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ABSTRACT

Cations are known to mediate diverse interactions
in nucleic acids duplexes but they are critical in the
arrangement of four-stranded structures. Here, we
use all-atom molecular dynamics simulations with
explicit solvent to analyse the mechanical unfolding
of representative intramolecular G-quadruplex struc-
tures: a parallel, a hybrid and an antiparallel DNA and
a parallel RNA, in the presence of stabilising cations.
We confirm the stability of these conformations in the
presence of Kt central ions and observe distortions
from the tetrad topology in their absence. Force-
induced unfolding dynamics is then investigated. We
show that the unfolding events in the force-extension
curves are concomitant to the loss of coordination
between the central ions and the guanines of the G-
quadruplex. We found lower ruptures forces for the
parallel configuration with respect to the antiparallel
one, while the behaviour of the force pattern of the
parallel RNA appears similar to the parallel DNA. We
anticipate that our results will be essential to inter-
pret the fine structure rupture profiles in stretching
assays at high resolution and will shed light on the
mechanochemical activity of G-quadruplex-binding
machinery.

INTRODUCTION

DNA and RNA G-quadruplexes are important non-
canonical, four-stranded structures in which G-rich se-
quences can self-assemble in regular shapes in the presence
of monovalent cations. The basic motif, named the G-tetrad

(1,2), is formed via Hoogsteen hydrogen bonding between
four guanine nucleobases in a planar arrangement. Sev-
eral G-tetrads can stack successively on top of each other
to form the G-quadruplex. The presence of positive ions
like K+, Na* and NHI inside the structure stabilises the
highly electronegative central channel along the axis of the
G-quadruplex stem. DNA G-quadruplexes have been ob-
served at telomere ends and in gene promoter regions (3-5).
On the other hand, RNA G-quadruplexes form in mRNA
or by the transcription of the telomeric DNA into the
repeat-containing RNA (TERRA) (6-8). G-quadruplexes
seem to play a major structural and regulatory role in the
chromosomal maintenance and in the control of gene ex-
pression. Also, their ligand binding properties make them
excellent targets for therapeutic agents (9-11).
G-quadruplexes can adopt manifold topologies charac-
terised by different orientation of the four strands in the
quartet stem. If all the strands point in the same direction,
the structure is parallel and otherwise antiparallel. DNA is
able to fold into both conformations (12-17) while RNA
has been only observed in the parallel one (18-20). Force
spectroscopy experiments have shown that the different G-
quadruplex conformations exhibit different mechanical sta-
bilities (20-25). For instance, the antiparallel DNA struc-
tures have proved to exhibit higher rupture forces than the
corresponding parallel ones (22-24). DNA and its RNA
counterpart quadruplex have different mechanical stabili-
ties as well (20,25). Understanding the mechanochemistry
of those different topologies can provide valuable informa-
tion concerning the overall stability, flexibility, ligand bind-
ing affinity and the folding pathway of the G-quadruplexes.
Of critical importance for the stabilisation and unfold-
ing paths of these key cellular components, not found in
DNA or RNA duplexes (26), are the ions within the cen-
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tral channel (27). Their position has been clearly identified
in static, structural experiments and in spontaneous folding
pathways (28,29), but their importance in the force-induced
unfolding dynamics has not been studied in depth.

Molecular dynamics (MD) simulation is a valuable tool
that has been widely used to complement experiments and
to provide deeper insights in the understanding of different
properties of the G-quadruplexes at an atomic level. Most
of the MD studies have been conducted at equilibrium con-
ditions in order to check the conformational stability and
the dynamics of the G-quadruplexes (30-35). These equi-
librium simulations have validated the choice of the AM-
BER force fields to capture the main characteristics of the
G-quadruplex dynamics (32,33). MD have been also car-
ried out to make clear the role of the monovalent cations
in stabilising the quartet stems (36-39), features otherwise
not revealed by the experimental approaches. They agree
that the cations confer a great stability to the G-quadruplex
and that removing them leads to a great distortion of the
G-quadruplex structure.

Steered Molecular Dynamics (SMD) allows the simula-
tion of the application of external forces to specific atoms,
in a similar way to the stretching experiments performed
in single molecules by optical and magnetic tweezers. This
method provides an alternative path to characterise the me-
chanical stability of G-quadruplexes by computing the rup-
ture forces and the free energy differences along unfolding
coordinates, termed in some contexts as Potential of Mean
Force (PMF) (40). PMF captures thermodynamic changes
undergone by the molecule during the unfolding. One of the
most challenging feature of SMD is the gap between the ex-
perimental velocity values and those used computationally.
Higher values of the velocity lead to an overestimation of
the rupture forces (41). Nevertheless, SMD ofters an atom-
istic picture of the structural changes during the unfolding
and its results can be complemented with other calculations
like the PMF. Mechanical unfolding of quadruplexes has
been studied computationally with atomic detail in a few
works (42,43). Li et al. (42) studied the unfolding of the par-
allel human telomeric DNA and estimate the unfolding free
energy through Jarzynski equality (44). They showed that
the unfolding pathway depends on the pulling-force appli-
cation site. Likewise, Yang et al. (43) studied the unfolding
of the thrombin binding aptamer (a structure formed by two
G-tetrads that stack the divalent cation Sr>*) and showed
that the largest contribution to the unfolding free energy
comes from the removal of the central ion.

In this article, we provide the first comparative study of
the mechanical unfolding of different short segments of hu-
man telomeric DNA and RNA G-quadruplex with different
topologies, specifically the parallel, hybrid I and antipar-
allel configurations of the DNA and the parallel configu-
ration of RNA in the presence of the central cations be-
tween each couple of quartets. In agreement with previous
studies, the equilibrium simulations confirm that the cen-
tral ions are important to maintain the folded structure of
the G-quadruplexes, particularly for the parallel one. The
influence of the central ions in the unfolding path and the
rupture forces are then studied. We show that rupture events
are strongly related to the coordination between the central
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ions and the guanines. Finally, the PMF is reconstructed to
compare the main results obtained with the pulling simula-
tions.

MATERIALS AND METHODS
MD simulation

The starting structures for the simulation have been down-
loaded from the Protein Data Bank. The items used are
the following: the parallel intramolecular DNA with PDB
id:1KF1 (12) (obtained by X-ray diffraction); the hybrid in-
tramolecular DNA with PDB id:2HY9 (17) (obtained by
NMR) and the antiparallel intramolecular DNA with PDB
1d:143D (13) (obtained by NMR). The first adenine base of
2HY9 was deleted. Thus all the structures have the same se-
quence composition: d[AG3(T>AGs3)3;]. We manually build
the atomic positions file for the parallel unimolecular RNA.
For this, we make the following modifications to the paral-
lel DNA 1KF1 file using the software VMD (45): an OH
group is added to each C2' sugar atom (to transform de-
oxyribose into ribose sugar) and replace the methyl group
CHj; of each thymine by a single hydrogen atom (to trans-
form thymine into uracil base). All structures have two K*
ions in the central channel along the axis of the quadruplex.
We have used K+ ions instead of the Na™ in the antiparallel
DNA in order to have similar conditions in all simulations.
The structures of each G-quadruplex are shown in Figure 1.
We use the following nomenclature for each G-quadruplex:
1KF1 14, for the parallel DNA; 2HY9 11, for the hybrid
DNA; 143D *, for the antiparallel intramolecular DNA
and RNA 11, for the parallel RNA.

The MD simulations were carried out with the software
GROMACS 4.6.5. (46) All the results present here were
obtained with the modification ParmbscO of the Amber
force field (47) although Amber 99 (48) was also probed.
The structures were solvated with TIP3P water molecules
in a periodic box of 6.5nm x 6.5nm x 24 nm. Additional
K™ ions were added to the system to counteract the neg-
ative phosphate charges of the DNA and RNA chains.
The energy minimization involves 1000 steps of the steep-
est descent and 1000 steps of conjugated gradient algo-
rithms. Then, the equilibration simulations have been con-
ducted during 100 ps at 300 K in the NVT ensemble (con-
stant number of particles, volume and temperature) fol-
lowed by 100 ps at 300 K and I atm in the NPT ensem-
ble (constant number of particles, pressure and tempera-
ture). In these equilibration simulations the G-quadruplex
atoms were constrained in their initial positions, whereas
the water molecules and the ions were allowed to move. The
system temperature and pressure were kept fixed by using
the modified Berendsen thermostat (51) and the Parrinello-
Rahman barostat (52), respectively. Equilibrium MD simu-
lations were carried out with Langevin dynamics for 45 ns
with a damping factor of m/t, where m is the mass of
each atom involved in the dynamics and 7 = 0.1 ps the
coupling constant time. The integration time step was 2 fs.
Long-range electrostatic interactions were treated using the
particle mesh Ewald (PME) approach with a 1nm direct
space cutoff. The Lennard-Jones interactions were cut off
at a distance of 1 nm. To avoid any net movement of the
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Figure 1. Simulated G4 structures. 7op: All atom representation of the PDB files: IKF1 44- parallel DNA, 2HY9 11 - hybrid I, 143D 1| - antiparallel
DNA. Bottom: Simplified representation of the structures. Guanines of the same tetrad are represented by parallelograms with the same colour. The
position of the adenine Al and guanines G2 and G22 bases are indicated. For sake of simplicity the bases of the loops are not represented. The violet
arrows represent the direction of the pulling force. RNA is constructed from 1KF1 file as explained in the text.

DNA/RNA molecule in the box, the centre-of-mass dis-
placement was removed at every time step. The default val-
ues of the Lennard-Jones interaction parameters for the K*
ions were used: € = 1.37 x 1073 kcal/mol and o = 4.73A.

During the pulling simulations a backbone atom of one
end is maintained fixed and a backbone atom at the other
end is pulled with an harmonic spring. For this, we choose
the O3’ and O35 atoms of the G22 and Al bases, respec-
tively. The pulling parameters are taken from the work of
Li et al. (42) which are typical values in such simulations: a
force constant, ky = 1000 kJ/(mol - nm?), and a pulling ve-
locity, v = 1 nm/ns. The pulling is performed along the di-
rection z. In the initial steps of the simulation the molecule
orients in such a way that the vector joining the fixed and the
pulled atoms lies along the z axis. The initial configurations
for the pulling simulation are those obtained at the end of
the equilibrium simulations. The trajectory was monitored
during 8 ns.

PMF

The PMF maps the free energy of a given system along
one or more reaction coordinates. Here, we chose as the
reaction coordinate the z distance between the same ter-
minal atoms used to conduct the pulling simulations de-
scribed above. The PMF was reconstructed then by using
umbrella sampling (49) and the weighted histogram anal-
ysis method (50). The method consists in sampling the re-
action coordinate by constraining the z values around the
minimum z; of a biased harmonic potential. The sampling
of z is done inside N windows centred in z; which are sepa-
rated by a step distance dz = 0.2 nm. The biased potentials
holding the chain are W(z) = ko/2(z — z,)* (i = 1, .., N),
where the value of kj is the same used in the pulling simula-

tions. The z distributions from the N windows obtained in
thermalised conditions are then combined to get the PMF
through the weighted histogram analysis method, by using
a bin width of 0.08 nm. The errors in the estimation of the
PMF were calculated by the Bayesian bootstrap analysis,
both implemented in GROMACS 4.6.5 (46,53). In order to
ensure good converged PMFs we used different thermaliza-
tion and sampling times.

RESULTS AND DISCUSSION
Equilibrium simulations

Equilibrium simulations were conducted during 45 ns in or-
der to check the stability of the G-quadruplexes and there-
fore the validity of the force field. For this, we calculated the
Root Mean Square Deviation (RMSD) for both the stem
and the loop atoms and the number of hydrogen bonds in
each plane. The number of hydrogen bonds is defined based
on cutoffs for the distance between the donor and the ac-
ceptor atoms (<0.35 nm) and for the angle formed by the
hydrogen, donor and the acceptor atoms (<30 degrees) (46).

Figure 2 shows the RMSD values for the stem (G4) and
the loop atoms for the different quadruplexes. It is observed
that in all simulations the stem of both structures is quite
stable while the loops deviate from the initial configuration.
The position of the two central K* ions is also stable over
the simulation time and there is no exchange with the ions of
the solution. The number of hydrogen bonds in each quartet
shows fluctuations around the equilibrium value 8. Values
higher than 8 indicate the formation of bifurcated hydrogen
bonds in the plane, and lower ones correspond to temporal
breaking of the bonds.
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Figure 2. Equilibrium simulations with the central ions for the DNA and
RNA quadruplexes. (A) RMSD of the stem (G4) and loop atoms. (B)
Number of hydrogen bonds in each plane. The colour of the lines corre-
sponds to the planes represented in Figure 1.

The model built for the unimolecular RNA was validated
by comparing it with the dimeric experimental structure
3IBK obtained by X-ray diffraction (19). There is a good
correspondence between the two models as shown by the su-
perposition of their structures (Supplementary Figure S1)
although the torsion angles of the backbone do not coin-
cide for all the atoms. Equilibrium simulations of both uni-
molecular and dimeric RNA show formation of hydrogen
bonds between the OH groups and the rest of the molecule.

The stability of the quadruplex structures was further
investigated through the Root Mean Square Fluctuations
(RMSF) that quantifies the average deviation of each atom
during a given trajectory. This magnitude corroborates also
the higher flexibility of the loops as compared with the
quadruplex stem (Supplementary Figure S2). Overall, the
equilibrium simulations show that all the G-quadruplexes
are stable at the beginning of the pulling simulation.

We have also analysed the behaviour of the G- quadru-
plexes without the central ions. It is well known that the cen-
tral ions enhance the stability of the quadruplex structure
(36-39). In agreement with these studies, we have obtained
that all structures become unstable in comparison to those
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Figure 3. Equilibrium simulations for the DNA intramolecular G-
quadruplexes without the ions in the central channel. (A) RMSD of the
stem (G4) and loop atoms. (B) Number of hydrogen bonds in each quartet

with the central ions, as visible from both the higher values
of the RMSD and the decrease of hydrogen-bond number
as a function of the time (see Figure 3). The way each G-
quadruplex is distorted in the absence of the central ions
is also different. The highest deviations with respect to the
initial configuration are obtained for the two parallel struc-
tures IKF1 11 and RNA 11 (see also Supplementary Fig-
ure S3 where one graphical example of the conformations at
the end of the equilibrium simulations has been presented).
This effect was previously studied by MD in (39). In that
work, it was shown that strand slippage is easier to occur
in the parallel structure with all guanines in the anti confor-
mation, whereas in the antiparallel structure the alternate
conformations of guanines syn/anti prevent strand slippage
conferring a higher stiffness to the quartet stem. In some of
the realizations without the central cations, one of the ions
of the solution enters inside the quadruplex channel lead-
ing to the reorganization of the structure. One example is
for the hybrid quadruplex 2HY9, where one ion is captured
around ¢ = 23 ns (Figure 3B) and the number of the hydro-
gen bonds of each plane returns to its equilibrium value
of 8. Similar to the simulations with the central ions, the
OH group of the ribose sugar of the RNA forms several in-
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tramolecular hydrogen bonds. However, these interactions
are not able to stabilise the quadruplex conformation.

Pulling simulations

SMD simulations are started from the final structures ob-
tained in the equilibrium simulations. The force at the
pulling spring and the z distance between the pulled and
the fixed atoms are computed as a function of the simula-
tion time (Figure 4). The curves display a fine structure of
rupture events characterised by high-amplitude force oscil-
lations as a function of the time. Smoothed force-extension
curves are also plotted in the same graphs for the sake of
comparison. Some snapshots at the times indicated by the
dashed lines are also presented.

There are differences concerning the force values and
the rupture patterns among the different quadruplexes. An-
tiparallel quadruplex exhibits the highest rupture forces
similar to the experimental results for quadruplexes with
four guanine planes (22,23). Also, the unfolding path of the
antiparallel quadruplex is clearly the most stepwise as visi-
ble from the presence of sharp force peaks which reveal an
unfolding dynamics made by subsequent disruptions.

To have a better description of the unfolding pathway
we calculated the number of the hydrogen bonds in each
quartet and the coordination number of each central ion
with its neighbor guanines. The coordination number was
evaluated through the distances between each central ion
and the O6 atoms of each of its eight neighboring guanines
(these distances are shown in Supplementary Figure S4). In
the folded structure, where the coordination is maximum
and equals 8, these distance values fluctuate around 0.35 nm
with amplitudes below 0.1 nm. Then, we can say that a gua-
nine is not coordinated to the central ion if the distance be-
tween them is larger than 0.45nm. Figure 5 shows that in
the parallel and hybrid structures the three guanine quar-
tets break almost simultaneously, as can be seen from the
decrease of the number of hydrogen bonds in each plane,
while in the antiparallel one, the rupture of the planes oc-
curs at different stages of the simulation. When the quadru-
plex unfolds, the ion-guanine distance increases and the co-
ordination number decreases. For the parallel and the hy-
brid quadruplex, the coordination numbers of K and K
decrease almost simultaneously at 7 ~ 3 ns. In the antipar-
allel case, the decrease of the coordination number presents
instead longer steps.

It is worth noting that the structural changes in the un-
folding trajectories observed in Figure 5 are in close corre-
spondence with the force curves displayed in Figure 4. In
fact, the instants at which the rupture events are observed
(3 = 3ns, ; = 2.5nsand 3 = 2.2 ns for parallel DNA, par-
allel RNA and hybrid DNA respectively, and #, = 2.18 ns,
t3 = 3.4ns and 7 =4.3ns for antiparallel DNA) match
those of the decrease of the number of hydrogen bonds (top
panels of Figures 5A-D) and the loss of coordination of the
central ions (bottom panels of Figures SA-D). The high-
est force peaks are obtained in all cases when the ions are
in the central channel of the quadruplexes (see the snap-
shots of Figure 4). These forces come, of course, not only
from the disruptions of the ion-guanine interactions but
also from the simultaneous breaking of the hydrogen bonds

and stacking interactions. What is important is that the
ions coordinate a favorable arrangement of the quadruplex
structure and then are able to increase the strength of all the
interactions. The influence of different non covalent bonds
in quadruplex have been studied in detail with quantum cal-
culations in (55). It was shown there that the ion-guanine
interactions increase the cooperativity and the strength of
hydrogen bonds and stacking forces. A similar effect is de-
rived from our MD simulations even if only the Coulomb
and Lennard-Jones potentials are used to model the inter-
actions between the ions and the quadruplex.

The subsequent ruptures observed in the unfolding of the
antiparallel quadruplex are also related to the geometry it-
self, i.e. which planes are under tension during the pulling.
In fact, in the antiparallel quadruplex the Plane 1 (the blue
one in Figure 1) is directly under tension from two of its
edges and then is disrupted first as shown in Figure SD
where the hydrogen bonds break before than in the other
planes. Differently, for the parallel and hybrid quadruplexes
the tension is applied between the Plane 1 and Plane 3 (the
blue and green ones) and then break almost at the same time
and with slower progression in time, see Figure SA-C. Un-
der those pulling conditions the central ions can leave the
channel easier and then the rupture occurs at lower forces
and in a more cooperative way.

The rupture forces found for the parallel DNA and the
constructed RNA quadruplexes are very similar. This result
does not agree with experimental works where higher me-
chanical stability has been obtained for RNA quadruplex
(25). Our results could be related to the molecular model we
have used for RNA where the backbone torsion angles are
not exactly the same as in the experimental dimeric struc-
ture. In the calculations of the hand made monomeric RNA
we have checked the temporal evolution of the hydrogen
bonds formed by the OH groups. These interactions are pro-
posed to be the responsible for the higher mechanical stabil-
ity of RNA with respect to DNA (19). However, from our
simulations there is not a clear correlation between the force
curve in the unfolding process and the number of these hy-
drogen bonds. In fact, as visible in Supplementary Figure
S5 the number of hydrogen bonds along the unfolding tra-
jectory remains close to that obtained from the equilibrium
simulations. These interactions can confer conformational
stability to the quadruplex but seem to have small influence
in the values of the rupture force.

In all the trajectories of the four studied quadruplexes,
we observe that one of the unfolded steps is a triplex like
structure in which one of the four strands of the quadruplex
stem and one loop is unfolded while the rest of the struc-
ture is folded (see the snapshots of Figures 4A-D at times
t4 = 7ns, 13 = 7ns, ts = 6.8 nsand ts = 6.7 ns, respectively).
The rupture of this last structure is responsible for the force
peaks observed in Figure 4 at those times. This triplex struc-
ture has been proposed as an intermediated state during the
mechanical unfolding of telomeric DNA and RNA quadru-
plexes in (25,54). Our simulations show that this triplex state
can have different arrangements depending on the quadru-
plex geometry and the presence or not of the ions.

The role of the central ions in the unfolding path is
also corroborated by the pulling simulations without these
ions (Supplementary Figure S6). The starting structures

020Z 1aquieoa(] gz UO Jasn pLpe|\ 8p BwOoUoINY PepIsIiaAlun Aq /St 1L 2/8E9//S LIS y/o1onie/ieu/wod dno olwspeoe//:sdiy wolj papeojumo(



600

F - simulation -
F - smooth — E
z —

L

I :
F - simulation -~
F - smooth —
7z —

Nucleic Acids Research, 2015, Vol. 43, No. 15 7643

T T
RNATT?

LA L B

T |
F - simulation -

F - smooth —
z —

T T T
F - simulation -
. F-smooth —
; T

12

[wu] z

0202 Jequieoa( gZ U0 Jasn pUPE\ op ewouony pepisioAlun Aq 2/ 1 12/8€9.2/S |L/Sh/a1o1ue / eu/wod dnoolwspese//:sdiy Woll papeojumod

Figure 4. Force and extension as a function of the time during the pulling simulations. Vertical dashed lines indicate the time at which the snapshots are
presented. (A) Parallel IKF1 14. (B) Parallel RNA 11. (C) Hybrid 2HY9 11 . (D) Antiparallel 143D 1. In the snapshot 73 of RNA the represented ion
is coloured in silver to indicate that is from the solution.



7644 Nucleic Acids Research, 2015, Vol. 43, No. 15

%12’ | o T TPlahe 1-cd —— |A
g 7:' ; 1KF111 Plane 2 - G4 -------
D 8 iy Plane 3 - G4
c
()
g4
kel
T

0
c
28
© L
c [
T L
R
o I
2 oL ‘ ‘ \ \ \

o 1 2 6 7 8 9

t [ns]
9212 : : ‘
g - | | ! ‘PIane‘1-G4‘— C
@ 8 i 2HY91 1| Plane 2 - G4 -
8 Plane3-G4'—
e}
T o M
9
c
Ke]
©
c
5
o
(o]
[&]
c
o
9

t [ns]

[2]
g 12r ‘ ‘ "Pland 1-G4— |B
@ gl RNA? 1 Plane 2 - G4
5 Plane 3 - G4
D 4
o
S
0
0 1 2 3 4 5 6 7 8 9
t [ns]
S T \ \ T
R o
s | I
g ‘b
S ol S TR \
0 1 2 3 4 5 6 7 8 9
t [ns]
t,)12 T T T
g C ‘ 1‘43DT‘$ "Plane 1 - Gh— D
M g i 1,. Plane 2 - G4
& Plane 3 - G4 -
2 4L
S 4r
=4 C
T o :
0 1 9
s C
A S i SO
S B
g ar v v ML“_\
S oL \ L 1 1M,
0 1 9

t [ns]

Figure 5. Number of hydrogen bonds in each plane (top panels) and coordination number of the central ions (bottom panels) for the structures: (A) Parallel
1KF1 14; (B) Parallel RNA 11; (C) Hybrid 2HY9 11; (D) Antiparallel 143D 1.

for these calculations are those obtained at the end of the
equilibrium simulations described in the previous section.
In these cases, the removal of the ions causes that the
three consecutive guanines of one side of the stem can be
pulled out the quadruplex structure almost at the same time,
as demonstrated by the decrease of the hydrogen number
in the three planes (see Supplementary Figure S6B). This
behaviour suggests that the stacking between consecutive
planes is significantly reduced in the absence of the ions and
for this reason, as visible in Supplementary Figure S6A,
there is a reduction on the values of rupture forces and a
change on the unfolding pattern. Besides, the removal of
the central ions eliminates the geometrical constraints and
allows the formation of structures where guanines are no
longer disposed on the same plane. The disruptions of such
structures give rise to the peaks observed for the antiparallel
and hybrid conformations in Supplementary Figure S6A.
To check the reproducibility of our results, we performed
some extra realizations of each pulling experiment with dif-
ferent seeds in the integration of the Langevin equations
(see Supplementary Figure S7 where the different curves of
the force as a function of the time are reported). The main
qualitative behaviours are maintained: the rupture forces

are always higher for the antiparallel conformation and the
force pattern is more stepwise than for the other configura-
tions. Taken the maximum rupture force as a measure of the
mechanical stability we get that the most stable quadruplex
is the antiparallel, followed by the hybrid and the parallel
(DNA and RNA) quadruplexes. This order is in agreement
with the mechanical stabilities obtained from the unfolding
free energies of telomeric DNA quadruplexes reported in
(24).

As explained in the methods section, the antiparallel
structure has been experimentally observed in solution with
Na' instead of K*. For this reason, we have also simulated
the unfolding of the antiparallel structure with two Na™
ions in the channel of the quadruplex. Supplementary Fig-
ure S7 shows that the stepwise pattern also holds in this case.
The rupture forces decrease with respect to those with K*
ions but are still higher than in the other quadruplexes.

In general, the rupture forces obtained in these simula-
tions are higher than the experimental ones. This is due
to the much higher velocity that is required in the numer-
ical simulations. Lower velocity values allow thermal fluc-
tuations to aid the mechanical unfolding and then lower
forces are obtained (41). However, as we will discuss later,
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Figure 6. PMF for the DNA quadruplexes.

the qualitative picture of the unfolding obtained here can
be validated with calculations that do not depend on the
pulling velocity. Another aspect, related to the temporal
scales of the simulations, is that the pulling is performed
in few nanoseconds, well below the microsecond scale time
in which the main conformational changes of the loops are
observed (33). In order to explore different geometries of
the loops in relatively short times, we have performed equi-
librium calculations at higher temperatures (400 K). In the
simulation times at this temperature the mobility of the
loop increases but the quadruplexes remain folded. We have
selected some of the structures along these trajectories as
starting conformations for the pulling simulations at room
temperature (300 K). Also in this case, the values of the force
and the unfolding patterns obtained do not change signifi-
cantly.

Reconstruction of the PMF of DNA quadruplexes

The thermodynamic changes undergone by the G-
quadruplex during the pulling can be captured in the PMF,
which evaluates the free energy along the reaction coordi-
nate, E(z). The PMF is reconstructed by using umbrella
sampling and the weighted histogram analysis method. The
PMF provides another approach to compare the relative
mechanical stability between the different quadruplexes. In
order to have reliable estimates of the free energy differences
the system has to achieve a state of thermal equilibrium
and the sampling has to be big enough to capture all the
relevant molecular structures consistent with z;. For this
reason, we have used different thermalization and sampling
times to ensure the convergence of the PMF curves. We
have selected profiles with 4 ns and 40 ns of thermalization
and sampling times, respectively. The converged profiles
are shown in Figure 6 for the DNA G-quadruplexes. As
parallel DNA and RNA have similar rupture patterns we
have not computed the PMF for the RNA quadruplex. The
errors in the reconstruction of the PMF were estimated by
using Bayesian bootstrap analysis (Supplementary Figure
S8).

The structure of the PMF consists in successive con-
cave and convex regions. Convexity demarcates mechani-
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cally stable conformations while concavity points to unfold-
ing events. The antiparallel G-quadruplex exhibits a pro-
file with alternate convex and concave regions correspond-
ing to intermediate structural states and unfolding events
during the stretching, respectively. These steps are in cor-
respondence with the sharp peaks observed in the force
curves. A similar profile was obtained with this computa-
tional method for the thrombin binding aptamer (43) show-
ing that the antiparallel geometry tends to unfold in a step-
wise fashion. In the parallel and hybrid configurations only
one unfolding event is clearly distinguished. Some of the
representative structures obtained along the reaction coor-
dinate z for the antiparallel quadruplex are shown in Sup-
plementary Figure S9. These snapshots were selected from
the equilibrium simulations performed in different windows
during the umbrella sampling. It is evident from these snap-
shots that the central ions coordinate different intermedi-
ated states of the antiparallel structure.

The qualitative unfolding behaviour obtained by the
PMF is therefore in agreement with that derived from the
pulling simulations, which were obtained at pulling veloci-
ties higher than the experimental ones. To be more specific,
from the PMF profiles we are able to estimate the quasi-
static force vs. extension curves, and to include in them
the influence of different values of the elastic constant k
as shown in Supplementary Figure S10. The numerical re-
sults of this figure are in qualitative correspondence with the
force curves obtained in the pulling simulations in Figure 4.

The experimental values of the unfolding free energy
for the human telomeric quadruplex reported in ref (24),
obtained by using Jarzynski equality (44), are lower than
those obtained in our simulations with the umbrella sam-
pling method (experimental values are in the order of 6-11
kcal/mol). These differences may be due to very long equi-
librium calculations required in each of the umbrella sam-
pling windows. Moreover, the energy profile for the antipar-
allel structure with Na™ should be lower than the current
with K* as expected from the force curves obtained in the
previous section. Even in the presence of these discrepancies
the calculated energy profiles give us another comparative
measure about the relative mechanical stability among the
different quadruplexes. From the inspection of Figure 6 it
is confirmed that the mechanical stability of the antiparal-
lel structure is higher than the hybrid, and the latter higher
than the parallel one. All these results are in agreement with
the pulling simulations above reported as well as with the ex-
perimental results. In addition, the stepwise pattern of the
antiparallel PMF may be also consistent with the possible
existence of free energy barriers during the mechanical un-
folding of the different planes of the G-quadruplex, as sug-
gested by de Messieres et al. (23) and Ghimire ez al. (56).

CONCLUSIONS

We have made a comparative and systematic study of the
mechanical unfolding of different conformations of the
telomeric DNA and RNA quadruplexes by using all atom
MD simulations. The role of the central ions in both the
stability and the mechanical unfolding of these quadru-
plexes has been addressed. All the configurations exhibit
similar stability when the K+ ions are within the central G-
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quadruplex channel and experience a significant weakening
when they are removed.

Further, SMD simulations reveal that the unfolding path
of a G-quadruplex strongly depends on its topology. The
rupture forces registered during the unfolding for the an-
tiparallel DNA structure are higher than those of the hy-
brid and the parallel ones, in agreement with experimental
results. Moreover, the rupture force-time profile of the an-
tiparallel G-quadruplex displays a stepwise pattern which
is not apparent for the other structures. These features are
related to the higher stability due to the presence of the K™
ions which remain longer in the central positions of the G-
quadruplex channel. DNA and RNA parallel quadruplexes
exhibit similar mechanical stabilities.

The pulling velocities used in the simulations are several
orders of magnitude higher than those used experimentally.
For this reason, the rupture forces obtained here are overes-
timated. However, the qualitative rupture profiles obtained
from the pulling simulation are in agreement with those de-
rived from the PMF, indicating that the simulations provide
a representative information about the unfolding pathways
of G-quadruplex structures.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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