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Molecular dynamics studies of the 3D structure and planar
ligand binding of a quadruplex dimer
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Abstract G-rich sequences can fold into a four-stranded
structure called a G-quadruplex, and sequences with short
loops are able to aggregate to form stable quadruplex
multimers. Few studies have characterized the properties of
this variety of quadruplex multimers. Using molecular
modeling and molecular dynamics simulations, the present
study investigated a dimeric G-quadruplex structure formed
from a simple sequence of d(GGGTGGGTGGGTGGGT)
(G1), and its interactions with a planar ligand of a perylene
derivative (Tel03). A series of analytical methods, including
free energy calculations and principal components analysis
(PCA), was used. The results show that a dimer structure
with stacked parallel monomer structures is maintained well
during the entire simulation. Tel03 can bind to the dimer
efficiently through end stacking, and the binding mode of
the ligand stacked with the 3′-terminal thymine base is most
favorable. PCA showed that the dominant motions in the
free dimer occur on the loop regions, and the presence of
the ligand reduces the flexibility of the loops. Our
investigation will assist in understanding the geometric
structure of stacked G-quadruplex multimers and may be
helpful as a platform for rational drug design.
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Introduction

It is well known that guanine (G)-rich sequences in the
presence of monovalent cations can fold into a four-stranded
structure called a G-quadruplex that is built of stacked G-
tetrads, each of which consists of a planar association of four
guanine nucleobases in a stable Hoogsteen hydrogen-
bonding arrangement [1–4]. G-quadruplex DNA structures
are subject to great interest, as G-rich sequences have the
potential to form such structures in several biologically
important DNA regions, such as gene promoters and
telomeres. Accordingly, they play an important role in a
variety of important biological processes [5, 6]. Thereby,
the G-quadruplex has spawned a large number of experi-
mental and theoretical investigations aimed at appreciation
of their role in biological regulation as well as their
potential to serve as novel drugs and drug targets [7–10].

G-quadruplexes are highly polymorphic, and their
structure and stability can be influenced by loop length
[11–16]. A recent report based on native gel electrophoresis
and electrospray mass spectrometry techniques supported
the formation of G-quadruplex multimers with short loops
and a stacked parallel conformation, with additional bases
or covalent groups on both sides of the sequences
disfavoring multimer formation [17]. Another earlier report
based on 1H NMR and size-exclusion chromatography/
multi-angle laser light-scattering system methods revealed
that a dimer was formed through end-to-end stacking of the
3′-terminal G-tetrads of parallel G-quadruplexes formed
from d(TTAGn) (n=3–5) sequences, while a similar
structured DNA formed from a d(TTAGnT) sequence did
not aggregate to form a higher-order structure [18]. A study
based on electrospray ionization mass spectrometry (ESI-
MS) detected a parallel dimeric G-quadruplex structure of d
(GGGTGGGTGGGTGGGT), with the ability to inhibit the
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activity of HIV-1 integrase, that was formed by the addition
of cations and a small molecule ligand of a perylene
derivative (Tel03) [19]. However, to date, few studies on
the 3D structures of this variety of parallel stacked multi-
meric G-quadruplex structures have been reported, and so
further studies are required to better understand the
structure of these stacked multimers.

Some small molecules belonging to an important class of
anticancer, antitumor, and antibacterial therapies have
shown to interact noncovalently with G-quadruplex DNA,
and end stacking was shown to be the dominant mode of
ligand attachment [20–24]. One promising class of quad-
ruplex selective ligands is perylene diimides. Recent studies
of two perylene derivatives (PIPER and Tel01) showed that
these molecules stabilize G-quadruplex structures by stack-
ing on the faces of terminal G-tetrads [25–28]. To date, a
few crystallographic [29–32], NMR [33–36] and theoretical
[37, 38] investigations on quadruplex–small molecule
complexes have been reported. Few reports have investi-
gated the interactions between the stacked quadruplex
multimer and small molecules, and so further studies are
also required to better understand the dynamic effects of
small ligands on the multimer structure.

In the present work, modeling and simulation studies were
performed to investigate the dimeric structure of a G1
sequence and its interaction with a planar ligand, Tel03, in
1:1 and 1:2 binding stoichiometries. The structure and
stability of the dimer and the dimer–Tel03 complexes were
then analyzed in detail. To characterize the energetics of the
quadruplex–Tel03 interactions and to predict the most
effective Tel03–binding modes, the absolute free energy, the
binding free energy, and the entropy were estimated. Principal
components analysis (PCA) was performed to describe the
dominant dynamic motions of the free dimer, and the dynamic
effects of the ligand Tel03 on such dimeric structures. We
present the results of this exhaustive investigation, which
provides detailed insights into the stacked dimeric conforma-
tion and its binding interaction with ligands.

Methods

Model generation

The modeled structure of a unimolecular G-quadruplex—an
intramolecular parallel-stranded quadruplex conformation
with three guanine tetrads and three single-nucleotide side
loops that connect the four guanine strands of the G1
sequence—built in our previous study was used as the
primary unit for the construction of the dimeric model [39].
Based on experimental studies [17–19], the two units were
positioned end to end (5′–5′) and one K+ was placed
manually in the central channel between the two units. The

relative position of the two units was manipulated by
minimizing the interactional energy between the two units
using INSIGHTII software [40]. The initial model of the
quadruplex dimer is shown in Fig. 1, and the detailed
structural parameters are shown below (see Table 2).

A molecular model of Tel03 [N,N¢-Bis-(2-(dimethyla-
mino)ethyl)-3,4,9,10-perylenetetracarboxylic acid diimide]
was constructed and minimized, and partial charges were
calculated semi-empirically using MOPAC from INSIGHTII
software.

Docking

The optimized structure of Tel03 and the dimeric structure
corresponding to the eighth nanosecond of the aqueous
molecular dynamics (MD) simulation were used as starting
conformations for docking. Previous reports have shown
that perylene derivatives stack externally over the extreme
G-tetrads [25–28]. The ESI-MS experiment indicated that
Tel03 could stabilize the dimeric G-quadruplex of the G1
sequence in 1:1 and 2:1 binding stoichiometries [19].
Hence, we docked one Tel03 molecule and two Tel03
molecules manually over the 3′-end G-tetrads to produce
1:1 and 2:1 complexes, respectively. The positions and
orientations of the Tel03 at the binding sites were optimized
through a flexible docking approach using the AFFINITY
module. Affinity uses a combination of Monte Carlo type
and simulated annealing (SA) procedure to dock a guest
molecule to a host. During these processes, the G-tetrads

Fig. 1 Initial model of the quadruplex dimer built by molecular
modeling, showing stacked parallel quadruplex conformation with six
G-tetrads. Purple K+ ions in the central channel, blue 5′-terminal
guanines, cyan 3′ terminal thymines, red loop region thymines, green
remaining guanines
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were restrained to their original positions and the Tel03
atoms and receptor 3′-terminal thymine (T) atoms were
movable. As a result, a number of possible conformations
were evaluated. Finally, the lowest-energy conformation
was chosen as a starting model. Hence, two 1:1 and three
1:2 quadruplex–Tel03 complexes were obtained. Their
nomenclature and descriptions are provided in Table 1.

MD simulations

All models, including quadruplex dimer and dimer–Tel03
complexes, were neutralized by adding K+ ions and
immersed in truncated octahedral boxes of TIP3P [41]
water molecules extending up to 9Å from the solute in each
direction. These systems were then optimized and equili-
brated using multiple initial minimization and dynamics
runs. First, the solute and inner K+ ions within the
quadruplex were fixed with force constants of 500, 50,
10, and 5 kcal mol−1Å−2, respectively, in a set of
subsequent 4,000-step minimizations. Then, a 4,000-step
full minimization was carried out for each entire system.
The systems were then heated to 298 K over 50 ps at
constant volume with a force constant of 50 kcal mol−1Å−2

maintained for the solute and inner ions, followed by a set
of MD simulations similar to the restrained minimizations,
i.e., the solute and inner ions were restrained by 50, 40, 30,

20, and 10 kcal mol−1Å−2 force constants in a set of
subsequent 50 ps restrained MD simulations. The final
stage of equilibration involved a 500-ps run using a low
5 kcal mol−1Å−2 constraint on the solute and inner ions.
The systems were then subject to a 20–40 ns unconstrained
MD simulation (see Table 1). All MD simulations were
performed in the isothermic–isobaric ensemble (T=298 K,
P=1 atm). The particle mesh Ewald (PME) method [42] of
calculating long-range electrostatic interactions was
employed, with a cutoff of 10Å. SHAKE [43] was applied
to constrain the bonds containing hydrogen, which allowed us
to use a 2 fs time step. The parameters of the ligand for MD
calculations were obtained from the generalized amber force
field (GAFF), and partial charges were derived using the HF/
6–31G* basis set followed by RESP calculation in the
antechamber module of Amber 10.0 software. Simulations
were performed with parm99bsc0 force field [44] using the
SANDER module in the AMBER10.0 package [45].

The first 20 ns trajectory of the monomer simulation
obtained from our previous study was used for the following
analysis [39], in which we carried out a total of 35 ns MD
simulation on the unimolecular G-quadruplex formed from
the G1 sequence, an intramolecular parallel-stranded quad-
ruplex conformation with three guanine tetrads and three
single-nucleotide side loops that connect the four guanine
strands. The trajectory analysis was done with the PTRAJ
module in AMBER10. Average structures were used to
compute helical parameters and torsion angles by using
program 3DNA [46]—a method that has been demonstrated
to give rational values [47]. VMD [48] and XMGRACE
(http://plasma-gate.weizmann.ac.il/Grace/) software were
used for molecular visualization.

Free energy calculations

Free energies were calculated using the MM_PBSA
method, which combines molecular mechanical energies
with continuum solvent approaches using the programs in

Fig. 2 Root mean square devi-
ation (RMSD) values of all
atoms (black), backbone atoms
(red) and the G-tetrads (green)
for the dimer system versus
simulation time with the final
minimized structures as a refer-
ence point

Table 1 Simulations performed in this study

Model name Structure Time (ns)

D Quadruplex dimer 20

DT1 One mode of 1:1 binding complex 20

DT2 Another mode of 1:1 binding complex 20

DTT1 First mode of 1:2 binding complex 40

DTT2 Second mode of 1:2 binding complex 40

DTT3 Third mode of 1:2 binding complex 40
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AMBER10.0. Molecular mechanical energies are deter-
mined using the Sander program from AMBER. The
electrostatic contribution to the solvation free energy is
calculated with the PBSA program [49]. The nonpolar
contribution to the solvation free energy is computed with
the MOLSURF program [50]. The 500 snapshots for the
monomer, dimer and dimer–Tel03 complexes from the last
10 ns of the trajectories at 20-ps intervals were used for
energetic analysis. The five K+ ions in the central channel of
the G-quadruplexes were included for free energy calcu-
lations to obtain meaningful results [51]. The solute entropic
contribution was estimated with the NMODE module in
AMBER, using snapshots collected every 200 ps.

Principal components analysis

Reducing the dimensionality of the data obtained from MD
simulations can help to identify configurational space that

contains only a few degrees of freedom in which
anharmonic motion occurs. PCA is a powerful tool to
separate large-scale correlated motions from local harmonic
fluctuations, and to provide information about conforma-
tion sampling [38, 52]. To eliminate translation and rotation
motions and isolate only the internal motion of the system,
each frame of the trajectory was fit to the starting structure.
The configurational space was constructed using a simple
linear transformation in Cartesian coordinates to produce a
3N × 3N covariance matrix. The covariance matrix was
then diagonalized to obtain a set of eigenvectors and
corresponding eigenvalues, which represent the directions
of motion and the amount of motion along each eigenvec-
tor, respectively. Projection of the trajectory onto the
eigenvectors gives the principal component (PC) [53].

Fig. 4 Structure of the dimer model obtained by averaging the last
0.5 ns of the trajectory. See legend to Fig. 1 for color code

Table 2 Helical parameters for the tetranucleotide steps. Rotational
parameters are in degrees and translational parameters in Ångstroms.
Values for initial modeling structure of the dimer and simulated average
structures of the dimer (bold) and monomer (italics) are shown

Step Shift Slide Rise Tilt Roll Twist

1 GGGG/GGGG 0.2 0.4 3.2 −5.4 −2.4 23.8

0.1a 0.4a 3.3a −1.9a −2.3a 28.0a

0.0b −0.5b 3.3b −4.0b 2.3b 30.2b

2 GGGG/GGGG 0.2 0.7 3.3 5.9 −2.0 29.3

0.6a 0.2a 3.5a −0.5a 0.1a 40.4a

0.3b −0.7b 3.3b −1.2b 2.2b 25.0b

3 GGGG/GGGG −1.0 −0.6 3.6 −1.2 −0.3 25.1

−0.9a 0.3a 3.4a 1.2a −1.2a 15.6a

4 GGGG/GGGG 0.2 −0.7 3.3 5.9 2.0 29.3

0.6a −0.3a 3.6a 0.1a −0.1a 36.4a

5 GGGG/GGGG 0.2 −0.4 3.2 −5.4 2.4 23.8

0.2a −0.2a 3.3a −1.9a 1.8a 29.6a

a Dimer
bMonomer

Fig. 3 Root mean square fluc-
tuation (RMSF) values of all
atoms for unimolecular quadru-
plex (black) and both individual
quadruplex units of the dimer
(red upper unit; green lower
unit) during the entire 20 ns
simulations
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The cosine content (ci) of the principal component is an
absolute measure of the sampling of a simulation, which
can be extracted from covariance analysis and ranges
between 0 (no cosine) and 1 (perfect cosine):

ci ¼ 2

T

Z
cos iptð ÞpiðtÞdt

� �2 Z
p2i ðtÞdt

� ��1

where T is the total simulation time. Insufficient sampling
can lead to high ci, which represents random motion
[54, 55].

Results and discussion

Structural characterization of the dimer

The root mean square deviation (RMSD) can be used as a
measure of the conformational stability of a structure during
the simulation. Figure 2 displays the RMSD trajectories of
all atoms (black), backbone atoms (red) and the G-tetrads
(green) for the dimer system with the final minimized
structures as a reference point. The simulation becomes
stable after about 2.5 ns, with RMSD values ∼2.5Å for all

Fig. 5 RMSD values of all
atoms (black), backbone atoms
(red) and the G-tetrads (green)
for the DT1 (a) and DT2 (b)
model, and RMSD values of all
atoms (black) and backbone
atoms (red) with the terminal T
nucleotide omitted for the DT2
(c) model, versus simulation
time with the final minimized
structures as a reference point
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atoms, ∼2.4Å for backbone atoms and ∼0.9Å for the G-
tetrads. All atoms show only slightly higher RMSD values
than backbone atoms, indicating the small wobbling effect
of the nucleotide bases. The G-tetrads are very rigid and
show very low RMSD values, due to the strong H-bonds
and stacking interactions existing in the G-tetrads. Figure 3
shows the root mean square fluctuation (RMSF) values of
the unimolecular quadruplex of G1 and both individual
quadruplex units of the dimer during the entire 20 ns
simulation. The stem atoms of the two individual quad-
ruplexes of the dimer are more rigid than that of monomer,
suggesting multiple G-tetrad stacks enhancing the stability
of the stem of G-quadruplexes. However, the loop atoms of
the two dimeric units exhibit relatively larger flexibility
than that of monomer, which may be because the
interactions between the loops of the two units make them
exhibit larger flexibility in the dimer than in the monomer.
For example, the distance between the third loop of each
unit in the initial modeling structure of the dimer is
relatively small, and interactions are present between them,
thus the flexibility of the third loop in the two units during
the whole simulation is larger than that in the monomer.
This further demonstrates that conformational changes
observed in the loops have no impact on the structure of
the central G-tetrads core.

The average structure of the dimer model over the last
0.5 ns of the trajectory is shown in Fig. 4, from which we
can see that the stacked parallel quadruplex dimeric
conformation with six guanine tetrads is preserved very
well, the five K+ ions are well coordinated in the central
channel, and the single nucleotide loops adopt a less
compact conformation and reach further into the solvent.
Table 2 summarizes the helical parameters of the initial
modeling structure of the dimer and the simulated average
structures of the dimer and monomer, which gives more

detailed insight into the stacked dimeric conformation. The
helical twist for the third step is 25.1° in the initial
modeling structure, while it decreases to 15.6° in the
simulated average structure of the dimer, which differs from
the value of 30.0° obtained from crystallographic analysis.
The rise value of the third step for the simulated structure of
the dimer decreases to 3.4Å from the initial 3.6Å, which is
the same, with an ideal value of 3.4Å. The rise and twist
values for the second and fourth steps of the simulated
dimer increase with respect to the initial values of the
modeling structure, while those for the second step of
the monomer are close to the values of the initial model.
The variations of other helical parameters are relatively
small, especially for the dimer. For both monomer and
dimer, the α torsions in most bases are in the g− region,
those connecting the T loop bases are in the g+ region, and
the γ torsions in all bases are in the g+ region. The torsion
angles (ε–ζ) of all bases are in the canonical BI conforma-
tion, except those connecting the T loop bases. All glycosidic
torsion angles are in the anti conformation. The sugar rings
of all T loop bases adopt a C2′-endo pucker, while most of
the sugar rings of the G bases adopt a C1′-exo pucker (all
torsions for the monomer and dimer are shown in Table S1
in the electronic supplementary material).

Complexes of dimer with one ligand

Two initial models of the 1:1 complex, namely DT1 and
DT2, with almost the same lowest binding energies were
produced by SA docking. The DT1 model is rigid during
the entire simulation, with RMSD values of ∼1.6Å for all
atoms, ∼1.5Å for backbone atoms and ∼0.6Å for the G-
tetrads (Fig. 5a). The RMSD value for the G-tetrads of the
DT2 model is stabilized at ∼0.6Å over the entire simula-
tion, while the RMSD trajectories of all atoms and

Fig. 6 Structures of the DT1 (a) and DT2 (b) models obtained by averaging the last 0.5 ns of the trajectories. See legend to Fig. 1 for color code
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backbone atoms show relatively high flexibility (Fig. 5b).
This is because the terminal T base that interacts with
the ligand has high flexibility, as can be seen from the
stable RMSD trajectories of all atoms and backbone
atoms with the terminal T nucleotide omitted (Fig. 5c).
The planes of ligand in both complexes have very stable
MD trajectories for both complexes (see Fig. S1 in the
electronic supplementary material). The average structures
of DT1 and DT2 calculated from the final 0.5 ns of the
simulation are shown in Fig. 6. The top 3′-terminal T
base of the DT1 model does not stack with the plane of
the ligand, and that of the DT2 model, capping the top
of the ligand, has a stacking interaction with the ligand.
The terminal T nucleotide of DT2 model needs to adjust

its conformation to accommodate the high mobility of
the ligand molecule.

Complexes of dimer with two ligands

Three initial models of the 1:2 complex, namely DTT1,
DTT2 and DTT3, were produced by SA docking. The
RMSD trajectories for the three systems are shown in
Fig. 7. The G-tetrads of the three models are very rigid
during the entire simulation, with almost the same RMSD
value of ∼0.5Å. The RMSD trajectories of the backbone
atoms for the three models are relatively stable after initial
relaxations. The RMSD trajectory of all atoms for DTT2
becomes stable after about 25 ns, while that for DTT1 or

Fig. 7 RMSD values (Å)
(y-axis) of all atoms (black),
backbone atoms (red), the
G-tetrads (green), all atoms
with the terminal T nucleotides
omitted (blue) and backbone
atoms with the terminal T
nucleotides omitted (yellow) for
the DTT1 (a), DTT2 (b) and
DTT3 (c) models, versus simu-
lation time (ps) (x-axis) with the
final minimized structures as a
reference point
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DTT3 shows large fluctuation. This is also because the
terminal T bases that interact with the ligands show high
flexibility, as can be seen from the stable RMSD trajectories
of all atoms and backbone atoms with the two terminal T
nucleotides omitted. The plane of every ligand for the three
models has a very stable MD trajectory with low RMSD
values (Fig. S2 in the electronic supplementary material).
Figure 8 shows the average structures of the three models.
The two 3′-terminal T bases of DTT2 model participate in
capping on the two ligands, respectively.

Free energy calculations

Free energies obtained using MM_PBSA methodology can
be applied to study quadruplex models and to provide a
semiquantitative estimate of their stability [38]. Models
with lower free energies are expected to be more rigid than
those with higher values. The absolute free energy
components for the quadruplex dimer and monomer of G1
are summarized in Table 3. Solute electrostatic energy
(ΔEELEC) does not present a favorable contribution to total
absolute free energy of the dimer, and van der Waals energy
(ΔEVDW) shows a favorable contribution. The solute
entropy contributes favorably to the absolute free energy.
For the quadruplex monomer, solute electrostatic energy
exhibits a very favorable contribution to total absolute free
energy, except for van der Waals energy and solute entropy.
The absolute free energies (ΔGTOT) for the quadruplex dimer
model and monomer are −6,939.7 and −3,426.7 kcal mol−1,
respectively, and the solvation energies provide the greatest
contributions to the absolute free energy of the dimer. The
energy results show that the dimeric conformation is more
rigid than the monomer in water.

Table 4 summarizes the binding free energy compo-
nents and absolute free energies for both 1:1 complexes.
For both complexes, the electrostatic energy (ΔEELEC)
shows few favorable contributions to the total binding free
energy. The van der Waals energy (ΔEVDW) provides
favorable contributions. The nonpolar solvation energy
(ΔESNP) also presents slightly favorable contributions,
while the polar solvation energy (ΔESP) makes an
unfavorable contribution. In addition, unfavorable entropic
contribution (TΔS) is observed for both complexes. These
analyses indicate that van der Waals energy is the most
important contributor to the quadruplex–Tel03 binding due
to the conjugate aromatic system favoring π-stacking
interactions with the G-tetrads to stabilize the G-
quadruplexes. The binding free energies for the DT1 and
DT2 models are −30.9 and −35.6 kcal mol−1, respectively.

Fig. 8 Structures of DTT1 (a), DTT2 (b) and DTT2 (c) model
obtained by averaging the last 0.5 ns of the trajectories. See legend to
Fig. 1 for color code

b
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Our results confirm the finding of ESI-MS experiments that
the Tel03 can bind to the dimeric G-quadruplex efficiently.
The DT2 model with lower binding free energy is the more
favorable conformation. The absolute free energies for the
DT1 and DT2 are −6,906.4 and −6,911.9 kcal mol−1,
respectively, which shows that model DT2 has better
stability than DT1.

The binding free energy components and absolute free
energies for the three 1:2 complexes are also presented in
Table 4. For the three 1:2 quadruplex–Tel03 complexes,
the electrostatic energy (ΔEELEC) and the nonpolar
solvation energy (ΔESNP) provide few favorable contri-
butions to the total binding free energy, while the van der
Waals energy (ΔEVDW) is the most important contributor
to binding. In addition, the polar solvation energy (ΔESP)
and entropic contribution (TΔS) make unfavorable con-
tributions. The binding free energies for DTT1, DTT2 and
DTT3 are −55.6, −68.1 and −54.2 kcal mol−1, respective-
ly. The DTT2 with the lowest binding free energy is the
most favorable conformation. The absolute free energies
for DTT1, DTT2 and DTT3 are −6,892.2,−6,903.2
and −6,889.7 kcal mol−1, respectively, suggesting that
model DTT2 has best stability.

Principal component analysis

PCAwas applied to the backbone atoms of all systems with
the 3′-terminal T nucleotides omitted. The eigenvalues,
which represent the magnitude of the motion, of the first
three eigenvectors for the six systems are shown in Table 5.
It is obvious that the monomer has a larger eigenvalue than
the free dimer. This demonstrates that the addition of
stacked G-tetrads can make the G-quadruplex structures
more rigid. The eigenvalues of all complexes are lower than
that of the free dimer, which indicates that the binding of
small molecules can make the G-quadruplex structures

Table 3 Absolute free energies of the quadruplex dimer and
monomer. EELE Electrostatic energy, EVDW van der Waals energy,
EINT internal energy, EGAS total gas phase energy (EELE+EVDW +
EINT), EPBSUR nonpolar solvation energy, EPBCAL polar solvation
energy, EPBSOL total solvation energy (EPBSUR + EPBCAL), EPBELE

total electrostatic energy (EELE + EPBCAL ), EPBTOT enthalpy (EGAS +
EPBSOL), TS solute entropy, GTOT absolute free energy (EPBTOT − TS) .
All energy values are in kcal mol−1

dimmer monomer

EELE 11.1 −1,169.5
EVDW −336.8 −122.7
EINT 1,524.3 773.0

EGAS 1,198.6 −519.2
EPBSUR 40.8 24.0

EPBCAL −7,912.4 −2,798.9
EPBSOL −7,871.6 −2,774.9
EPBELE −7,901.3 −3,968.4
EPBTOT −6,673.0 −3,294.1
TS 266.7 132.6

GTOT −6,939.7 −3,426.7

Table 4 Free energies of 1:1 quadruplex-Tel03 and 1:2 quadruplex–
Tel03 complexes. ΔEELE Electrostatic energy, ΔEVDW van der Waals
energy,ΔEINT internal energy, ΔEGAS total gas phase energy (ΔEELE +
ΔEVDW + ΔEINT),ΔEPBSUR nonpolar solvation energy,ΔEPBCAL polar
solvation energy, ΔEPBSOL total solvation energy (ΔEPBSUR +
ΔEPBCAL), ΔEPBELE total electrostatic energy (ΔEELE + ΔEPBSOL ),

ΔEPBTOT enthalpy of binding (ΔEGAS +ΔEPBCAL), TΔS solute entropy
for binding, ΔGTOT binding free energy (ΔEPBTOT – TΔS), EPBTOT_
COM enthalpy of complex, TS(COM) solute entropy of complex,
GTOT_COM absolute free energy of complex. All energy values are in
kcal mol−1

DT1 DT2 DTT1 DTT2 DTT3

ΔEELE 0.1 −3.1 −3.2 −5.8 −0.9
ΔEVDW −52.4 −57.6 −100.8 −116.7 −96.0
ΔEINT 0.00 0.00 0.00 0.00 0.00

ΔEGAS −52.3 −60.7 −104.0 −122.5 −96.9
ΔEPBSUR −4.9 −5.6 −9.7 −11.5 −8.9
ΔEPBCAL 20.6 25.4 44.4 53.0 37.8

ΔEPBSOL 15.7 19.8 34.7 41.5 28.9

ΔEPBELE 20.7 22.3 41.2 47.2 36.9

ΔEPBTOT −36.6 −40.9 −69.3 −81.0 −68.0
TΔS −5.7 −5.3 −13.7 −12.9 −13.8
ΔGTOT −30.9 −35.6 −55.6 −68.1 −54.2
EPBTOT_ COM −6,636.9 −6,642.5 −6,611.1 −6,621.6 −6,609.0
TS(COM) 269.5 269.4 298.1 281.6 280.7

GTOT_COM −6,906.4 −6,911.9 −6,892.2 −6,903.2 −6,889.7
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more rigid, and the flexibility of the end terminal T
nucleotides does not have effects on the central core region.
The eigenvalues of DT2 are lower than that of DT1, and
DTT2 has the lowest eigenvalues among all models. The
distribution of the motion projections along each of the first
three principal components is shown in Fig. S3 (electronic
supplementary material). The cosine content is calculated to
determine if the convergence is obtained during the MD
simulation. The cosine content of the first three principal
components is very small for all simulations, except that of
the monomer and DT1 with relatively high value, indicat-
ing that the conformational spaces of all models is well
sampled (Table 6). The cosine content of the DTT2 is
smallest, with DT2 next.

The most extreme structures were extracted from the first
principal component of dimer and its complexes (Fig. 9).
The largest directional motion in the free dimer occurs on
the loop regions, while the motions of loops are clearly
reduced in the dimer–Tel03 complexes. This suggests that
binding of the ligand to the G-quadruplex dimer is able to
stabilize the model by reducing the motion of the loops. For
the 1:1 complexes, the flexibility of the individual quad-
ruplex unit that does not interact with the ligand directly is
also clearly reduced, without difference with the other unit.
This indicates that the quadruplex dimer formed by stacking
interactions between the monomer structures is complete.
Among the complexes, the DT2 and DTT2 models show the
smallest motions. The loops form the most flexible part in the
dimeric quadruplex structure, suggesting that they could
interact with small molecules. This further confirms the
notion that flat planar chromophores can stabilize G-
quadruplex structures by making them less flexible [38].

Our study provides insight into a novel aggregation
mode formed by stacked parallel monomer structures.
Structural analysis indicates that the stacked parallel
quadruplex dimeric structure of the G1 sequence with six
G-tetrads and five K+ ions is very stable during our
simulation. Compared with the quadruplex monomer of
G1, the stem of the dimer is more rigid and the loops have

slightly larger flexibility. This demonstrates that the stack-
ing of multiple G-tetrads is able to increase the stability of
the stem of G-quadruplexes. PCA also shows that the
dimeric structure is more rigid, with a lower eigenvalue
than the monomer, and its conformational spaces are well
sampled. Analysis of extreme structure further shows that the
dominant motions in the free dimer occur in the loop regions.
Analysis of the absolute free energy components for the dimer
and monomer indicates that the solute electrostatic energy
does not present a favorable contribution to the total absolute
free energy of the dimer, while it provides a very favorable
contribution to the monomer, and the solvation energies
provide the most favorable contributions to the absolute free
energy of the dimer and make the dimeric conformation very
stable in water. All analysis confirms that the dimeric structure
of G1 provided here is very rational and reliable.

The RMSD trajectories of the dimer–Tel03 complexes
show that all these complexes are very rigid with the
terminal T nucleotides omitted—mainly because the inter-
actions between the terminal T bases and the ligand induce
a large flexibility in the terminal T bases. The average
structures show that the 3′-terminal T bases of the DT2 and
DTT2 participate in capping of the ligands associated with
them, making stacking interactions with the ligand. The
results of the binding free energy indicate that Tel03 can
bind to the dimer efficiently through end stacking, and that
ligands stacked with the 3′-terminal T bases are the most
efficient binding mode whether for the 1:1 or 1:2
complexes. The van der Waals energy is the most important
contributor to the binding free energy. PCA indicates that
the presence of ligands is able to reduce the motions of
loops of the dimer and make the G-quadruplex structures
more rigid. The DTT2 model shows the smallest motions,
with DT2 next. The values of cosine content show that the
conformational spaces of all complexes are well sampled.
All analysis confirms that Tel03 can bind to the quadruplex
dimer through end stacking, and that DT2 and DTT2 with
the 3′-terminal T bases stacked with the ligand are the most
efficient binding modes.

Monomer D DT1 DT2 DTT1 DTT2 DTT3

Eigenvector1 28.2 16.2 14.5 11.7 11.0 9.0 12.2

Eigenvector2 11.6 10.0 9.4 9.1 8.0 6.8 10.0

Eigenvector2 8.7 8.4 7.8 7.4 6.7 5.7 6.7

Table 5 The eigenvalues (Å2)
of the first three eigenvectors
for the six systems

Monomer D DT1 DT2 DTT1 DTT2 DTT3

PC1 0.4374 0.0073 0.4379 0.0031 0.0475 0.0000 0.0977

PC2 0.1580 0.0894 0.1294 0.0008 0.0473 0.0000 0.0742

PC3 0.0084 0.1591 0.0548 0.0017 0.0031 0.0243 0.0166

Table 6 Cosine content of the
first third principal components
for the six systems
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The MM-PBSA approach developed by Kollman and
Case [56, 57] has become a popular method for estimating
the binding affinities of biomolecular complexes. Com-
pared to the free energy perturbation (FEP) and thermody-
namic integration (TI), the MM-PBSA method is slightly
less accurate, and is unable to predict absolute binding free
energies in quantitative agreement with experimental
values. The greatest source of error in the absolute binding
free energy is the solute entropy term, because estimates of
entropy from normal-mode analysis have some limitations,
for example, the anharmonic contribution is not considered
and low frequency modes leading to large displacements
are not treated accurately in the harmonic limit. The
absolute binding free energy computed using the MM–
PBSA method is lower than experimental values in most
cases [58]. Nevertheless, this technique, which has been
proved by many published application examples, provides
useful insight into relative binding free energies [59]. The
absolute binding free energies obtained in our study are
shown to be lower, but the aim of free energy calculations
is to make comparisons among several different binding
modes and find the most efficient binding modes, rather
than to compare with experimental data. Thus, the MM-
PBSA approach can be applied to our research.

Explicit solvent MD simulations are now widely used,
and the force field is an important factor used to determine

the accuracy of an MD simulation. Recently, Sponer et al.
[60] performed a set of explicit solvent MD simulations on
two G-quadruplex molecules, namely the d(G4T4G4)2
quadruplex dimer and the parallel stranded human telo-
meric monomolecular quadruplex d[AGGG(TTAGGG)3],
using five force fields. The results indicate that none of the
presently available force fields is accurate enough to
describe the G-quadruplex loops. Thus, G-quadruplex loops
represent one of the most difficult targets for molecular
modeling approaches. In our present research, each loop of
our built dimeric structure is made up of a single
nucleotide, which is a very simple loop conformation, and
one which tends to adopt a less compact conformation and
reach further into the solvent during the simulation. Thus
the negative effects of the current force fields should be
relatively small in our system loops. In addition, our results
also give one confidence that combining molecular model-
ing and MD simulation methods on G-quadruplexes will
provide rational structures, that can be used as semiquan-
titative predictive tools.

Conclusions

The dimeric G-quadruplex of d(GGGTGGGTGGGTGGGT)
and its complexes with Tel03 were investigated by a
combination of molecular modeling and MD simulation
methods in water with K+ in the central channel. Our results
indicate that a dimer with a stacked parallel structure is very
stable and that its stem is very rigid. Energy calculations
suggest that the Tel03 can bind to the dimer efficiently
through end stacking, and the ligand stacked with the 3′
terminal thymine is the most favorable binding mode whether
for 1:1 or 1:2 complexes. PCA reveals that the dominant
motions in the free dimer occur in the loop regions, and that
the presence of ligand reduces loop motion. Our results also
give one confidence that combining molecular modeling with
MD simulation methods on G-quadruplex DNA can be used
as a semiquantitative predictive tool.
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