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ABSTRACT: We present extensive molecular dynamics simulations of a
cationic nanoparticle and a double-stranded DNA molecule to discuss the
effect of DNA flexibility on the complex formation of a cationic
nanoparticle with double-stranded DNA. Martini coarse-grained models
were employed to describe double-stranded DNA molecules with two
different flexibilities and cationic nanoparticles with three different electric
charges. As the electric charge of a cationic nanoparticle increases, the
degree of DNA bending increases, eventually leading to the wrapping of
DNA around the nanoparticle at high electric charges. However, a small
increase in the persistence length of DNA by 10 nm requires a cationic
nanoparticle with a markedly increased electric charge to bend and wrap
DNA around. Thus, a more flexible DNA molecule bends and wraps
around a cationic nanoparticle with an intermediate electric charge,
whereas a less flexible DNA molecule binds to a nanoparticle with the same electric charge without notable bending. This work
provides solid evidence that a small difference in DNA flexibility (as small as 10 nm in persistence length) has a substantial influence
on the complex formation of DNA with proteins from a biological perspective and suggests that the variation of sequence-dependent
DNA flexibility can be utilized in DNA nanotechnology as a new tool to manipulate the structure of DNA molecules mediated by
nanoparticle binding.

■ INTRODUCTION
Double-stranded DNA is a rigid polymer chain with an average
persistence length (lp, a measure of rigidity or inverse
flexibility) of 50 nm,1−3 and the local lp varies by combinations
of nucleotides.4−6 For instance, the local lp of pairs of
consecutive nucleotides (called dinucleotide steps) ranges
between 40.9 and 56.0 nm.4 However, the sequence-dependent
variation in DNA flexibility has a negligible effect on the
structure of bare DNA molecules. The theory of elastic rods
predicts that the effect of DNA flexibility variation is significant
when DNA is bent abruptly into an arc with a radius of several
nanometers.3 Therefore, sequence-dependent variation in
DNA flexibility is particularly important in biology, where a
DNA double helix is bound to and wrapped 1.7 turns around a
histone protein complex, forming nucleosomes with a
cylindrical shape of 11 nm in diameter and 5.5 nm in height.2

Cationic nanoparticles (NPs) with a diameter of several
nanometers have been used to mimic histone protein
complexes: cationic NPs bind noncovalently to negatively
charged DNA, and DNA bends and wraps around cationic
NPs, promoting DNA compaction.7−10 Cationic NPs have also
been used as a transfection agent to deliver DNA into cells in
biotechnological applications.11−15 Understanding the effect of
DNA flexibility on complex formation with cationic NPs will
further help the development of biotechnological applica-
tions.16

Here, we used extensive molecular dynamics (MD)
simulations of Martini coarse-grained (CG) models of a
cationic NP and a double-stranded DNA molecule to
investigate the effect of DNA flexibility on the formation of
DNA−NP complexes. Two DNA sequences with 100 base
pairs (bp) of (AT)50/(AT)50 and (AC)50/(GT)50 were chosen
to represent more and less flexible DNA fragments,
respectively, with lp differing by 10 nm. A cationic NP with
7 nm in diameter was chosen as a mimic of the histone protein
complex to induce abrupt bending and wrapping of DNA. In
this paper, DNA refers to double-stranded DNA molecules,
and DNA length in bp refers to the number of constituting
pairs of complementary bases or nucleotides.
Computer simulations have been used to investigate the

binding of double-stranded DNA with various associating
molecules, including proteins, NPs, dendrimers, and poly-
amines.16−39 Albeit invaluable, MD simulations based on all-
atom models17−26 are time-consuming and computationally
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expensive. Therefore, the length of DNA fragments considered
in MD simulations is typically no longer than 50 bps, which is
too short to facilitate bending and wrapping around a cationic
NP, except for a few examples.26 Although there have been
several atomistic MD simulations employing DNA fragments
of ∼150 bps,27−30 these studies focused on the stability and
structural features of nucleosomes (in which the DNA
fragment is already wrapped around the histone protein
complex) but not on the dynamic process of DNA binding and
wrapping. The use of CG models40−45 can be an alternative to
investigate complex formation between DNA and binding
molecules by enabling relatively longer and larger scales of MD
simulations.16,31−39 However, depending on the coarse-
graining philosophy, CG models have lists of specific features
to determine the model most appropriate to answer specific
questions. Among several CG models of DNA, the Martini
DNA model is chosen in this work to investigate the effect of
DNA flexibility on the complex formation of a cationic NP and
a DNA fragment. This model has sequence specificity for
flexibility variation, and many details, including solvents and
ions, are explicitly implemented to describe the molecular
interactions better.43

Simulation results show that DNA flexibility determines the
structure of a complex formed between a cationic NP and a
DNA fragment. As the electric charge of a cationic NP
increases, the degree of DNA bending increases and,
eventually, DNA wraps around the NP at high electric charges.
However, a decrease in DNA flexibility due to a 10 nm increase
in lp requires a marked increase in the electric charge of a
cationic NP for DNA bending and wrapping around the NP.
As a result, for an intermediate electric charge, the more
flexible DNA fragment bends and wraps around the NP,
whereas the less flexible DNA fragment binds to the NP
without notable bending.
The rest of this paper is organized as follows. We describe

the simulation model and method in the following section.
Simulation results are presented in the section “Results and
Discussion”, where we compare the complex formation of a
cationic NP with two DNA sequences of different flexibilities
and discuss the consequences of DNA flexibility on NP-
induced DNA compaction. This work is summarized in the
section “Conclusions”.

■ METHODS
Martini CG Models of DNA and NP.We used the Martini

CG models developed by Marrink and co-workers43,47 and its
adaptation for the NP,48 as shown in Figure 1. All-atom models
of DNA molecules were generated by the Nucleic Acid Builder
(NAB) program in AmberTools16,49 and were transformed
into Martini CG models of DNA by the Python script provided
by Marrink and co-workers.43,50 Each nucleotide is mapped to
six or seven CG beads. Three beads represent the backbone
consisting of a phosphate group and a sugar moiety, and the
remaining three or four beads represent a pyrimidine or purine
base, respectively. The overall particle types and parameters43

are listed in Tables S1−S3 of the Supporting Information. In
particular, the structure of the double-stranded DNA is
maintained by the soft elastic network model, in which a
harmonic force is applied between the backbone beads and
between a backbone bead and the first connected bead in each
base.43

To model a cationic NP, its core structure was built by face-
centered cubic packing of gold (Au) beads in a truncated

octahedron with a dimension of ∼4 nm between the two
opposite faces. Au beads were restrained by the harmonic
potential among each other. On the surface of the Au core, 296
octanethiol ligands were attached so that the ligand footprint
of 20.6 Å2 was close to 21.6 Å2, which is the experimental
value.51 Among them, 96, 128, and 160 ligands were
functionalized by a cationic end to model the cationic NPs
with electric charges of +96e, +128e, and +160e, respectively,
where e is the elementary charge. Octanethiol ligands were
modeled by four or five beads for neutral or cationic ligands,
and one end of each ligand was restrained on the surface of the
Au core by a harmonic potential. The diameter of the ligand-
stabilized NP was estimated to be ∼7 nm, as shown by the
radial distribution function in Figure S1(A) of the Supporting
Information. The overall particle types and parameters of the
NP are listed in Table S4 of the Supporting Information.
The lp of the Martini DNA model was estimated by separate

MD simulations of a linear DNA molecule. DNA bond vectors
were defined as the distance between the centers-of-mass of
two consecutive pairs of complementary nucleotides, and the
average orientational correlation was calculated as

b b b b i j lexp( / )i j
2

p⟨ ⃗ · ⃗⟩ = − | − | (1)

where bi⃗ and bj⃗ are the ith and jth bond vectors, respectively; b
is the average bond length; and ⟨···⟩ is the average overall DNA
conformations at equilibrium. By fitting the data to the
exponential function of eq 1, lp was obtained as 75 and 84 nm
for (AT)50/(AT)50 and (AC)50/(GT)50, respectively, as shown
in Figure 2.

MD Simulations for Complex Formation. To inves-
tigate complex formation between a 100-bp-long DNA and a
cationic NP, the models of DNA and the NP were placed in a
rhombic dodecahedron box with a lattice length of 36.3 nm
and solvated with Martini water particles. Initially, the NP was
placed 1.5 nm from the central region of DNA. Ten percent of
the water particles were replaced by Martini antifreeze
particles. Na+ and Cl− ions were added to set the concentration
at 0.150 M, and additional Na+ ions were added for the charge
neutralization. For instance, for the system with an NP with
+160e, the numbers of Na+ and Cl− ions were 3092 and 3054,
respectively, in the system volume of 33 800 nm3, correspond-
ing to the ion concentrations of 0.152 and 0.150 M for Na+

Figure 1. Simulation snapshots showing time-dependent DNA
binding and wrapping around a cationic NP. The DNA fragment is
100-bp-long with a sequence of (AT)50/(AT)50. The cationic NP has
an electric charge of +160e. DNA backbone groups are colored in
violet and magenta, DNA bases in gray, cationic end groups of the NP
in blue, and neutral ligands on the NP in cyan. Na+ and Cl− ions are
shown as points in the background, and water molecules are hidden
for ease of visualization. Images were generated using VMD.46
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and Cl− ions, respectively. The system was energy minimized
and equilibrated in constant NVT and NPT conditions.
During the NPT equilibration to keep the pressure constant at
1 bar, the system volume increased and the ion concentrations

were slightly reduced to 0.143 and 0.142 M for Na+ and Cl−

ions. The production simulation was performed for a duration
of 10 μs for all sets. In the case of significant DNA bending, the
production simulation was extended for another 20 μs. All of
the MD simulations were performed using the GROMACS
2019 package.52 The integration time step was 10 fs. The
temperature was set to 300 K using a velocity rescaling
thermostat, and the pressure was set to 1 bar using the
Berendsen barostat. A cutoff of 1.1 nm was used for van der
Waals interactions. A reaction field method was used to treat
Coulomb interactions with a cutoff at 1.1 nm. Relative
dielectric constants for the medium and the reaction field were
set to 15 and infinity, respectively.53,54

■ RESULTS AND DISCUSSION
We performed extensive MD simulations of a 100-bp-long
DNA fragment and a cationic NP of 7.0 nm in diameter using
Martini CG models. To explore the influence of DNA
persistence length (lp) on complex formation with a cationic
NP, we considered two DNA fragments with lp that differ by
10 nm: a more flexible fragment of (AT)50/(AT)50 with an
average lp of 75 nm and a less flexible fragment of (AC)50/
(GT)50 with an average lp of 84 nm. Due to the overestimation
of the lp of these DNA models by about 30 nm compared with
an average DNA lp of 50 nm, we focused on the qualitative

Figure 2. Correlation functions of DNA bond vectors were calculated
as a function of bond separation, b|i − j|, as expressed in eq 1, where b
is an average bond length and i and j are index numbers of the bond
vectors. The correlation functions were fitted to exponential functions
(dashed and solid curves), resulting in lp of 75 and 84 nm for
sequences of (AT)50/(AT)50 and (AC)50/(GT)50, respectively.

Figure 3. Binding of (AT)50/(AT)50 to cationic NPs with electric charges of (A) +96e, (B) +128e, and (C) +160e. The first two columns present
two independent sets of simulation data showing the time evolution of DNA contacts with an NP. Filled symbols in dark blue indicate the indices
of nucleotide pairs (or the regions of DNA) bound to the NP. Red lines on top and bottom indicate boundaries between the bent and linear
regions of DNA, and their difference defines the fraction of DNA wrapping, fw. The last column presents the variation of fw with time for the two
simulation sets.
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difference of DNA−NP binding arising from a 10 nm
difference in lp. This difference is close to that predicted
using the local lp of dinucleotide steps of AT/AT and AC/GT
reported previously.4 An NP with a diameter of 7.0 nm is a
mimic of the histone protein complex, and it induces abrupt
DNA bending for sufficiently high electric charges of an NP.
Although the 100-bp-long DNA fragments have a fixed charge
of −198e (two phosphates with −1e per pair of comple-
mentary nucleotides except the nucleotides at each 5' end),
three values of electric charge of an NP of +96e, +128e, and
+160e were considered. For each set of two DNA flexibilities
and three NP charges, two independent sets of simulations
were performed to confirm the results, a total of 12 sets of
extensive MD simulations. We performed 10-μs-long simu-
lations for all simulation sets. Those with significant DNA
bending were extended to 30 μs to investigate how the DNA
wraps around an NP.
Simulation results are presented in Figure 1 for a DNA

fragment of (AT)50/(AT)50 and a cationic NP with a charge of
+160e. The electric charge of the NP is high enough to induce
complete wrapping of the DNA fragment around the NP. The
figure presents simulation snapshots taken at various times to
monitor the binding and wrapping of the DNA fragment
around the NP. Initially, the DNA is placed 1.5 nm from a
cationic NP. With time, the negatively charged DNA fragment
and the cationic NP bind to each other due to electrostatic

attraction. At 2.5 μs, the DNA fragment is bent around the NP
and makes a complete turn at 5.0 μs. Two flanking ends of the
DNA fragment take turns binding to and dissociating from the
surface of the NP, resulting in translational movement (or
sliding) of the NP along the DNA fragment. The NP was
located at the center of the DNA fragment at 5.0 and 11.0 μs,
whereas the NP was found at each end of the DNA fragment at
8.0 and 15.0 μs. Finally, the two flanking ends bind to the NP,
completing the DNA wrap, as shown at 30.0 μs in the figure.
The process of DNA binding and wrapping is presented in

more detail in terms of the time evolution of DNA contacts
with an NP, as shown in Figures 3 and 4 for DNA fragments of
(AT)50/(AT)50 and (AC)50/(GT)50, respectively. A pair of
complementary nucleotides of a DNA fragment is considered
bound to the NP when any of the two negatively charged
particles (representing the phosphates) of the nucleotide pair
is within a distance of 0.7 nm from any positively charged
particle of the cationic ligand on the NP. The critical distance
of 0.7 nm is chosen based on the first minimum of the radial
distribution function between them, as shown in Figure S1(B)
of the Supporting Information. In Figures 3 and 4, the
nucleotide pairs bound to the NP are indicated as filled
symbols.
At each time in the figures, about six filled symbols appear

together next to each other along the vertical direction,
indicating that phosphates of six proximal nucleotide pairs bind

Figure 4. Binding of (AC)50/(GT)50 to cationic NPs with electric charges of (A) +96e, (B) +128e, and (C) +160e. The first two columns present
two independent sets of simulation data showing the time evolution of DNA contacts with an NP. Filled (dark blue) symbols indicate the indices of
nucleotide pairs (or the regions of DNA) bound to the NP. Red lines on top and bottom indicate boundaries between the bent and linear regions
of DNA, and their difference defines the fraction of DNA wrapping, fw. The last column presents the variation of fw with time for the two
simulation sets.
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to cationic ligands of the NP at the same time. In addition,
groups of the six binding nucleotide pairs are shown discretely
and periodically along the DNA (or along the vertical axis)
with an average increase of 9.6 (±0.0) nucleotide pairs. This
periodicity of the binding groups originates from the helical
structure of DNA (with the number of nucleotide pairs of 9.6
per helical turn being slightly different from 10.5 bps of B-
DNA, ascribed to the approximate nature of the CG model of
DNA). In the DNA model, several phosphates in every 9.6
nucleotide pairs face the NP, whereas the others turn away
from the NP. As a result, about six nucleotide pairs bind
together to the NP in each helical turn, while the nucleotide
pairs located between the binding groups of six nucleotide
pairs are not in direct contact with cationic ligands. However,
these in-between nucleotide pairs are still a part of the DNA
structure wrapping around the NP. Therefore, we define the
DNA wrapping fraction, fw, as the fraction of DNA nucleotide
pairs bent close to the NP, which includes both binding and in-
between nucleotide pairs. The variable fw is practically
calculated by the difference between the top and bottom of
the filled symbols, as bounded by solid red lines in the figures.
The time-dependent variation of fw is presented in the last
column of Figures 3 and 4.
It is evident in Figures 3 and 4 that as the electric charge of a

cationic NP increases from +96e to +160e, fw increases. Given
the small surface area of an NP with a diameter of 7 nm, the
variation of fw indicates the structural transition from a linear
DNA with marginal bending at low electric charges to a bent
DNA structure wrapping around the NP at high electric
charges. Since the common form of DNA (B-DNA) has a
diameter of 2.0 nm and a rise per base pair of 0.33 nm, a single
turn of DNA around an NP with a diameter of 7 nm requires,
theoretically, 83 base pairs to be in contact with the NP.
Therefore, the value of fw close to 0.8 indicates, roughly, a
complete turn of DNA around the NP.
In the case of (AT)50/(AT)50 shown in Figure 3, the

transition from linear to wrapped DNA structures occurs
between +96e and +128e. At a low electric charge of +96e,
DNA quickly binds to the NP, and with time, up to five and six
helical turns of DNA bind with the NP. However, DNA
binding and unbinding are reversible and at the end of the
simulations, the number of DNA contacts decreases to a few
DNA helical turns, suggesting that DNA binds with the NP
with marginal DNA bending. On the contrary, at the electric
charges of +128e and +160e, the electrostatic attraction
between the DNA and the NP is strong enough to wrap DNA
around the NP, as shown by a large number of DNA contacts
with an NP and the significant fraction of DNA wrapping.
The variation of DNA contacts shown in “set 1” of Figure

3(C) corresponds to the simulation snapshots presented in
Figure 1 and is noteworthy because it reveals the structural
fluctuations in the course of DNA wrapping. At the beginning
of the simulation, DNA binds quickly to the NP in the central
region of the DNA fragment. As time increases to 6.0 μs, one
flanking end of the DNA fragment progressively binds to the
NP and maintains the wrapping structure for another 4.0 μs.
However, at 10.0 μs, the DNA end separates from the NP; at
13.0 μs, the other flanking end of the DNA fragment starts to
bind to the NP. The bent structure of this DNA end remains
stable until the end of the simulation, and the DNA wrapping
is completed at 25.0 μs. The structural fluctuations by
sequential binding and unbinding of the two flanking ends
indicate the translational movement or sliding motion of the

NP along the DNA fragment, as discussed above based on the
simulation snapshots of Figure 1.
In the case of (AC)50/(GT)50 shown in Figure 4, the

transition from linear to wrapped DNA structures occurs
between +128e and +160e. At low electric charges of +96e and
+128e, DNA quickly binds to the NP. However, the number of
DNA contacts never grows more than a couple of DNA helical
turns. This fragment is slightly less flexible because of the 10
nm increase in lp than (AT)50/(AT)50, and its effect on
complex formation is sufficiently large. This DNA fragment
rarely bends upon binding to the cationic NP with electric
charges of +96e and +128e. When the electric charge is
increased to +160e, the number of DNA contacts and the value
of fw increase significantly with time, suggesting significant
bending and wrapping of DNA. It is noteworthy that a 10 nm
increase in the lp of DNA from (AT)50/(AT)50 to (AC)50/
(GT)50 requires a much higher electric charge of a cationic NP
for DNA to bend and wrap around the NP. As a result, the
more flexible fragment of (AT)50/(AT)50 bends and wraps
around the NP at an intermediate electric charge of +128e,
whereas the less flexible fragment of (AC)50/(GT)50 binds to
the NP of the same electric charge without significant bending.
The difference in DNA−NP binding for (AT)50/(AT)50 and

(AC)50/(GT)50 can be attributed most clearly to the different
elastic energy of DNA bending. According to the theory of
elastic rods, bending of DNA with length L requires an amount
of energy ξkBTL/R

2 to induce DNA deformation into an arc
with radius R, where kB is the Boltzmann constant, T is the
absolute temperature, and ξ is the persistence length.3 The
average length of each base pair of the Martini CG model in
our simulations was estimated to be 0.41 nm/bp, and the
radius of the DNA wrap in Figure 1 was estimated to be 4.5
nm. Using ξ = 75 and 84 for (AT)50/(AT)50 and (AC)50/
(GT)50, the energy of DNA bending is estimated for a single
turn of DNA around an NP at 300 K to be 263 kJ/mol (=
105kBT) and 293 kJ/mol (= 117kBT), respectively, with a
difference of 30 kJ/mol. These approximate estimates of DNA
bending energy explain the qualitative difference of DNA−NP
binding for (AT)50/(AT)50 and (AC)50/(GT)50.
Beyond this simple picture of DNA as an elastic rod, ionic

environments around negatively and positively charged DNA
and the NP play critical roles in determining the complex
formation between the DNA and the NP. The role of
counterions has been of particular interest to elucidate the
DNA condensation into toroids and rods in the presence of
multivalent ions. Counterions condense onto DNA, and in the
case of multivalent ions, strong electrostatic repulsions
between DNA phosphates are overcome to lead to the DNA
condensation.55−57 To confirm the localization of counterions
near DNA and the NP, we calculated the radial distribution
functions between DNA phosphates and Na+ ions and between
NP cationic ligands and Cl−, as presented in Figure S2 of the
Supporting Information. The first peaks of the radial
distribution functions are well defined with large values,
suggesting that the counterions, Na+ and Cl−, are highly
concentrated near DNA and the NP, respectively. The binding
of the counterions to DNA reduces strong repulsions between
DNA phosphates and increased the flexibility of DNA,
facilitating DNA bending around the NP. In addition to the
local condensation of Na+ ions to DNA, asymmetric charge
neutralization of DNA induced by binding of a positively
charged NP can also facilitate DNA bending and thus the
complex formation between the DNA and the NP. The
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asymmetric charge neutralization on one side of the DNA close
to the NP results in unbalanced repulsive forces of DNA
phosphates between the neutralized and repulsive sides of the
DNA and facilitates the preferential DNA bending toward the
NP.58−60

In Figure 4, it is also noteworthy that a cationic NP does not
remain static on DNA,16,39 in particular, at low electric charges
of an NP with which DNA is not bent significantly. At +96e
and +128e, the index numbers of nucleotide pairs in contact
with an NP fluctuate with time, indicating the movement of
the NP along DNA. In principle, NP movement can occur in
two different mechanisms along DNA: either an NP moves
helically along DNA grooves with a coupling between
translational and rotational motions or an NP moves straight
along DNA by stepping across major and minor grooves. The
coupling of translational motion with helical rotation along
DNA has been suggested for DNA-binding proteins.61 In our
analysis of the time evolution of DNA−NP contacts, such
coupling between translation and rotation would result in
continuous variation of DNA−NP contacts without any jump.
The figures for +96e and +128e show that the movements of
an NP occur in a mixed manner. On large scales, sudden jumps
between different DNA helical turns are observed, suggesting
that the NP rolls along DNA by stepping across major and
minor grooves. However, the coupled movement of translation
and rotation is also observed locally by continuous variation of
DNA−NP contacts, for instance, between 3.2 and 3.7 μs of
“set 2” in Figure 4A.
In summary, the simulation results for 12 sets of extensive

MD simulations are summarized in Figure 5. Average values of
the wrapping fraction of DNA, ⟨fw⟩, calculated over the final 5
μs of each simulation trajectory, are presented together with
the final simulation snapshots. The values in the parentheses
are the statistical errors estimated by the batch-means method.

For both DNA fragments, the degree of bending increases as
the electric charge of an NP increases from +96e to +128e and
to +160e, as indicated by the increase in ⟨fw⟩ as well as by the
change in DNA configurations of the final snapshots. At high
electric charges, DNA bends and wraps around an NP, and
⟨fw⟩ increases significantly. In the figure, the sudden increase in
⟨fw⟩ accompanying DNA wrapping is observed at different NP
charges. For the more flexible (AT)50/(AT)50, ⟨fw⟩ suddenly
increases between +96e and +128e, whereas for the less flexible
(AC)50/(GT)50, ⟨fw⟩ increases between +128e and +160e.
This suggests that DNA bending and wrapping around a
cationic NP are more effective with the more flexible fragment
(AT)50/(AT)50 than with the less flexible fragment (AC)50/
(GT)50.
The effect of DNA flexibility can be compared for the same

NPs. For the same electric charge of an NP, ⟨fw⟩ is always
larger for the more flexible DNA fragment of (AT)50/(AT)50
than for the less flexible (AC)50/(GT)50. The difference in ⟨fw⟩
is largest for an NP with an electric charge of +128e, suggesting
that the more flexible (AT)50/(AT)50 bends and wraps around
the NP, whereas the less flexible (AC)50/(GT)50 binds to the
NP without significant bending. This result is particularly
interesting because only one of the DNA fragments can bend
and wrap around an NP. Thus, introducing a cationic NP with
+128e would result in a dramatic difference in DNA
conformations in a mixed solution of DNA molecules with
different flexibilities.
Finally, we investigated the effect of ion concentration on

the stability of a DNA−NP complex, as presented in Figure 6.
Previously, we proposed a novel DNA-based Brownian ratchet,
by which cationic NPs can be moved in a specific direction
along DNA, using Brownian dynamics simulations of a
semiflexible polymer model of double-stranded DNA and a
spherical model of NP.16,39 The success of the proposed

Figure 5. Final snapshots from the MD simulations of binding between a 100-bp-long DNA fragment and a cationic NP. Comparisons among
simulations with a cationic NP with varying electric charges of +96e, +128e, and +160e and with two DNA fragments of (AT)50/(AT)50 and
(AC)50/(GT)50. ⟨fw⟩ is the average value of the DNA wrapping fraction, fw, presented in Figures 3 and 4 over the last 5 μs of each simulation. The
values in the parentheses are the error estimates calculated by the batch-means method. Color codes are the same as in Figure 1, except for those of
DNA backbone groups for (AC)50/(GT)50 in orange and yellow. The images were generated using VMD.46
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Brownian ratchet relies on the modulation of DNA−NP
binding at different ion concentrations, which was described
implicitly by the screened Coulomb potential energy of the
Debye−Hückel approximation62 but not by the explicit
presence of ions. Therein, electrostatic interactions between
the charged particles were screened out at large separations, as
expressed mathematically by an exponential decrease of the
potential energy, and more effectively at higher ion
concentrations. Here, this assumption of the electrostatic
screening is tested explicitly by varying numbers of ions to the
solution of a DNA−NP complex.
A final conformation of the DNA−NP complex between

(AT)50/(AT)50 and a NP with +160e, presented in Figure 5,
was prepared with the number of Na+ and Cl− ions at each
corresponding ion concentration. MD simulations were run for
4 μs, during which the wrapping fraction, fw, of DNA around
the NP was calculated over time. Figure 6 presents the
variation of fw with time at ion concentrations of 0.15, 0.30,
0.60, 0.80, and 1.00 M, and it reveals that the DNA−NP
complex remains stable at ion concentrations ≤0.60 M,
whereas DNA unwraps the NP at higher ion concentrations
of 0.80 and 1.00 M. The change in the stability of DNA−NP
complexes at high ion concentrations is attributed to the effect
of electrostatic screening on the Coulombic attraction between
negatively and positively charged moieties of DNA and the NP
as well as the stiffness or persistence length of double-stranded
DNA. This proves that DNA−NP binding can be modulated
by changing the ion concentration in solutions.

■ CONCLUSIONS
The effect of sequence-dependent variation in DNA flexibility
on the structure of bare DNA molecules is negligible. Here, we
showed that its effect becomes significant when DNA is bent
around a particle with a size of several nanometers. Using the
Martini CG models of DNA and NP, we performed MD
simulations of the complex formation of a cationic NP and two
double-stranded DNA molecules with different flexibilities. As
the electric charge of a cationic NP increases, the degree of
DNA bending increases and, eventually, DNA wraps around
the NP at high NP charges. However, the structures of DNA−
NP complexes are significantly influenced by DNA flexibility.
For instance, for an NP with an intermediate electric charge,
the more flexible DNA fragment bends and wraps around the
NP, whereas the less flexible DNA fragment binds to the NP
without significant bending. It suggests that a small difference
in DNA flexibility (as small as 10 nm in lp) has a substantial
influence on complex formation with proteins. In addition, the

sequence-dependent variation of DNA flexibility can be
utilized in DNA nanotechnology as a new tool to manipulate
the structure of DNA molecules through selective binding with
cationic NPs.16,39 Nevertheless, the results do not provide any
conclusions about the thermodynamic preference of the NP
binding to two DNA fragments with different flexibilities.
Thus, our future research will be to calculate the potential of
mean force for DNA wrapping.
In this work, we mainly focused on the role of elastic DNA

bending by emphasizing the effect of a small difference in
persistence length on complex formation with a cationic NP.
However, the complex formation between the DNA and the
NP can be attributed to several thermodynamic contributions,
in addition to the elastic bending energy of DNA: the
electrostatic attraction between the DNA and the NP and with
counterions, translational entropy of counterions, and
conformational entropy of DNA. Understanding the thermo-
dynamic contributions to the complex formation between the
DNA and the NP represents the possible future direction of
this work.
The application of Martini CG models enabled longer

simulations of larger systems to investigate the process of DNA
binding and wrapping around a cationic NP. However, the
models are inherently approximate and do not incorporate
many details that play important roles in determining the
structure and dynamics of double-stranded DNA molecules.
For instance, by applying the harmonic potential in the elastic
network model to keep the pairs of complementary nucleotides
together, the possible formation of kinks by abrupt DNA
bending is ignored. Given that atomistic models are too
expensive to simulate DNA binding and wrapping around an
NP, further refinement of the state-of-the-art CG models is
required.
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