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Molecular simulations of DNA transport in solution
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A proposed novel nanotechnology concept utilizes tunneling conductance measurements across nanoelectrodes to identify
individual nucleotides as a DNA strand crosses its path. Such a device offers the possibility of unprecedented rapidity in the
detection of DNA sequences. Preliminary simulations of this device have indicated that single-stranded (ss)-DNA sequences
behave differently depending on the location of the molecule within the device. Motivated by the similarity of the comparison
of the transport properties of the ss-DNA molecule in bulk solution to experimental capillary electrophoresis data, we
performed molecular dynamics (MD) simulations of ss-DNA and double-stranded (ds)-DNA in free solution to directly
compare electrophoretic mobility as calculated by simulation. Drift velocity at the lowest magnitude applied electric field was
consistent with expected experimental data; however, at the larger applied fields necessary under timescale constraints, drift
velocity appeared inconsistent with extrapolated experimental values. The simulated electrophoretic mobility values
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resulting from the drift velocity calculations were also smaller than experiment.
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1. Introduction

Interest in technology capable of high-throughput, low
cost genome sequencing has risen significantly since the
completion of the first sequencing effort in the Human
Genome Project [1]. As a result, a novel nanotechnology
concept has been proposed to detect single molecules
using a nanoelectrode-gated device [2—4]. Such a
technology has the theoretical capability of performing
genome sequencing at a rate of 1,000,000 bp/s, thusly,
revolutionizing the concept of individualized medicine.

The proposed nanotechnology concept hinges on the
idea that each of the four nucleotides of which DNA is
comprised (adenine, cytosine, guanine and thymine) can
be uniquely identified by its tunneling conductance
measurement though, at the moment, this method is still
being debated [5—7]. The device concept developed to
take advantage of this property consists of two
nanoelectrodes positioned on a nonconductive surface so
that the DNA molecule will traverse through the
electrodes. The gap created by the nanoelectrodes will
serve as the detection gate through which tunneling
conductance measurements will be made. An illustration
of the general scheme of the sequencing device is shown in
figure 1(a) and (b).

*Corresponding author. Email: christina.payne @vanderbilt.edu

Within the general device concept there exist many
possible configurations, all within the realm of investi-
gation through molecular dynamics (MD) simulations.
Initial simulations of a given configuration of the
conceptual device have shown that DNA behaves
differently in the bulk solution than it does when in
proximity to the electrode gate. We will briefly discuss
these initial results; however, details of these simulations
are to be presented in a future publication. As a part of the
investigation into the ideal configuration of the sequencing
device, we have performed preliminary simulations of
both single-stranded (ss) and double-stranded (ds) DNA in
a bulk aqueous environment with the intention of
evaluating the electrophoretic mobility. In this article,
we examine the relationship between simulated electro-
phoretic mobility and experimental as a means of
validating implemented force fields.

2. Initial transport properties

Simulation efforts began with the device being examined
in its entirety. The metal nanoelectrodes were chosen to be
platinum and gold set between mica surfaces containing a
16 base pair ss-DNA molecule (eight cytosines followed
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Figure 1. (A) View of the sequencing device concept pictured from
above. This view does not show the top mica surface for clarity. The two
electrodes, one platinum and one gold, serve as the gate through which
tunneling conductance measurements will be made. (B) End view of the
sequencing device showing both of the containing mica surfaces.

by eight thymines) and sodium counterions in water.
All simulations were performed using large-scale atom-
ic/molecular massively parallel simulator (LAMMPS)
[8,9] at 300K. After an initial equilibration period,
electric fields of varying magnitudes were applied to
induce motion of the ss-DNA molecule over the course
of a nanosecond.

Upon applying the electric field to the system, this force
became the primary contribution to DNA drift dynamics.
Diffusion and conformational dynamics contributed little
to the forward motion of the molecules due to the
magnitudes of the applied fields except for the case of very
weak applied fields. The effect of the applied electric field
on the transport of the ss-DNA molecule through solution
was evaluated by observing the change in position of its
center of mass over the course of the simulation and
thusly, its approximate velocity. Figure 2 illustrates the
relationship between the velocity of the molecule and the
applied electric field magnitude based on the molecule’s
position relative to the nanogate. Position relative to the
nanogate was delineated by the marked acceleration of the
molecule. The ss-DNA molecules appeared to accelerate
when the first base pair was within 0.5 nm of the entrance
to the gap. All molecules, with the exception of the
smallest magnitude applied electric field (—0.02 V/A),
entered the device gap to some degree during the course of
our simulations. This acceleration may be an artifact of the
force fields used for the DNA-electrode and water—
electrode interactions [10]. According to the results, the
bulk velocity relationship to the electric field magnitude
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Figure 2. Plot of the velocity of the ss-DNA molecule within the
sequencing device as it relates to the applied field magnitude. The
position of the molecule within the device, i.e. bulk or nanogate, was
determined when the molecule velocity markedly increased.

appeared to be nearly linear, given the rough approxi-
mation of velocity, when the field strength was stronger
than —0.01 V/A which was in agreement with previous
similar simulations [11]; however, under smaller magni-
tude fields, the motion fell into somewhat oscillatory
behavior, perhaps as a result of the short length of the
simulation and possible energetic barriers to translocation.
The relationship of the velocity near the nanogate to the
field magnitude appeared to be nonlinear given the set of
velocities available. One could compare this to what is
known for nonbiological polymers translocating through
nanopores, for which a consensus on the expected
behavior of polymers translocating through nanopores
has not been reached at this time. Over small ranges of
applied fields, the drift velocity varied linearly with
potentials [12]; however, over wider ranges, the
relationship appeared to be more quadratic in form [13].
This could be attributed to the large number of variables
involved in determining this relationship such as the
pore material/polymer interactions, length of the polymer
affecting velocity and energetic barriers to translocation
in general.

While definitive relationships cannot be determined
from this limited set of data, a comparison of the observed
bulk velocities to the capillary electrophoresis mobility
study performed by Stellwagen and Stellwagen [14]
revealed an order of magnitude consistency in the velocity
measurements. The experiment made use of a technique
known as capillary zone electrophoresis, which is the
electrophoretic technique that most closely approximates
the bulk behavior of the simulated nanoscale device. In this
experimental study, ss- and ds-DNA 20 base pair
oligomers in a buffer of 40 mM Tris—acetate-EDTA at
7.6 pH were electrophoresed through a capillary coated
with polyacrylamide 38.8 cm long and 100 pm in diameter
at 200 V/em (2 X 1076V/A). Stellwagen noted that free
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Figure 3. Relationship of bulk velocity within the sequencing device to
the applied field magnitude as compared to the drift velocities predicted
based on capillary electrophoresis experiments.

solution mobility of DNA increased with increasing
molecular weight up to a plateau that occurred around
170 bp. A relationship between sequence and mobility was
also observed in this experiment; however, for the purpose
of assessing consistency between simulation and experi-
ment, we focused on two oligomers. All sequence
mobilities observed in this experiment were in the range
of 2.894 X 10™* and 2.944 X 10" *cm*V~'s™". With an
electrophoretic field of 2 X 10_6V//°%, these mobilities
corresponded to velocities in the range of 0.00578-—
0.00588 A/ns. The experimental electrophoretic field was
much smaller than the smallest magnitude field applied in
the simulation of the sequencing device; therefore, figure 3
is an illustration of the predicted velocities based on an
assumed linear relationship to electric field magnitude as
compared to observed bulk simulation velocities. Given
the slight differences in the experimental and simulated
environment, the velocities observed in simulation
were consistent with the predicted velocities based on
experimental data.

3. Electrophoresis simulations

3.1 Simulation details

In light of the results based on the simulation of the entire
sequencing device, we performed a series of simulations
of both ss- and ds-DNA molecules in pure water similar to
ss-RNA MD simulations performed by Yeh and Hummer
[11] in order to more directly compare simulation results
to experiment. The experiment authors, Stellwagen and
Stellwagen electrophoresed several different configur-
ations of ss-DNA molecules as well as several ds-DNA
molecules. We chose to compare our simulations to the
experimental results of Stellwagen over another ss-DNA
electrophoretic mobility study by Hoagland [15] because
of the smaller oligomers used in the Stellwagen study.

Hoagland et al. studied the electrophoretic mobility of ss-
DNA molecules consisting of tens of thousands of base
pairs. This simulation study focused on the ss-DNA
oligomer denoted ssAS, which consisted of the following
sequence of nucleotides, CGCAAAAACGCGCAAA-
AACG, as well as the ds-DNA oligomer denoted dsAS,
which was a double strand DNA molecule consisting of
the sSAS sequence and its complement.

The MD simulations of ssA5 and dsAS were performed
using LAMMPS with the CHARMM 27 all-hydrogen
force field [16,17]. Explicit water was described by the
TIP3P model [18]. The sodium counterions were
represented by a potential developed by Beglov and
Roux [19]. Initial coordinates for the ssA5 and dsAS5
molecules were generated using nucleic acid builder
(NAB) [20,21]. The molecules were solvated and
neutralized with sodium (Na™) counterions using a script
within the LAMMPS software package. At a density of
1 g/cc, 3802 water molecules solvated the ssA5 molecule
in addition to 20 sodium counterions. The dsA5 molecule
was solvated with 3486 water molecules and 40 sodium
counterions.

The simulations utilized periodic boundary conditions
and were equilibrated for 1 ns using the NPT ensemble at
300K and 101,325 Pa with the Nosé—Hoover thermostat
[22] and barostat [23]. Time integration was performed
using the velocity-Verlet algorithm [24] with a timestep
of 2fs. The hydrogen bonds were constrained using
the SHAKE algorithm [25]. Long-range Coulombic
interactions were computed using a particle—particle—
particle—mesh (PPPM) solver [26].

After the equilibration period, the simulations were
restarted with the addition of an applied uniform external
electric field of varying magnitudes (0.003, 0.03, 0.04 and
0.05V/A) and run for 1.5ns. As in the previous
simulations, these applied field magnitudes were signifi-
cantly larger than those typically used in capillary
electrophoresis experiments due to the timescale limi-
tations of molecular simulation.

3.2 Results and discussion

In order to evaluate the electrophoretic mobility of the
simulated DNA molecules, we first had to determine
the drift velocity of the molecule. Figure 4(a) and (b) show
the change in position of the ssA5 and dsAS molecules,
respectively, from their original position in the z-direction
(the direction of the applied electric field). The change in
position was evaluated by monitoring the center of mass of
the molecule. The drift velocity for each applied field
magnitude was determined from the slope of the relatively
linear change in position over time. In most cases, the
change in position over time increased as the applied field
magnitude increased resulting in a larger drift velocity.
The behaviours of the ssA5 molecule when the 0.03 and
0.04 V/A fields were applied were the only exceptions.
These two cases seemed to oscillate in roughly the same
positions resulting in approximately the same drift
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Figure 4. (A) Center of mass motion in the z-direction for the ssA5 molecule vs. time for applied fields 0.003, 0.03, 0.04 and 0.05 V/A. (B) Center of
mass motion in the z-direction for the dsAS5 molecule vs. time for applied fields 0.003, 0.03, 0.04 and 0.05 V/A. The open triangles, circles, squares and
filled squares are not representative of data points but merely a method of differentiating lines.

velocities despite the varying field magnitude. We note
that for the larger magnitude applied fields, there appeared
to be an emergent “step pattern” in the change in position
vs. time though this behaviour was not as apparent in
visualizations. We conjecture that averaging Az(r) over
many trajectories may eliminate the steps evident in the
current single trajectory results reported here. This
requires further study. Such behavior was not evident in
electrophoresis experiments as the applied fields used
experimentally were of significantly lower magnitude than
those applied in simulation.

Figure 5 illustrates the correlation of the drift velocities
obtained as above with the applied electric field. There
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Figure 5. Drift velocity of ssA5 and dsAS as a function of applied
electric field. The dashed and dot-dashed lines are the linear fits of the
ssA5 and dsAS drift velocity vs. electric field data, respectively, through
which electrophoretic mobility was determined.

is an assumed linear relationship between electric field
magnitude E, and drift velocity, v, where the electrophoretic
mobility, w, is a proportionality constant, i.e. v = wE.
Based on this relationship, we have extrapolated an
experimental drift velocity for each of the simulated
electric field magnitudes for comparison to simulated drift
velocity. As one can see, the simulated drift velocities were
somewhat lower than the extrapolated experimental values
for the larger magnitude electric fields; however, the
simulated drift velocities of both ssA5 and dsA5 for the
0.003 V/A magnitude were consistent with experiment.
The values of the simulated mobility were calculated
from the slope of the linear fit to the drift velocity data.
Significantly strong electric fields can result in nonlinear
electrophoretic mobilities [27]; however, in experimental
capillary electrophoresis and in this simulation study, the
linear regime was applicable. Here, electrophoretic mobility
was calculated as 1.8 X 10™* and 9.8 X 10 >cm*V ™~ 's™!
for ssA5 and dsAS5, respectively. Compared with the
experimental values for ssA5 at 2.87 X 10~* and dsA5 at
2.89 % 10 *cm? V™! s~ ! we can see that simulation in the
above described manner resulted in a lower electrophoretic
mobility (by 35% for ssAS and by 65% for dsAS). This
could result from the viscosity difference of using pure
water as the solvent in simulations as opposed using the
buffer used in experiments. Additionally, the simulations
had no physical boundary such as the experimental
capillary, which could augment mobility, though in theory,
this effect was corrected for in the experiments. Of more
concern was that the simulated electrophoretic mobility of
the larger molecule, dsAS, was smaller than that for the
ssA5 molecule, while the experimental observations
indicated that the larger molecule should have a slightly
larger mobility. The experimental results were counter-
intuitive (i.e. the experimental result indicated that the
larger molecule had slightly higher mobility) and so the
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significance of the disagreement in the trends between
simulation and experiment was difficult to gauge.
Additionally, we note that the experimental mobilities for
ss- and ds-DNA may not be statistically significantly
different, once error estimates were taken into account.
Though Stellwagen and Stellwagen reported no error values
for the normalized mobilities, error propagation of the
measured values to the normalized values used in this study
indicated that the mobilities of both dsAS and ssAS5 were
statistically the same.

It is interesting to note that the mobilities calculated in
the bulk simulations (i.e. with no nanogate present) were
lower than those found in the bulk regime of the nanogate
simulation. One possibility was that the convective motion
induced in the solvent by the field acting on the DNA
and its counterions was enhanced in the presence of
the nanogate because of the collimating effect of the
nanogate, thus resulting in greater directionality of the
DNA motion in the direction of the applied field. This
could be tested by simulations in the presence of the
nanogate in which the field is applied perpendicular to
the nanogate opening.

4. Conclusions

We have performed simulations of two DNA molecules,
ssAS5 and dsAS, in bulk aqueous solution using classical
MD simulations in order to determine electrophoretic
mobilities. Results from the ssA5 and dsAS5 simulations in
bulk water compared to initial simulations of ss-DNA
confined between two mica plates and experimental
capillary electrophoresis experiments were inconsistent at
larger applied electric field magnitudes. The simulated
electrophoretic mobilities were notably smaller likely due
to freedom of motion through periodic boundary
conditions. Future work in this area will include the
constraint of the DNA molecules in the x- and y-directions
as well as examining lower magnitude fields over longer
timescales.
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