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Abstract. DNA sequencing using nanopores is closer than ever to become a reality, but further research
and development still need to be done, especially to unravel the atomic-scale mechanisms of induced DNA
stretching. At this level, molecular modeling and simulation are essential to investigate DNA conformational
flexibility and its response to the forces involved. In this work, through a “Static Mode” approach, we
present a directed exploration of the deformations of a 27-mer subjected to externally imposed forces, as it
could be in a nanopore. We show how the DNA sugar-phosphate backbone undergoes the majority of the
induced deformation, before the base pairing is affected, and to what extent unzipping initiation depends

on the force direction.

1 Introduction

Translocation of biopolymers such as deoxyribonucleic
acids (DNA), ribonucleic acids or polypeptides is an es-
sential and ubiquitous biological process. In witro, its
study provides a great amount of information concern-
ing the structure, the kinetics and the dynamics of
such molecules [1-3]. During the last decade, the use of
nanopores has offered an efficient and low-cost alterna-
tive to perform the translocation. In 1996, Kasianowicz
et al. were the first to demonstrate how DNA molecules
could be electrically driven through a a-hemolysin pro-
tein nanopore [4]. Since then, many teams have conducted
such studies, using different nanopores, protein-based (-
hemolysin) or artificial (solid-state pores) [5-7]. Most of
these studies focus on DNA, which has been intensively
studied for the last 60 years for its versatile properties, first
in biology, and then also for technological purposes [8].
In this context, the manipulation of single molecules has
strongly grown in importance, and together with rapid
development in detection, has opened new possibilities for
high-speed and low-cost sequencing.

However, DNA sequencing using a nanopore device is
a real challenge and has not yet been achieved [9-11].
Indeed, while the translocation mechanism of unstruc-
tured single-stranded DNA (ssDNA) is rather well under-
stood [12-18], the lack of structural and dynamic informa-
tion makes it difficult to elucidate the unzipping process
by which a double-stranded DNA (dsDNA) separates and
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goes through the nanopore. While the unzipping is an es-
sential step that needs to be harnessed, it is still poorly
understood. More generally, the mechanical flexibility of
DNA is a key element to understand its role in cellular
functions and a convenient study case for polymer physics.
Recently, various experimental and numerical ap-
proaches have helped to understand how dsDNA, with
a helix diameter larger than the pore size (respectively,
2.2nm and 1.5nm), could unzip. Their authors have
shown that DNA unzipping is not only connected to the
pore size [19], but to the sequence length and compo-
sition as well [20-22]. In these studies, mechanical mi-
cro or nanomanipulation were used, either to push DNA
through the nanopore [19,20], or to force DNA unzip-
ping [21,22]. Such single-molecule experiments have the
advantage of providing mechanical information on DNA
unzipping, since the strand separation is generated with-
out a significant change of environment (pH, temperature,
..) [23]. Second, it is consistent with the idea that the
unzipping process can be powered by an external force,
as it is when DNA enters into a nanopore. In this ap-
proach, the two strands of a dsDNA molecule are pulled
apart under the influence of a force, exerted with sin-
gle molecule force spectroscopy techniques (optical tweez-
ers, magnetic tweezers, AFM) [24] or micromechanical
devices [25]. Theoretical models and numerical simula-
tions have also emerged to test the elastic properties of
DNA and the effects induced by pulling forces causing
stretching and torsional stresses [26-33]. Based on poly-
mer physics, numerical studies are a precious tool to in-
terpret the experimental data and to predict structural
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changes. However, they provide no accurate information
concerning the atomistic mechanisms involved.

In this work, we use the Static Mode method [34] to
investigate how a mechanical action can lead to stretch-
ing the DNA structure. Based on the “induced-fit” con-
cept [35], it allows the calculation of molecular deforma-
tions induced by external perturbations of specific molec-
ular sites, in terms of force constants contained in the en-
ergy model. For this reason, this approach is well adapted
for the atomic-scale treatment of macromolecular flexi-
bility. One technical advantage is that it requires a very
low computing cost, due to the harmonic approximation
used in this method and to the resulting algorithm sim-
plicity, which is roughly equivalent to a matrix inversion.
In sect. 2.2, we discuss these aspects in more detail. An-
other technical advantage is that only one calculation is
necessary for the determination of all the Static Modes,
which are stored and can be reused in further applica-
tions, once calculated. They can be easily combined to
simulate the molecular response to a designed stress, in
this case, to stretch the dsDNA molecule. In the present
article, we use customized perturbations to simulate de-
formations induced by local forces that could be exerted
inside the nanopore. Our aim is to theoretically explore
how DNA conformation is affected by various forces ap-
plied on the sugar-phosphate backbone in defined direc-
tions. We examine the tendency of dsDNA to separate and
evaluate the most probable mechanical action inducing the
strands’ separation along with the atomistic mechanisms
involved. With this model, the results are expected to de-
pend on the structural organization of the double helix,
and the manner in which the external forces are applied.
We show how shear forces along the helical direction are
absorbed by the flexible backbone without reaching the
bases, and how transverse pulling forces can more likely
lead to the dsDNA stretching with a tendency to initiate
the base pair extension.

2 Materials and methods
2.1 Structures

A dsDNA was built using the NAB package [36] that pro-
vides a “perfect” canonical B-type DNA helix. We chose a
34-b strand, with the following random sequence: 5'-Gs G
CGACCTCGCGGGTTTTCGCTATTTATGAAAAT 3/~
3’. Only the last 27 underlined nucleic acids are paired
with a complementary strand. For the following, let us
name A the 34-b strand and B the 27-b strand (see fig. 1).
This structure was chosen in reference to Viasnoff et al.
theoretical work [37] that uses a single-strand overhang
threaded into the pore and allows us to simulate this
case as well. Our structure was first subjected to a total
energy minimization, using AMBER11 package [38] with
an implicit solvent model and the ff99bsc0 force field [39].
This step is required to generate a conformation at the
equilibrium and to extract the Hessian matrix. The
matrix elements are then used to compute the Static
Modes, as described in the following part.
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Fig. 1. Atomic representation of the dsDNA molecule, both
strands A and B are shown. The inter-strand bond numbering
is also indicated, from 1 to 62, in the 5’ — 3’ direction of
strand B.

2.2 Static Mode calculation

Based on the optimized conformation, the Static Modes
are then computed. Each of them represents the elemen-
tary molecular deformation resulting from the perturba-
tion of a specific atom, in a specific direction z, y, z of
the Cartesian space (see refs. [34,40-42] for more detail
and discussion). The systematic calculation of the Static
Modes implied by the application of a normalized force
can be easily performed by the successive solicitation of
each Hessian matrix line, when solving a linear set of equa-
tions. In the present version of the algorithm, the har-
monic approximation greatly simplifies the problem since
the energy landscape is totally defined by the Hessian ma-
trix. However, it remains only valid for small deviations
around equilibrium conformations. Therefore, in the fol-
lowing, we do not address the questions of total unzipping
of the DNA strands, and certainly not those related to the
DNA melting, which implies considering temperature ef-
fects. Rather, we examine which type of forces induces
the largest deformations capable of starting the unzip-
ping process. We consider stationary mechanical, electro-
static or optical forces, as used in experiments [24,25],
and not random type forces, more typical of temperature
effects. The calculations are valid at low temperatures,
typically mimicking the output of single-molecule force-
induced DNA unzipping experiments [20]. In particular,
using Static Modes, we map local deformations of a ds-
DNA under local forces, investigate its flexibility, and also
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Fig. 2. Schematic representation of two types of stress application. On a), shearing forces are applied on the 5'-termini phosphate
atoms, along the helical axis, in the 3’ — 5’ direction. On b), the same forces are applied on each phosphate atom of the dsDNA
molecule. ¢) Pulling forces are applied on each phosphate atom, along the transverse direction. d) The same transverse pulling
forces are applied on each phosphate and each C4 atom. For a better readability, the force application points are localized with

circles.

observe how the unzipping may locally start. All calcula-
tions are performed on dsDNA, which is in a stable confor-
mation at room temperature and does not show multiple
conformations. Because of the stationary nature of applied
forces, the calculated local deformations lead to real new
equilibrium configurations, which are no more temporary
configurations reached during each oscillation cycle. How-
ever, they do not necessarily lead to the total unzipping
of dsDNA.

The total unzipping can only occur by multiplication
of the applied forces. That is the reason why we suggest,
in the next section, several set of forces.

For this dsDNA molecule (1905 atoms), the calcu-
lation of all the Static Modes requires 50 min of CPU
time (2.8 GHz Intel dual core processor). Once calculated,
Static Modes are stored in a matrix [M] (3N x 3N-6)
and can be directly used in a post-treatment procedure to
explore the consequences of one or more external forces
defined by the operator.

2.3 Force application

In the present work, the post-treatment consists in the
direct application of local forces to pull apart the DNA
strands. With the aim of exploring the structural changes,
the A strand 3’-terminus is kept fixed, while normalized
forces (that is, with the same intensity, set to 1) are ex-
erted along the sugar-phosphate backbone in various di-
rections. Using normalized force (1eV/ A2) will result in
small deformation but allows to qualitatively and quanti-
tatively compare the effects of the force direction.

To apply a force F on the atom Np, a matrix mpy,
(3N x 3) is extracted from the Static Mode matrix [M].

my, contains the atomic displacements resulting from the
application of three elementary forces in the x, y, z direc-
tions, on the atom Ny. The molecular deformation field
AX induced by the application of the force F on Ny is
then directly deduced from the formula AX = mNOZ*:".
Inter-strand distances are measured before and after de-
formation to characterize the base pair stretching induced
by the force. As many forces as needed can be applied, the
resulting global deformation being easily computed by a
succession of linear combinations of the appropriate Static
Modes. 62 canonical hydrogen bonds have been counted
between base pairs. They are numbered from 1 to 62, fol-
lowing the base order, in the B strand 5 — 3’ direction
(see fig. 1).

Four cases are presented in this article. The dsDNA
molecule is successively stretched by applying shearing
and transverse pulling forces on the sugar-phosphate back-
bone: a) on the phosphate atoms localized at the 5'-
termini of the A and B strands, along the 3’ — 5 he-
lical axis direction; b) on all the phosphate atoms of both
strands, along the 3’ — 5 helical axis direction; ¢) on all
the phosphate atoms in the transverse direction; d) on all
the phosphate and C4 atoms in the transverse direction
(see fig. 2). More detail together with the deformation re-
sulting deformation are presented in the following section.

3 Results and discussion

3.1 Shearing forces on the 5’-extremities along the
helical axis direction

As shown on fig. 2a, two forces are applied on the phos-
phate atoms situated at the A and B strand 5-termini,
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Fig. 3. Deformed structure resulting from a stress applied on the strand 5’-extremities, along the helical axis, in the 3’ — 5’
direction (case shown on fig. 2a). Variations of the hydrogen bond length are given on graph a). An atomic representation of
the A strand 5’-terminus is show on b). The deformation mainly affects the backbone and does not propagate further than the

third nucleic acid.

Table 1. First four nucleic acids of the A strand (5'-terminus). Respectively, for the initial structure and the deformed structure
obtained with a shearing force applied on the 5'-extremities, along the helical axis, in the 3’5’ direction (case shown on fig. 2a):
phase angle, maximum amplitude of puckering, x and v torsion angle, and type of sugars 1, 2, 3, 4.

Initial structure Deformed structure
P v max X ol P v max X ol
1 19.14 37.19 —156.84 58.74 26.21 40.21 —159.24 66.44
2 10.26 36.16 —154.60 58.11 2.08 30.52 —157.08 69.94
3 16.69 40.22 —150.79 57.13 17.16 40.28 —150.81 58.62
4 144.85 41.25 —98.54 57.44 144.85 41.25 —98.54 57.38

Table 2. First four nucleic acids of the B strand (5’-terminus). Respectively, for the initial structure and the deformed structure
obtained with a shearing force applied on the 5'-extremities, along the helical axis, in the 3’5’ direction (case shown on fig. 2a):
phase angle, maximum amplitude of puckering, x and + torsion angle, and type of sugars 1, 2, 3, 4.

Initial structure Deformed structure
P v max X ¥ P v max X ¥
1 154.65 36.68 —118.06 56.90 143.16 34.96 —119.01 54.52
2 124.60 37.60 —121.70 56.06 133.07 37.06 —124.26 61.00
3 129.17 39.79 —107.30 58.53 129.10 39.81 —107.34 59.13
4 130.37 37.13 —120.51 60.49 130.37 37.13 —120.51 60.52

along the helical axis, in the 3’ — 5 direction. The result-
ing stretching of each hydrogen bond between base pairs
is presented on fig. 3a. Only the first five bonds, which be-
long to the first two base pairs, are affected. Induced varia-
tions are very small but still result from normalized forces.
Since they are treated in the frame of a linear model, a co-
efficient higher than 1 can be attributed to these forces to
get a proportional deformation, but here, small amplitudes
do not affect our qualitative conclusions on the deforma-

tion characteristics. As seen in fig. 3b, this induced defor-
mation is extremely local. It does not propagate further
than the third following nucleic acid and has a significant
impact on the backbone over a distance of 15 A, while the
bases are almost not displaced. The deformation propa-
gates along the backbone and is absorbed through a sugar
accommodation mechanism: sugar phase changes [43] and
X, 7 torsion angles are presented in tables 1, 2 and 3 (ac-
cording to ITUPAC recommendations [44], x and 7 describe



Eur. Phys. J. E (2012) 35: 75

Page 5 of 9

Table 3. Last four nucleic acids of the A strand (3'-terminus). Respectively, for the initial structure and the deformed structure
obtained with a shearing force applied on the 5'-extremities, along the helical axis, in the 3’5’ direction (case shown on fig. 2a):
phase angle, maximum amplitude of puckering, x and - torsion angle, and type of sugars 1, 2, 3, 4.

Initial structure Deformed structure
P v max X ol P Vv max X ¥
1 166.37 35.09 —103.25 62.86 166.37 35.09 —103.25 62.86
2 152.22 40.60 —103.47 57.66 152.22 40.60 —103.47 57.66
3 157.62 35.16 —118.18 64.17 152.62 35.16 —118.18 64.17
4 137.71 41.15 —133.83 61.06 137.71 41.15 —133.83 61.06
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Fig. 4. Deformed structure resulting from a stress applied on each phosphate atom, along the helical axis, in the 3’ — 5’
direction (case shown on fig. 2b). Variations of the hydrogen bond length are given on graph a). An atomic representation of

the medium part of the helix is show on b).

the sugar to base and phosphate to sugar torsion angles,
respectively). In these tables, data concern, respectively,
the first four nucleic acids of the A strand (5’-terminus),
of the B strand (5'-terminus), and the last four nucleic
acids of the A strand (3’-terminus). The results indicate
that the A strand 3'-terminus is absolutely not affected
by the stress imposed on the complementary B strand
5’-terminus (see table 3), which is explained by the fact
that the bases are not reached by the deformation. In this
case, a single force application is not sufficient to over-
come the stability generated by inter-strand interactions.
However, this first calculation allows an accurate inves-
tigation of a DNA strand response to a local phosphate
stress, and beyond, the comparison of its characteristics
depending on its state: bound or unbound to its comple-
mentary strand. Tables 1 and 2 bring information about
the backbone accommodation at the 5-extremities: the
deformation is clearly visible on the stressed nucleic acid
and its first neighbor, it propagates to the second neighbor
in the overhang, but none of the values is affected from the
fourth neighbor. In comparison, the B strand 5'-extremity
is more rigid. In particular, v variations, which represent
the sugar motion with respect to the phosphate, are more
important in the overhang, with amplitudes reaching 12°,

instead of 5° in the duplex. However, in the case of the
double strand (B strand 5'-terminus), sugar phase values
are affected to a larger extent, with amplitudes reaching
12° (P varies from 154.65° to 143.16°, and from 124.60° to
133.07° for sugars 1 and 2). Remarkably the backbone ac-
commodation is not the same in both cases. In the double
strand, more constrained, the backbone is rigidified, while
sugars undergo larger modifications. They act like pivots
between the backbone and the rigid base pair stacking,
stabilized by both van der Waals forces and mw-stacking,
which result in small y variations (around 2.5°). The po-
tential role of the energy model in this result has already
been discussed in previous work [43]. In this calculation,
the applied force is not strong enough to prevail upon
base stacking and base pair interaction. In the following,
we increase the number of applied forces.

3.2 Shearing forces on all phosphate atoms along the
helical axis direction

Again, shearing forces are applied along the helical axis,
in the 3’ — 5’ direction, but on all phosphate atoms of the
molecule. The resulting deformation is shown on fig. 4b.
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Fig. 5. On the left, longitudinal and transverse views of the
initial helical structure. On the right, corresponding views of
the deformed structure resulting from a stress applied on the
each phosphate atom, along the helical axis, in the 3’ — 5
direction (case shown on fig. 2b).

In this case too, the deformation propagates along the
backbone and is lost to a large extent before reaching the
bases. But due to the large number of applied forces, all
hydrogen bonds present more significant length variations.
Amplitudes are not heterogeneous, most of them range
between —0.010 and 0.025 A, but the largest ones reach
|0.035 A| (see fig. 4a). Some values are around or below 0,
which can be explained by the three-dimensional structure
of the duplex: this type of force may alternately open or
close the hydrogen bonds. As shown on fig. 5, the shearing
forces applied along the helical axis induce its longitudinal
stretching. Most of the time, this mechanism lightly ex-
tends the hydrogen bonds, but sometimes, depending on
the base orientation, it can contribute to their contraction.

3.3 Pulling forces on all phosphate atoms along the
transverse direction

In this calculation, new forces are applied on all phosphate
atoms, along the “transverse direction”. Here, we define
this direction as the axis connecting each phosphate atom
and the associated phosphate atom of the complementary
nucleic acid. On each pair of phosphate atoms, a couple
of forces is applied, to create a stretching force, pointing
outward from the duplex (see fig. 2¢). In other words, the
duplex is stretched in the base plane. The induced de-
formation is shown on fig. 6b. Considering the hydrogen
bond stretching presented on fig. 6a, a first remark can be
made concerning the amplitudes, with maxima reaching
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four times the values found in the previous calculation.
Second, while the deformations were previously spread on
both positive and negative sides, almost all the values are
positive in this case In these conditions, applying a trans-
verse stress is much more efficient to stretch the base pairs.
On fig. 7b, one can clearly see that the helix diameter
gets larger with the stress. However, again, the inter-base
stretching is smaller than we could expect because of the
sugar accommodation. This calculation highlights again
the crucial role played by sugars that absorb the strain
imposed on the backbone (shown on fig. 6b).

3.4 Transverse pulling forces on the phosphate and
C4’ atoms

In the last simulation, we apply the same transversal stress
on the phosphate atoms, but also on all the C4’ atoms,
belonging to the sugar rings. In this calculation, we spec-
ulate that this force will be too strong to be absorbed
by the sugars and should reach the bases more efficiently.
The deformations are qualitatively similar to those ob-
tained previously, but with amplitudes twice as large as
with forces applied on phosphate atoms only (see fig. 8a);
stretching values reach 0.4 A Multiplying the number of
applied forces allows us to enhance the stretching mecha-
nism. It is clearly visible on fig. 8b that the bases do not
move in their plane, the backbone torsional accommoda-
tion induces a sugar phase change, which induces itself a
rotation of the bases. This process also explains the am-
plitude disparity: the bases rotating in relation to each
other, some hydrogen bonds break before others.

4 Conclusion

In this paper, we show how the Static Mode method can
be used to design any type of force in order to distort
a molecule, and in this case, to explore a dsDNA re-
sponse to conformational stress. In these preliminary cal-
culations, external forces are normalized, which explains
the small deformation amplitudes we get. However, since
they are treated in the frame of a linear model, a coefficient
higher than 1 can be easily attributed to these forces to
induce a proportional deformation. In this frame, these ex-
ploratory calculations provide useful qualitative informa-
tion and open the way for further investigation, using more
complex forces, traducing a more complex and realistic en-
vironment. Following recent experiments and calculations
using stretching forces to investigate the unzipping mech-
anism, we show how our approach can provide further
insights into the relation existing between local backbone
perturbations and the absorption/propagation mechanism
of the deformation. In particular, we analyze the effects of
two kinds of stresses, via shearing and transverse pulling
forces applied on the backbone, respectively, along the
helical and transverse directions. In the first case, when
opposite forces are applied along the helical axis, inter-
strand distances present very small variations, while the
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Fig. 6. Deformed structure resulting from a stress applied on each phosphate atom, along the transverse axis and pointing out-
ward the duplex (case shown on fig. 2¢). Variation of the hydrogen bond length are given on graph a). An atomic representation

of the medium part of the helix is show on b).

Fig. 7. On the left, longitudinal and transverse views of the
initial helical structure. On the right, corresponding views of
the deformed structure resulting from a stress applied on the
each phosphate atom, along the transverse axis and pointing
outward the duplex (case shown on fig. 2c).

sugar-phosphate backbone undergoes significant deforma-
tions. The backbone is highly flexible, contrary to the base
stacking that exhibits a strong stiffness due to inter and
intra-strand base interactions. This result is not surpris-
ing, since it has been experimentally demonstrated that,
with such shearing forces, a high force regime is necessary
to unzip the duplex. Large forces are required to over-
come the short-range base pair stacking interactions that
we observe and that make the formation of overstretched

DNA difficult [45]. Below this regime, it has been shown
that the dsDNA molecule can be overstretched about 1.7
times. Our calculations show a similar behavior. More,
our observations corroborate theoretical results previously
pointed out [46]: before the unzipping occurs, the shear-
ing stress relaxes locally (along about 5 base pairs) along
the backbone, while other base pairs experience no shear
force. However, according to our pulling force calculations,
it appears much more favorable to extent the base pairs
with a transverse stress. In this case too, the backbone
undergoes a significant accommodation, nevertheless, the
sugar puckering induces a base rotation that leads to a
possible hydrogen bond breaking.

In summary, we have presented an original approach
aimed at evaluating a dsDNA response to customized
shearing and transverse pulling forces. The next step to
complete this study is to introduce anharmonic effects in
the calculations. This can be performed either by the use
of empirical force constants, not derived from the Hes-
sian matrix but from transitions states, or through the
conversion of Cartesian coordinates to generalized torsion
coordinates. The second approach, presently under inves-
tigation, will allow a quantitative comparison of our re-
sults with those cited in the literature. We think that
these calculations can further the understanding of the
unzipping process occurring in single-molecule force ex-
periments. This knowledge is particularly important at
a moment of growing interest for the challenging single-
molecule manipulation.

This work was supported by the French National Agency for
Research (ANR-VIBBnano) and the European COST project
(Bio-integrated technologies). We thank the CALMIP Super-
computer Center for CPU resources. We also wish to thank
Virgile Viasnoff from ESPCI - UMR CNRS Gulliver for help-
ful discussions.
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representation of the medium part of the helix is show on b).
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