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Abstract The unimolecular G-quadruplex structures of
d(GGGTGGGTGGGTGGGT) (G1) and d(GTGGTGGG
TGGGTGGGT) (G2) are known as the potent nanomolar
HIV-1 integrase inhibitors, thus investigating the 3D struc-
tures of the two sequences is significant for structure-based
rational anti-HIV drug design. In this research, based on the
experimental data of circular dichroism (CD) spectropo-
larimetry and electrospray ionization mass spectrometry
(ESI-MS), the initial models of G1 and G2 were constructed
by molecular modeling method. The modeling structures of
G1 and G2 are intramolecular parallel-stranded quadruplex
conformation with three guanine tetrads. Particularly, the
structure of G2 possesses a T loop residue between the first
and the second G residues that are the component of two
adjacent same-stranded G-tetrad planes. This structure
proposed by us has a very novel geometry and is different
from all reported G-quadruplexes. The extended (35 ns)
molecular dynamic (MD) simulations for the models indicate
that the G-quadruplexes maintain their structures very well in
aqueous solution whether the existence of K+ or NH4

+ in the
central channel. Furthermore, we perform 500 ns MD
simulations for the models in the gas phase. The results
show that all the ion-G-quadruplex complexes are main-
tained during the whole simulations, despite the large
magnitude of phosphate-phosphate repulsions. The gas phase
MD simulations provide a good explanation to ESI-MS

experiments. Our 3D structures for G1 and G2 will assist in
understanding geometric formalism of G-quadruplex folding
and may be helpful as a platform for rational anti-HIV drug
design.
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Introduction

It is well known that Guanine-rich DNA sequences can fold
in the presence of monovalent cations to form a four-
stranded structure named G-quadruplex, which is stabilized
via Hoogsteen hydrogen bonding between a planar arrange-
ment of four guanine nucleobases, named a G-tetrad [1–4].
More attention was paid to quadruplexes since G-rich
sequences were found to have the potential to take these
structures in several biologically important DNA regions,
such as gene promoters and telomeres [5, 6]. And genome
searches reveal that the most common of G-rich sequences
in the human genome are successive G-tracts that are
separated by single T or A residues [7–9].

Recently, a kind of oligonucleotides with only deoxygua-
nosine and thymidine in their sequences was found with the
ability to inhibit HIV-1 replication in cell culture [10, 11].
T30695 and its homologue T30923, with the same sequence
of 5′-(GGGTGGGTGGGTGGGT)-3′ (G1), are one type of
such inhibitors. Another type, T30177 and its homologue
T30175 have the same sequence of 5′-(GTGGTGGGTGGG
TGGGT)-3′ (G2). These G-rich oligonucleotides are capable
of inhibiting the activity of HIV-1 integrase with IC50 values
in the nanomolar range [12–14]. Therefore, the investigation
of the three–dimensional structures of G1 and G2 is
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significant for the structure-based rational anti-HIV drug
design.

In 1995, by 1H NMR and polyacrylamide gel methods,
T30177 was proposed to form an unparallel intramolecular
folding which is stabilized by a pair of G-tetrads, connected
by three two-base long loops, with a 1–2 base tail to either
side of the fold [10]. In 1998, two dimensional NMR
parameters and molecular modeling were coupled to
generate a high resolution structure for T30695 [14]. The
NMR-based model suggested that T30695 form an unpar-
allel chair intramolecular fold with two G-tetrads and a set
of three ordered and compact loops in the presence of three
K+ ions. However, as the point of the circular dichroism
(CD) spectra of quadruplexes is a good indicator of their
folding topology being gradually accepted [15–20], a new
folding topology for T30695 was put forward. An anti-
parallel quadruplex has a CD spectrum characterized by
a positive maximum at around 290 nm and a negative
minimum at around 260 nm, while a parallel-stranded
quadruplex has a positive maximum at round 260 nm and a
negative minimum at around 240 nm [21–23]. Therefore, a
parallel-stranded quadruplex for T30695 was suggested
since the CD spectrum of T30695 has a strong positive
peak at 264 nm [24–26] and this structure was further
recognized by several studies [27–31]. In particular, a 4 ns
molecular dynamics simulation for G1 sequence was
reported, which claimed that only the parallel conformation
with three G-tetrads is able to be folded due to steric
constraint of short loop backbone [28]. Although the study
for the structure of T30177 is not as much as that of
T30695, its CD spectra with a positive peak around 264 nm
and a negative peak around 240 nm also indicate that
a parallel-stranded G-quadruplex is likely to be formed
[24, 32]. Moreover, according to recent electrospray ioniza-
tion mass spectrometry (ESI-MS) experiment the two
base sequences of G1 and G2 could form intramolecular
G-quadruplex structures coordinating two NH4

+ ions [32].
To date, the structures for the two sequences, G1 and G2,

have not been confirmed. The approaches of CD spectro-
polarimetry and ESI-MS can not provide clear three–
dimensional structures of G1 and G2. Molecular modeling
is another main methodology in use to assess the 3D
structures of quadruplexes at atomic resolution, except for
single crystal diffraction and high-resolution solution state
NMR. When combined with biophysical data, reliable
and valuable models of structure could be generated by
molecular modeling [33].

In this paper, based on the experimental data of CD
spectropolarimetry and ESI-MS [32], the molecular model-
ing method was used to build initial models of G1 and G2.
Then extended molecular dynamics (MD) simulations were
employed to evaluate the stability of the models in water and
in the gas phase, respectively. Gas phase MD simulations for

the models can provide a structural explanation to ESI-MS
experiments [34–46] and complement classical explicit
solvent molecular dynamics simulations [47]. It is well
known that quadruplex structure can be stabilized by
monovalent cations coordinated in the central cavity of the
tetrads and the stability is closely related to the characteristic
of monovalent cations, so we performed MD simulations
with two kind of cations K+ and NH4

+, respectively.
Moreover, K+ is of the ion in physiological conditions and
NH4

+ is of the ion in ESI-MS conditions.

Computational methods

Molecular modeling

The CD spectrum data of G1 and G2 indicates that they
form parallel-stranded G-quadruplexes. ESI-MS experi-
ments show that the two base sequences form intramolec-
ular G-quadruplex structures coordinated two NH4

+ ions.
Due to large ionic radii, the NH4

+ cations are known to lie
between each G-tetrad layer to stabilize G-quadruplex [48],
it would be reasonable that both G1 and G2 contain three
tetrad layers. We presumed the structures of the G1 and G2
as intramolecular parallel-stranded quadruplex conforma-
tion with three guanine tetrads and three single-nucleotide
side loops that connect the four guanine strands. Particu-
larly, the structure of G2 possessed a Thymine loop residue
between the first and second Guanine residues that were
the component of two adjacent same-stranded G-tetrad
planes.

The NMR structure of MYC22-G14T/G23T (PDB
1XAV) with the sequence of d(TGAGGGTGGGTAGG
GTGGGTAA) adopts an intramolecular parallel-stranded
quadruplex conformation with three guanine tetrads and
three side loops, including two single-nucleotide side loops
and one double-nucleotide side loop, that connect the four
guanine strands [49]. The conformation and sequence of
MYC22-G14T/G23T are very similar with ours, so the
NMR structure was used as the template to construct
the initial structures of G1and G2. Through deleting the
5′-flanking T, G and A bases, 3′-flanking two A bases and
one A base of the double-nucleotide side loop, model G1
was constructed (Fig. 1a). The 11th T and 13th G bases
were connected manually by rotating the 11th T base.
Model G2 was built by adding a T loop residue between the
first and the second G residues of model G1 (Fig. 1b). We
manually placed two K+ or NH4

+ ions in the central
channels for G1 and G2, respectively, based on the
positions of K+ ions in the NMR structure of MYC22-
G14T/G23T. The four models, namely G1K, G1N, G2K
and G2N, were used as starting structures for the MD
simulations in water and in the gas phase, respectively.
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MD simulations in water

The four models were neutralized by adding Na+ cations
equal to the number of charged phosphates and two Cl-

anions equal to the number of cations (K+ or NH4
+) in the

central G-channel. Then the systems were immersed in
truncated octahedral boxes of TIP3P [50] water molecules
extending up to 9Å from the solute in each direction. These
systems were then optimized and equilibrated using multiple
initial minimization and dynamics runs. A 4000-step min-
imization of water and counter ions was carried out with
solute and inner K+ or NH4

+ ions restrained by a force
constant of 500 kcal mol-1 Å-2. Then a 4000-step full
minimization was carried out for the entire system. After
minimizing, the steric distortion of the initial models was
relieved completely. The systems were then heated from 0 to
298 K over 50 ps at constant volume with a force constant of
50 kcal mol-1 Å-2 maintained for the solute and inner ions.
Following, the systems were subjected to a set of subsequent
50 ps restrained MD simulations with the solute and inner
ions restrained by 50, 40, 30, 20, and 10 kcal mol-1 Å-2 force
constants. The final stage of equilibration involved 500 ps
runs using a low 5 kcal mol-1 Å-2 constraint on the solute and
inner ions. The systems were then subject to a 35 ns
unconstrained MD simulation. All MD simulations were
performed in the isothermic-isobaric ensemble (T=298 K,
P=1 atm). The particle mesh Ewald (PME) method [51]
of calculating long-range electrostatic interactions was

employed with a cutoff of 10Å. SHAKE [52] was applied
to constrain the bonds containing hydrogen with which we
can use a 2 fs time step. The coordinates of the systems were
saved every 1 ps during the simulations for later analyses.
Simulations were performed with parmbsc0 [53, 54] force
field using the SANDER module in AMBER10.0 package
(Table 1) [55].

MD simulations in the gas phase

A delicate decision in the simulation of gas-phase DNAs is
the assignment of the charge state of the molecule [36].
According to ESI-MS experiments [32], a net charge of -6
(including two cations) and -4 (including two cations) was
assigned to G1 and G2, respectively, but the exact locations
of the deprotonation sites are not clear. In the present study,
we adopted the localized charge model which was proposed
by Rueda et al. [36]. to determine the deprotonation sites.
The modified charged models were subjected to further
simulations with parmbsc0 force field (Table 1).

We took a step by step procedure to minimize every
initial structure. In the beginning, a 1000-step minimization
of hydrogen atoms were carried out, followed by a 1000-
step minimization with the G-tetrad guanine nucleosides
fixed by a force constant of 50 kcal mol-1 Å-2. And then the
G-tetrad guanine bases were fixed with 50, 10, 5, and 1 kcal
mol-1 Å-2 force constants in a set of subsequent 1000-step
minimizations. A final 1000-step full minimization was
carried out for the whole molecules. After minimizing, the
steric distortion of the initial models was relieved complete-
ly. With the fully minimized structures, we took a set of MD
simulations similar to the restrained minimizations, i.e., the
G-tetrad guanine bases were restrained by 10, 5, 1, 0.5, and
0.1 kcal mol-1 Å-2 force constants in a set of subsequent
100 ps restrained MD simulations. The final stage involved
a completely unrestrained 500 ns MD simulation at 298 K
with a time step of 1 fs. During the simulations, a weak
coupling algorithm [56] was used, the translational and
rotational center-of-mass motions were removed every 1000
steps, no cutoff was applied and the hydrogen atoms were

Fig. 1 Initial models of G1 (a) and G2 (b) are built by molecular
modeling. They are intramolecular parallel-stranded quadruplexes with
three guanine tetrads. The 5′ terminal guanine bases are shown in blue,
the 3′ terminal thymine bases are shown in cyan, the thymine bases
composing the loop regions are shown in red, and the rest of guanine
bases are shown in green

Table 1 List of all simulations performed in this article

Simulation name Environment Ion Force field Time (ns)

G1Kw water K+ Parmbsc0 35

G2Kw water K+ Parmbsc0 35

G1Nw water NH4
+ Parmbsc0 35

G2Nw water NH4
+ Parmbsc0 35

G1Kg Gas phase K+ Parmbsc0 500

G2Kg Gas phase K+ Parmbsc0 500

G1Ng Gas phase NH4
+ Parmbsc0 500

G2Ng Gas phase NH4
+ Parmbsc0 500
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constrained by using SHAKE. The coordinates of the
system were saved every 2 ps during the simulations
for later analyses. Simulations were performed with the
SANDER module in AMBER10.0 package.

Analysis of the trajectories

A variety of geometrical analyses including root-mean-square
displacements (RMSD), hydrogen bonding, which is formed
when the heteroatom-heteroatom distance was less than 3.5Å
and the donor-hydrogen/donor-acceptor angle was deviated
less than 60° from linearity, root-mean-square fluctuations
(RMSF) and diffusion values (average mean square displace-
ments) for cations, were performed for the whole simulations.
Analyses of the trajectories were carried out using the Ptraj
module in AMBER10.0. All structural diagrams and graphs
were plotted using the VMD [57] and Xmgrace program
(http://plasma-gate.weizmann.ac.il/Grace/), respectively.

Principal components analysis

Principal components analysis (PCA) is a powerful tool to
separate large-scale correlated motions from local harmonic
fluctuations and to provide information about conformation
sampling [58, 59]. To eliminate translation and rotation
motions and isolate only the internal motions 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 coordinate to produce
a 3N * 3N covariance matrix. The covariance matrix
was then diagonalized to obtain a set of eigenvectors and
corresponding eigenvalues, which represented the direc-
tions of motion and the amount of motion along each
eigenvector, respectively. Projection of the trajectory onto
the eigenvectors gives the principal components [60].

The cosine content (ci) of the principal component (pi)
is an absolute measure for 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

ð1Þ

where T is the total simulation time. Insufficient sampling
can lead to high ci that represents random motions [61, 62].

Results and discussion

MD simulations in water

The RMSD can be used as a measure of the conformational
stability of a structure during the simulation. Figure 2

displays the RMSD values of all-atom model (black) and
G-tetrads (red) for the four systems in water with the
final minimized structures as a reference point. A small
jump in each of the four RMSD trajectories is observed
at the beginning of the simulations, which is a conse-
quence of the relaxation of the starting models. The
simulation of G1Kw becomes very stable after about 9 ns
with RMSD values ~1.9Å for all atoms and ~0.5Å for
G-tetrads (Fig. 2a). The RMSD values for G1Nw system
stabilize at ~1.7Å for all atoms and ~0.6Å for G-tetrads
during the entire simulation (Fig. 2b). The RMSD value
of G-tetrads for G2Kw is also stable over the whole
simulation, except a small protuberance between 28–30 ns,
while the RMSD value of all atoms fluctuates largely until
33 ns. The RMSD values are ~2.1Å for all atoms and
~0.6Å for G-tetrads of G2Kw (Fig. 2c). The trajectory
of G2Nw fluctuates largely before 27 ns but after that
becomes comparatively stable, with RMSD values ~3.2Å
for all atoms and ~0.8Å for G-tetrads (Fig. 2d). The
results indicate all the simulations achieve equilibration

Fig. 2 RMSD values (Å) (y-axis) of all atoms (black) and G-tetrad
guanines (red) for the four models, G1Kw (a), G1Nw (b), G2Kw
(c) and G2Nw (d), versus simulation time (ps) (x-axis) with the final
minimized structures as a reference point
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and the structures do not distort largely from the canonical
G-quadruplex.

As shown in Fig. 3a, the K+ ion positioned between the
second and third tetrad planes is very stable, with a low
diffusion value, while the diffusion value for the other K+

ion has a sudden increase between 22.72 ns and 26.976 ns.
Analyzing the simulation of G1Kw, we can observe that the
K+ leaves the central channel of molecule temporary to
the top of the first plane. The analysis of H-bonds shows
that the Hoogsteen hydrogen bonds within G-tetrads
are conserved very well after the equilibrium is reached
(Fig. 4). The RMSF profile clearly illustrates that the G-
tetrads are very rigid, and the thymine loop regions display
great flexibility (Fig. 5a). The K+ ion that leaves temporary
can not affect the stability of G-quadruplex, because it still
coordinates 4 carbonyl oxygens of the first plane.

The K+ ions in G2Kw model are relatively stable over
the simulation, and between 28 ns and 30 ns the two
K+ ions display relative high diffusion values, which is
associated with the protuberance of the G-tetrads RMSD
(Fig. 3b). The Hoogsteen hydrogen bonds within the first
and third G-tetrads possess very high occupancies, while the
occupancies for the H-bonds between the O6 oxygen and N1
hydrogen in the second plane reduce slightly (Supplementary
material Fig. 1s). The G-tetrads are very stiff and the thymine
loop regions present a large fluctuation, especially for T2
loop residue, as shown in the RMSF profile (Fig. 5b).
Compared with G1Kw, the fluctuation of ions in G2Kw is
larger, the occupancies of H-bonds are lower and the
flexibility of the whole structure is higher.

Figure 3c shows that the NH4
+ ion located between the

first and second planes of G1Nw leaves the central cavity
into solution and never comes back. By analyzing the
trajectory of G1Nw in detailed, it is found that the NH4

+ ion
fluctuates seriously and is going to move outward from
17.6 ns, at the same time, some water molecules occupy the
first intraplane sites, which cause the first G-tetrad partially
open and make the NH4

+ ion easier to leave. At 17.8 ns the
NH4

+ leaves the molecule thoroughly, meanwhile a water
molecule positions itself in the central cavity and stays
trapped at the site until 33.5 ns. Between 17.6 ns and
33.5 ns, the occupancies of the H-bonds in the first plane
reduce (Supplementary material Fig. 2s). After 33.5 ns a Na+

ion replaces the water molecule and never leaves the
coordinated site during the remaining simulation. The sta-
bility of the first G-tetrad increases after the entry of the Na+

ion, exhibited by the analysis of H-bonds. Although the
NH4

+ ion leaves the structure, the stability of the G-tetrads

�Fig. 3 Diffusion values (Å) (y-axis) of K+ and NH4
+ ions for G1Kw

(a), G2Kw (b), G1Nw (c) and G2Nw (d) versus simulation time (ps)
(x-axis): the cation located between the first and second G-tetrad
planes is shown in black, and the cation located between the second
and third G-tetrad planes is shown in red
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and the whole structure is not affected seriously. The RMSFs
of all atoms during the whole simulation show that the atoms
of G-tetrads for G1Nw are rigidity as that of G1Kw, except
the first G-tetrad with slightly higher flexibility (Fig. 5a).

The NH4
+ located between the first and second planes in

G2Nw leaves the molecule thoroughly at 26.91 ns (Fig. 3d),
while the evolution of H-bonds shows that the occupancies
of the H-bonds in the first plane remarkably increase after
that (Supplementary material Fig. 3s). Visual inspection of
the trajectory reveals that a water molecule enters the central
channel when the NH4

+ leaves and remains its position
unaltered during the rest of simulation. It should be noted
that the stability and rigidity of the first G-tetrad plane and
overall structure of G2Nw are comparatively well after the
entry of the water molecule. The reasons might be that
another water molecule has been on the top of the first plane,
which may be in concert with the water in the central
channel to stabilize the first plane together. The T2 loop
residue becomes very stable after the entry of the water,
owing to two H-bonds formed between the O4 oxygen of T2
residue and N2 hydrogen of G14, and N3 nitrogen of G15
and N3 hydrogen of T2 (Fig. 6). In addition, we find that a
strong H-bond always presents between the O2 oxygen of
T2 and N2 hydrogen of G15 after about 10 ns (Fig. 6), while
the T2 residue of G2Kw does not form any Hydrogen bond

Fig. 5 RMSF values (Å) (y-axis) of all atoms (x-axis) for G1Kw,
G1Nw, G2Kw and G2Nw during the whole simulations. (a) G1Kw
(black) and G1Nw (red); (b) G2Kw (black) and G2Nw (red)

Fig. 4 Time evolution of percentage of occupancies of H-bonds (donor
atom (residue)-acceptor atom (residue)) over the G1Kw trajectory.
Symbol ‘-’ indicates the percentage of occupancies of H-bonds between
95 and 100%; Symbol ‘*’: between 80 and 95%; Symbol ‘X’: between
60 and 80%; Symbol ‘O’: between 40 and 60%; Symbol ‘+’: between 20
and 40%. The H-bonds of the first G-tetrad are marked as red, the
H-bonds of the second G-tetrad are marked as blue, and the H-bonds of
the third G-tetrad are black. All the explanations are applied to all the
figures of H-bonds

Fig. 6 Time evolution of percentage of occupancies of H-bonds for
T2 residue of G2Nw
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with other residues. The RMSF plot reveals that the G-
tetrads are also stiff, just possessing slightly higher fluctua-
tion than that of G2Kw, and the RMSF value of T2 base is
lower than that in G2Kw (Fig. 5b).

Although we have proved that all the models are stable
during our simulation time, if the conformational spaces are
well sampled, it is needed to confirm further. To this aim,
PCA is applied to the backbone atoms in the four models to
provide information about conformational sampling. It is
seen from Fig. 7a that the eigenvalues rapidly decrease
and the first five eigenvectors contribute the most to the
fluctuation. The distribution of the motion projections along
each of the first five principal components is shown in
Fig. 8s in Supplementary material. The cosine content is
calculated to determine if the convergence is obtained during
the MD simulation. Table 2 exhibits that the cosine content
of the first five principal components is very small for the
four structures, except the second PC of G2Nw with slightly
higher value, indicating that the conformational spaces of the
four structures are well sampled. Projecting the trajectories
onto the first three principal components takes on the motion
of the four quadruplexes in phase spaces (Fig. 7b). On these
projections, we see that clusters of stable states are well
defined in the four structures, especially for G1Kw and
G1Nw, and the structures of G2 sequence cover a larger
region of phase space compared to that covered by G1.

The average structures of G1Kw, G2Kw, G1Nw and
G2Nw over the last 5 ns simulations are shown in Fig. 8, all
of which preserve intramolecular parallel-stranded quad-
ruplex conformations with three guanine tetrads. The
structures of G1Kw and G2Kw coordinate two K+ ions
placed in the central channel. The structures of G1Nw and
G2Nw coordinate one NH4

+ ion positioned between the
second and the third planes and the Na+ and H2O are not
shown. The number of hydrogen-bonds formed in the
G1Kw, G2Kw, G1Nw and G2Nw are 24, 25, 24 and 28,
respectively. Bifurcated hydrogen bonds are formed in
G2Kw and G2Nw and no one is formed in G1Kw and
G1Nw. This further illustrates that the quadruplex confor-
mation of G1 is very stable and stiff, not allowing the
bifurcated hydrogen bonds formed.

Our results indicate that all the simulations have the stable
trajectories and the conformational spaces are well sampled.
The structures are very rigid and have a small deformation
from the canonical G-quadruplex. Due to no flanking residue
at 5′ terminal to stack with the aromatic rings of the guanine
bases of the first G-tetrad, the top G-tetrads of the model
systems possess slightly higher flexibility (Fig. 5). Although

�Fig. 7 (a) Eigenvalues (Å2) of G1Kw (black), G1Nw (red), G2Kw
(green) and G2Nw (blue) versus eigenvector index (20) and (b) the
planes of the first three principal components for G1Kw, G1Nw,
G2Kw and G2Nw
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the NH4
+ ions located between the first and the second G-

tetrads leave the structures of G1Nw and G2Nw, Na+ ion and
H2O molecule in the solution enter into the corresponding
sites to stabilize the G-quadruplexes very well. It is not
considered that H2O molecule could stabilize G-quadruplex,
however, interestingly, the entry of water molecule leads to
G2Nw more stably. All the analyses show that the structures
of G2 sequence are not as rigid as G1 in water, which is in
agreement with the experimental finding that the G1
sequence has the highest UV melting temperature [28, 30].
K+ is shown more efficient than NH4

+ to stabilize the
G-quadruplex.

MD simulations in gas phase

500 ns of MD simulations were performed for the four
models in the gas phase. The trajectory of G1Kg fluctuates
vigorously during the first 43 ns and then goes compara-
tively stable, with RMSD values ~3.5Å for all atoms and
~1.9Å for the G-tetrads (Fig. 9a). The simulation of G1Ng

Fig. 8 Structures of G1Kw (a), G1Nw (b), G2Kw (c) and G2Nw (d)
obtained by averaging the last 5 ns of the trajectories. The K+ ions in the
central channel are shown in purple and the NH4

+ ions are shown in
yellow. The 5′ terminal guanine bases are shown in blue, the 3′ terminal
thymine bases are shown in cyan, the thymine bases composing the loop
regions are shown in red, and the rest of guanine bases are shown in green

Table 2 Cosine content of the first five principal components for the
models in water

G1Kw G1Nw G2Kw G2Nw

PC1 0.255 0.0268863 0.00982438 0.185123

PC2 0.110671 0.00272629 0.0211691 0.423407

PC3 0.0192756 0.0245484 0.267905 0.077683

PC4 0.0122572 0.0465713 0.0674275 0.00172705

PC5 0.0356081 0.0128307 0.0660174 0.00221436

Fig. 9 RMSD values (Å) (y-axis) of all atoms (black) and G-tetrad
guanines (red) for the four models, G1Kg (a), G1Ng (b), G2Kg
(c) and G2Ng (d), versus simulation time (ps) (x-axis) with the final
minimized structures as a reference point

652 J Mol Model (2010) 16:645–657



reaches complete equilibrium after 150 ns, whose RMSD
values are ~3.6Å for all atoms and ~0.8Å for the G-tetrads
(Fig. 9b). The RMSD value of G-tetrads for G2Kg is at
~0.7Å stably over the whole simulation and the amplitude
of fluctuation slightly diminishes after 300 ns, and the
RMSD value of all atoms stabilizes at ~4.7Å after 50 ns,
except a little drop between 300 and 360 ns (Fig. 9c). The
trajectory of G2Ng is very different from the above three,
whose RMSD values of the G-tetrads and all atoms
suddenly increase from ~0.7Å to ~2.5Å and ~3.6Å to
~4.1Å at 300 ns and are quite stable thereafter (Fig. 9d).
The results reveal all the trajectories are very stable after
equilibration is reached during extended 500 ns simulation
time. The G2Ng and G1Kg are deformed largely from the
canonical G-quadruplex.

The K+ ion situated between the second and third tetrad
planes of G1Kg deviates largely from the reference
structure with diffusion value ~4.3Å (Fig. 10a). Observing
the structure variety in the simulation process, we find

that the guanine bases of the third plane rotate out of the
plane, greatly disrupting the cyclic array of hydrogen
bonds that can be seen from the analysis of H-bonds
(Supplementary material Fig. 4s). However, the third plane
does not collapse and K+ does not move into the solvent.
The RMSF profile indicates that the first and second
G-tetrads are very rigid, while the guanine bases of the
third plane exhibits higher flexibility, especially for G11
and G15. T12 and T16 loop residues fluctuate very largely
(Fig. 11a).

The two K+ ions of G2Kg are very stable over the whole
simulation with the diffusion values ~1.4Å (Fig. 10b). The
analysis of H-bonds indicates that all canonical Hoogsteen
hydrogen bonds within the first G-tetrad and the six ones
within the third G-tetrad are conserved very well, while
only four hydrogen bonds between N7 nitrogen and N1
nitrogen in the second tetrad plane possess relatively high
occupancies (Supplementary material Fig. 5s). The RMSFs
of all atoms show a very good stiffness to the atoms of the
G-tetrads and the T2 loop residue (Fig. 11b).

The diffusion values of the two NH4
+ ions in G1Ng are

stable at ~1.3Å after equilibrium is reached (Fig. 10c). The
trajectories of H-bonds indicate that all the canonical
Hoogsteen hydrogen bonds in the first and the third G-
tetrads maintain high occupancies after equilibrium is
reached, while in the second plane, bifurcated hydrogen
bonds involving N1, N7 and O6 atoms in guanines are
formed (Supplementary material Fig. 6s). The RMSF graph
shows that all atoms composing G-tetrads are more rigidity
compared to that of G1Kg, especially for the third plane,
and the T12 base takes on a significantly lower RMSF
values than that in G1Kg (Fig. 11a).

Fig. 11 RMSF values (Å) (y-axis) of all atoms (x-axis) for G1Kg,
G1Ng, G2Kg and G2Ng during the whole simulations. (a) G1Kg
(black) and G1Ng (red); (b) G2Kg (black) and G2Ng (red)

Fig. 10 Diffusion values (Å) (y-axis) of K+ and NH4
+ ions for G1Kg

(a), G2Kg (b), G1Ng (c) and G2Nw (d) versus simulation frames
2:5eþ 05frames � 2psinterval¼ 5:0eþ 05psð Þ x� axisð Þ: the cation
located between the first and second G-tetrad planes is shown in
black, and the cation located between the second and third G-tetrad
planes is shown in red
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The two NH4
+ ions of G2Ng stabilize at ~1.0Å before

300 ns, and after that the diffusion value for the NH4
+ ion

within the first and the second planes increases up to ~2.1Å
and the other increases to ~1.6Å, respectively (Fig. 10d).
We analyze the evolution of H-bonds and detect that many
canonical H-bonds are displaced by bifurcated H-bonds
(Supplementary material Fig. 7s). The flexibility of G-
tetrads plane is very large, as shown in Fig. 11b. Despite
these marked fluctuations, G2Ng does not dissociate and
the stacking between guanines is maintained for all the
simulation time.

Principal components analysis is applied to the backbone
atoms in the four models of the gas phase. As shown in
Fig. 12a, eigenvalues rapidly decrease, whereas the first
three eigenvectors contribute the most to the fluctuation.
The distribution of the motion projections along each of the
first four principal components was calculated for the four
models (Supplementary material Fig. 9s), and it is also
indicates that the first three principal components are
sufficient to describe the global and collective motions.
The cosine content of the first three principal components
for the four structures is shown in Table 3. They are small
for G1Kg, G1Ng, and G2Kg, indicating that the conforma-
tional spaces are sufficiently sampled. However, the first
principal component of G2Ng has a high value, 0.738,
which indicates that the sampling of conformations of
G2Ng may not converge. Moreover, the projection of the
simulation trajectory onto the planes formed by the first
third principal components presents a clear transition on the
phase space of G2Ng (Fig. 12b).

The average structures of G1Kg, G1Ng, G2Kg and
G2Ng over the last 50 ns simulations are shown in Fig. 13.
The number of hydrogen bonds is 20, 28, 22, and 19
formed in the G1Kg, G1Ng, G2Kg and G2Ng, respectively.
Bifurcated hydrogen bonds involving N1, N7, and O6
atoms in guanines are formed in the four structures. As
expected from ESI-MS experiments [32], all the ion-G-
quadruplex complexes are maintained during the whole
microsecond simulations whether the existence of K+ or
NH4

+, even though in some situations the tetrad structures
are lost (G2Ng). The structures of G1 and G2 in the gas
phase are very stiff when the suitable ions present in the
central channel, which is in agreement with the results
given by Rueda et al. [38].

Compared with the structures in water, the structures of
the gas phase distort more largely from the initial canonical
G-quadruplex, which may be because the large magnitude
of phosphate-phosphate repulsions induces relatively large

�Fig. 12 (a) Eigenvalues (Å2) of G1Kg (black), G1Ng (red), G2Kg
(green) and G2Ng (blue) versus eigenvector index (20) and (b) the
planes of the first three principal components for G1Kg, G1Ng, G2Kg
and G2Ng
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relaxation of the staring models. The stiffness of the tetrads
in the gas phase structures is even better than that in the
water when the suitable ion exists in the central channel
(Fig. 14). The loop regions in the water tend to adopt a less
compact conformation and reach further into the solvent.
The T2 loop base of G2K, which is very flexibile in
solution, becomes clearly more rigid in the gas phase,
leading to an increase in the rigidity of the structure. In the
gas phase, the 3′ terminal T base projects away from the
third plane and shows a significantly larger flexibility as
compared with those in water that stack on the G-tetrads.
The NH4

+ ions located between the first and second planes
in G1Ng and G2Ng are preserved in the central cavity in

Fig. 13 Structures of G1Kg (a), G1Ng (b), G2Kg (c) and G2Ng (d)
obtained by averaging the last 50 ns of the trajectories. The K+ ions in
the central channel are shown in purple and the NH4

+ ions are shown in
yellow. The 5′ terminal guanine bases are shown in blue, the 3′ terminal
thymine bases are shown in cyan, the thymine bases composing the
loop regions are shown in red, and the rest of guanine bases are shown
in green

Table 3 Cosine content of the first three principal components for the
models in the gas phase

G1Kg G1Ng G2Kg G2Ng

PC1 0.429725 0.444 0.114233 0.73827

PC2 0.12847 0.0694149 0.156711 0.00957398

PC3 0.115286 0.0227852 0.246039 0.00128628

Fig. 14 RMSF values (Å) (y-axis) of all atoms (x-axis). (a): RMSF
values of G1Kw (black) and G1Kg (red) are compared. (b): RMSF
values of G1Nw (black) and G1Ng (red) are compared. (c): RMSF values
of G2Kw (black) and G2Kg (red) are compared. (d): RMSF values of
G2Nw (black) and G2Ng (red) are compared
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the gas phase simulations. In the gas phase, the structures of
G1 sequence are not obviously more rigid than G2, and the
K+ ion is not displayed more efficiently to stabilize the
G-quadruplex of G1 sequence than NH4

+.
We have used extensive MD simulations in explicit

water and in the gas phase with K+ and NH4
+ ions

presented in the central cavity to verify the conformation
of G1 as parallel-stranded G-quadruplex with three G-
tetrads, and our result is in agreement with other studies
[27–31]. Furthermore, a conformation for G2 as parallel-
stranded G-quadruplex with three G-tetrads has been
proposed by us for the first time and the model has also
been confirmed by MD simulations. A very special
phenomenon is generated from the structure of G2
sequence, which has a T loop residue between the first
and the second G residues, while both residues are the
components of the same stranded adjacent G-tetrads. It is
very different from the previously proposed intramolecular
G-quadruplex structures whose sequences follow the
criteria GmXnGmXoGmXpGm [63], where no disruption
occurrs within the Gm that compose the G-tetrads.
Therefore, the structure of G2 obtained by us is a novel
G-quadruplex. The formation of our G2 structure might be
caused by the three single-nucleotide loops, as proposed by
Neidle et al. that loop lengths could strongly influence the
topology and stability of intramolecular G-quadruplexes
and the most stable quadruplexes could be formed with
three single-nucleotide loops [28]. Moreover, a recent
report illustrated that two single-nucleotide loops within a
quadruplex-forming sequence constrained the structure to a
parallel fold, which did not depend on the length of the
remaining loop [30]. Therefore, the influence of single-
nucleotide loop makes the formation of the special structure
of G2 possible.

In recent years, the ESI-MS has been developed as a
powerful method to analyze quadruplex DNA and its
noncovalent complexes with ligands owing to its low
sample consumption and fast analysis time. Orozco et al.
have proved in the presence of suitable cations that the
quadruplex not only remains stable in the gas phase, but
also displays a structure that closely resembles that in
aqueous solution [36–38]. Gabelica et al. combined electro-
spray ionization mass spectrometry, ion mobility spectrom-
etry, and molecular modeling to study quadruplexes [35,
64]. In this paper, we combined the gas phase and aqueous
solution MD simulations to verify the structures of G1 and
G2 obtained by molecular modeling. We think that the gas
phase MD simulation could become a widely used tool to
study the structure of quadruplex DNA.

Explicit solvent molecular dynamics simulations are now
widely used, which allow for a description of DNA
structure and dynamics at the atomic level. An important
factor to determine the accuracy of any MD simulation is

the force fields. Recently, Sponer et al. carried out a set of
explicit solvent molecular dynamics simulations on two
DNA quadruplex molecules, namely the d(G4T4G4)2 dimeric
quadruplex and the parallel stranded human telomeric
monomolecular quadruplex d[AGGG(TTAGGG)3], using
five force fields [65]. Their results confirm that none of the
presently available force fields is accurate enough to describe
the G-DNA loops. Thus G-DNA loops represent one of the
most difficult targets for molecular modeling approaches. In
my present study, each loop of our modeling structures is
composed by a single nucleotide, which is a very simple
loop conformation with almost no interaction between loop
residues and between stem and loop. Thus the negative
effects of current force fields should be relatively small to
our systems loops.

Conclusions

Based on the data of CD and ESI-MS experiments, the
structures of d(GGGTGGGTGGGTGGGT) (G1) and
d(GTGGTGGGTGGGTGGGT) (G2) were investigated by
a combination of molecular modeling and molecular
dynamic simulation methods both in water and in the gas
phase with the existence of K+ or NH4

+ in the central
channel. The results indicate that the initial modeling G-
quadruplexes for G1 and G2, an intramolecular parallel-
stranded quadruplex conformation with three guanine
tetrads and three single-nucleotide side loops that connect
the four guanine strands, are reasonable and reliable. The
conformation of G2, with a T2 loop residue between the
sequential G residues composing the same stranded
adjacent G-tetrads, is a very novel geometry. The investi-
gation of the three–dimensional structures of the G1 and G2
is prerequisite for the structure-based rational anti-HIV drug
design. Due to the high flexibility, the number of the G-
DNA obtained by single crystal diffraction and high-
resolution solution state NMR is limited, our investigation
of the structures for G1 and G2 sequences is useful for
further geometric research of G-quadruplex folding.
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