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ABSTRACT: The base pair hybridization of a DNA segment was
studied using molecular dynamics simulation. The results show the
obvious correlation between the probability of successful hybridization
and the accessible surface area to water of two successive base pairs,
including the unpaired base pair adjacent to paired base pair and this
adjacent paired base pair. Importantly, two metastable structures in an
A−T base pair were discovered by the analysis of the free energy
landscape. Both structures involved addition of a water molecule to
the linkage between the two nucleobases in one base pair. The
existence of the metastable structures provide potential barriers to the Watson−Crick base pair, and numerical simulations show
that those potential barriers can be surmounted by thermal fluctuations at higher temperatures. These studies contribute an
important step toward the understanding of the mechanism in DNA hybridization, particularly the effect of temperature on DNA
hybridization and polymerase chain reaction. These observations are expected to be helpful for facilitating experimental bio/
nanotechnology designs involving fast hybridization.

DNA hybridization plays a central role in molecular biology
and in the formation of bio-related materials and

techniques used in biotechnology, such as the polymerase
chain reaction, DNA sequencing, and DNA detection.1−5 Since
single-stranded DNA uniquely recognizes its complementary
strand, novel molecular devices on the nanoscale, such as
nanotriggers and DNA specified nanotransporters, are possible.
Based on the first study by Wetmur and Davidson performed

in 1968,6 many theoretical models have been proposed for
describing the kinetics of DNA hybridization.7,8 In the past two
decades, molecular dynamics (MD) simulations have been used
extensively into the study of biomolecules.9−18 With the help of
MD simulations, the dehybridization process of one DNA base
pair19,20 and DNA/RNA hairpin folding21,22 have been studied.
Experimentally, DNA hybridization has also been investi-
gated.23−29 Zhao et al. recently found that DNA hybridization
showed non-Arrhenius behavior.23 Despite the efforts, the
mechanism of DNA hybridization is still far from being fully
understood.
We present a study toward the base pair hybridization of

DNA by MD simulations. We found that the probability of
successful hybridization depends significantly on the initial
structures of the unpaired DNA. Two of the structures in an
A−T base pair involved the addition of a water molecule to the
linkage between the two nucleobases. Those metastable
structures provide potential barriers to the Watson−Crick
base pair and numerical simulations show that those potential
barriers can be surmounted by thermal fluctuations at higher
temperatures. To our knowledge, this is the first report to these
metastable structures at the room temperature and their impact

on hybridization. The presented simulations contribute an
important step toward our understanding of the mechanism
and the physics in DNA hybridization and hybridization-related
processes, such as the polymerase chain reaction.

■ MATERIALS AND SIMULATIONS

To prepare the initial conformations, we first performed an MD
simulation at 530 K for 20 ns for a DNA segment of
poly(dA)6−poly(dT)6, in which the first three base pairs are
constrained in the form of Watson−Crick base pair. Since this
temperature is much higher than the melting temperature of
DNA, the other three base pairs become unpaired during the
simulation as the typical example shown in Figure 1a. The
structure of the Watson−Crick base pair30 is shown in Figure
1b, together with the designation of the atoms. Namely, the
Watson−Crick structure of A−T base pair in our simulations is
defined as the formation of both hydrogen bonds (dT)N3−
H···N1(dA) and (dT)O4···H−N6(dA). The initial conforma-
tions were selected from the snapshots during the simulation,
according to the solvent accessible surface area (SASA) of the
first unpaired base pair (BP1) adjacent to paired base pair and
this adjacent paired base pair (BP0). SASA is defined as the
surface area of the two neighboring base pairs accessible to a
water molecule31 as represented by the two examples presented
in Figure 1c,d. SASA has a minimal value about 540 Å2 when
both BP0 and BP1 form Watson−Crick base pairs. Numeri-
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cally, we found the maximal value of SASA was 860 Å2. We
divided the interval from 620 to 860 Å2 into 12 subintervals and
selected 50 different conformations randomly in each
subinterval to obtain 600 initial conformations.
The initial DNA segment was immersed in a periodic box of

4.0 nm × 4.0 nm × 4.0 nm. There are 1978 TIP3P water
molecules32 in the water box. Ten Na+ ions were added to
neutralize the whole system. All MD simulations were
performed via Gromacs 4.033 with the Amber03 force field.34

A cutoff of 1 nm was applied for the Lennard-Jones interaction
and the real space portion of the electrostatic interaction, while
the PME method was used for the reciprocal space portion of
the electrostatic interaction.35 For each conformation, the
whole system was first equilibrated for 1 ns under NPT
conditions, a constant pressure of 1 bar and a temperature of
298 K, with all the DNA and ions position restrained, then 10
different velocity distributions were sampled according to the
simulation temperature by a Maxwell distribution, and a 5 ns
NVT MD simulation was performed with the three paired base
pairs constrained at 298 K. The Nose−Hoover36 thermostat
was used for temperature coupling, and the Parrinello−
Rahman37 pressure-stat was used for pressure coupling. The
total simulation time is more than 30 μs.

■ RESULTS AND DISCUSSION

The solid squares in Figure 2 show the probability for the
successful hybridization of the first unpaired base pair, BP1,
denoted by Pnat, with respect to the initial conformations
(characterized by SASA). Pnat is defined as the ratio of the
number of successful hybridized simulations to the whole
number of performed simulations in each subinterval of the
SASA. Successful hybridization was defined as the appearance
of the Watson−Crick base pair more than 75% of the time in
the final 4 ns for each simulation. We found that Pnat decreased
as the SASA increased, indicating that the hybridization
significantly depends on the initial conformations. Pnat showed
a relative fast decreasing for 620 Å2 < SASA < 690 Å2. The
hybridization probability is very small between 720 and 850 Å2.

We note that the SASA of the two successive base pairs
describes the stacking geometry of the bases. The stacking
geometry determines the base stacking interaction between two
neighboring bases.38 The base stacking interaction is the main
reason for stabilizing the DNA structures.39 Figure 1 shows that
the hybridization probabilities correlate well with the SASA of
the two successive base pairs, which suggests that the stacking
interaction plays a role on the hybridization process obviously.
The SASA can describe the stacking geometry, but it has an
obvious shortcoming that different molecular conformations
will give the same SASA. Here we use another parameter l, the
distance between the atom N3 in the thymine and N1 in the
adenine of BP1, combined with the SASA of BP0 and BP1 to
describe the hybridization free energy difference, as shown in
Figure 3.

The free energy difference F = −RT ln(Pl,S), where Pl,S is the

fraction of structures with the distance l (between the atom N3

Figure 1. (a) Typical initial conformation of the DNA segment. The
three unpaired base pairs are indexed by 1 (green), 2 (blue), and 3
(yellow), and the Watson−Crick base pair adjacent to the unpaired
base pair 1 is indicated by 0 (red). (b) A Watson−Crick A−T base
pair and the designation of atoms. (c, d) Schematic representations of
the solvent accessible surface area (SASA) of the base pair 0 and the
base pair 1 with a well-paired (c) and an unpaired (d) structure,
indicated by the cloud surface around the two base pairs. The SASA of
733 Å2 in the unpaired structure is significantly larger than the SASA
of 570 Å2 in the paired structure.

Figure 2. Probabilities for the successful hybridization, Pnat (■, black
solid curve), the metastable structure 1, Pmeta1 (●, red solid curve),
and metastable structure 2, Pmeta2 (▲, green solid curve), of the base
pair 1, with respect to the solvent accessible surface area (SASA). The
inset is the zoom-in for Pmeta1 and Pmeta2.

Figure 3. (a) Hybridization free energy differences of DNA base pair
versus two reaction coordinates the distance l (between the atom N3
in the thymine and the atom N1 in the adenine of BP1) and the SASA
(BP0 and BP1). (b) The zoom-in of the free energy landscape around
the three energy minima. The two contour lines correspond to the free
energies of 9 and 10 kJ/mol. The numbers 1, 2, and 3 stand for the
local minima found in the free energy landscape. The minimum 1
corresponds to the Watson−Crick base pair structure. The minimum 2
corresponds to two metastable structures, as shown in (c) and (d).
The minimum 3 corresponds to a kind of dehybridized structures. (c)
The metastable structure 1. (d) The metastable structure 2. The water
molecules are colored yellow. The green dashed lines indicate
hydrogen bonds. The gray dashed lines in (c, d) serve as a guide
only and correspond to the hydrogen bonds in the Watson−Crick
base pair.
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in the thymine and the atom N1 in the adenine) and the
solvent accessible surface area S (of BP1 and BP0). The
reference state is the Watson−Crick base pair structure. From
Figure 3 we can distinguish three minima by the two black
contour lines that correspond to the free energies of 9 and 10
kJ/mol, respectively. In Figure 3b, the minimum 1 (l ≈ 3.0 Å
and 540 Å2 < SASA < 590 Å2) corresponds to the Watson−
Crick base pair structure. The minimum 2 (5.0 Å < l < 6.0 Å
and 580 Å2 < SASA < 620 Å2) corresponds to two metastable
structures, as shown in Figure 3c,d. The minimum 3 (15.0 Å < l
< 17.0 Å and 680 Å2 < SASA < 700 Å2) corresponds to a kind
of dehybridized structure that one base of BP1 is collapsed on
the BP0, while the other base leaves away. Two typical
structures of the minimum 3 are shown in the Supporting
Information in Figure S1a,b, in which the two bases of BP1 in
these structures neither form hydrogen bonds directly nor be
connected by water molecules
After careful examination of the structures in the minimum 2,

only Meta1 and Meta2 were found to maintain more than 3 ns.
Comparing Meta1 with the Watson−Crick base pair, we
observe the atom N3 of the thymine has moved toward the
minor groove, and the atom N1 of the adenine has moved
toward the major groove (Figure 3c). Both hydrogen bonds
presenting in the Watson−Crick base pair were disrupted in
Meta1. The new structure was stabilized by the formation of a
water bridge [(dT)O4···H−O−H···N3(dA)], in which the
atom O4 of the thymine and the atom N3 of the adenine
formed hydrogen bonds with one water molecule simulta-
neously. We note that the two bases in Meta1 were not directly
connected. For Meta2, the hydrogen bond between the atom
N3 of the thymine and the atom N1 of the adenine existing in
the Watson−Crick base pair was broken, and a water molecule
was sandwiched between these bases to form a hydrogen-bond
bridge of [(dT)N3−H···O−H(water)···N1(dA)] (Figure 3d).
The second hydrogen bond presenting in the Watson−Crick
base pair, between the atom O4 of the thymine and the atom
N6 of the adenine, remained intact. Some different water
bridged structures had been found by Giudice et al.40 and
Bouvier et al.41 in the base pair opening process.
There are variations of the glycosidic torsion angles in both

adenine and thymine in Meta1 and Meta2. The distributions of
the glycosidic torsion angles in the two metastable structures
are provided in the Supporting Information, Figure S2.
We also computed the probabilities for the appearance of

Meta1 and Meta2 denoted by Pmeta1 and Pmeta2, respectively
(Figure 2). Here we defined the appearance of a metastable
structure in each simulation as when the structure appears more
than 75% of the time in the final 4 ns of the simulation. Meta1
mainly appeared at about 675 Å2, whereas Meta2 mainly
appeared at 630 Å2. We have also studied the effect of the
temperature on the metastable structures by performing 5 ns
MD simulations at a high temperature 320 K, starting from the
10 metastable structures of Meta1 and Meta2 obtained at 298
K, respectively. During these high-temperature simulations, six
Watson−Crick base pairs formed from the Meta1 structures,
whereas three base pairs became unpaired and only one
remained as Meta1. For Meta2, eight structures formed a
Watson−Crick base pair, whereas the other two structures
became unpaired. This indicates that the potential barriers to
the Watson−Crick base pair due to the metastable structures
can be surmounted by thermal fluctuations at higher temper-
atures. We note that Zhao et al. found static disorders at
temperatures lower than 313 K,23 and Ma et al. showed that a

temperature-dependent phase was present in RNA hairpin
folding.24 Nikolova et al. presented NMR evidence for
spontaneous loss of Watson−Crick pairing in canonical double
helices.42 The existence of the metastable structures together
with its temperature-dependence behavior is helpful to the
understanding of those experimental observations.
The total probabilities of forming the metastable structures

and the Watson−Crick base pair structure in BP1 were 0.6%
and 5.8% at 298 K (Figure 2), respectively. From the
simulations at 320 K, we observed most of metastable
structures becoming the Watson−Crick base pair structure.
This suggests that Pnat at the low temperature reduced about
0.6% with respect to the case at the high temperature, which is
0.006/(0.006 + 0.058) = 9.4% in the expectable successful
hybridization events. For a long DNA molecule with 30 base
pairs, the probability of the metastable-structure blockage is
about 1 − (1 − 9.4%)30 ≈ 95%, which means that 95% of
expected successful hybridization events at the high temper-
ature are blocked at the low temperature by the metastable
structures. Therefore, the metastable structures greatly reduce
the hybridization probability in long DNA molecules at room
temperature.
We have also investigated the hybridization of the second

and third unpaired base pairs from the simulation data. The
probability was only 0.57% for the successful hybridization of
both the first and the second base pairs. This value is
significantly smaller than the probabilities of successful
hybridization of the first base pair (i.e., 5.8%). We found only
two successful hybridization cases for all three base pairs in the
6000 simulations. We have estimated the hybridization time τ
of 3 base pairs using the method mentioned in the article of
Sorin et al.21 The hybridization time τ is about 14 ± 1.5 μs,
which is in agreement with folding times of ∼10 μs reported for
nucleic acid hairpins in both experiment27 and simulation21

results. This shows that the hybridization of the initial random
conformations of the unpaired segments has a very low
probability for long sequences. We note that the metastable
structures Meta1 and Meta2 were also observed for the second
unpaired base pair, revealing that the occurrence of the
metastable structures is universal.
The probabilities of successful hybridization are the results of

5 ns simulaiton. If we perform longer simulations, the values of
these probabilities may be varied. However, the decreasing
tendency in Figure 2, the hybridization time τ, and the free
energy landscape in Figure 3 will be remained because we have
sampled the phase space of DNA conformation by a huge
number of initial structures and different initial velocity
distributions.
It has been argued that slide action plays an important role in

the hybridization of DNA with repetitive sequences.43,44 We
have also observed some slide action cases. However, the base-
to-base hybridization dominates in our simulations. This is
partly because a short DNA segment was taken in our
investigation; i.e., here we focused on the hybridization process
of the three base pairs which were adjacent to the other three
constrained base pairs in the form of Watson−Crick base pairs
in the simulations. For longer DNA segments without those
constrained base pairs, the sliding action may play a more
significant role. Perez et al. found a minor error in the backbone
parameters of the Amber force fields. Thus, the overpopulation
of the (α, γ) = (g+, t) backbone conformations were observed
in single long (more than 10 ns) simulations.45 In our 5 ns
single simulation, this effect is not observable. A modified
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version45 will be used in our next studies where much longer
simulations will be performed benifited from the development
of computers.
We have found that the probability of successful hybrid-

ization decreased as the solvent accessible surface area of two
successive base pairs increased. Importantly, two metastable
structures were discovered by the analysis of the free energy
landscape of an A−T base pair. Both structures involved the
addition of a water molecule to the linkage between the two
nucleobases in one base pair. We noted that to our knowledge
this is the first report to describe Meta1. Although Meta2 has
been previously predicted by ab initio calculations at zero
temperature,46 our simulation results reveal the remarkable
observation that this structure still exists at room temperature.
The simulations presented contribute an important step toward
our understanding of the mechanism and the physics involved
in DNA hybridization and hybridization-related process, such as
the polymerase chain reaction. These studies may be also
helpful to the facilitation of the experimental designs for fast
hybridization, a process that is believed to be very important in
bio/nanotechnology.
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