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We study the unfolding of a parallel G-quadruplex from human telomeric DNA by mechanical stretching
using steered molecular dynamics (MD) simulation. We find that the force curves and unfolding pro-
cesses strongly depend on the pulling sites. With pulling sites located on the sugar-phosphate backbone,

the force-extension curve shows a single peak and the unfolding proceeds sequentially. Pulling sites
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located on the terminal nucleobases lead to a force-extension curve with two peaks and the unfolding
is more cooperative. Simulations of the refolding of partially unfolded quadruplexes show very different
behavior for the two different pulling modalities. In particular, starting from an unfolded state prepared
by nucleobase pulling leads to a long-lived intermediate state whose existence is also corroborated by the
free energy profile computed with the Jarzynski equation. Based on this observation, we propose a novel
folding pathway for parallel G-quadruplexes with the human telomere sequence.

© 2008 Elsevier Inc. All rights reserved.

Although known for 40 years, G-quadruplex DNA structures
formed by the self-assembly of guanine-rich poly- and oligonucle-
otides [1] have recently received renewed interest not only due to
their importance for maintaining the very ends of chromosomes,
the telomere [2], but also as possible targets for cancer therapy
[3]. G-quadruplexes result from the hydrophobic stacking of sev-
eral G-quartets, which are planes of four guanines held together
by eight hydrogen bonds. The G-quartet stacking is further stabi-
lized by cations (typically K" or Na*) located between two quartets
which reduces the repulsion between the aromatic oxygen atoms
in neighboring guanines [4,5].

G-quadruplexes are comparable in stability with DNA duplexes
[4]. The kinetics of their folding and unfolding has been studied
with temperature-dependent circular dichroism and differential
scanning calorimetry [6-8] as well as with molecular dynamics
(MD) simulation [9-13]. The detailed folding and unfolding path-
ways of G-quadruplexes remain elusive since they have defied
study by single-molecule force experiments; equilibrium MD sim-
ulation, on the other hand, cannot characterize these processes due
to their exceptionally slow kinetics. Stefl et al. studied the folding
of a four-stranded intermolecular G-quadruplex of d(GGGG) by
probing possible supramolecular intermediates in the formation
pathway [11]. The folding of intramolecular quadruplexes contain-
ing the human telomeric DNA sequence -[TTAGGG]- is likely to be

* Corresponding author. Fax: +49 7531 88 3090.
E-mail address: thomas.gisler@uni-konstanz.de (T. Gisler).

0006-291X/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2008.12.006

more complicated because it involves the movement of the loop
region (-[TTA]-).

The difficulties for studying G-quadruplex unfolding by equilib-
rium molecular simulation can be overcome by steered MD simu-
lation [14,15]: the ends of the molecule are linked to Hookean
springs serving as force sensors whose ends move in opposite
directions with constant velocity. This method is able to give the
non-equilibrium force f{I) as a function of the DNA end-to-end dis-
tance [, similar to single-molecule force experiments [16]. Free en-
ergy profiles which allow to identify intermediate states can be
obtained from non-equilibrium force-extension curves using the
Jarzynski equation [17,18].

In the present publication, steered MD simulation was used to
study the unfolding of the parallel G-quadruplex from human telo-
meric DNA. By attaching the Hookean springs to different sites
within the molecule (namely, to the terminal sugar backbone or
to terminal bases), different force-extension curves are obtained
which show one or two main peaks. The differences in the force
curves are caused by different unfolding pathways, either charac-
terized by a sliding mode or by a metastable intermediate state.
The calculation of the free energy profile and refolding simulations
corroborates the presence of the intermediate state in the case of
pulling on the terminal nucleobases.

Methods

All simulations were carried out using the MD software package
GROMACS 3.3 [19] with the AMBER 03 force field [20] and the
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Tip3P water model [21]. Simulations were run in the NPT ensem-
ble. The temperature was kept constant at a temperature
T=300K by coupling to a Berendsen thermostat. The pressure
was kept constant at p = 1 bar using anisotropic coupling to a Ber-
endsen barostat [22]. All bonds were constrained using the LINCS
algorithm [23]. An integration time step of 2 fs was used. Len-
nard-Jones interactions were calculated using a cutoff of 1 nm.
At a distance smaller than 0.9 nm, electrostatic interactions were
calculated explicitly, whereas long-range electrostatic interactions
were calculated by particle-mesh Ewald summation [24].

The 22-mer G-quadruplex of the human telomeric DNA se-
quence 5-AG3[TTAGGG]3-3’ was studied. The initial atom coordi-
nates were taken from the crystal structure of the parallel
quadruplex (PDB entry 1KF1 [25]; see Supporting Materials,
Fig. S1). The quadruplex was solvated in a cubic box of
6.5 x 6.5 x 10 nm>; 22 K" ions were added to provide electroneu-
trality, three of which were positioned in the center of the quadru-
plex channel. An energy minimization of 1000 steps using the
steepest descent algorithm was followed by a 400 ps position-con-
strained MD simulation in order to equilibrate water and ions. A
subsequent MD simulation of 1 ns was performed to equilibrate
the entire system.

For the steered MD simulations, two Hookean springs with
same force constant (ko= 1000 kJ/(mol nm?)) were attached at
the ends of the quadruplex in different ways: (i) to stretch from
the sugar backbone, two springs were attached to O5’ atom of Al
and to the 03’ atom of G22, respectively; (ii) to stretch from the
nitrogen atom of the terminal base, the two springs were attached
to the N6 atom of A1 and to the N2 atom of G22, respectively.

Force was applied by moving the two springs in opposite direc-
tions with constant velocity v (see Supporting Materials, Fig. S1),

Zi(t) = z(0) + vt (1.1)

where v = 1 nm/ns is the constant pulling velocity, z;0) is the initial
position of the DNA end, Z(t) is the position of the clamped end of
the spring at time t and i refers to the 5’ or 3’ ends. Forces at the two
ends were recorded at every time step,

fi(t) = kolzi(t) — Zi(t)] (1.2)

The force curves were smoothed with an FFT filter.

Free energy changes during the stretching were calculated
based on the Jarzynski equation which relates the free energy
G(1) with the work W(I) performed to stretch the molecule to the
end-to-end distance I=|z; —z4| in non-equilibrium conditions
[17],

exp(—G(l)/ksT) = exp(—W(l)/ksT) (1.3)

where the overbar denotes the average over all possible trajectories.
We created 50 pulling trajectories with initial conformations ran-
domly selected from the equilibrium simulation. In order to save
computer time, we decreased the simulation box to
5 x 5 x 6 nm>. The free energies using weighted histogram meth-
ods as ensemble average [26] were calculated using the expression
developed by Hummer and Szabo [18].

Results
Equilibrium simulations

The stability of the G-quadruplex was verified by a 1 ns free MD
simulation and comparison with the initial crystal structure. When
three K* ions are positioned within the central channel of the G-
quadruplex, one of them is readily expelled, leaving the remaining
two cations located between the quartet planes. The resulting
structure is stable, reflected by the small and constant overall

root-mean-square displacement (RMSD) values [(1.9%0.28)A]
after 200 ps (see Supporting Materials, Fig. S2). In contrast, when
no ions are in the channel, the structure is unstable and the overall
RMSD continuously increases during the simulation (Fig. S2). The
importance of the K* ions for the stability of the G-quadruplex
structure is further underlined by the fact that the RMSD of the
guanines after equilibration [(0.98 + 0.16) A] is by about a factor
of 2 smaller than the RMSD of the other bases [(2.1+0.4)A]
(Fig. S2). In the following, we focus on force-induced unfolding in
the presence of K* ions.

Force-extension curves and force-induced conformation changes

Fig. 1(A) and (B) shows the DNA end-to-end distance [(t) and the
corresponding forces acting on the ends of the molecule as a func-
tion of simulation time. When the springs are connected to the
backbone (05’ of A1 and O3’ of G22, see inset in Fig. 1(A)), the
force-extension curve shows a single peak at about 750 ps
(Fig. 1(A)). When the springs are connected to the terminal nucle-
obases (N6 of A1 and N2 of G22, see inset in Fig. 1(B)), the force-
extension curve shows two distinct peaks at about 600 ps and
1100 ps which are separated by a trough at about 750 ps
(Fig. 1(B)). The large difference between the force curves in
Fig. 1(A) and (B) indicates that the pulling at different sites results
in force-induced unfolding of the G-quadruplex along different
pathways.

The difference in the unfolding pathways is further revealed by
the distance of the guanine bases to the molecular center during
stretching, as shown in Fig. 1(C) and (D), as well as by the number
of hydrogen bonds (see Supporting Materials, Fig. S3). During back-
bone pulling, all the guanine bases start to deviate sequentially
from their equilibrium positions after about 700 ps (Fig. 1(C)). This
onset coincides with the peak in the force curves in Fig. 3(A). At the
same time, the number of hydrogen bonds begins to decrease
markedly (Fig. S3(a)), which implies that the G-quadruplex struc-
ture starts to break up. Although the distances of the guanine bases
to the molecular center continue to increase after 1200 ps, the
number of hydrogen bonds becomes stable of about 10, reflecting
that some local structure remains. In contrast, during nucleobase
pulling only G22 starts to deviate from its original position at about
600 ps, followed by G2 at 1100 ps, while the other bases deviate
substantially from their equilibrium position only after 1300 ps
(Fig. 1(D)). This indicates that the unfolding of the G-quadruplex
is triggered by the cooperative dissociation of guanine bases from
their quartet planes. The dissociation of G22 and G2 coincides with
the two peaks (at 600 ps and 1100 ps) in the force-extension curve
shown in Fig. 1(B). The number of hydrogen bonds rapidly drops
from 24 to 18 at about 600 ps, and remains at about 16 until
1200 ps (Fig. S3(b)). The first loss of six hydrogen bonds is related
to the detachment of G22 from its quartet plane, while the plateau
in the hydrogen bond number for 700 ps < t < 1200 ps indicates
the formation of a relatively stable, intermediate state.

More detailed structural changes along the trajectory are illus-
trated in Fig. 2 and Supporting Materials Movie S1 and S2, in which
the different unfolding pathways are clearly visible. For both pull-
ing modalities, only A1 is significantly extended at the beginning of
stretching (t < 500 ps). Later on, the unfolding follows different
directions for the different pulling modalities. For backbone pulling
the relative positions of (G14, G15, and G16) to (G20, G21, and
G22) are almost unchanged, as well as the relative positions of
(G8, G9, and G10) to (G2, G3, and G4), forming two local structures
(Fig. 2(A)). When the molecule is stretched to an end-to-end dis-
tance of 8 nm at the end of the simulation (2000 ps), one of the lo-
cal structures is still present (Fig. 2(B)).

For nucleobase pulling, continuous stretching induces a com-
plete detachment of G22 from its quartet plane, rotating perpen-
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Fig. 1. End-to-end distance I(t) (black solid lines) and forces exerted at the 5’ and 3’ ends of the G-quadruplex (red and blue dashed lines, respectively) as a function of
simulation time t. Data shown are from a single MD run during (A) backbone pulling and (B) during nucleobase pulling. Distance of guanines to the molecular center during

stretching (C) for backbone pulling and (D) for nucleobase pulling. For the sake of clarity, traces of G3, G4, G8, G9, and G10 are omitted in (C) and (D), but show similar
behavior to the ones of G14 to G21.

Fig. 2. Evolution of the structure of the G-quadruplex during backbone pulling (A,B) and nucleobase pulling (C,D). (A) After t = 1000 ps during backbone pulling, the three
quartet planes are separated into two parts. (B) t = 2000 ps: a remnant local structure is formed by the six guanines in the lower right. (C) After t = 1000 ps during nucleobase
pulling, G22 breaks off the quartet plane while the other 11 guanines remain almost unchanged. (D) At the end of the simulation (t = 1500 ps) of nucleobase pulling, G3 and

G4 break away from their quartet plane. Blue lines represent the sugar-phosphate backbone. For better visibility the elongated structures were rotated; the dashed arrows
mark the pulling direction.



H. Li et al./Biochemical and Biophysical Research Communications 379 (2009) 70-75 73

T T T T T T T T
A 100 | —=—pulling sites on backbone q
—e—pulling sites on terminal bases o
o
80 L o
~ f. t'..
x - o
= 60 S 1
S P
[0} /I ..
$ 40r o b
E 20t o 1
1]
n-ﬁ".
O aniSWARIRERe" .

1.0 15 20 25 3.0 35 4.0 45
end-to-end distance [nm]

B 06+

RMSD [nm]

4000 6000 8000

time [ps]

0 2000

Fig. 3. (A) Free energy change G(I) as a function of the end-to-end distance ! for backbone and nucleobase pulling, respectively, calculated with Eq. (1.3) from 50 pulling
trajectories. (B) Root-mean-square displacement (RMSD) of guanines with respect to the crystal structure as a function of time during free MD simulation, with starting
structures taken from the stretching trajectory obtained by steered MD simulation. Upper panel: pulling sites located on the backbone; starting with partially unfolded
structures after 750 ps (red line) and after 800 ps (black line); lower panel: pulling sites located on the terminal nucleobases; starting with structures after 600 ps (red line)

and 1000 ps (black line).

dicularly to the quartet plane while the other bases remain at their
positions (Fig. 2(C)); at about the same time, the first peak in the
force curves appears (Fig. 1(B)). This intermediate structure re-
mains intact in the following 300 ps despite the increasing exten-
sion. Later one K* is released into the solvent, and G2 starts to
deviate strongly from its equilibrium position (see Movie S2), lead-
ing to the second force peak at 1200 ps. After that, the G-quadru-
plex deforms quickly. At the end of the simulation (1500 ps), G3
and G4 are dissociated from their quartet plane but a local struc-
ture formed by eight guanine bases is still preserved (Fig. 2(D)).

Free energy profiles

Fig.3(A)shows the free energy G(I) as a function of the end-to-end
distance [ for both the backbone and the nucleobase pulling modal-
ity, calculated from 50 non-equilibrium trajectories with Eq. (1.3).
The slight increase of the free energy at small end-to-end distances
[<23nm reflects the extension of Al11. For distances
2.3 nm < [ < 3.0 nm, the free energy increases more rapidly for termi-
nal nucleobase than for backbone pulling. Pulling at the terminal
nucleobases results in a shoulder of about 35kgT at a distance of
3.3 nmwhich corresponds to the trough in the force-extension curve
shownin Fig. 1(B). The free energy for backbone pulling, on the other
hand, shows a more gradual increase with end-to-end distance.

Refolding

We attempted to simulate refolding of stretched G-quadruplex-
es by free MD simulation using structures from the stretching tra-
jectory as starting data. For the backbone pulling modality, the
molecule is found to either fold back to its equilibrium structure
or to unfold entirely, depending on the amount the molecule had
been stretched. Fig. 3(B) shows the RMSD of the guanines with re-
spect to the equilibrium structure during free MD simulation.
When the starting structure is taken from the coordinates at
750 ps of the pulling trajectory (Fig. 1(A)), the RMSD reaches a
small value of about 0.15 nm after about 1 ns and remains constant
thereafter (Fig. 3(B) upper panel, red line), which shows that the
stretched structure at 750 ps folds back to its equilibrium structure
after releasing the force. In contrast, if the starting structure is ta-
ken from the same stretching trajectory at 800 ps, the molecule is
observed to unfold entirely after the 5 ns free MD simulation, as
indicated by the continuous increase of the RMSD (Fig. 3(B) upper
panel, black line).

In the nucleobase pulling modality, the molecule neither folds
back to its initial conformation nor totally unfolds within our sim-
ulation time. Fig. 3(B), lower panel, shows the RMSD of the gua-

nines with respect to the equilibrium structure with the starting
structures taken from coordinates at 600 ps and 1000 ps of the
stretching trajectory. After about 3 ns, both RMSD values reach
about 0.3 nm and remain nearly constant, which suggests that
the two starting structures fold to a similar state which is, how-
ever, different from the equilibrium structure. Initial and final
structure of one refolding process is shown in Supporting Materials
Fig. S4. In 8 ns, the molecule folds to a conformation in which G20
and G21 take the position of G21 and G22 in the crystal structure,
forming two quartet planes with G3, G9, G15, G20 and G4, G10,
G16, G21, respectively, which are stabilized by a K* ion.

Discussion

The different positions of the Hookean springs for nucleobase
and backbone pulling lead to dramatically different force-exten-
sion curves which shows that the different pulling modes probe
different unfolding pathways. Backbone pulling leads to a sequen-
tial loss of hydrogen bonding, while nucleobase pulling is charac-
terized by an early, localized break-off of G22 and, later on, G2,
from the quadruplex, followed by a rather cooperative unbinding
at about 1300 ps. The wide plateau in the hydrogen bond number
at about 15 for 700 ps < t < 1200 ps shown in Fig. S3(b) and the
deep trough in the force-extension curve in Fig. 2(B) suggests that
the pulling generates a relatively stable intermediate structure.
The calculation of the free energy G(I) shows a shoulder of about
35kgT at an end-to-end distance of 3 nm which corresponds to
the trough in the force-extension curve for nucleobase pulling.
The absence of a clear local minimum in G(I) at 3 nm which would
give clear evidence for a thermodynamically metastable interme-
diate could be due to errors in the estimation of G(I) induced by
the relatively low number of non-equilibrium trajectories used
for calculating the free energy. However, the fact that in the refold-
ing simulation starting from the partially unfolded structure we
find a long-lived intermediate structure with two complete and
one partial quartet plane, different from the ground state, indicates
that this intermediate indeed is a structure which is produced typ-
ically, and not just marginally, by nucleobase pulling. Assuming
that the lifetime 7 =4 ns observed in the refolding simulation is
representative, we estimate an activation energy E, = kgTIn(ty) =
8kgT required for a transition to the ground state by the Eyring
equation for an overdamped system [27], assuming a momentum
relaxation time y~' =1 ps for a DNA duplex.

For backbone pulling, the free energy G(I) is much smoother,
which is in line with the continuous denaturation of the quadru-
plex induced by pulling, and the absence of a long-lived intermedi-
ate in the refolding of the moderately unfolded quadruplex.
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Fig. 4. Model for folding of the parallel G-quadruplex based on the structures observed in the unfolding and refolding simulations. Dashed lines represent Hoogsteen pairing

between guanine bases.

How a G-quadruplex forms from a random chain is an open ques-
tion and cannot be followed with the present MD simulations. A
“nucleation-slippage” model was put forward by Stefl et al. for the
formation of intermolecular G-wires [11]. The model by Mashimo
and Sugiyama for the formation of a hybrid intramolecular G-quad-
ruplex suggests that a hairpin structure is first formed, followed by a
chair conformation and, finally, a strand flip within the chair yield-
ing a hybrid G-quadruplex [28]. In our steered MD simulation, dif-
ferent unfolding pathways of the parallel G-quadruplex are
observed depending on the anchoring sites. According to these
observations, we propose two folding pathways for the parallel G-
quadruplex, as shown in Fig. 4. In folding pathway I, the random
chain first forms two hairpin structures at the two ends, followed
by association of the two hairpins to the quadruplex. Trapping of
two K" is most likely to occur in the second step. In folding pathway
II, a hairpin is first formed in the center of the molecule, followed by
the association of the other two arms. This step might proceed via
slippage of one or two arms, similar to intermolecular quadruplex
formation [11]. At least for the last stages of quadruplex folding,
the long lifetime of the metastable intermediate observed in the
nucleobase pulling simulations suggests that the fastest way of fold-
ing proceeds via pathway I which appears to be less prone to kinetic
trapping, rather than via pathway II.

In principle our simulation data can be compared to force-exten-
sion curves obtained from single-molecule force experiments. How-
ever, the pulling velocities used here are, due to limited computer
time, by several orders of magnitude larger than the ones used in
current experiments [29]. This may result in a significant overesti-
mation of unfolding forces. Nonetheless, this should not affect the
existence of the intermediate state during the unfolding predicted
by our simulations and the folding pathway we suggested. An
attractive candidate for experimentally testing the folding pathway
presented here is single-molecule fluorescence resonance energy
transfer (FRET) which allows to continuously monitor the distance
between terminal bases labeled with donor and acceptor fluores-
cence dyes during the folding process.
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