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Effect of loop sequence on unzipping of short DNA hairpins
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The dependence of stability on the sequence of a DNA hairpin has been investigated through atomistic
simulations. For this, a sequence of 16 bases of a hairpin, which consists of a loop of four bases and a stem
of six base pairs, has been considered. We have taken eight different sequences, where the first five base pairs
were kept fixed in all sequences, whereas the loop sequence and the identity of the duplex base pair closing the
loop have been varied. For these hairpin structures, force-induced melting (unzipping) studies were carried out
to investigate the effect of the variables on the stability of hairpin. The temperature at which half of the base
pairs are open is termed the melting temperature. We defined the unzipping force Fh (half of the base pairs are
open) and showed that it may not provide the effect of closing the base pair or loop sequence on the stability of
the DNA hairpin. In order to have a better understanding of the stability of a DNA hairpin, the closing base pair
or hairpin loop must be open. This requires complete opening of the stem. We defined a force Fc at which all
base pairs of the stem are open, and we showed that the Fc gives better understanding of DNA hairpin stability.
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I. INTRODUCTION

Recent advances in the understanding of the melting be-
havior of nucleic acids (RNA, single-stranded DNA) with
computer simulations have led to improved insights for pro-
cesses like transcription and replication. These findings were
further supplemented by single-molecule force-spectroscopic
(SMFS) techniques, which measured the molecular forces at
play during these processes [1–13]. It is now realized that
conformations that can be adopted by nucleic acids are much
more diverse, complex, and curious than the regular double
helix originally envisioned. Earlier it was thought that the
conformational space available to nucleic acids will be cru-
cial in cellular processes. Motivated by this, attempts have
been made to explain the structural properties based on the
nucleotide sequences.

It is well known that a single nucleotide change in a par-
ticular sequence of a double-stranded DNA (dsDNA) cannot
be detected by electrophoresis. It was found that the phys-
ical properties of the double strands are almost the same for
both cases [14]. However, after denaturation, a single-stranded
DNA (ssDNA) may acquire a unique conformational state
based on its sequence. The difference in shape between two
ssDNA strands with different sequences may cause them to
move differently on an electrophoresis gel, although the num-
ber of nucleotides is the same [15]. Among such polymorphic
conformations, hairpin loop structures in RNA and ssDNA
play a special role in biological functions such as the regula-
tion of gene expression, DNA recombination, and facilitation
of mutagenic events [16–27]. The stability and conformational
fluctuations of the hairpin structure have recently been ex-
plored by designing simple ssDNA oligonucleotides that have
n (∼47) complementary bases at each end called a stem and
one type of m (∼430) nucleotides in the middle of the chain
referred to as a loop [28]. The stem shows the same response
to a change in solution conditions as a dsDNA oligomer. How-

ever, the loop region shows a wide range of folding patterns
that depend on the number and sequence in the loop. Portella
and Orozco studied a short DNA hairpin (dGCGAAGC) and
observed multiple routes of folding [29]. Their results indi-
cated that hairpin folding is a complex process even for a
simple system.

Goddard et al. [30] investigated sequence dependent rigid-
ity of ssDNA that can form a hairpin. Keeping the stem
sequence fixed, they considered loops made up of either poly
T or poly A. They observed that the ssDNA distortion is
purely entropic for poly T but requires an additional enthalpy
for poly A. Vallone et al. [31] have studied the thermodynamic
effect of a loop sequence and the base pair closing the loop
on the stability of short DNA hairpins, which consist of a six
base pairs stem and a loop of four bases. In the stem, five base
pairs were kept fixed, and a base pair closing the loop has been
changed for different loop sequences. They observed that 18
out of 28 melting profiles can be well represented by the two-
state model [32]; however, the rest showed deviations from the
two-state model. However, their measurements enabled a ther-
modynamic characterization of the loop sequence dependence
of these hairpins but was lacking in several aspects. These
measurements are indirect and provide overall information
of the system. For example, melting is usually defined when
half of the base pairs are open or corresponding to differential
melting curves [33]. It is almost difficult to pinpoint whether
a particular base pair is open or not. Hence, getting precise
information about the role of a closing base pair from such a
study is quite challenging.

In this respect, SMFS experiments have provided un-
precedented information about the cellular processes, which
directly measured the forces at the molecular level [3,9,34–
36]. In particular, optical tweezers and scanning force
microscopy revealed the unusual elastic properties of nu-
cleic acids, e.g., semimicroscopic changes in the monomer
(nucleotide) are found to influence the elastic property of
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the nucleic acids. Attempts were made to obtain the force-
extension (F -x) curve of ssDNA and RNA consisting of
only one type of nucleotide [37–39]. The elastic properties
of nucleic acid made up of adenine [poly(dA)] is found to
be significantly different from that of thymine [poly(dT)] or
uracil [poly(rU)] [37]. The F -x curve for poly(rU) or poly
(dT) showed the entropic response, whereas poly(dA) exhibits
a plateau in the F -x curve due to intrastrand stacking interac-
tion. Ke et al. [38] studied the elastic properties of ssDNA
and found the existence of multistep plateaus in the case of
poly(dA) [38]. Woodside et al. [40] considered 20 different
hairpin sequences and studied the folding-unfolding transition
of a hairpin. They obtained the essential features required for
the construction of an energy landscape. In most cases of the
DNA hairpin, the applied force is kept close to a critical value.
As a result, the hairpin fluctuates between the closed and open
state. Therefore, efforts were mainly focused to understand the
kinetics of the hairpin in the presence of the applied force.

Most of the theoretical works focused on simple models,
which are either analytically solvable or an accurate solu-
tion is possible through the extensive numerical simulations.
Theoretical analysis of the elasticity of a polymer chain with
hairpins as secondary structures by Montanari and Mezard
[41] reproduces the experimental F -x curve measured on
the ssDNA chains, whose nucleotide bases are arranged in a
relatively random order. The force-induced transition in the
hairpin appears to be of second order and characterized by
a gradual decrease in the number of base pairs (m) as the
external force increases. Zhou et al. [42] studied the secondary
structure formation of the ssDNA (or RNA) both analytically
as well numerically. They showed that the force-induced tran-
sition is continuous from the hairpin-I (small base stacking
interaction) to the coil, while of a first order for the hairpin-II
(large base stacking interaction). Hugel et al. [43] investigated
three different chains, namely, ssDNA, poly vinylamine, and
peptide at very high force (2 nN). At such a high force, con-
formational entropy does not have a significant role, therefore,
a zero temperature ab initio calculation has been applied to
compare the experimental results.

Mishra et al. [44] developed a simple coarse-grained model
of polymers and performed Langevin dynamics simulations
to obtain the force-temperature diagram of DNA and the
DNA hairpin. They successively demonstrated that at low
temperature, the hairpin-coil transition is force driven, while
at high temperature, the transition is entropy driven. They
measured the entropic force as a function of the loop length.
However, they considered the homosequence of loop and stem
and, therefore, could capture only the limited insight in the
mechanism involved in the stability of the DNA hairpin. The
more accurate picture of the stability of the DNA hairpin may
be probed through the atomistic simulations.

Before studying the stability and structural properties of
the DNA hairpin through atomistic simulations, it is important
to note that the hairpin-coil transition falls in the large-scale
motion of DNA. The typical time and length scales involved
are 10−7 to 101 s and more than 10 Å, respectively. The
thermal stability of the DNA hairpin in such a timescale is
difficult to achieve with our computer resources. Therefore,
we resort to force-induced melting of the DNA hairpin to
overcome the requirement of large computational time. The

FIG. 1. Schematic representations of the eight different se-
quences of DNA hairpins of 16 bases. The stem consists of six
base pairs, out of which the first five base pairs remain (shown in
the horizontal boxes) and are the same in all sequences. The loop
consists of four bases of either A or T. The closing base pair remains
the same (shown in the vertical boxes), whereas loop sequences are
different. We chose different combinations of closing base pair and
loop sequence to explore the stability of a DNA hairpin.

critical force, where the hairpin unfolds, is the direct measure
of the stability. However, before the hairpin unfolds, it is
important to know how the structure changes and whether the
closing base pair is open or not. Such microscopic information
cannot be detected through experiments.

The aim of the present work is to provide an atomistic
description of the stability of the DNA hairpin arising due
to the sequence. For this, we choose some of the sequences
(Fig. 1), whose melting profiles were studied by Vallone et al.
[31]. We perform molecular dynamics simulations (AMBER
[45]) to obtain the force-extension curve, and we explore the
stability of these short DNA hairpins. The outline of the paper
is as follows. In Sec. II we introduce the model used for the
hairpin. We provide details of the simulations and the response
of structural changes against the applied force in Sec. III.
We performed 100 simulations using different seeds and an-
alyzed results in terms of force-extension curves obtained for
different sequences in Sec. IV. The paper ends with a short
summary and conclusion in Sec. V.

II. MODELING OF THE DNA HAIRPIN

We used the AMBER10 software package [45] with all-
atom (ff99SB) force field [46] to study the dynamics of the
DNA hairpin. The model for the DNA hairpin in the present
study has the following effective Hamiltonian:

Etotal =
∑
bonds

Kr (r − req)2 +
∑

angles

Kθ (θ − θeq)2

+
∑

dihedrals

Vn

2
[1 + cos(nφ − γ )]

+
∑
i< j

[
Ai j

R12
i j

− Bi j

R6
i j

+ qiq j

εRi j

]
. (1)
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The first term (sum over bonds) of Eq. (1) represents the
energy between covalently bonded atoms, where r and req are
the interparticle separation and the equilibrium interparticle
separation, respectively. This harmonic (ideal spring) term
is a good approximation near the equilibrium bond length.
The second term (sum over angles) represents the energy
due to the geometry of electron orbitals involved in covalent
bonding, where θeq corresponds to the equilibrium potential
for the bending angle (θ ) potential. Kr and Kθ are the spring
constants associated with stretching and bending, respectively.
The third term (sum over torsions) corresponds to the energy
for twisting a bond due to bond order (e.g., double bonds) and
neighboring bonds or lone pairs of electrons. One bond may
have more than one of these terms, such that the total torsional
energy is expressed as a Fourier series. Vn is a force constant,
where n and γ are multiplicity and phase angle, respectively.
The fourth term mimics the nonbonded energy between all
atom pairs, which can be decomposed into van der Waals
(first term of the summation) and electrostatic (second term
of summation) energies. Here Ri j is the separation between
ith and jth particles. A = 4εσ 12 and B = 4εσ 6, where σ and ε

are the distance at which the intermolecular potential between
the ith and jth particles is zero (van der Waals radius) and well
depth, respectively. qi and q j are the electric charge on ith and
jth particles, respectively. ε is absolute permittivity.

In the following, we describe the computational process
leading to the DNA hairpin formation. We have taken eight
different sequences of 16-base DNA oligomer strands in their
folded hairpin configurations shown in Fig. 1, which contain
a loop consisting of four homosequence nucleotides made
up of either A or T and a stem of six base pairs. The first
five base pairs remain the same in all sequences; however,
the sixth one, which joins the loop to the stem, is different
combinations of AT [Figs. 1(a) and 1(c)] and CG [Figs. 1(b)
and 1(d)] for different loops of A and T. We highlight the dis-
tinguishing sequence features in the stem with the rectangular
boxes in Fig. 1. DNA hairpins were built using the Nucleic
Acid Builder (NAB) module in the Assisted Model Building
with Energy Restraints (AMBER) suite of programs [45] and
3DNA server [47]. The hairpin structure has been merged with
water. As pointed out earlier, simulations are significantly
more computationally expensive, therefore, it is essential to
reduce the computational complexity as much as possible.
To achieve this, we used the triangulated water, where the
angle between the hydrogen atoms is kept fixed. One such
model is the TIP3P water model [48]. Using the LEaP module
in AMBER, 15 Na+ (counterions) are added to the system
to neutralize the negative charges on the DNA hairpin. The
force F is applied perpendicular to the helical (x) direction at
5′-3′ ends at a temperature 300 K to study the force-induced
melting of the DNA hairpin (Fig. 2). We have chosen the box
dimension 100 × 50 × 50 Å3 with three-dimensional periodic
boundary conditions in such a way that the unzipped structure
always remains inside the box. The unzipping happens in
such a controlled manner that the end-to-end distance extends
only along the force direction, i.e., in the x direction. Since
the transverse fluctuations (in y and z directions) are much
less than 50 Å, therefore, the DNA hairpin always remains
inside the box in all simulations. The box contains 7211 water
molecules, which are free to move inside the box along with
ions.

FIG. 2. The DNA hairpin in the folded state. Force has been ap-
plied perpendicular to the helix direction (x direction) at the opposite
ends at a temperature of 300 K. Bases G, C, A, and T are shown
in red, metal, yellow, and green, respectively. Forces were applied
on two backbone atoms of the first base pair: the O5′ atom of the
G1 residue at the 5′ end of one strand and on the O3′ atom of the
C16 residue at the 3′ end in the simulations. Water molecules and
counterions have not been shown here for clarity.

We used Particle Mesh Ewald (PME) method to calculate
the electrostatic interactions [49,50] using the Cubic B-spline
interpolation of fourth order, and a tolerance value of 10−5 Å
is set for the direct space sum cutoff. A real space cutoff of
10 Å is used for both the nonbonded interactions and the
electrostatics interactions. Initial energy minimization of the
solvated systems was performed in two steps: in the first
stage, we keep the DNA hairpin fixed and just minimize the
positions of water molecules and ions. Then in the second
stage, we minimize the entire system. After minimization of
the energy, the system is gradually heated from 0 to 300 K.
We used the Langevin thermostat to control the temperature
with a collision frequency of 1.0 ps−1 [51–53]. For the zero
force, the root mean square deviations (RMSDs) as a function
of time are shown in Fig. 3 for different closing base pairs and
loop sequences. One can notice that for all cases the system
is well equilibrated within 3 ns. The deviation in RMSD due
to loop and closing base pairs on the stability of the DNA
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FIG. 3. The variation of RMSD as a function of time (a) for the
A4 loop and (b) for the T4 loop of different closing base pairs. It
is evident from these plots that the system is well equilibrated in a
specific time.
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FIG. 4. Snapshots of some of the intermediate structures of the DNA hairpin at different forces 0 pN, 182 pN, 205 pN, and 280 pN and
corresponding extension at T = 300 K for the sequence GGATAA(A)4TTATCC [Fig. 1(c)] that forms during unzipping. These snapshots have
been generated from the simulations using VMD. The force (not shown) has been applied along the x (perpendicular to helical) direction
at 5′-3′ ends. These snapshots provide atomistic descriptions of the unzipping processes at different stages. For example, we note that at
extension ∼50 Å, half of the base pairs are open, whereas at ∼90 Å, all base pairs of the stem are open. We have not shown water molecules
and counterions for clarity.

hairpin is also apparent from the plots. We have calculated the
persistence length at zero force for all DNA hairpin sequences
and found that the values lie in the range of 1.3–1.5 nm. These
values are consistent with previous estimates [40].

III. UNZIPPING OF HAIRPINS:
COMPUTATIONAL DETAIL

Temporal and spatial resolutions of molecular motion as
the position of each atom including solvent molecules have
been monitored within a picosecond-scale range. We used a
constant force ensemble to study the unzipping of the DNA
hairpin. For this, a force routine has been included in AM-
BER10 [54,55]. This allowed us to mimic the single-molecule
experiments in silico and enabled us to visualize the biomolec-
ular mechanics in action. Simulations have been carried out
in isothermal-isobaric ensembles using a time step of 1 fs.
A constant pressure is maintained by the isotropic position
scaling with a reference pressure of 1 atm and a relaxation
time of 2 ps. This procedure was repeated for the same starting
structure, but with different (100) randomly assigned initial
velocities to each atom.

The unzipping force depends linearly on the loading rate.
For example, in the AFM experiments typical pulling rates
range from 20 to 4000 pN/s. However, because of limitations
in computer resources, the slowest stretching velocity used in
the present simulations is 0.0001 pN fs−1. However, to study
force-induced melting of the DNA hairpin, the system has
been first equilibrated for 5 ns at zero force then pulling
simulation has been performed for 3 ns, where the external
force started at 0 pN and increased linearly with time steps
resulting in a total simulation time 8 ns for the AT/TA closing
base pairs. However, for the GC/CG closing base pairs, the
simulation is carried out for additional 2 ns. As a result,
forcing protocol is several orders of magnitude faster than that
used in AFM. Hence the magnitude of force required for the
unzipping of the DNA hairpin would be larger compared to
those observed experimentally [7,12,13,54].

In order to have further insight into the process, the
deformations in the DNA hairpin of a particular sequence
[Fig. 1(c)] at different forces have been monitored. In Fig. 4
we show some of the snapshots of conformations at different
forces. The visual molecular dynamics (VMD) program was

used for the visualization of trajectories and preparation of
figures [56]. It can be seen from these plots that initially the
DNA hairpin is in the zipped state. As force increases, the
conformation of the hairpin remains in the zipped state up to
∼182 pN. Around 205 pN, there is a distortion in hydrogen
bonds along the force direction. As a result, conformation of
the folded state changed. Above the force ∼200 pN, hydrogen
bonds start breaking, and around ∼280 pN, the hairpin unzips
completely. It is interesting to note that at the extension ∼50 Å
half of the base pairs get open, whereas around ∼90 Å all the
base pairs of the stem are open. This is in accordance with
previous results, where one observed about ∼7 Å extension
per nucleotide (see Supplemental Material Ref. [57]). We note
in some of the simulations that the extension exceeds the box
size, but due to the periodic boundary conditions, the hairpin
remains inside the box. In analyzing the data, it was ensured
that the distance between the first nucleotide and the reentered
end of the hairpin remains above the cutoff distance of van der
Waals and Coulomb interactions (Fig. S1 of the Supplemental
Material [57]).

IV. RESULTS AND DISCUSSION

In any experiment on systems of small size the outcome
depends crucially on whether the control parameter is the
force or the extension. For example, optical tweezers and
AFM essentially control the position of the end monomer
where a force is applied. On the other hand, magnetic tweezers
setups provide a constant force at the end monomer. In a
constant force ensemble (CFE) the control parameter is the
average extension 〈x〉 [3]. Many biological reactions involve
large conformational fluctuations that provide well-defined
mechanical reaction coordinates. Therefore, choosing a suit-
able reaction coordinate is the first step in a free-energy
profile. The applied force “tilts” the free-energy surface along
the reaction coordinate by an amount linearly dependent on
the end-to-end distance. Therefore, the end-to-end distance
of a biopolymer has been used quite frequently to measure
the progress of the reaction in all single-molecule experi-
ments. Keeping this in view, we used CFE to obtain the
force-extension (F -〈x〉) curves for eight different sequences,
which are compared in Fig. 5. The averaging has been per-
formed over 100 independent simulations with different seeds.
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FIG. 5. (a)–(d) The force-extension curves for the DNA hairpin with the same closing base pair but of different loops. (e)–(h) The force-
extension curve for the DNA hairpin with the same loop but different closing base pair. The extension has been averaged over 100 simulations
with different seeds. Arrows are shown to indicate the extension at which half of the base pairs and all base pairs of the stem are open.

Some of the representative plots of the force-extension curves
are shown in Figs. S2 and S3 of the Supplemental Material
[57]. The total area under the curve F -〈x〉 curve should be
attributed to entropic, enthalpic, structural, and elastic con-
tributions [38,39]. Thus keeping everything fixed, one can
extract the difference in energy associated with the change in
either loop sequence or closing base pair sequence. Keeping
this in view, we have shown the F -〈x〉 curves of hairpins
having the same closing base pair (AT/TA, GC/CG) but of
different loops in Figs. 5(a)–5(d). In Figs. 5(e)–5(h), we have

shown F -〈x〉 curves of the same loop (A4/T4) to study the
effect of different closing base pair (AT/TA, GC/CG). These
curves show many interesting features. For example, one can
notice that the loop sequence has a significant impact on the
stability of hairpins. This is evident from Figs. 5(a)–5(d),
where the force-extension curves of A4 are different from
T4. This may be attributed to the stacking energy associated
with adenine, which is absent in thymine [37–39]. In fact, the
force-extension curve of thymine is entropic in nature and is
well represented by the FJC model of polymer [3], whereas

FIG. 6. Probability distribution of the unzipping force of the DNA hairpins with same closing base pair but different loops. The upper
panels (a)–(d) correspond to Fh, whereas the lower panels (e)–(h) correspond to Fc.
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FIG. 7. Probability distribution of the unzipping force of the DNA hairpins for the same loop with different closing base pairs. The upper
panels (a)–(d) correspond to Fh, whereas the lower panels (e–h) correspond to Fc.

the force-extension curve of adenine is enthalpic in nature and
differs from the FJC.

Another interesting observation is that below 240 pN
[Fig. 5(a)], the extension of A4 is higher than T4, whereas
above this force, the extension of T4 is larger than A4. This
implies that the inference drawn about the stability of the
DNA hairpin based on the melting may differ from the force-
induced melting. To have the semimicroscopic view of it, we
use two definitions of the unzipping force: (1) force (Fh) at
which half of base pairs are open similar to the DNA melting
and (2) force (Fc) at which all the base pairs including closing
base pairs are open. We note that this happens at ≈50 Å ± 3 Å
and at ≈90 Å ± 3 Å for Fh and Fc, respectively. Furthermore,
the force-extension curve usually shows two jumps. Here the
first jump corresponds to the breaking of the hydrogen bond
between the first base pair of the stem, whereas the second
jump is associated with the gradual opening of base pairs.
Most of the curves start from the zipped state, i.e., ≈20 Å for

GC/CG and ≈28 Å for AT/TA, and remain in the zipped state
up to the certain applied force. This indicates that the nature of
closing base pairs also affects the stability of the DNA hairpin
even at zero force. In the case of the AT closing base pair,
the unzipping force at which half of base pairs gets open for
the A4 loop is ∼208 pN, which is lower than the T4 loop
(∼215 pN). However, the unzipping force Fc for the A4 loop
(∼280 pN) is much higher than for the T4 loop (∼260 pN).
For the GC closing base pair, we observed that the unzipping
force Fh (∼242 pN) for the T4 loop is higher than the A4
loop (∼235 pN). The unzipping force Fc (∼290 pN) for T4
loop is lower than the A4 loop (∼305 pN). In the case of the
CG closing base pair, the unzipping forces Fh are ∼240 pN
and ∼250 pN for the A4 and T4 loop, respectively. On the
contrary, the unzipping forces Fc are found to be ∼305 pN for
the A4 loop, whereas ∼270 pN for the T4 loop.

It has been reported in the literature that for certain DNA
and RNA hairpin loops, a CG closing base pair provides

TABLE I. Unzipping force Fh and Fc of eight studied DNA hairpins for different cases. The error is found to be less than 3.5 pN for all
cases [60,61].

Closing base pair

AT TA GC CG

Loop Fh (pN) Fc (pN) Fh (pN) Fc (pN) Fh (pN) Fc (pN) Fh (pN) Fc (pN)

A4 205 280 215 270 235 305 240 300
T4 215 260 220 230 245 290 250 270
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FIG. 8. Fraction of hydrogen bonds 〈m〉 as a function of the
applied force for various loop closing base pairs: (a) loop consisting
of adenine, (b) loop consisting of thymine.

enhanced stability in comparison to GC closing base pair
[58,59]. For example, changing the closing base pair from CG
to GC hairpins destabilized the structure by ∼2 kcal mol−1

and caused a notable reduction in the melting temperature.
However, such studies have been performed for a folded struc-
ture only, not for the unfolded structure. In Figs. 5(f) and 5(h),
we have shown the comparative force-extension curves for
GC and CG base pairs for the same loop. One can notice that
there is a change in the unzipping force Fh for the A4 and T4
loop, which shows that CG is more stable than GC, similar
to the one observed in the case of melting. The change in
free energy is found to be nearly equal to ∼2 kcal mol−1.
It is interesting to note that for the complete unzipping Fc

for GC is larger than CG for the T4 loop [Fig. 5(h)]. It is
pertinent to mention here that the stability data based on Fh

[Figs. 5(e)–5(h)] are consistent with the findings of Vallone
et al., whereas the Fc gives new insights into the stability of
the DNA hairpin.

To further substantiate our findings, we show the his-
tograms of unzipping force (Fc and Fh) of DNA hairpins with
the same closing base pair but of different loops in Fig. 6,
whereas in Fig. 7 we show the histograms of the unzipping
force of DNA hairpins with the same loop but different closing
base pairs. In Figs. 6 and 7, the upper row corresponds to
Fh and the bottom row corresponds to Fc. For a given load-
ing rate, the most probable unzipping force for the hairpin
is obtained by the Gaussian fit of distribution of the unzip-
ping force for every studied DNA conformation. For a given
loading rate, the most probable unzipping force for the same
closing base pair but with different loops and the same loop
but with the different closing base pair are shown in Table I.
Errors are estimated using the covariance matrix [60,61]. We
observed that the error decreases as sample size increases, and
for the present data set (100 simulations) the error is less than
3.5 pN for all cases.

Following the protocol of unzipping discussed earlier, we
further substantiate these findings by extending our study to

obtain the fraction of hydrogen bonds as a function of the
applied force for different closing base pairs in Fig. 8. In
Figs. 8(a) and 8(b) we consider loops of A4 and T4, respec-
tively for different closing base pairs. Here we also investigate
two cases: (1) when half of the base pairs are open corre-
sponding to DNA melting and (2) when all the base pairs are
open including the closing ones. The values obtained from this
method are also consistent with the one given in Table I.

V. CONCLUSION

We performed atomistic molecular dynamics simulation of
eight designed DNA hairpins, which consist of a stem of six
base pairs and a homosequence loop (A4 and T4) of four
bases. The simulation provided an atomistic description of
the stability of hairpin on the loop sequence and effects of
closing the base pair that closes the loop. The histograms of
unzipping force revealed the difference between Fh and Fc.
The order of stability of eight hairpins can be concluded from
these histograms, which have been tabulated in Table I. If the
unzipping force (Fh) is defined at a force half of the base pairs
are open similar to the definition of DNA melting, present
simulations indicate that A4 is less stable than T4. The largest
difference in Fh is 10 pN between the A4 loop and T4 loops,
which is higher than the error bar, and single-molecule ex-
periments will be able to observe experimentally. Regardless
of the loop sequence, in terms of closing base pair, the order
of stability is CG > GC > TA > AT, which is in agreement
with Vallone et al. [31]. However, if Fc is taken as the direct
measurement of the stability of the hairpin, the order of sta-
bility of eight DNA hairpins in terms of the loop sequence
is A4 > T4. The difference in the stability arising due to the
definition of Fc and Fh may be attributed to the competition be-
tween entropy associated with T4 loop and enthalpy (stacking
energy) associated with stacked bases in the A4 loop. When
only half of the base pairs are open, the free energy of the
hairpin having the T4 loop is higher compared to the A4 loop.
Whenever a loop opens (i.e., complete unzipping due to Fc)
because of stacking energy associated with A4 its free energy
is more than the T4 loop. Moreover in this case, the order of
stability is found to be different than that of Fh, i.e., GC > CG
> AT > TA. Our results open up the question of the stability
of the DNA hairpin when subjected to an unzipping force. We
hope that single-molecule experiments will be able to explore
experimentally and resolve the stability issue.
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