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We investigate the possible ratcheting dynamics of double-stranded DNA (dsDNA) driven through a Y-shaped carbon nanotube
(Y-CNT) in a solid membrane, using all-atom molecular dynamics (MD) simulation. By applying constant or alternating biasing
voltages, we found that the dsSDNA molecule can be unzipped at the junction of the Y-CNT. Because of the energy barrier (a few
ksT per base-pair), the motion of the entire DNA molecule was alternatively in a trapped state or a transiting state. We show
that during each transiting state the same number of nucleotides were transported (DNA ratcheting). An analytical theory that is
mathematically equivalent to the one for Josephson junctions was then proposed to quantitatively describe the simulation results.

The controlled motion of DNA in the Y-CNT is expected to enhance the accuracy of nanopore-based DNA sequencing.

1 Introduction

As a potential next-generation DNA sequencing method, the
transport of DNA through a solid-state nanopore has been
studied experimently !~ and theoretically 8. Due to the con-
fined geometry of a nanopore, a DNA molecule transits the
pore in a single-file manner and the sequence of nucleotides
(genetical code) in DNA could be measured electrically*!!.
The technical challenge lies in the unmatched speeds of the
DNA translocation (fast) and the DNA-base sensing (slow).
Because of a large conformational fluctuation of DNA in a
nanopore 2, typically, multiple measurements of the same nu-
cleotide are required to call the type of a nucleotide'!. Cur-
rently, extensive efforts have been devoted to slowing the DNA
translocation through a nanopore, including using the temper-
ature control 3-13_ introducing an electro-osmotic flow oppo-
site to the direction of DNA motion 1718 increasing the vis-
cosity of an electrolyte %! applying an electric field to trap
DNA in a nanopore 2%?!, controlling functionalized states of a
nanopore surface by tuning the pH value of an electrolyte??,
and applying magnetic?} or optical>*?> tweezers. Addition-
ally, a ratchet-like motion of DNA is beneficial for the elec-
trical sensing of DNA nucleotides, as demonstrated in experi-
ment of DNA translocation through a protein pore in complex
with a DNA polymerase 2027

1 Electronic Supplementary Information (ESI) available: The movie showing
MD trajectory of dsDNA translocation through a Y-pore (Vp;zs=2 V). See DOI:
10.1039/b000000x/
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The DNA’s transport through a solid-state nanopore is
largely affected by its interaction with the pore surface8. The
motion of DNA is less controllable when unfavorable sticking
events occur on the pore surface, causing potential difficulties
in sensing DNA nucleotides. Previous experiments show that
DNA could be driven through a carbon nanotube (CNT)?” that
has a smooth inner surface and the motion of DNA in a CNT
(buried inside a solid-state nanopore) is frictionless 30 Re-
cently, a CNT-base nanopore was applied to detect modified
5-hydroxymethylcytosin in DNA3!. Furthermore, the capture-
rate of DNA into a CNT-based nanopore could be high be-
cause DNA can be spontaneously encapsulated into CNTs32.

In this paper, we investigated the dynamics of DNA translo-
cation through a Y-shaped CNT (Y-CNT) buried in a solid
membrane. The Y-CNT was proposed to separate cat- and an-
ions in an electrolyte >3 and transport signals through confined
water molecules inside3*. Here, a Y-CNT is suggested for
transporting, unzipping and ratcheting dsDNA through a Y-
CNT. Each unzipped ssDNA strand in a branch of the Y-CNT
might be ratcheted forward, because of the trapping energy of
2-3 kgT from hydrogen bonds in each base-pair (in the un-
zipped dsDNA segment). We carried out atomistic MD sim-
ulations to capture the ratcheting dynamics of DNA motion
in a Y-CNT. From the simulation results, a 1D-Langevin-like
model was constructed so that it can quantitatively reproduce
important features (such as ratcheting) of the dynamics of ds-
DNA in the Y-CNT nanopore.

2 METHOD

Figure la illustrates the simulation system. A solid mem-
brane (Si0,) separates the cis. and trans. chambers. A Y-CNT
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Fig. 1 Illustration of simulated transport of a dSDNA molecule
thorugh a Y-pore. a) The set-up of the simulation system. Si and O
atoms in the solid are shown as yellow and red spheres, respectively.
The Y-CNT is in the stick representation. Two helical chains of the
DNA duplex are colored in orange and blue, repectively. Water is
shown transparently. K+ and CI~ are shown as tan and cyan sheres.
b) An enlarged side view of the Y-pore. ¢) A top view of the Y-pore.
d) A snapshot of the simulated system, showing the entry of the
dsDNA molecule into the stem of the Y-pore. e) A snapshot
showing the entry of two complementary strands into two branches
of the Y-pore. f) A snapshot of the translocation process.

is embedded in the solid membrane (hereafter referred as Y-
pore) and connects the cis. and trans. chambers. In a biasing
electric field applied across the system, a DNA molecule (60
base-pairs; random sequence) is driven through the Y-pore.
The membrane, pore and DNA are solvated with an 1 M KC1
electrolyte.

Figures 1b and 1c show the transparent side-view and per-
spective top-view of a Y-pore, respectively. The stem part of
the Y-CNT has a chirality of (22, 22) and its diameter is about
3.0 nm. Each branch of the Y-CNT has a chirality of (12, 12)
and its diameter is about 1.6 nm. Except for the pore size, the
CNT’s chirality does not affect the dynamics of DNA unzip-
ping/translocation (observed from MD simulations). The an-
gle 6 between the symmetry axes of two branches is 60°. To
assemble the Y-CNT and SiO, together (to form the Y-pore),
in an independent MD simulation, the solid membrane was
quenched from a high temperature (at which Si and O atoms
were fully mixed) to 300 K; carbon atoms in the Y-CNT were
fixed. Subsequently, the complex system was equilibrated at 1
bar and 300 K, with the periodic boundary condition applied in
x- and y- directions only. The thickness D of the equilibrated
membrane is about 4.8 nm. During this simulation, the BKS
force field®> was used for the amorphous SiO, membrane and
the force field for the Y-shaped CNT was referred to ref.34.
Parameters for the van der Waals interaction between C and

Si atoms are: £=0.145 kcal/mol; 6=3.688 A.

To equilibrate the entire system [Fig. 1a], the CHARMM
force field for DNA 3, the TIP3P force field for water37-38 and
standard force field for ions3° were used in the MD simula-
tion. The Y-CNT was assumed to be functionalized and each
carbon atom has a charge of 0.01 e on average. A charged
Y-CNT pore lowers the energy barrier for DNA’s entry and
does not affect the unzipping dynamics of dsDNA signifi-
cantly. In an independent MD simulation, the unzipping of
dsDNA in a neutral pore was also observed.Parameters for
the Lennard-Jones interactions between atoms in DNA and
fixed carbon atoms (g-=-0.01 kcal/mol; R,,;i/2=1.992 A) in
the Y-CNT were obtained using the standard CHARMM com-
bination rule. The force field for Si02 solids*’ customized
for biological applications was used with reduced van der
Waals interactions (€= -0.01 kcal/mol), so that unzipped ss-
DNA strands would not stick to the membrane surface. Such
surface modification can be achieved in experiment by coat-
ing a self-assembled monolayer. The Langevin thermostat was
applied to all atoms in the SiO, membrane (that were harmon-
ically restrained to their initial positions; spring constant: 20
kcal/mol/A?) to keep the simulation system at 300 K. Note
that it is important not to thermostat ions or molecules that
have net momentums in an electric field, because the langevin
dynamics can impose extra dragging forces on those ions or
molecules. After the system was equilibrated at 1 bar, all
following production runs were performed with the NVT en-
semble. The size of a typical system measures 11x6x19.7
nm?>. All-atom MD simulations were performed on IBM Blue-
gene supercomputers using the program NAMD*!. An exter-
nal electric field was applied in simulation by turning on the
Efield function in NAMD.

3 Results

DNA was initially placed above the membrane as shown in
Fig. 1a. After applying a biasing voltage V;,s of 0.5V, the ds-
DNA was driven into the stem part of the Y-pore [Fig.1d].Only
at a higher biasing voltage (e.g. 1.0 V) did the two DNA
strands unzip at the junction of the Y-pore and enter their
respective branches. The DNA-unzipping force is maximal
when each branch tube is filled with a ssDNA fragment [Fig.
le]. Along the direction of each branch tube, the unzipping
force funzip can be estimated by gefrViias /D - cos(6/2), where
qetr 1S the DNA’s effective charge. When Vi, > 0.5V, the
translocation process occurred [Fig. 1f]. Experimentally, the
unzipping force of a A-phage DNA molecule, determined by
using an optical tweezer, is about 16 pN*2. Using fun,ip=18
pN and V4,i,5=1.0 V, we estimated the effective charge of a nu-
cleotide in the ssDNA fragment to be about 0.12 e. This value
is close to the experimentally determined effective charges of
ssDNA in a small (diameter ~ 1 nm) protein pore, 0.063 e for
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Fig. 2 Ion-currents during and after the DNA translocation. Vj;,,=
0.5 V (black), 1.0 V (green) and 1.5 V (blue). The inset shows a
snapshot of the simulation system after the DNA translocation.

transporting ssDNA*3 and 0.1 e for transporting ssDNA from
unzipped dsDNA .

During the translocation process shown in Fig. 1d-1le, an
ionic current through the Y-pore should be physically blocked
by the DNA molecule. This is confirmed by analyzing the
simulation trajectories and calculating the pore current con-
tributed by motion of ions in a biasing electric field. Figure
2 shows current signals for DNA translocation. During the
DNA translocation the pore current was dramatically reduced
and after the DNA translocation (see inset of Fig. 2) the pore
current was back to an open-pore level. When the biasing volt-
age was 1.0 V and 1.5V, the corresponding open-pore currents
are 3.7 nA and 4.9 nA respectively [Fig. 2]. When V;,5=0.5
V, the DNA molecule remained in the state shown in Fig. 1d
during the 125-ns simulation. Therefore, the corresponding
pore current was always at the blockage level [Fig. 2].

To highlight the dynamics of the DNA translocation through
a Y-pore, we show in Fig. 3a the time-dependent N,, the num-
ber of nucleotides coming out of a branch. When V.5 is 0.5V,
no nucleotide transited a branch, i.e. N,=0 [Fig. 3a]. This also
suggests that there is an energy barrier to unzip each base-
pair in dsDNA. At a high biasing voltage (such as 1.5 V or
2.0 V), N, increased with time almost linearly. Therefore, the
translocation velocity of DNA is nearly constant. At an inter-
mediate biasing voltage (1.0 V), the electric driving process
was alternatively in stopped and resumed states. Each state
lasted for a random amount of time, indicating a thermally
activated process. Therefore, it is possible to ratchet DNA
through a Y-pore. In a stop-state for DNA, spikes on yellow
and brown lines [Fig. 3a] indicate that the ssDNA moved for-
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Fig. 3 Electrophoretic motion of the DNA molecule through the
Y-pore. a) MD simulation results of time-dependent N, (number of
nucleotides in each DNA strand that have exited the corresponding
branch) for two ssDNA strands in two branches. Vj;,s =0.5, 1, 1.5
and 2 V. b) A schematic plot showing periodic energy-barriers when
unzipping two DNA strands, with and without an external biasing
voltage. ¢) Modeled results of time-dependent N, at same voltages
used in simulations. d) The time-dependent N, from the thoery
showing nucleotide-by-nucleotide transport of DNA through the
Y-pore when Vp,;,,=0.67 V.
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ward and backward by one-nucleotide. Note that durations of
these spikes are much shorter than the stop (or trapping) time
but can add noises in experimentally measured data (e.g. se-
quencing).

To theoretically characterize the observed dynamics of
DNA translocation, we propose a simple model for DNA
transport in a Y-pore to account for the complicated transloca-
tion processes. As shown in Fig. 3b, periodic potential barriers
(2-3 kg T for hydrogen bonds of base pairing) are assumed dur-
ing the unzipping process of dSDNA and each potential barrier
needs to be overcome before unzipping a base-pair. Thus, the
dragging force that prevents the unzipping process can be ap-
proximated as - fmaxsin(2w&/d), where fiax is the maximum
dragging force, { is the coordinate along the symmetry axis
of a branch and d is the average spacing (~ 6 A) between
neighboring nucleotides in a branch. Therefore, we use the
following equation to treat the driven motion of ssDNA along
a branch in a thermal bath and on a periodic potential.

mé = —y€ — fuaxsin(2TE /d) + funsip + /278 TE (1)

where { is the ssDNA position along a branch tube; m is the
mass of ssDNA and & is the &-correlated white noise. The
external forces exerted on sSDNA are hydrodynamic friction
force, periodic resisting force and the electric unzipping force.
Here, fmax=22 pN and fun,ip=9, 18, 27, 36 pN, correspond-
ing to biasing voltages of 0.5, 1, 1.5 and 2 V, respectively.
Note that this equation is mathematically equivalent to those
in the Tomlinson model for friction*> and models for Joseph-
son Junctions*. The ssDNA is in the overdamped regime, as
dissipation dominates inertia (Y>> v/mk).

Without a biasing voltage or in a weak (e.g. 0.5 V) biasing
voltage, N,= 0 during the simulation time [Fig. 3c] and the
DNA molecule is stopped (or trapped) at the junction of the Y-
pore. With a stronger biasing voltage (such as 1.0 V), the peri-
odic potential is superimposed with a linear potential - fun,ip &
and the net potential barrier, as shown in Fig. 3b, is substan-
tially lowered, promoting thermal activations. In Fig. 3¢, N,
either increased with time or kept constant, indicating that
the DNA molecule was alternatively in a transiting mode or
a stopping mode (stop-and-go motion). In the stopping mode,
the DNA molecule was trapped in a potential well whose en-
ergy barrier could be overcome thermally. With a stronger
biasing voltage (e.g. 1.5 and 2 V), the barrier disappears and
the driven motion of DNA was steadily sliding as shown in
Fig. 3c. These modeled translocation processes agree with
the simulated ones shown in Fig. 3a. With a lower biasing
voltage of 0.67 V, the energy barrier is relatively higher and
it took a longer time for DNA to be thermally activated and
move forward by one nucleotide [Fig. 3d]. The modeled result
[Fig. 3d] showed that the DNA molecule could be driven for-
ward nucleotide-by-nucleotide (ratcheting mode). However,
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Fig. 4 Transport of DNA in alternating (biasing) voltages. a)
Simulated transport-processes for two ssDNA strands in both
branches. The inset shows an example of time-dependent biasing
voltages. b) Theoretically modeled transport process. Tp, and T, sy
are respectively oo and 0 (orange and green), 5 ns and 5 ns (blue and
black), 1 ns and 5 ns (red and cyan), 1 ns and 10 ns (brown).

durations when DNA was trapped are not constant and vary
dramatically because of thermal activations. The mean trap-
ping time for DNA is proportional to AUIKST where AU is
the energy barrier for unzipping dsDNA in an external electric
field as shown in Fig. 3b. Thus, increasing temperature can
reduce the mean trapping time and consequently increase the
unzipping rate.

One possible method to actively control the motion of DNA
is to apply alternating voltages as shown in the inset of Fig. 4a.
During time periods T, no biasing voltage was applied and
during time periods T,,, a biasing voltage (e.g. 2 V) was ap-
plied. Therefore, the motion of DNA could be controlled by
periodic voltage signals. In Fig. 4a, simulation results for
DNA motion under different voltage signals are presented.
When 7,,=5 ns and 7T,#=5 ns, DNA was alternatively trapped
for 5 ns (constant N,) and driven forward for 5 ns. During
the moving process, the speed of DNA rarely changed be-
cause of the constant dN,/dt as shown in Fig. 4a. To slow
the DNA translocation, in an independent MD simulation, we
chose Ton=1 ns and Tog=5 ns. At the beginning (¢ <20 ns) of
the simulation, the inertial effect was observed [Fig.4a]. After
that, in each 1-ns driving period, the DNA molecule moved
forward about 2-3 nucleotides. For comparison, in Fig. 4a, re-
sults for the constant-field driving (T,¢=0 ns) are also shown.

The above described processes can also be understood using
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Fig. 5 The dsDNA fragment rotates during the transport at a
constant biasing voltage. V;,s=1.0 V (diamonds), 1.5 V (squares)
and 2.0 V (circles). The slope of the dashed line is -36°.

Eq. 1. According to the alternating electric voltages applied,
JSunzip Was periodically assigned to be 0 and 36 pN. By numer-
ically solving the Eq. 1, modeled processes of DNA translo-
cation in alternating electric voltages, as shown in Fig. 4b, are
consistent with simulated ones. Additionally, if increasing Togt
to 10 ns [brown line in Fig. 4b], the translocation speed was
further reduced and it is possible to have the ratcheting pro-
cess in which the DNA molecule was alternatively driven for-
ward by 2-3 nucleotides and stalled by 5 ns [red line] or 10 ns
[brown line] .

It is worth noting that during the translocation of DNA
through a Y-pore, interestingly, the DNA molecule rotated
while being driven forward (see movie in supporting mate-
rial). In Fig. 5, we show the angle which the dSDNA segment
rotated about its helical axis vs. number of transported nu-
cleotides N,. As shown in Fig. 5, simulation data presented
in Fig. 3a can be collapsed on the same line. The slope of the
line is about 36° per nucleotide transported, corresponding to
the rotation angle per base-pair in dsDNA.

4 Conclusions

In summary, we have investigated the ratcheting motion of
dsDNA inside a Y-pore and developed an analytical model
to uncover the mechanism of the ratcheting dynamics. Our
simulations show, when driven by a weak biasing voltage, ds-
DNA can be forced to transit the Y-pore in a stop-and-go fash-
ion. When applying alternative biasing voltages, the ratchet-
ing process of dsDNA through the Y-pore become possible.
Simulation results were quantitatively compared with theoret-
ical predictions from the analytical model. The ratcheting dy-
namics is essential for sequencing DNA in a nanopore because

the nucleotide near a sensor could be called accurately dur-
ing the “stop” phase. Experimentally, a dsDNA molecule was
demonstrated to be electrically driven into a protein pore and
was unzipped so that only one DNA strand can pass the con-
striction site of the protein pore**. The unzipping dynamics
of dsDNA in a Y-pore is different and allows the transport of
each DNA strand in a CNT branch. Potentially, it is possi-
ble to sequence complementary DNA strands simultaneously,
improving the sequencing accuracy.

The suggested translocation of DNA through a Y-CNT pore
could be permissible in experiment, because both the fabrica-
tion of Y-CNT#7 and translocation of DNA through a CNT?°
have been experimentally demonstrated. We expect that after
being realized in experiment the controlled motion of DNA
described above could benefit the DNA-sequencing technol-

ogy based on nanopores>.
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