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Abstract: Several very extended (0.5-1 µs) molecular dynamics (MD) simulations of parallel and antiparallel
G-quadruplex DNA strongly suggest that in the presence of suitable cations the quadruplex not only remains
stable in the gas phase, but also displays a structure that closely resembles that found in extended (25-ns
long) trajectories in aqueous solution. In the absence of the crucial cations, the trajectories become unstable
and in general the quadruplex structure is lost. To our knowledge, this is the first physiologically relevant
structure of DNA for which very large MD simulations suggest that the structure in water and in the gas
phase are indistinguishable.

Introduction

More than 50 years after the discovery of the double helix,1

we know that DNA is very polymorphic and can adopt a variety
of helical structures, including duplexes, triplexes, and G-
quadruplexes,2 whose stability is largely related to the solvent
screening of the phosphate-phosphate repulsion.3-5 Removal
of solvent should, therefore, promote the unfolding of the DNA
structures. However, several research groups6-19,84have shown

that multistranded DNA complexes and even noncovalent drug-
DNA complexes can be detected in the gas phase.

Recent extended molecular dynamic (MD) studies performed
in our group support the experimental claims that the DNA
structures retain a significant fraction of their structural integrity
under the conditions used in electrospray ionization mass
spectrometry (ESI-MS) experiment.20,21Thus, though vaporiza-
tion of a DNA duplex induces notable structural alterations, the
two strands remain bound by nucleobase-nucleobase interac-
tions, and many structural features typical of the duplex in
solution are preserved.20 These results have been confirmed by
combined MD and ESI-MS experiments by other groups,15

showing that MD simulations can help to understand the
conformational changes induced by vaporization. Recently,21

we analyzed the structure of three drug-DNA complexes in
the gas phase by means of very extended MD simulations. We
found that while the helical structure of the duplex is severely
distorted, the two strands remain bound and the drug is tightly
anchored to them. In fact, the pattern of contacts between the
drug and the host DNA is quite well preserved. Once again,
MD simulations are able to provide a structural explanation to
ESI-MS experiments.6-10,12-14
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In this article, we focus our attention in the G4-DNA motif,
a right-handed G-quadruplex of DNA formed by four guanines
linked through hydrogen bonds (see Figure 1). This structure
is key in the definition of telomeres,22,23an important chromo-
somic region, which when altered can lead to processes such
as cancer or aging.24,26-28 Furthermore, G-quadruplex offers
promising biotechnological properties as biosensors,29 as liquid
crystals,30 or as template for ion channels.31 In normal physi-
ological conditions, the G4-DNA is a very stable struc-
ture26,28,32,33for both parallel and antiparallel arrangements of
the four strands, as shown in a large variety of NMR and X-ray
crystallography experiments.22,23,34-47 State-of-the-art MD
simulations48-54 provided trajectory sampling conformations

very close to the experimental ones and supported the large
stability and rigidity of the tetrads, as well as the important role
played by ions in the central channel.

The large stability of the G-quadruplex can be justified48,54

by a variety of factors, including stacking and hydrogen bonding
between bases and electrostatic interactions between the car-
bonyl group in guanines and cations along the central channel.
These interactions, in conjunction with the solvent screening
effects, have to overcome the electrostatic repulsion between
the very densely packed phosphates. Clearly, one should expect
a drastic unbalance of these forces upon vaporization, which
would alter and probably destroy the quadruplex. However,
Vairamani and Gross55 studied the intramolecular quadruplex
formed by the thrombin-binding aptamer sequence and found
signals of the molecule bonded to ions such as K+ or Sr2+, which
suggested that some quadruplex structure should exist in the
gas phase to coordinate these ions, as also indicated by
preliminary H/D-exchange experiments.55 Similarly, Gabelica
and co-workers18 studied different sequences able to form intra-
and intermolecular quadruplexes in the presence of cations and
in some cases of mesoporphyrin IX (i.e., a drug that binds
specifically G4-DNA in solution) and found signals in the ESI-
MS spectra corresponding to quadruplexes, as well as to the
tertiary complex between the G4-DNA and the drug. These
results suggest that G4-DNA retains some of its solution
structure in the gas phase, a result also supported by preliminary
MD simulations by the same group.56 Finally, Bowers and co-
workers16 performed cross section measurements in intermo-
lecular quadruplexes and found that the cross section detected
in gas-phase experiments is not far from that expected for the
solvated structure. All these results were interpreted as additional
evidence that some G-quadruplex structures can exist in the gas
phase. Unfortunately, none of these groups was able to analyze
at atomic detail the structure of the G4-DNA in the gas phase,
and additional experiments such as those based on gas-phase
H/D exchange experiments in an FTICRMS failed to shed light
into the fine structural details.56

Here we present an extended study of the structure and
dynamics of parallel and antiparallel G4-DNAs. Trajectories
were obtained in the presence of different cations and represent
more than 19µs of simulation in the gas phase, including eight
very long single trajectories covering 1µs of simulation time.
To our knowledge, these are the largest simulations ever
published for nucleic acids. The analysis was complemented
by quite extended reference MD simulations in aqueous solution,
covering a total of 275 ns (11× 25 ns) of simulation, which
represent the more complete set of trajectories available for G4-
DNA in conditions mimicking the physiological ones.

Methods

The behavior of G4-DNA was examined using two model com-
pounds: (i) the thrombin-binding aptamer sequence (dGGTTGGT-
GTGGTTGG), which forms an intramolecular antiparallel G-quadruplex
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Figure 1. Schematic representation of a tetrad of G4-DNA.
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with two G-tetrads, and (ii) an intermolecular parallel G-quadruplex
formed by four d(TG4T) strands. The thrombin-binding aptamer is the
standard model to perform structural analysis of antiparallel G4-DNA
and has been solved by different authors by both NMR and X-ray
crystallography.23,42,57,58Here we used as starting geometry in solution
the NMR structure solved by Feigon’s group57 (PDB entry 148D). The
intermolecular parallel G-quadruplex d(TG4T)4 has been studied by
different authors using X-ray crystallography.34,35,59For our purposes,
we examined the high-resolution structure35 determined by Luisi and
co-workers (PDB entry 352D). The original structures were manipulated
to remove nontetrad fragments and to build up ideal G-quadruplexes.
Following the advice of one reviewer, we performed additional test
calculations to check the importance of loops on the integrity of
G-quadruplexes in the gas phase and the role of size in determining
antiparallel G-quadruplex structure. These test calculations included
the entire aptamer 148D, including loops and a longer antiparallel
G-quadruplex (d(GGGGTTTTGGGG)2) (PDB entry 156D)44 with and
without loops.

Control MD Simulations in Water. The cation coordination
positions along the central channel known experimentally were kept
empty or occupied by Na+, K+, or Li+, yielding four starting systems
for each G4-DNA (see Table 1). In general, the loops were removed
so the final structures contain only the central guanines of the original
structure. Therefore, 8-mer refers to the structure built from the 15-
nucleotide (148D), and 16-mer refers to the structure built from the
4*6-nucleotide (352D). Then the systems were immersed in truncated
octahedral boxes of water containing around 2200 (148D) and 2800
(352D) water molecules. Systems were neutralized by adding a number

of Na+ cations equal to the number of charged phosphates and a number
of Cl- anions equal to the number of cations (Na+, K+, or Li+) in the
central G-channel. Such a process was performed using Poisson-
Boltzmann potentials as implemented in the iterative cMIP titration
program.60 As in previous simulations,20,21 these systems were then
optimized and equilibrated using our standard multistep protocol,61,62

which lasts for more than 100 ps of restricted and unrestricted MD
simulation, plus additional 200 ps of unrestrained MD. The systems
were then subject to 25 ns of unrestrained MD simulation in the
isothermic-isobaric ensemble (T ) 298 K, P ) 1 atm). Periodic
boundary conditions and the PME method63 were used to account for
long-range interactions. SHAKE64 was used to maintain all the chemical
bonds at their equilibrium distances, which allowed us to use a 2-fs
time scale for integration of Newton equations. Global center-of-mass
movements were removed every 0.1 ns to avoid artifactual cooling of
the system. PARM-9865,66 and TIP3P67 force fields were used to
represent molecular interactions. A few words of caution seems
necessary regarding the use of standard PARM-98 parameters for
cations, since the neglect of polarization interaction might introduce
some bias in the results.

Test calculations on the full 148D and 156D structures with loops
(and 156D structure without loop) were prepared and equilibrated as
described above, with trajectories extending to 25 ns. Only Na+ was
considered as central cation in these test calculations.

MD Simulations in the Gas Phase.A crucial decision in the
simulation of gas-phase DNAs is the determination of the charge state
of the molecule. As in our previous works,20,21 we tried to follow as
close as possible the charge state found in ESI-MS experiments.
However, a delicate question is how to distribute such a net charge
between the different nucleotides in the G-quadruplex. CID studies on
DNA duplexes indicate that the overall charge can be distributed along
all titrable groups,12,14,25 while ion mobility experiments in single-
stranded oligonucleotides suggest that a localized charge distribution
is more realistic.84Thus, we have considered here both charge models.
In the distributed model, the net charge is spread equally on all the
phosphates by appropriate scaling of their charges. In contrast, in the
localized model, charges are assigned to those phosphates that minimize
the Coulombic repulsion in the DNA structure. These two charge
models, therefore, represent two limit neutralization scenarios. For our
purposes here, a wide set of simulations that exploit different charge
neutralization protocols has been examined to obtain a complete picture
of the behavior of the G-quadruplex in the gas phase.

For the intramolecular antiparallel G-quadruplexes, experiments55

detected signals in the spectrum corresponding to structures with charges
from -3 to -8 (in units of electron), the largest signals being found
for charge states of-6 and-7. Considering the presence of the loops,
a total charge state of-3 (including 1 cation) appears to be a reasonable
choice for the isolated G-quadruplex. For the intermolecular parallel
G-quadruplexes, different charge states have been found experimentally
for d(TG4T)4, the predominant one being-5.16,18 We performed
simulations with a total charge of-5 (including three cations)
distributed equally on the phosphates and also a total charge of-9
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Table 1. List of Main Simulations Performed in This Articlea

148D Time (ns)

8-W-NoIon 25
8-W-Na+ 25
8-W-K+ 25
8-W-Li+ 25

8-G[L/H]T(-4)-NoIon 1000/unstable
8-G[L/H]T(-3)-Na+ 1000/1000
8-G[L/H]T(-3)-K+ 1000/1000
8-G[L/H]T(-3)-Li+ 1000/1000

352D Time (ns)

16-W-NoIon 25
16-W-Na+ 25
16-W-K+ 25
16-W-Li+ 25

16-GLT(-12)-NoIon unstable
16-GLD(-10)-NoIon unstable
16-GLD(-9)-NoIon 500

16-G[L/H]D(-8)-NoIon 500/unstable
16-G[L/H]T(-9)-Na+ 500/500
16-G[L/H]D(-5)-Na+ 500/500
16-G[L/H]T(-9)-K+ 500/500
16-G[L/H]D(-5)-K+ 500/500
16-G[L/H]T(-9)-Li+ 500/500
16-G[L/H]D(-5)-Li+ 500/500

a Simulations starting with 8 are those corresponding to the 8-nucleotide
antiparallel G4-DNA, while those starting with 16 refer to the 16-nucleotides
parallel G4-DNA. W stands for simulations in aqueous solution (always at
298 K and 1 atm), G stands for gas phase, L and H refer to low (298 K) or
high (448 K) temperatures, and T stands for the total localized charge
scheme, while the distributed model (where total charge is spread over all
the phosphates) is denoted as D. The total charge in the system and the
nature of the ion placed originally inside the cavity/channel are also
indicated. The total length of the trajectories is noted in all cases, except in
those leading to unstable trajectories, where the DNA is very severely
distorted prior to corruption in the trajectory.
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(including three cations) placed following the localized charge model,20,21

which helped us to determine the resistance of the structure of highly
charged states. Furthermore, we performed simulations to analyze the
resistance of the structure to high charge states in the absence of ions
inside the tetrads. We considered total charges of-8, -9, and-10
placed using the distributed model and also a total charge of-12 placed
using the localized protocol for parallel quadruplex and a total charge
of -4 placed using the localized model for the 8-mer. Simulations were
carried out at both room (298 K) and high (448 K) temperatures (see
Table 1). The first simulations will serve to study ideal vaporization
processes, while the second are closer to the conditions used in ESI
experiments. PARM-98 force field65,66 was used in all cases with
standard charges (on the basis of our previous studies,20,21 we did not
perform polarity reduction).

For test calculations on the full 148D structure (with loops), a total
charge of-6 spread over all the phosphates (distributed charge model)
was used.19 Test simulations for the full 156D structure (with loops)
were performed also with a total charge of-616,18 distributed equally
along all the phosphates, while for the no-loops 156D G-quadruplex
two simulations were done: one with a charge of-5 (distributed charge
model) and another with charge-9 (localized charge model).

The structures corresponding to the first nanosecond of the aqueous
MD simulations were used as starting conformations for the simulations

in vacuo. After we removed waters and external counterions, we
modified the structures to fit the conditions of the simulation in the
gas phase (see above) and equilibrated at 298 K for 100 ps starting
from the velocities of the MD simulation in water. Calculations in
related systems21 showed that no dramatic differences are expected when
a softer dehydration protocol is adopted.

After equilibration, MD simulations were performed for 0.5-1 µs
at constant temperature (298 K). The structures obtained after 1 ns were
used as starting points for simulations at 448 K. Heating from 298 to
448 K was performed in 100 ps, and the new MD simulations were
run for 0.5-1 µs. Translational and rotational displacements (small in
any case) were removed periodically every 1 ns. As for the simulations
in solution, SHAKE64 was used to constrain all the bonds, but to avoid
instabilities in the trajectories the integration time step was 1 fs. All
trajectories were collected using the AMBER8.0 suite of programs.68

Test calculations were also performed for 0.5-1 µs in the case of 148D
(with loops) and 156D (with and without loops) but only at low
temperature. MD simulations presented here cover more than 19µs of
MD simulations of G4-DNA in the gas phase and 275 ns in aqueous
solution (see Table 1 and tables in Supporting Information).

(68) Case, D. A.; et al.AMBER 8; University of California: San Francisco,
CA, 2004.

Table 2. Geometrical Parameters of Antiparallel G4-DNA (8-mer) in Solution (W) and Gas Phase (G) for Different Trajectories Differing in
the Presence or Absence of Ions in the Central Cavitya

trajectory (148D) rmsd (exptl) rmsd (ave) collision cross section SAS D (ion COM)

8-W-NoIon 1.1( 0.1 0.5( 0.1 416( 12 1780( 15 0.4( 0.2
8-W-Na+ 1.1( 0.1 0.6( 0.1 419( 13/422 1778( 15 0.4( 0.2
8-W-K+ 1.1( 0.1 0.5( 0.1 420( 13 1800( 20 0.3( 0.2
8-W-Li+ 1.2( 0.1 0.6( 0.1 417( 12 1794( 19 1.5( 0.4
8-GLT(-4)-NoIon 4.4( 0.3 1.5( 0.6 419( 13 1795( 30 -
8-GLT(-3)-Na+ 2.0( 0.4 1.0( 0.4 403( 13/411 1722( 19 0.5( 0.3
8-GHT(-3)-Na+ 5.8( 0.2 1.5( 0.6 334( 7/352 1496( 35 2.2( 0.3
8-GLT(-3)-K+ 1.3( 0.2 1.0( 0.2 415( 12 1753( 25 0.4( 0.2
8-GHT(-3)-K+ 6.3( 1.2 2.4( 1.3 329( 6 1475( 34 5.0( 0.7
8-GLT(-3)-Li+ 5.3( 0.5 0.6( 0.7 346( 6 1457( 20 5.4( 0.2
8-GHT(-3)-Li+ 5.9( 0.5 2.2( 1.8 344( 13 1533( 46 2.0( 0.4

a L and H refer to low (298 K) or high (448 K) temperatures, and T denotes total charge. The rmsd with respect to the experimental (exptl) NMR structure
and the average (ave) conformation obtained in the trajectory are in Å. SAS and CCS are in Å2 (numbers in italics correspond to values obtained with the
EHSS method); as reference the NMR structure shows cross section of 418 Å2 and SAS of 1810 Å2. The distance of the internal ion to the center of mass
of the G4-DNA is in Å; as reference in the NMR structure a K+ is located at 1.2 Å from the center of mass of the G4-DNA. For nomenclature, see also
Table 1.

Figure 2. Average structures obtained at the final portion of the water (W) MD trajectories of the antiparallel G4-DNA from PDB entry 148D (8-mer) and
the parallel G4-DNA from PDB entry 352D (16-mer). The central ions are represented by a colored sphere. Note that some ions can be found inside the
structures although these positions were empty at the beginning of the simulation (see NoIon). Loops were not considered in these simulations. For nomenclature,
see Table 1.
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Analysis of Trajectories.Unless otherwise stated, the analysis was
performed for 100 structures collected in the last 5 ns in water
simulations and in the last 25 ns of the gas-phase simulations. Following
our previous studies,20,21 intramolecular contact maps were computed
assuming that two guanines are in contact when the distance between
them is smaller than 3.5 Å. Furthermore, the interaction was considered
to be hydrogen-bonded if there is at least one interaction such that the
heteroatom-heteroatom distance is less than 3.5 Å and the donor-
hydrogen/donor-acceptor angle deviates less than 30° from linearity;
otherwise the interaction is labeled as “stacking”. The position of the
central ion was followed by the distance to the center-of-mass of the
nearest tetrad. Solvent accessible surfaces (SAS) were determined using
NACCESS69 and considering only DNA atoms.

Principal component analysis (PCA70-73) was performed to examine
the essential dynamics of DNA. Accordingly, Cartesian covariance
matrices were diagonalized to obtain a set of eigenvectors (describing
the essential deformation modes) and a set of eigenvalues, which
indicates the amount of variance explained by each mode, and can be
transformed into harmonic force constants72-75 (see eq 1 in Supporting

Information), from which we can estimate the size (volume) and
dimensionality (number of deformation modes with a significant
contribution (more than 1 Å2) to the variance) of conformational space
accessible for a molecule (see Supporting Information and ref 72). The
methods of Schlitter and Andricioaei-Karplus76,77were used to determine
the intramolecular entropy associated with the different structures
(Harris’s procedure was used to derive entropies at infinite time78).
Due to the agreement between the Schlitter and Andricioaei-Karplus
(A-K) methods, only the former is presented here, and the A-K
estimates are presented as Supporting Information. Finally, the similarity
in the deformation movements was evaluated by computing similarity
indexesκ andδ20,71,72(see eqs 2-5 in Supporting Information). Theκ
index measures similarity between two sets of important eigenvectors
(those explaining most of the variance in the trajectory), whereas the
similarity δ index is obtained by weighting differently the eigenvectors
according to the amount of variance explained (see Supporting
Information). Due to the qualitative similarity betweenκ and δ
measures, the Results and Discussion section displays only the former,
andδ measures are shown in the Supporting Information.

MD simulations were used to predict the cross sections expected
for the different complexes. The cross section provides a low-resolution
picture of the general structural shape of the molecule.15,79-83 Calcula-
tions were performed using the SIGMA program developed by
Bowers’s group80,81 using a Lennard-Jones collision model on 100
snapshots collected during the last part of the trajectories. Average cross
sections for each snapshot were obtained using a Monte Carlo
procedure15,80,81until a convergence better than 1% was achieved. For
selected cases, the quality of SIGMA estimates was tested by
comparison with the much more CPU-demanding methodology devel-
oped by Jarrold and co-workers82,83 as implemented in the MOBCAL
software (“Exact hard sphere scattering” method; EHSS). As described
in the Results and Discussion section, for our purposes both methods
agree, giving confidence on the less expensive SIGMA calculations.

Results and Discussion

MD Simulations in Water. The structure of G4-DNA in
aqueous solution has been already explored by other authors at
both experimental and theoretical levels.22,23,34-54 Particularly,
Sponer and co-workers have published several nanosecond-long
MD simulations analyzing different structural aspects of G4-
DNA.48-54 We will then summarize here only the most relevant
features of our control solution simulations (the reader is
addressed to previous studies48-54 for a more extended descrip-
tion of G4-DNA in solution).

Antiparallel G4-DNA. Simulations of the thrombin aptamer
G-quadruplex in water are extremely stable in all the cases, with
root-mean-square deviations (rmsd; Table 2)∼0.5 Å from the
MD-averaged structure and∼1 Å from the experimental NMR
structure taken as starting conformation (see Methods section).
No backbone transitions, base opening, or puckering changes
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Table 3. Parameters Describing the Flexibility of Antiparallel
G4-DNA (8-mer) in Water and in the Gas Phasea

trajectory (148D) log V dimensionality entropy force constants

8-W-NoIon 21.3 19 0.8 34
82

116
8-W-Na+ 23.6 21 0.8 34

81
96

8-W-K+ 22.7 20 0.8 30
77
80

8-W-Li+ 24.4 20 0.8 24
73
85

8-GLT(-4)-NoIon 38.6 30 1.1 3
6

17
8-GLT(-3)-Na+ 30.9 28 0.9 22

36
39

8-GHT(-3)-Na+ 35.1 32 1.2 25
54
89

8-GLT(-3)-K+ 28.2 24 0.8 21
38
51

8-GHT(-3)-K+ 41.8 38 1.4 3
28
39

8-GLT(-3)-Li+ 19.2 16 0.7 27
60
91

8-GHT(-3)-Li+ 42.1 35 1.3 5
18
28

a L and H refer to low (298 K) or high (448 K) temperatures, and T
denotes total charge. The configurational volume (in Å3n-6) is shown in
logarithmic (natural) form. Entropies (in kcal/mol K; see Methods section)
are determined using Schlitter’s method (see also Andricioaei-Karplus
estimates in Supporting Information, Table S5). The force constants
associated with the first three essential modes are shown in cal/mol Å2.
See also Table 1.

A R T I C L E S Rueda et al.

3612 J. AM. CHEM. SOC. 9 VOL. 128, NO. 11, 2006



are detected in any of the four MD simulations. SAS and
collision cross sections (CCS) are almost identical to those found
in the NMR structure (see Table 2), as is also found for any
other general geometrical parameter of the G-quadruplex. The
stability of trajectories collected for structures with cations in
the central cavity is not surprising,48-54 but that of the trajectories
started without cations is unexpected. Analysis of the simulation
revealed, however, that during the first nanosecond a Na+ ion
was captured, leading to a trajectory that resembled the 8-W-
Na+ system (Figure 2; structures and rmsd plots available at
Molecular Modelling & Bioinformatics Unit Web site, http://
mmb.pcb.ub.es/∼manu/G4DNA/). The largest cations (Na+, K+)

fluctuate around the center-of-mass (COM) of the G4-DNA,
thus mimicking the positions found in the NMR structure (see
Table 2 and Figure 2). However, Li+ is displaced 1.5 Å apart
from the COM and becomes trapped in the center of one of the
tetrads (see Table 2 and Figure 2).

At least for simulations with Na+ inside the cavity, loops do
not introduce any structural change in the central G-quadruplex
and the global rmsd from NMR structure increases to 2.5 Å
(2.0 with respect to the MD-averaged conformation), due to
some movements in the loops. However, the central G-
quadruplex is only 1 Å from the NMR structure (0.6 Å from
the MD average), indicating that the G-quadruplex structure is

Table 4. Geometrical Parameters of Parallel G4-DNA (16-mer) in Four Trajectories Obtained by Placing None or Three Ion (Indicated in the
Label) in the Central Channela

trajectory (352D) rmsd (exptl) rmsd (ave) collision cross section SAS D (ion COM)

16-W-NoIon 2.9( 1.7 2.8( 1.6 640( 10 3031( 39 1.4( 0.4
>10
>10

16-W-Na+ 1.1( 0.2 0.9( 0.1 628( 12/672 3073( 35 1.4( 1.2
0.4( 0.2
0.5( 0.3

16-W-K+ 1.2( 0.2 0.9( 0.1 632( 14 3104( 43 >10
0.3( 0.2
0.4( 0.2

16-W-Li+ 1.2( 0.1 1.0( 0.1 619( 13 3041( 38 1.4( 1.2
2.0( 0.3
>10

16-GLD(-9)-NoIon 14.0( 0.7 3.0( 0.9 817( 34 3614( 49 -
16-GLD(-8)-NoIon 3.9( 0.5 1.1( 0.6 631( 9 2859( 24 -
16-GLT(-9)-Na+ 1.8( 0.1 0.6( 0.2 604( 8/652 2730( 16 0.3( 0.1

0.3( 0.1
0.6( 0.2

16-GHT(-9)-Na+ 2.7( 0.1 0.6( 0.1 580( 9/658 2715( 32 0.4( 0.2
0.3( 0.2
0.8( 0.3

16-GLD(-5)-Na+ 1.6( 0.1 0.9( 0.4 569( 15/593 2585( 76 0.7( 0.3
0.4( 0.2
1.1( 0.2

16-GHD(-5)-Na+ 4.4( 1.4 3.0( 1.7 565( 10/605 2609( 33 1.7( 0.3
>10
6.1( 0.2

16-GLT(-9)-K+ 1.9( 0.1 0.4( 0.1 606( 10 2741( 18 0.4( 0.2
0.3( 0.1
0.6( 0.2

16-GHT(-9)-K+ 1.9( 0.1 0.6( 0.1 588( 9 2773( 34 0.4( 0.2
0.3( 0.1
0.6( 0.2

16-GLD(-5)-K+ 1.6( 0.1 0.8( 0.3 557( 13 2430( 28 0.7( 0.2
0.3( 0.2
1.2( 0.2

16-GHD(-5)-K+ 1.6( 0.1 0.9( 0.2 555( 16 2587( 88 0.7( 0.3
0.4( 0.2
1.1( 0.3

16-GLT(-9)-Li+ 2.8( 0.1 0.7( 0.1 598( 9 2673( 19 0.8( 0.3
0.9( 0.2
1.8( 0.3

16-GHT(-9)-Li+ 6.1( 1.8 7.6( 1.9 741( 30 3498( 68 5.1( 0.4
9.7( 0.5
8.6( 1.0

16-GLD(-5)-Li+ 1.7( 0.1 0.6( 0.1 570( 14 2587( 55 1.3( 0.3
0.7( 0.2
0.8( 0.3

16-GHD(-5)-Li+ 5.2( 0.4 1.6( 0.8 577( 11 2712( 53 0.8( 0.2
0.8( 0.2
4.1( 0.2

a The rmsd with respect to the experimental (exptl) X-ray structure and the average (ave) conformation obtained in the trajectory are in Å. SAS and CCS
are in Å2 (numbers in italics correspond to values obtained with the EHSS method); as reference the X-ray structure shows a cross section of 592 Å2 and
SAS of 2900 Å2. The distance of the internal ion to the center of mass of the G4-DNA is in Å; as reference in the X-ray structure a K+ is located at 1.0,
0.2, and 0.7 Å from the center of mass of the surrounding nucleotides of the G4-DNA. L and H refer to low (298 K) or high (448 K) temperatures, T stands
for the total localized charge scheme, while the distributed model is denoted as D. For nomenclature, see also Table 1.
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the same in simulations with or without loops (see Table S1 in
Supporting Information).

Even in the absence of connecting loops, the antiparallel G4-
DNA is very rigid, as noted in the force constants for the first
three modes, whose values (24-116 cal/mol Å2; Table 3) are
larger than those obtained for duplexes with the same number
of bases (10-20 cal/mol Å2),72 and in the small oscillations in
the rmsd (see Table 2). The pattern of deformability is quite

simple, as noted in the small dimensionality of the configura-
tional space (19-21 modes) compared to that expected for a
duplex with the same number of bases (around 28).72 Test
calculations for the same aptamer with loops and Na+ inside
the channel (see Methods section) show that the connecting
loops are very mobile, increasing then the global flexibility of
the structure (see Table S2 in Supporting Information). However,
the flexibility of the central G-quadruplex is not much altered
by the presence of loop (just a small increase in the stiffness of
the quadruplex can be attributed to the presence of connecting
loops; see Table S2 in Supporting Information and http://
mmb.pcb.ub.es/∼manu/G4DNA/).

Concern might exist as to whether the thrombin aptamer is
too short to be a good model of antiparallel G-quadruplex. Thus,
as described in the Methods, we performed test calculations with
a larger G-quadruplex (156D) in the presence or absence of
connecting loops. The rmsd from experimental data always
reaches very small values for the central quadruplex (1.0-1.4
Å). Collision cross sections, solvent accessible surfaces, and
other descriptors fit very well those computed for the NMR
structure, confirming the suitability of the simulation protocol
to describe these structures (see Tables S3 and S4 in Supporting
Information and http://mmb.pcb.ub.es/∼manu/G4DNA/). All
flexibility indexes computed indicate that once the size effect
is corrected the flexibility of the central G-quadruplex is the
same for 148D and 156D. In summary, neither the small size
of the antiparallel G4-DNA model nor the neglect of loops is
expected to introduce detectable bias in our results.

Parallel G4-DNA. The three model systems built up with
monovalent ions in the central channel are stable along the 25-
ns trajectory, as noted in the small rmsd values (see Table 4),
which indicate the lack of any remarkable conformational
transition (Figure 2; structures and rmsd plots available at http://
mmb.pcb.ub.es/∼manu/G4DNA/). The only relevant change
during the trajectory is a small enlargement in the SAS, which
reflects a certain expansion of the G4-DNA probably due to
the release of lattice packing forces in the X-ray structure. Two
of the channel ions remain at positions identical to those found
in the crystal (see Table 4 and Figure 2), but the third ion is
quite mobile. Thus, in 16-W-Na+, one of the central cations is
displaced from the inner tetrad position to a coordination point
between carbonyls in one of the terminal tedrads (see Figure
2). For 16-W-K+ and 16-W-Li+, the mobile cation is released

Table 5. Parameters Describing the Flexibility of Parallel G4-DNA
(16-mer) in Water and in the Gas Phasea

trajectory (352D) log V dimensionality entropy force constants

16-W-NoIon 104 83 3.2 0.2
2
4

16-W-Na+ 63 53 1.9 6
20
24

16-W-K+ 64 53 1.9 6
13
20

16-W-Li+ 66 53 2.0 6
8

20
16-GLD(-9)-NoIon 76 58 2.0 1

2
3

16-GLD(-8)-NoIon 47 38 1.7 13
20
24

16-GLT(-9)-Na+ 29 21 1.4 66
69
73

16-GHT(-9)-Na+ 49 40 2.3 52
55
60

16-GLD(-5)-Na+ 40 29 1.6 10
14
25

16-GHD(-5)-Na+ 76 66 2.7 5
16
27

16-GLT(-9)-K+ 28 20 1.4 62
95

104
16-GHT(-9)-K+ 48 38 2.2 50

78
83

16-GLD(-5)-K+ 28 21 1.4 68
89

117
16-GHD(-5)-K+ 67 53 2.7 10

17
28

16-GLT(-9)-Li+ 36 26 1.5 11
12
15

16-GHT(-9)-Li+ 98 79 3.2 1
2
5

16-GLD(-5)-Li+ 38 29 1.6 14
34
39

16-GHD(-5)-Li+ 76 64 2.7 8
12
19

a L and H refer to low (298 K) or high (448 K) temperatures, T stands
for the total charge, while the distributed model is denoted as D. The
configurational volume (in Å3n-6) is shown in logarithmic (natural) form.
Entropies (in kcal/mol K; see Methods section) are determined using
Schlitter’s method (see also Andricioaei-Karplus estimates in Supporting
Information, Table S6). The force constants associated with the first three
essential modes are shown in cal/mol Å2. For nomenclature, see also
Table 1.

Table 6. Similarity Indexes (κ; See Text) between the Different
Trajectories of the Antiparallel G-Quadruplexesa

a G stands for gas phase, L and H refer to low (298 K) or high (448 K)
temperatures, and T stands for the total charge. See also simulation codes
in Table 1.
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to the ionic solution, though the structure of the G-quadruplex
remains unaltered (see Figure 2 and Table 4).

As pointed out by others,48-54 the parallel G4-DNA is
unstable in the absence of cations in the central channel.
However, simulation 16-W-NoIon captures very rapidly a Na+

cation from the environment, which explains the small rmsd
value with respect to the crystal structure for near 15 ns (data
not shown). However, a single ion does not suffice to maintain
the integrity of the structure, which collapses before a second
Na+ enters the channel (Figure 2), leading at the end of the
trajectory to structures with rmsd values above 6 Å. Though

the general G4-DNA conformation is severely altered in these
structures, both SAS and CCS are close to those expected for
a canonical G4-DNA.

In the absence of ions, the G-quadruplex unfolds and jumps
in the nanosecond time scale between different states (see Table
5: 16-W-NoIon simulation). Even when the central channel is
occupied with cations, the parallel G4-DNA (352D) has a more
complex deformability pattern than the short antiparallel
structure (148D) described above. Such a difference cannot be
attributed to the different size of both structures, since for
example the dimensionality (which scales linearly with the

Figure 3. Average structures obtained at the final portion of the MD trajectories in the gas phase of the antiparallel G4-DNA from PDB entry 148D
(8-mer). In each pair of structures, G stands for gas phase, L and H refer to low (298 K) or high (448 K) temperatures, and T stands for the total charge.
Loops were not considered in these simulations. For simulation codes, see Table 1.

Figure 4. Contact maps for the final portion of the MD trajectories in the gas phase of the antiparallel G4-DNA from PDB entry 148D (8-mer). W stand
for water, G stands for gas phase, L and H refer to low (298 K) or high (448 K) temperatures, and T stands for the total charge. See also simulation codes
in Table 1.
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number of nucleotides72) is 3-fold larger in 352D than in 148D,
when the number of nucleotides only increases by a factor of
2. Furthermore, a test simulation for the antiparallel 156D
quadruplex (see above) confirms the larger intrinsic flexibility
of parallel quadruplexes, since despite their identical size 156D
(no-loop simulation) is clearly more rigid than 352D (see Table
S4 in Supporting Information and http://mmb.pcb.ub.es/∼manu/
G4DNA/.).

MD Simulations in the Gas Phase. Antiparallel G4-DNA.
Simulations of 148D in the absence of ions lead to extremely
distorted geometries after a few nanoseconds (see Figure 3 and
Table 2) due to the large magnitude of the phosphate-phosphate
electrostatic repulsion. Interestingly, both SAS and CCS are still
close to the values expected for G4-DNA, suggesting that
caution is required in the interpretation of these structural
parameters, since similar CCS can be associated with extremely
different conformations. When an ion is placed in the cavity,
the G4-DNA-ion complex is retained during the entire micro-
second trajectory. However, different structures are obtained
depending on the temperature and the nature of the central ion.
Thus, in the presence of Li+, simulations yield very distorted
G-quadruplexes, which appear to be collapsed (note the small

values of SAS and CCS; see Table 2 and Figure 3) and where
many native contacts are lost. A similar situation is found for
simulations with Na+ and K+ at high temperature (Table 2;
Figures 3 and 4). However, the G-quadruplex is completely
maintained during the entire microsecond in the trajectories run
at room temperature with Na+ or K+ in the central cavity (Table
2; Figures 3 and 4). The only noticeable difference between
the structures sampled in those trajectories and the control
simulations in water are a certain increase in theNorth (phase
angle centered around 0( 45°; typically C3′endo conforma-
tions) puckering (negligible in aqueous simulations and around
30-50% in the gas phase), though this does not have a major
impact in the global structure (structures and rmsd plots available
at http://mmb.pcb.ub.es/∼manu/G4DNA). The cation is found
in the central cavity in all simulations where the G-quadruplex
structure is preserved (i.e, with Na+ or K+ at low temperature).
However, when the structure collapses, the guanine-cation
interactions are replaced with a large variety of contacts
involving the DNA backbone. Even in very distorted G4-DNA
structures there is a large number of guanine-guanine interac-
tions (see Figure 5). In general when the G-quadruplex structure
is lost, guanines increase their stacking interactions, decreasing

Figure 5. Percentage of gained/lost interactions (hydrogen bond and stacking) in the different simulations for antiparallel G4-DNA from PDB entry 148D
(8-mer) with respect to the control simulation in water in the presence of Na+ in the central cavity. G stands for gas phase, L and H refer to low (298 K)
or high (448 K) temperatures, and T stands for the total charge. See also simulation codes in Table 1.

Figure 6. Average structures obtained at the final portion of the MD trajectories in the gas phase of the parallel G4-DNA from PDB entry 352D (16-mer).
In each pair of structures, G stands for gas phase, L and H refer to low (298 K) or high (448 K) temperatures, and T stands for the total charge, while the
distributed model is denoted as D. The less compacted structures have been reduced (16GLD(-9)-NoIon and 16GHT(-9)-Li+) to keep the sizes of the
pictures. See also simulation codes in Table 1.

A R T I C L E S Rueda et al.

3616 J. AM. CHEM. SOC. 9 VOL. 128, NO. 11, 2006



their hydrogen bonding. Overall, the pattern of interactions
becomes more complex in the gas phase than in solution.

The changes in the stiffness of cation-bound G4-DNA
associated with its isothermal transfer (298 K) from solution to
the gas phase are small and lead to a small gain in flexibility in

cases where the structure is preserved (Na+ and K+) and a small
loss of flexibility in the Li+ simulation (see Table 3 and
Supporting Information, Table S5). As expected, when the
temperature is higher or when the ion is removed from the
central cavity, the system gains flexibility (see Table 3 and

Figure 7. Contact maps for the final portion of the MD trajectories in the gas phase of the parallel G4-DNA from PDB entry 352D (16-mer). W stands for
water, G stands for gas phase, L and H refer to low (298 K) or high (448 K) temperatures, and T stands for the total charge, while the distributed model is
denoted as D. See also simulation codes in Table 1.

Figure 8. Percentage of gained/lost interactions (hydrogen bond and stacking) in the different simulations for parallel G4-DNA from PDB entry 352D
(16-mer) with respect to the control simulation in water (W) in the presence of Na+ in the central channel. G stands for gas phase, L and H refer to low (298
K) or high (448 K) temperatures, and T stands for the total charge, while the distributed model is denoted as D. See also simulation codes in Table 1.
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Supporting Information, Table S5). Finally, it is worth noting
that the nature of the essential movements of the antiparallel
G4-DNA in water is largely retained (around 60-70%) in the
gas-phase simulations 8-GLT(-3)-Na+ and 8-GLT(-3)-K+, and
that nonnegligible 20-30% similarity is found in simulations
leading to distorted quadruplexes (see Table 6 and Supporting
Information, Table S7).

According to our test simulations, the presence of connecting
loops in 148D does not introduce major changes (see http://
mmb.pcb.ub.es/∼manu/G4DNA) in the structure of the G-
quadruplex in the gas phase (see Table S1 in Supporting
Information). The total rmsd from NMR structure increases to
more than 3 Å, but for the quadruplex portion the rmsd is only
1.9 Å, very close to the results found in the equivalent simulation
without loops (see Table 2). The only remarkable structural
difference induced by vaporization in the entire 148D structure
is a small compression of the loops, which leads to a reduction
of 5% in the CCS, but this small change does not affect the
structure of the central G-quadruplex. Interestingly, connecting
loops, which were very flexible in solution, becomes clearly
more rigid in the gas phase, leading to a small increase in the
stiffness of the central G-quadruplex upon vaporization. Test
calculations with a longer antiparallel quadruplex (156D) do
not provide additional insights, since most results obtained
mirror those derived from the smaller quadruplex (see Tables
S3 and S4 in Supporting Information and http://mmb.pcb.ub.es/
∼manu/G4DNA). The only detectable difference is that for this
largest quadruplex vaporization always leads to a reduction of
flexibility (irrespective of whether loops are considered or not).
In summary, no-loops thrombin aptamer seems to be a good
model for antiparallel quadruplexes also in the gas phase.

Parallel G4-DNA. Three of the five simulations of parallel
G4-DNA performed in the absence of ions lead to unstable
trajectories after less than 20 ns, which avoid extension to 0.5
µs. The only two stable simulations were those performed at
low temperature with the smallest net charges (-8 and -9)
spread over all the phosphate groups. However, even in these
cases the structures largely deviate from the canonical G4-DNA
motif (see Figures 6 and 7; structures and rmsd plots available
at http://mmb.pcb.ub.es/∼manu/G4DNA). In agreement with
ESI-MS experiments, all the ion-G-quadruplex complexes are
maintained during the entire trajectories (see Figure 6), even in
those where the tetrad structure is lost (see Figure 6 and http://
mmb.pcb.ub.es/∼manu/G4DNA). Most simulations performed
in the presence of ions lead to compact structures, with CCS
close to those of quadruplexes in solution.

However, these compact structures do not always correspond
to real G-quadruplexes (see Figure 6 and Table 5), which
suggests that conservation of CCS alone is not enough to
demonstrate structure conservation. The degree of conservation
of the G-quadruplex structure in the gas phase depends on the
nature of the bound cation. Thus, four trajectories performed
with K+ and three done with Na+ yielded structures very close
to the canonical G-quadruplex after 0.5µs of MD simulation
in the gas phase (see Table 5, Figures 6 and 7, and http://
mmb.pcb.ub.es/∼manu/G4DNA). As expected, Li+ showed a
lower ability to stabilize the parallel G-quadruplex in the gas
phase than Na+ or K+, though in some cases G-quadruplexes
resembling the canonical ones are found at low temperature (see
Figures 6 and 7 and Table 5).

Even in trajectories leading to distorted G-quadruplexes, a
large amount of intra- and interstrand contacts is found (see

Table 7. Similarity Indexes (κ; See Text) between the Different Trajectories of the Parallel G-Quadruplexes (16-mer)a

a W stands for water and G stands for gas phase, L and H refer to low (298 K) or high (448 K) temperatures, T stands for the total charge, while the
distributed model is denoted as D. See also simulation codes in Table 1.
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Figure 7), with a general tendency to decrease the number of
guanine-guanine hydrogen bonds and to increase the number
of stacking contacts (Figure 8). It is not clear that all the distorted
structures will have their residues much more accessible when
the G-quadruplex structure is lost, which again casts doubts on
the use of low resolution measures as evidence that the
G-quadruplex structure is not altered in the gas phase.

Cation-DNA interactions are fully maintained in simulations
leading to canonical G-quadruplexes, whereas when the G-
quadruplex structure is lost the canonical guanine-cation
interactions are replaced by a complex pattern of interactions
with bases, phosphates, and sugars. As happens in the antipar-
allel structure, there is a small increase in theNorth puckering
(2-5% in aqueous simulations and 1-25% in the gas phase),
but this does not have a major impact in the global structure.

The parallel G4-DNA is in general stiffer in the gas phase
than in solution, as noted in the entropies, configurational
volume, and dimensionality determined at the same temperature
(see Table 5 and Supporting Information, Table S6). The larger
rigidity of the system can be explained not only by the
maintenance of the three cation-DNA contacts (in most cases
only two cation-DNA contacts are found in solution), but also
by the slight compression of the G4-DNA structure upon transfer
to the gas phase (see Table 5 and Supporting Information, Table
S6). The only expected exceptions to this behavior correspond
to distorted G4-DNAs, where a moderate increase in flexibility
from aqueous values is found (see Table 5 and Supporting
Information, Table S6). The nature of the essential movements
of the parallel G4-DNA is conserved around 60-70% for cases
where the G-quadruplex structure is maintained (see Table 7
and Supporting Information, Table S8), while such a conserva-
tion decreases, but not dramatically (typically to around 40-
50%), in cases where the G-quadruplex structure is lost.

Conclusions

Both antiparallel and parallel G4-DNA are very stable in
aqueous solution, provided that ions are placed in the central
channel of the G-quadruplex. If cations are removed, the
structure tries to capture them from the environment, but if the
G-quadruplex is large the time scale required to capture several
cations is greater than that for collapse of the G-quadruplex,
which leads to disruption in the G4-DNA structure. In agreement
with the experimental evidence, all simulations show that Na+

and K+ are more efficient that Li+ to stabilize the G-quadruplex.

As expected from ESI-MS experiments, we have not detected
any strand separation or ion-diffusion process when the G4-
DNA is transferred from solution to the gas phase. Despite the
large magnitude of phosphate-phosphate repulsions, the G-
quadruplex structure is resistant to structural alterations if
suitable cations are present. For short antiparallel G-quadru-
plexes, the structure persists after 1-µs MD simulation at room
temperature. Indeed, longer parallel G4-DNA can maintain their
structure intact in the microsecond time scale in the presence
of Na+ or K+ even at very high temperatures. Very interestingly,
even in cases where the G-quadruplex structure is lost, the
molecule still exhibits a large amount of interactions, stacking
then being enriched at the expense of some lost in canonical
hydrogen bonding.

To the best of our knowledge, the surprising stability of the
canonical structure of G4-DNA in the gas phase does not have
a similar precedent among nucleic acids or any other biologically
important macromolecule. The symmetry of the molecule is
expected to be partially responsible for the rigidity of the system
in hostile environments, but certainly the strength of cation-
DNA interactions and the magnitude of hydrogen bond and
stacking contacts should be responsible for the structural stability
in the gas phase. Our findings strongly support the use of ESI-
MS experiments to describe G4-DNA structure. Furthermore,
combining the present results with those obtained in the analysis
of duplex DNA-drug complexes in the gas phase, it can be
expected that ESI-MS experiments can be well suited to analyze
complexes of G4-DNA with small G-quadruplex binders of
potential use as telomerase inhibitors.
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