in the charge distribution.
Electron movement in –C=C– linkages of the perylene ring led to single-component emission
from the first excited state to the ground state. The simulated absorption spectrum of PDI-Ph-β-
GluOAc and the experimental spectrum recorded in BzCN or MeOH solutions gave similar val-
ues. The small peak at 745 nm was assigned to the experimental recorded absorption peaks at 780
and 692 nm for BzCN and MeOH solutions, respectively. The main peak at 550 nm was assigned
to the PDI chromophore absorption band experimentally recorded at 557 nm in MeOH solution.
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Dinçalp et al. found that the simulated absorption spectrum gave values in agreement with the ex-
perimental spectrum in both BzCN andMeOH solutions.Moreover, due to PDI-Ph-β-GluOAc’s
affinity with G-quadruplexes, it might have utility in photodynamic therapy (PDT) applications.

3.2. Quantum Mechanics/Molecular Mechanics Methods

Because the QM treatment of an entire biological macromolecule requires very large amounts of
computational time, and because MM methods cannot study bond formation and cleavage pro-
cesses, hybrid QM/MM methods are commonly used to study chemical and biological processes
in which an explicit treatment of electronic structure is needed for a localized part of the system.
In this approach, a small region of the system where electronic structural changes are of interest is
treated by means of QM, and the remaining part of the system (protein, DNA, solvent that is not
involved in the reaction, etc.) is represented by some classical MM force field. Examples of this
kind of problem include enzymes and ribozymes, where the description of the catalysis involves
bond formation and cleavage (45, 146) that the force fields cannot take into account. The use of
quantum methods for the description of part of the system is also required when the considera-
tion of explicit electronic effects is needed for adequately accurate description of the properties of
interest. For instance, quantummethods are needed when there are significant electronic polariza-
tion effects, important charge-transfer phenomena, or nonstandard nonbonded interactions such
as atypical hydrogen bonds. In addition, the presence of high-valent metals could require a QM
treatment due to the limitations of classical force fields in reproducing metal–ligand interactions.
In this sense, QM/MM methods have been used for the study of G-quadruplexes, ligand–DNA
interactions, side loop effects, and the effects of atom changes in nucleobases.

Terenzi et al. (165) used QM/MM methods combined with MD simulations to study the in-
teraction of a Schiff-base ligand with three different metal centers (Ni, Cu, and Zn) and h-Telo
G-quadruplexes (PDB ID 1KF1). For the QM/MM approach, they took into account the equi-
librium geometry obtained from MD simulations after approximately 50 ns, and they used the
ONIOM approach. The high layer involving the metal complex and the four guanine bases of
the G-tetrads interacting with the ligand were treated at the M06-2X/dzvp level, whereas the rest
of the system was treated with an Amber99 force field. Solvent effects were introduced by us-
ing the polarizable continuum model (PCM) (144) with the parameters corresponding to water.
Optimized structures showed that the metal ion of the three complexes was in line with the two
potassium ions in the central channel of the G4. Moreover, in the case of Cu and Zn, coordina-
tion occurred with one O6 of the G-tetrad. The geometry distortions and the coordination of the
metal together with solvent and thermodynamic contributions explained the experimental data of
the decreasing affinity order Ni > Cu ≈ Zn. Standard enthalpy and Gibbs free energy were used
to calculate in vacuo and in solution formation energies of the supramolecular complexes. The
obtained binding energies were always exothermic, both in vacuo and in solution. However, both
entropy and solvation had a destabilizing effect on the binding energy. The solvent destabilization
decreased in the order Ni > Cu > Zn, in parallel with calculated APT charges. The role of the
polar solvent could be rationalized by taking into account the considerable amount of electrostatic
interactions in the binding. Furthermore, the formation free energy was always smaller than the
formation enthalpy, both in vacuo and in solution, indicating that the entropic contribution was
always negative. Finally, the calculated formation free energy values in solution,−34.6,−14.4, and
−20.9 kJ/mol−1, were in good agreement with the experimental values, −36.2, −30.3, and
−30.2 kJ/mol−1, respectively.

Aggrawal et al. (1) reported that replacing deoxyadenosine (dA) in the side loops with
its oxidized form (8-oxo-7,8-dihydrodeoxyadenosine, OxodA) stabilized human telomeric
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G-quadruplex DNA. They performed a geometry optimization by using the hybrid ONIOM
QM/MM approach [B3LYP/6-31G(d):UFF], taking adenine bases at positions 8, 14, and 20 of
the sequence (PDB ID: 2JSM) as the high-level layer and placing the rest of the sequences in
the low-level layer. In the optimization, the geometries of the MM layer were frozen to avoid
the introduction of errors from the force fields. Then, single-point (SP) calculations were carried
out at the ONIOM[B3LYP/6-311++G(2d,p):UFF] level of theory. Their results indicated that
the presence of OxidA in loops 2 and 3 (positions 14 and 20) stabilized the G-quadruplex DNA.
This result was quite striking because the modification of the loops did not involve the G-quartet,
which was thought to be a predominant factor in the stabilization of G-quadruplexes.The compu-
tational results indicated that the mutation of dA to OxidA was overall approximately 6.6 kcal/mol
more stable.

Ferreira et al. (44) used QM/MM methods to study the interaction between two kinds of 9-
amino acridines and some G-quadruplexes [PDB 2JWQ (66)]. In this study, the ligands and bases
within 3.5 Å were taken as the high-level QM region, whereas the rest of the system was treated
using the Amber force field. The boundary between the QM and MM parts was treated using
the pseudo bond approach. Optimizations were run at the B3LYP/3-21G∗:AMBER level. It was
observed that the position of one of the 9-amino acridines was stabilized by four hydrogen bonds:
two between the acridine hydrogen and N1A19 and N3A10 of 1.8 and 2.6 Å, respectively, and
another between the carbonyl oxygen of the ligand and HN2G25 of 2.12 Å. Furthermore, the
presence of the ligand induced a small clockwise 6 rotation of the A10 base, which led it to form
an additional hydrogen bond with the T9 base while keeping all of its original hydrogen bonds.
The position obtained for the second acridine was stabilized by six hydrogen bonds: three be-
tween the acridine hydrogen and N1A10, N2G11, and N7A17 of 3.1, 2.3, and 2.8 Å, respectively;
another between the methyl piperazine hydrogen and OPA10 of 3.3 Å; another between the car-
bonyl oxygen and HN2G25 of 3.3 Å; and another between the acridine nitrogen and HN6A10 of
3.5 Å. Moreover, the interaction resulted in a clockwise rotation of 9 of the G11 base with re-
spect to the original structure, allowing G11 to form two new hydrogen bonds with G26 and
causing it to lose two of the four hydrogen bonds with G25. Overall, the second acridine [[9-[[2-
(1H-Indol-3-yl)ethyl]amino]-4-acridinyl](4-methyl-1-piperazinyl)methanone] stabilized slightly
more the G-quadruplex structure; the study was also able to explain the experimental differences
in structural stabilities between the two 9-amino acridines.

UV radiation was also used to study the photochemical formation of cyclobutane pyrimidine
dimers (CPDs), which are responsible for the majority of mutations induced by UV irradiation in
mammalian cells (113, 181). CPDs induce a mechanism in which two consecutive bases on one
strand bind together and discriminate the normal base-pairing of the double-strand structure in
that area. This relatively rigid structure allows only for the formation of the cis, syn CPD isomer
(152, 162). As G-quadruplexes have more flexible loops, which allow different orientations for the
bases, an unusual formation of antiCPD has been observed in these structures. The phenomenon
was studied by Lee et al. (93) using QM/MM. Two different structures were studied, 143D (171)
and 2KF8, which led to basket type and form-3 type structures, respectively. In the QM/MM
scheme, the ground state calculations were carried out using the BLYP/TZPP level of calculation,
whereas the excited state calculations were performed at the ADC(2)/def2-SVP level of theory.
The QM region included two thymine bases of two different TTA side loops (Thy5 and Thy17)
and the adjacent guanine base. It was shown that the addition of guanine in duplex DNA helped in
the formation of CPD through the charge-transfer (CT) state, where electrons were shifted from
guanine to the adjacent thymine (92). Lee et al. did not include all of the guanines in the QM
region; thus, the collective nature of guanine excited states (23) was not considered. The rest of
the system was treated with MM using the Amberff99 force field with ff99bsc0 corrections. The
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water molecules within 20 Å of Thy5 and Thy17 were kept, while the rest of the water molecules
were discarded for efficiency. The link atom (147) scheme was used in the boundary between the
QM layer and the MM layer. Finally, during the QM/MM optimization, the residues that were
further than 10 Å fromThy5 andThy17 were frozen.According to the obtained results, both trans,
anti and cis, syn conformations could be formed. However, in the case of cis, syn, the two thymine
bases were shown to be stacked on the top of the adjacent guanine (Gua3) and formed strong
π stacking interactions, which facilitated CT from Gua3 to thymines. Therefore, the energy of
the corresponding CT state was lower. However, the orientation of thymine and guanine bases in
the Frank-Condon region prevented proper π stacking, resulting in higher energy of CT states,
making trans, anti the dominant product. The simulations showed that the formation of cis, syn
was energetically feasible, which was not observed by Smith et al. (152).

3.3. Density Functional Theory Calculations on Reduced Models

In DFT methods, the electronic structure of the system is considered by evaluating the electron
density of the system instead of the electronic wave function. The advantage of DFT methods
compared to semiempirical methods is that they aremore accurate and do not depend on extensive
parameterization. However, the main drawback is that they are still computationally expensive,
and thus a full DFT treatment of any given system is currently limited to systems with a limited
number of atoms. Therefore, systems including G-quadruplexes must be reduced to be studied
at the DFT level. Usually, only the guanine bases of the G-quadruplexes are considered in these
kinds of studies, and studies are mainly focused on analysis of the interaction between G-tetrads,
as well as the interaction of G-tetrads with ions located in the ion channel.

One of the first works employing DFT was carried out by Clay et al. (26). To study the G-
quadruplexes, they used the three G-tetrads and two ions of the ion channel of the 1KF1 (122)
structure and removed the rest of the system. SP calculations and geometry optimizations were
performed with Gaussian03 by using the Hartree-Fock method (only in the case of SP calcula-
tions) and the B3LYP functional, along with the 3-21G∗ and 6-31G∗∗ basis sets. For the SP cal-
culations, Clay et al. considered three scenarios: (a) stacking of the three G-tetrads (12 guanines)
with two ions, (b) the top G-tetrads with one ion, and (c) the bottomG-tetrad.The SP calculations
were run for the replacement of the K+ ion with Na+ and also for the system without cations. The
result was that stacked G-tetrads were more stable than individual G-tetrads. Surprisingly, they
found that the systems with Na+ were approximately 20–40 kcal/mol more stable than those with
K+, a result that was later proved to be wrong (183). In addition, several convergence problems
were found for some optimizations. Nevertheless, the available optimized data supported the SP
calculations in the conclusion that the structure without cations is not stable.

Gkionis et al. (52) performed a study comparing state-of-the-art DFT-D3 and MM methods
when considering the binding of a single ion to two G-quartet layers and two ions to three G-
quartet layers. They also employed continuum solvent models for both QM and MM.To prepare
the stacked systems, initially, a four guanine tetrad was optimized using B3LYP/6-31G(d,p); then,
the optimized tetrads were placed at an ideal distance of 3.4 Å with a helical twist of 45. Further
optimizations were done keeping the G-tetrad geometries fixed and moving an ion (K+, Na+, or
Li+) along the z axis of the ion channel (Figure 14). QM energies were obtained using the ORCA
package (116) and evaluated using the TPSS meta-GG functional (159) enhanced by Grimme’s
dispersion correction (D3) with Becke-Johnson damping (56) and def2-TZVP all-electron Gaus-
sian AO basis set (173); for the solvent calculations, the COSMO continuum solvation model was
used. All MM energies were calculated using the AMBER12 package using the Cornell et al. (29)
force field for the guanine bases, assigning a charge of 0.089 to the N9 hydrogen to neutralize
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Figure 14

PES curves for three G-tetrad and one-ion system with K+, Na+, or Li+. The vertical lines mark passage of
the ion through the quartet plane. Figure adapted with permission from Reference 52. Abbreviations: GBSA,
generalized Born surface area; MM, molecular mechanics; PBSA, Poisson-Boltzmann surface area; PES,
potential energy surface; QM, quantum mechanics.

the molecule. The ion parameters for TIP3P water were used for the description of the cations
(79). Implicit solvation calculations were performed using generalized Born surface area (MM-
GBSA) and Poisson-Boltzmann surface area (MM-PBSA) approaches. All of the MM calculations
were carried out without periodic boundary conditions. To evaluate the potential energy surface,
a scan was performed in which the cation was gradually pushed to the center of the cavity between
G-tetrads, starting 1.7 Å from outside and moving 0.2125 Å with each step along the z axis. Fur-
thermore, Gkionis et al. evaluated other systems apart from the system of two G-tetrads and one
moving ion: two G-tetrads with two ions keeping one of them fixed, three G-tetrads stacking with
one ion, three G-tetrads stacking with two ions keeping one fixed, and three G-tetrads stacking
with two moving ions. In the case of three stacking systems, the ions moved 0.425 Å with each
step. When one ion was moved, Gkionis et al. observed small differences between QM and MM
in the gas phase, which is the binding that is most favorable at the MM level. The continuum sol-
vent models gave the same results forQM (COSMO) andMM (PBSA) but showed inconsistencies
with the GBSA solvationmethod.The results were reproduced with two and three G-tetrad layers
(Figure 14). The addition of a second ion generated an overestimation of the intercation repul-
sion at the MM level due to the absence of polarization terms, reducing the electrostatic repulsion
of the cations.
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Fonseca Guerra et al. (48), after extensively studying the interactions between pairs of duplex
DNA bases, shifted to the study of G-quadruplexes and focused on comparing two systems: a
single guanine quartet and an adenine quartet. The calculations were run in gas phase and in
aqueous solution by using dispersion-corrected DFT (DFT-D). This work had two objectives:
(a) to study the stability of the G-quartet and (b) to observe if the A-tetrad maintained a flat struc-
ture without the stabilization provided by the π-stacking of an adjacent G-quartet. All of the cal-
culations were done using AmsterdamDensity Functional (ADF) (164) with different functionals:
the generalized gradient approximation (GGA) functionals BLYP, BP86, and PBE; the dispersion-
corrected variants BLYP-D,BP86-D, and PBE-D (55); and theM06-2X hybrid functional. Solvent
effects in water were estimated by using the conductor-like screening model (COSMO) (85, 86).
The results of BLYP-D showed that, in water, the quartet formed by guanines (G4) is the most
strongly linked and is adopted more easily in a flat geometry. The flat geometries of all of the
studied A4 quartets were significantly less stable than the flat G4 geometries. Furthermore, the
more stable A4 structure was not flat. In other words, A4, unlike G4, had a strong tendency to
adopt a geometry that was not suitable for stacking. This explained the fact that the A4 quartets
have been experimentally observed in piles only between G4 quartets: They are less stable and
not planar, and therefore, they need the stabilization of the flat G4 to form larger piles.

Fonseca Guerra et al. (49) also analyzed the telomeric DNA; they revealed that the coop-
erativity within the H-bonds is originated from the charge separation that comes from donor–
acceptor orbital interactions in the σ -electron system, rather than from the strengthening caused
by resonance in the π-electron system. They also demonstrated that guanine quartets were more
strongly bounded than xanthine quartets (Xan4), even though they have the same number of hy-
drogen bonds. They explored these phenomena for larger aromatic complexes by substituting the
NH hydrogen in the natural G-quartets with NX halogens (174). All calculations were performed
with the ADF program and QUILD, using dispersion-corrected relativistic DFT at the ZORA-
BLYP-D3(BJ)/TZ2P level for geometry optimizations and energies. The interaction energy in
the hydrogen- and halogen-bonded model systems was examined using the so-called energy de-
composition analysis (EDA), which splits the interaction energy into electrostatic contributions,
Pauli repulsions, and orbital contributions, to which an extra term �Edisp was added to account
for the dispersion interactions:

�Eint = �Eelstat + �EPauli + �Eoi + �Edisp. 1.

It was shown that, when going from fluorine to iodine bonds, the orbital interactions becamemore
important due to lower acceptor orbital contributions to the halogen-donating fragment. This
could lead to an even larger covalent character for halogen bonds than for the analogous hydrogen
bonds and, consequently, a stronger cooperative effect. Moreover, they showed that, although
alkali metal cations located in the central channel of G-quadruplexes weakened the hydrogen
bonds, the synergy was kept in telomere-like structures.

Zaccaria et al. (183) analyzed the role of alkali metal cations in the stabilization of G-
quadruplexes. Their general idea was to study the role of the alkali metal cation located between
two quartets. It was thought that the reduction of the repulsion of the eight central oxygen atoms
would enhance the hydrogen bond strength and stabilize quartet stacking. Computational analy-
ses of double-layer guanine quartets and natural guanine G-quadruplexes with a sugar-phosphate
backbone interacting with the monovalent cations (Li+, Na+, K+, Rb+, and Cs+) were carried out.
DFT-D was used at the ZORA-BLYP-D3(BJ)/TZ2P level. EDA was also considered to analyze
the interaction between the cation and the guanines. In all cases, the most stable complex was the
one with the potassium cation, consistent with the experimental findings.Moreover, computations
revealed that the cation in the central cavity was not needed to compensate for the electrostatic
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repulsion between the oxygen atoms of the guanines, as they do not repel each other.Nevertheless,
this cation is needed for extra stabilization of the G-quadruplex.

Zaccaria & Fonseca Guerra (182) aimed to study the chemical–physical origins of the higher
stability of RNA-GQ compared to DNA-GQ by using DFT-D and EDA. The energy linked to
the formation of a structure without a cation from four ribonucleoside dimers explained how the
formation of RNA-GQ was favored. The presence of an extra hydrogen bond involving the extra
2′-OH of the ribose of the RNA with the phosphate oxygen atoms gave higher conformational
stability to the structure. Zaccaria & Fonseca Guerra also demystified the role of the cations in the
self-assembly of G-quadruplex structures, disproving the general postulate that they minimize the
repulsive forces between the oxygen atoms in the central channel and confirming their enthalpic
relevance for thermodynamic stability.

4. SUMMARY AND CONCLUSIONS

In this review, we provide a global summary, compilation, and classification of the state-of-the-art
computational works on G-quadruplexes.We focus especially on studies conducted to explain the
formation and stabilization ofG-quadruplexes and their interaction with ions and small molecules,
particularly computational works and approaches used to treat such DNA systems. The most
popular option for studying systems and processes involving DNA G-quadruplexes is MD simu-
lations, for two main reasons. First, most ligand–DNA interactions are physical processes without
chemical reactions, and it is known that the treatment of reactivity is one of the weak aspects of
MD. Therefore, because the processes of stabilization of G-quadruplexes are not reactive from a
chemical point of view, the use ofMD simulations is, in principle, adequate. Second,G-quadruplex
systems are relatively big, as are most biological systems. The use of MD simulations for this kind
of system is common in the scientific community because, in exchange for losing precision, it al-
lows one to study the entire system, taking into account evolution over time. When carrying out
MD simulations, the Amber and GROMACS software with parm99 and parmbsc0 force fields
have generally been used. However, we must be careful when using force fields. In general, the
force field that has given the best results has been the parmbsc0. It must be said that these MD
simulations may be complemented with QM/MM calculations to give a better description of the
electronic structure of some important parts of the system and the interactions and/or processes
occurring during the stabilization of G-quadruplexes. The QM/MM methods are considered to
be the state of the art for systems in which a ligand interacts with DNA. MD simulations have
been used in several studies aiming to reproduce the conformational variety of the loops. More
work is needed in this area because of the lack of parameters and the performance of the cur-
rent force fields. Šponer and colleagues (52, 63, 71, 75, 125, 135, 155, 158) have developed very
useful and elegant work during the past years with the development and reparameterization of
force fields, especially torsion parameters. Moreover, synergies between computational and ex-
perimental techniques are desired. Having enough experimental data and longer times for MD
simulations will be very useful. MD simulations may be improved not only with the development
of hardware and the use of GPUs, but also with the development of other methodologies, such
as metadynamics. Coarse-grained methods also could achieve long times of simulation, but it is
not obvious that they could solve the problem of the reproduction of the loops. MD simulations
have also been the first choice to study the processes of folding and unfolding of these noncanon-
ical secondary structures of DNA, in which the proper description of weak interactions plays a
crucial role. As for the study of the loops, the choice of the force field is critical for a good de-
scription of these processes, and again, long time simulations are crucial for a proper description
of the folding and unfolding processes in G-quadruplexes; the use of not only GPUs but also
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alternative methods like metadynamics and coarse-grained methods could help and complement
the classical and standard MD simulations. MD simulations have been used to study the stabi-
lization of G-quadruplexes through interactions with ions and small molecules such as organic
ligands and metal complexes. These works aiming to comprehend and rationalize the stabiliza-
tion of G-quadruplexes through interaction with ions and small molecules are very common in
the literature, and many studies aiming to comprehend and rationalize the interactions between
ions and small molecules have appeared during the last years. These studies use not only MD sim-
ulation methods, but also QM/MMmethods to complement the MD simulations. These kinds of
studies, involving organic ligands and metal complexes, are very interesting from the pharmaceu-
tical andmedical points of view because, using the results and conclusions of these works, we could
devise new small molecules employing substitution of ligands and changes in metals to improve
the interactions and stabilization of G-quadruplexes. Thus, studies in the future on derivatives
of these organic ligands and metal complexes could be very useful for pharmaceutical and med-
ical applications. In this sense, an important aspect to take into account is not only the affinity
of these small molecules with G-quadruplexes, but also the selectivity favoring their interaction
with G-quadruplexes versus DNA duplexes. Affinities and selectivities of small molecules with
DNA duplexes and G-quadruplexes have been analyzed with MD simulations and QM/MM ap-
proaches; noteworthy examples include the computational works of Barone and colleagues (19,
20, 57, 165, 166) and the experimental works of Neidle and colleagues (3, 27, 58–60, 73, 122), in
which synergies with computational studies were found.

The state-of-the-art computational studies of G-quadruplexes have not been limited to the
MD and QM/MM simulations; interesting DFT-D calculations about G-quadruplexes have been
conducted on reducedmodels.TheseDFT-Dmethods can describe explicitly the electronic struc-
ture to give a more detailed picture of the molecule. However, they cannot deal with many atoms
and the evolution of the system over time, which makes them incapable of describing the system
in its complexity. This DFT-D choice was used especially by Fonseca Guerra and colleagues (48,
49, 174, 182, 183), who used reduced models of different numbers of G-tetrads to study the role
of the ions in the channel, the stability of different kinds of G-quadruplexes (guanine versus ade-
nine), and the cooperativity of the weak interactions (hydrogen bonds and stacking). One of the
main conclusions obtained with this DFT-D approach was that alkali cations are not mandatory
for the stabilization of G-quadruplexes, but their interactions with the DNA bases of the tetrads,
when such alkali cations are inside the ion channel, give some extra stability to the system that
helps to maintain the noncanonical secondary DNA structure. Another interesting finding ob-
tained with reduced models and DFT-D computations was that RNA-G-quadruplexes may be
more stable than the DNA-G-quadruplexes, a result that seems to be related to an extra hydro-
gen bond involving the 2′-OH of the ribose of the RNA with the phosphate oxygen atoms, which
gives higher conformational stability to the structure. Finally, it is known that, since the inclusion
of dispersion corrections in semiempirical methods, their application to large biological systems
has been challenging. Unfortunately, few works have tried to apply semiempirical methods to the
study of G-quadruplexes. These studies only calculated charges to be applied with other methods
or studied the interaction of G-quadruplexes with some small molecules. However, some work by
Dinçalp et al. (36) used semiempirical methods to study spectroscopic properties.

In summary, computational methods are generally able to reproduce the experimental evidence
and help provide a better understanding of the processes involving G-quadruplexes. We must be
careful when selecting methods, force fields, or other parameters that affect the simulations and
quantum studies, since they can lead to results that are not correct. Even so, computational studies
are a great complement to experimental studies and help to address with higher precision this
important topic on the study of G-quadruplexes.
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To give some perspective, as discussed above, we may consider the improvement of force
fields and the improvement in the use of GPUs and alternative MD methods as metadynamics
to enhance the exploration of potential energy surfaces and the use of coarse-grained methods
to achieve longer times for MD simulations. We may also consider the use of QM/MD and/or
QM/MM/MDby using large-scale DFTmethods, like SIESTA, in which we could achieve longer
times of simulations within a QM approach. SuchQM/MD andQM/MM/MD simulations would
consider the Boltzmann sampling obtained in classical MD simulations, with the extra point that
they could give us important information on the electronic structure of the system (QM/MD) or
part of the system (QM/MM/MD). Given the recent increase in the use of artificial intelligence
applied not only to drug design but also to improving MD methods and QM methods, it could
be interesting and challenging to study the opportunities that artificial intelligence could give us
to improve studies on the formation, stabilization, and interaction of G-quadruplexes.

SUMMARY POINTS

1. Computational chemists mostly study the G-quadruplex side loop mobility, ligand in-
teraction, and cation effects.

2. MD is the most-used method when studying G-quadruplexes because, in most cases,
there is no reactivity, and it allow the user to simulate the entire system over time.

3. One has to be careful when choosing any force field, since it can dramatically influence
the final results.

4. DFT-D methods have also been used in reduced models to study the stability of the G-
quadruplexes, the weak interactions leading to their stabilization, and the interaction of
G-quadruplexes with ions.

FUTURE ISSUES

1. G-quadruplex multimers are gaining attention in the scholarly community because there
is evidence that G-quadruplexes can interact with each other when they are very close
to each other (27, 32, 39, 60, 100, 133, 151, 169).

2. Current force fields are not fully prepared to simulate G-quadruplexes, and efforts are
being made to improve them, for example, by adding polarization effects or torsion
parameters (74).

3. It is important to highlight the large influence that the position and nature of cations
have on the stability of G-quadruplexes. Predictive models for cation occupancy in G-
quadruplex channels as a function of salt concentration (50) will gain importance for the
proper simulation of these types of systems.

4. Methods and strategies are being developed to study G-quadruplexes through DFT in
an optimized way.Batista and colleagues (5, 64) developed themoving-domainQM/MM
method, and there is also software such as SIESTA capable of dealing with large systems
using linear-scaling DFT for the full system (4, 118, 153).

5. It will be interesting to see how artificial intelligence is implemented in this field
(11, 142).
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