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Characterization of DNA-Nanopore Interactions by Molecular Dynamics
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Abstract

A major challenge in using solid-state nanopores for DNA detection and sequencing is the molecular
selectivity and sensitivity resolution through proper control of DNA-nanopore interface. This paper explores
the interaction mechanisms between DNA and nanopores through molecular dynamics simulations. The
DNA translocation dynamics through nanopores of various diameters and under various applied bias-
voltages are characterized. Such property-function relationship can be used for the optimal designs of the

lab-on-chip DNA diagnostic devices.
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1. Introduction

Biological nanopores like alpha-hemolysin
channels have been used extensively to study
DNA translocation™. A number of important
studies have looked at statistically discriminating
between different sequences of oligonucleotides,
or identifying parameters that govern the analyte
translocation through these pores (e.g. biasing
voltage, salinity, pH)>®. The major disadvantages

of biological protein channels are fixed size and
limited  stability, which  stimulated the
development of solid-state nanopores’. Advances
in  Micro/Nanofabrication technology has now
made it possible to make solid-state nanopores
with precise control on size (diameter, length of
pores/channels) and surface material properties®™°.

The understanding of the dynamics of DNA
in nanopores is important for the development of
lab-on-chip devices for biomolecular analysis.
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However, the interaction between DNA and
nanopores is still not well understood due to the
small length scales of the DNA/nanopore and the
dynamic nature of the translocation process.
Studies of electrophoretic transport of DNA in
nanochannels have revealed that DNA-channel
surface interaction leads to a diffusion rate much
lower than predictions by traditional diffusion
theory™. Extensive experiments and simulations
have focused on understanding translocation of a
long DNA strand by analyzing the dips in the
ionic current due to the blockage of the channel
and correlating the time of dip in the ionic current
to the polymer length® ***’. There has also been
work done to understand the stretching of the
DNA in the nanopore under the application of
electric field> 8, as well as the effect of
temperature and DNA sequence on the
translocation kinetics'®. All these works have a
common feature in that they have considered a
DNA with length greater than that of the nanopore
and initially located outside the pore. It is known
that the translocation kinetics outside and inside
the pore are different due to the ion accumulation
near the pore entrances. Moreover in the reported
simulation studies, higher voltages (compared to
typical experiments) are applied to overcome the
timescale limitations. In this study, periodic
boundary conditions are applied at the inlet and
outlet of the pore. Thus, there is no ion depletion
under higher voltages and DNA is always within
the pore. This helps characterize translocation
kinetics of DNA inside a nanopore and DNA-
nanopore interaction without the entrance and exit
effect.

Nanopores with molecular selectivity are
needed to determine DNA conformation and base
pair level information simultaneously”®. To
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provide such selectivity, simple chemical
treatment such as silane coating will not be
sufficient?®*, 1gbal et al.'® have demonstrated that
such selectivity can be imparted by using tethered
DNA hair-pin loops coated on the inner surface of
the nanopore. But little is known about properties
of these coated DNA monolayers which are
influenced by size, geometry, and surface
curvature of the pore®®. Other factors that also
modulate the tethered DNA orientation include
initial orientation, attachments with the wall,
applied electric field, and the hydrodynamic
interactions'” %, Thus, it is important to
characterize the interaction between DNA and
chemically modified nanopores.

The goal of this paper is to develop an
understanding of the interaction between DNA
and nanopore surfaces and the translocation
process of DNA by probing the DNA-nanopore
interaction  mechanisms  through  molecular
dynamics simulations. This research will not only
advance the molecular-level understanding of the
DNA-nanopore interface, but also help design lab-
on-chip devices for diagnosis and measurement of
therapeutic responses.

2. Method

Molecular Dynamics (MD) simulations are
performed on NAMD? (NAnoscale Molecular
Dynamics) to study DNA translocation in
nanopores of various diameters and surface
coatings. The CHARMM?® force field is used for
the DNA, nanopore (silicon nitride), and their
interactions. The total potential energy is
composed of bonded energies and non-bonded
pair interaction energies:
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the Lennard—Jones potential is smoothly shifted to
zero between 1 nm and the cutoff distance. The
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pair list is updated every step using a 1.4 nm
cutoff. Particle mesh Ewald (PME) is applied for
long range electrostatics. The temperature is set at
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be 295 K and a time step of 1 fs is used. Periodic
boundary conditions are applied at the entrance
and outlet of the pore. Analysis and visualizations
are done with Visual Molecular Dynamics
(VMD)®. All simulations are performed on the
supercomputer cluster POPEL at Pittsburgh
Supercomputing Center (PSC)*. A 2 ns
simulation on 8 processors took around 24 hours.
The number of atoms in the system varies with the
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size of the nanopore. A typical simulated system

has 14814 atoms, consisting of 8000 for nanopore,
6383 for water, 258 for DNA and 200 for ions.
The timescale covered by molecular dynamics
simulations is currently limited to 100 ns*. To
accelerate the translocation events that normally
take milliseconds, the MD simulations are
performed at a higher applied voltage than 100—
200 mV, applied typically in experiments.
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Figure 1. DNA translocation in pores of sizes: (A) 1.5 nm; (B) 2 nm; (C) 3 nm; (D) 4 nm.

3. Result

3.1 Size-Dependent DNA-Nanopore interaction
In the absence of surface friction,
nanochannels would be a free solution
environment in which DNA molecules would
move with a length-independent mobility.
However, electrophoretic mobility of DNA
molecules in slit-like nanochannels has been
observed to be length dependent'’. This clearly
indicates that molecular interactions with the
confining walls are significant, and the notion of
free solution electrophoresis breaks down. To
understand the size-dependent translocation, DNA
interaction with pores of various sizes is studied
here. A short single strand DNA (ss-DNA) of 8
bases (AATTGTGA) is driven by electrophoresis
through nanopores with diameters ranging from
1.5 nmto 4 nm, as shown in Fig. 1 (A: Adenosine,
T: Thymine, G: Guanine, C: Cytosine). The water
molecules and ions are not shown in the figure for
clarity.
The van der Waals (vdW) force between the DNA
and nanopore, the translocation velocity of DNA,
and the ionic current as functions of pore size are

plotted in Fig. 2 (A), (B), (C), respectively. From
Fig. 2(A), DNA-nanopore interaction force
decreases as the pore diameter increases, due to
the reduced confinement effect. Accordingly,
DNA translocation velocity increases as the pore
size increases. However, both the translocation
velocity and van der Waals force do not change
linearly with size change, but satisfy an
exponential curve. There is a gradual increase in
translocation velocity as nanopore diameter
increases at the beginning. It then reaches a
constant limit indicating that an increase in the
pore diameter beyond 3 nm will not affect the ss-
DNA translocation process anymore. Establishing
such nanopore size — DNA translocation velocity
relationship can help design nanopore size for
optimized signal yield. The ionic current increases
with the increase of pore diameter, satisfying a
parabolic curve. It should be noted that periodic
boundary conditions are applied at the inlet and
outlet of the pore, thus there is no depletion of
ions as is usually observed in nanopore
experiments when higher voltage is applied.
Although experimental data suggests that the
translocation time is different for long DNA
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strands with different sequences®**?, we did not

observe significant difference in translocation
dynamics for homopolymers poly-dA or poly-dT
through the nanopores and believe that it might be
due to the small strand (8 base) ssDNA used in the
simulation. Furthermore, it is expected that there
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Pore Diameter vs. Velocity of DNA

is an optimal pore diameter for a particular
voltage bias applied, which would provide
sufficient confinement to enhance the molecule
detection yet large enough for DNA to pass
through. Such optimal designs will be explored in
the future work.

Pore Diameter vs. lonic Current

= = N
o & =1

lonic Current (nA)

&)

ey
o

Bl
o

5 20 2 w0
Pore Diameter (angstrom

Force applied by Wall to DNA (nN)
g
(2]
>

Velocity of the translocating DNA (m/s)

°% 15 20 25
Pore Diameter (angstrom

30

3 40 0 15 20 25 30 35 40
Pore Diameter (angstrom

Figure 2. DNA translocation in pores of different sizes (A) van der Waals force; (B) Velocity;
(C) lonic current.
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Figure 3. DNA translocation under different applied voltages (A) van der Waals force; (B) Velocity;
(C) lonic current.

3.2 Voltage-Dependent DNA-Nanopore Interaction
Besides nanopore diameter, the applied

voltage also largely influences the DNA
translocation speed. Considering a balance
between confinement and translocation, a

nanopore with a diameter of 2 nm is chosen and is
applied with various voltages. From Fig. 3, a
nearly linear trend can be observed between
applied voltage and translocation velocity, while a
parabolic trend is observed between applied
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voltage and vdW force or ionic current. Ideally,
ionic current should increase linearly with the
increase of applied voltage for free ions passing
through a nanopore. The nonlinear relationship
observed in Fig. 3(C) might be induced by the
existence of DNA. The free current increases with
applied voltage while DNA velocity also
increases. Faster moving DNA is carrying more
charges due to ion condensation as well as electro-
Kinetic flow. It should be noted that a high voltage
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is applied to observe the translocation in less than
100 ns. To study the translocation at lower
voltages a coarse grained DNA model is needed,
which will be included in future work.

3.3 Nanopores with Surface Functionalizations

Coating nanopores with DNA or other
organic molecules like silanes can make
nanopores more biologically friendly and provide
control over surface charges, hydrophobicity, and
chemical functionality. It is important to
characterize the surface property, size, and
orientation of the modified surface. The coatings
used in our case are 8-base long single strands of
DNA. The tethered DNA carry a negative
backbone, thus these re-orient and are stretched
under the applied bias voltage. Characterization of
the coating polymer re-orientation is essential to
predict the effective pore diameter under a
particular applied voltage, which influences DNA
translocation process. The spacing between the
attached ss-DNA molecules on nanopore surface
is determined by their radius of gyration. To avoid
tethered DNA from peeling off, nucleotide of
DNA strand closest to the wall are fixed on the
nanopore surface. The charge on each tethered
DNA is assumed “—”, due to the phosphate
backbone.
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Under the applied voltage bias, translocation
of ions towards the opposite electrodes is
observed. Since the coated ss-DNA carries a —e
charge, these curled tethered ss-DNA begin to get
straightened in the direction of the oppositely
charged electrode. The straightened DNA
increases the effective pore diameter, which is
measured as the empty space in the nanopore not
occupied by the coated ss-DNA. After the system
reaches equilibrium, the distances between
opposing ss-DNA molecules are calculated and
averaged to get the effective pore diameter. There
are many factors that contribute to the effective
pore diameter, such as the flow of ions, the ion
condensation around the DNA, voltage bias
applied, etc. The effective pore diameters are
plotted as a function of the applied voltage bias in
Fig. 4. The effective pore diameter increases with
the increase of applied electric field strength. The
kinetics of DNA translocation in a polymer coated
pore differs from that in a bare nanopore. In a bare
nanopore, ions inside the nanopore form a double
layer which prevents DNA translocation at a faster
speed within the pore. With a tethered DNA
coating on the surface, the ion layers disappear
and different translocation speeds are expected.
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Figure 4. ss-DNAs coated on nanopore surface. (A) Radii of gyration for same length ss-DNA in
hairpin and linear conformation, coated inside a pore; (B) Effective pore diameter; (C) DNA re-
orient under applied Electric Field of various strengths and effective pore diameter as a function of

Electric Field strength.

3.4 Need for Coarse-grained Model

MD simulations are capable of capturing
essentially all of the phenomena in the DNA-
nanochannel interaction, but are limited to a few
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thousands atoms — representing only a tiny portion
of a long DNA chain (10% bp with water, ions, and
pore molecules considered). In addition, a very
small time step on the order of femtosecond is
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required to accommodate the inherent high
vibrational frequencies of light atoms. As a result,
MD simulations are also limited to nanosecond
time scale. To study a long DNA translocation in
nanopore such as 6000 bp DNA under an applied
voltage of around 100-200 mV (typically used in
experiments), a coarse grained DNA model is
needed. Such coarse-grained model for DNA can
be established by first grouping atoms into fewer
interaction sites, followed by the construction of
an equivalent inter-site interaction potential. For
example, a Thymine nucleotide, comprising of 32
atoms, can be coarse-grained into 3 interaction
sites, one each for the phosphate (P), sugar (S),
and base. There are four types of base sites, one
for each type of base in DNA. To construct an
equivalent inter-site interaction potential, a
standard procedure® is to parameterize a pre-
selected analytical function by matching the
thermodynamic properties drawn from the full-
atom MD simulations and experiments.

4. Conclusion

The translocation speed of DNA in a
nanopore depends on physical parameters such as
nanopore diameter, electrophoretic bias, and
surface coatings. The orientation of the tethered
DNA in the nanopore changes the effective
nanopore diameter. The effective nanopore
diameter is found to be controllable in two ways:
the bare nanopore size during fabrication and the
strength of the applied electric field. This model-
based system can be used to optimize parameters
in the design of nanopore systems for DNA/gene
sequencing. The major drawback of full atomistic
molecular simulation is the limitation of timescale
with 100 ns. In the future work, a coarse grained
DNA model will be used to simulate low-voltage
DNA translation with timescale in milliseconds.
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