
Reverse Translocation of Nucleotides through a Carbon Nanotube
Mohsen Farshad and Jayendran C. Rasaiah*

Cite This: https://dx.doi.org/10.1021/acs.jpcb.9b09587 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: We report molecular dynamics (MD) simulations of the reverse
translocation of single nucleotides through a narrow carbon nanotube (CNT), with a
diameter of 1.36 nm, immersed in a 1 M KCl electrolyte solution under an applied
electric field along the tube axis. We observe ion selectivity by the narrow CNT, which
leads to a high flow of K+ ions, in contrast to a negligible and opposing current of Cl−

ions. The K+ ions, driven by the electric field, force a negatively charged single
nucleotide into the narrow CNT where it is trapped by the incoming K+ ions and
water molecules, and the nucleotide is driven in the same direction as the K+ ions.
This illustrates a novel mechanism of nucleotide reverse translocation that is
controlled by ion selectivity. An increase in the CNT diameter to 2.71 nm or an
increase in nucleotide chain length both lead to translocation in the normal direction
of the applied field. The reverse translocation rate of single nucleotides is correlated to
the ionic current of K+ ions in the narrow tube, unlike translocation in the normal
direction in the wider tube.

■ INTRODUCTION

Fundamental studies on ion channels have revealed the subtle
mechanisms of ion transport through nanopores and nano-
channels.1−4 Ion channels in the cell membrane facilitate the
regulation of ions across the membrane of living cells.5−10 The
normal function of a cell is determined by the precise transport
of ions through protein ion channels, which play an important
role in the generation of electrical signals and communication
between cells.5−10 The selectivity of ion channels permits
specific ions to move spontaneously down a concentration
gradient across the membrane and generate an action
potential.5−10 The transport of ions is influenced by their
hydrated sizes relative to the diameter of the channel.11,12

Hydrophobic single-walled carbon nanotubes (CNTs) carry
some features that are similar to biological ion channels in
nature13−15 and have been studied to understand the
correlation between the channel diameter and selectivity of
the channel that is determined by the sizes of hydrated ions
and their partial or complete dehydration energies.14−17 The
dehydration of ions, especially K+ and Cl−, as a mechanism for
ion selectivity through graphene or atom-sized pores has been
recently investigated.16,17

Nucleotides,18−22 along with ions13−15,23 and water,24−26

can also be transported through CNTs and other synthetic
pores with suitable diameters. It has been suggested that CNTs
can be modified to mimic the behavior of biological channels
and their selectivity.15 However, further investigations are
necessary to understand the effect of ions on the translocation
of nucleotides through nanopores and nanochannels. This is
important to understand the behavior of ion pores in
membranes and how synthetic channels can be exploited in

nanopore DNA sequencing.27−29 Clarke et al. drove single
nucleotides through an engineered α-hemolysin nanopore
under an applied electric field and identified single nucleotides
by measuring the ionic currents and translocation times of
nucleotides.30

Inspired by their single-nucleotide experiments, we
employed all-atom molecular dynamics (MD) simulations to
investigate DNA sequencing and the translocation of the single
nucleotides adenine (A), guanine (G), cytosine (C), and
thymine (T) through CNTs with diameters of 1.36 and 2.71
nm under an applied electric field, with the CNT immersed in
a 1 M aqueous electrolyte solution of potassium chloride
(KCl).31−33 The diameter of the CNT is measured as the
distance between the centers of carbon atoms at opposite ends.
For the small diameter tube, the size of the carbon atoms is
comparable to the diameter of the tube. In this regard, the
edge-to-edge inner diameters of the narrow and wide CNTs
are 1.11 and 2.46 nm, respectively.
During the simulations, we expected that the negatively

charged nucleotides, along with K+ and Cl− ions, would
translocate through the CNT in the expected directions as
determined by their charges and the direction of the external
field. However, we encountered an exotic phenomenon in
which repeated reverse translocations of a single nucleotide
occurred within a narrow CNT with a diameter of 1.36 nm
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under an high applied electric field. An increase in the diameter
of the CNT to 2.71 nm or an increase in the length of the
nucleotide chain from 1 to 16 led to translocation in the
normal direction of the applied field. To the best of our
knowledge, the reverse translocation of a nucleotide against the
field inside a narrow CNT, which is observed in our all-atom
MD simulations, has not yet been reported in the literature.
However, an experimental study has shown reverse trans-
location of DNA under a high applied electric field through a
microfluidic channel.34 To our knowledge, there has also been
no detailed explanation of how this occurs at the molecular
level.
The direction of nucleotide translocation in a CNT is clearly

affected by the diameter of the nanotube relative to the sizes of
the ions and the length of the nucleotide chain. The high flow
of K+ ions in comparison to the negligible current of Cl− ions
through the narrow CNT reverses the translocation direction
of a negatively charged single nucleotide. Understanding the
impact of ion size, hydration and dehydration energies, and the
geometry and distortion of the partially or fully hydrated ions
relative to the pore diameter are important to control and
detect the transportation of molecules through synthetic and
biological pores.

■ METHODS
Molecular Dynamics (MD) Simulations. To construct

the model, we used a VMD package to create the CNT and
nucleotide. 3D-DART35 was used to create the nucleotide
which was placed inside the CNT close to the tube entrance
(gate). The nucleotide and CNT were immersed in a 1 M KCl
ionic solution with 1 g/mL of water. To make the system
neutral, we added the required number of K+ ions, which was
always larger than the number of Cl− ions, depending on the
number of nucleotides present. Each nucleotide carried one
negative charge because of the free electron of the oxygen of
the phosphate group. The system was created with the VMD36

graphics package. The simulations were performed, using the
NAMD37 program, with periodic boundary conditions (PBC)
at 300 K. These interactions between atoms were implemented
in our MD simulation as the sum of the electrostatic
Coulombic and Lennard-Jones potentials. The CHARMM2738

force field with the TIP3P water model was used to implement
the interaction between atoms. The size of the largest
simulation box (Figure 2a,b) was 120 × 140 × 500 Å3. The
time step was 1 fs, and the energy of the system was minimized
and equilibrated in an NPT ensemble without an electric field,
and the pressure was set to 1 atm. Then the system was
equilibrated in an NVT ensemble under an applied electric
field. To keep the CNT at the center of the reservoir, we
allowed each carbon of the CNT to only oscillate harmonically
about its center. To avoid translocation of a nucleotide during
the minimization and equilibration, we anchored one atom of
the nucleotide with a harmonic potential such that the
nucleotide could fluctuate around the center of the fixed atom.
The PBC in our simulations implemented an infinite

number of CNTs and reservoirs next to each other. To save
on computing time, except for one large system presented in
Figure 2a,b, we kept the reservoir small for all systems to the
extent that the CNTs did not interact with each other
appreciably, and there was always only one CNT close to a
nucleotide. This increased the probability of nucleotide
absorption on the surface of the CNT because of attractive
forces between the CNT and nucleotide. Therefore, a

nucleotide could translocate in the reservoir along the surface
of the CNT in the direction of the electric field. Once the
nucleotide reached the end of the CNT, in some cases, it
turned back toward the entrance of the CNT and finally
entered the CNT to translocate in the reverse direction. In
other cases, the nucleotide left the CNT and continued to
move in the normal direction of the electric field. Outside the
CNT, the nucleotide was always transported in the direction of
the field.

Electric Ionic Current. Equation 1 was used to calculate
the electric current from the MD trajectories:

I t
l t

q z t t z t( )
1

( ) ( )
z i

N

i i i
1

∑=
Δ

[ + Δ − ]
= (1)

where qi is the charge of ion i and lz is the length of CNT. The
charges of Cl− and K+ are −1 or +1, respectively. zi(t) is the z
coordinate of ion i at time t, and zi(t + Δt) is the z coordinate
of ion i at time t + Δt. The difference between zi(t + Δt) and
zi(t) is the distance that ion i moves in the direction of z in the
time frame step Δt of the MD simulations, which was 1 ps.
The ionic currents contained large fluctuations (Figure 2c,d)
because of the high sampling frequency of 1012 s−1.
Consequently, we filtered the data to increase the signal
resolution. We used the moving average filter function in
MATLAB to smooth out the fluctuations.

■ RESULTS AND DISCUSSION
Figure 1 demonstrates the general scheme of our CNT
immersed in an ionic solution under an applied electric field.

This illustrates the passage of the nucleotide first outside and
along the length of the CNT followed by reverse translocation
through the CNT.
Figure 1 schematically shows how the attractive (K+ with a

single nucleotide) and repulsive (Cl− with a single nucleotide)
forces between the nucleotide and the ions facilitated
nucleotide transport through the CNT under an external
voltage bias.
Our MD simulations showed that a negatively charged single

nucleotide in a 1 M KCl solution rarely entered the narrow
1.36 nm diameter CNT from the expected direction of the

Figure 1. General scheme of the system. The reservoir (transparent
blue) is connected to the electric field along the z-axis. The blue and
green spheres are K+ and Cl− ions. The gray cylinder represents the
CNT with a diameter of 1.36 nm (inner diameter of 1.11 nm) in an
aqueous reservoir of 1 M KCl. The cyan arrows show the trajectory of
a single adenine nucleotide under an applied electric field in the
normal direction outside the CNT and in the reverse direction inside
the CNT. The green arrows show the direction of electron flow. The
water molecules are not represented.
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applied electric field of 1 V/nm, but moved along the outside
wall of the tube, and unpredictably entered the tube from the
other gate of the CNT to be translocated rapidly in the reverse
direction of the field. However, the negatively charged
nucleotide traversed through the tube in the normal direction
of the electric field when the diameter of the CNT was
increased to 2.71 nm or more in the 1 M KCl ionic solution.
Figure 2a−e demonstrates the reverse translocation of a single

adenine nucleotide inside a 1.36 nm diameter nanotube and
normal translocation outside the CNT at different times. We
observed that the reverse translocation of the nucleotide inside
the narrow CNT was faster than the translocation of the
nucleotide in the normal direction of the field along the
outside wall of the CNT in the reservoir (Figure 2b−e).
To understand the reverse translocation of a nucleotide

inside the narrow CNT, we hypothesized that the ion
selectivity of the narrow tube, spatial restrictions, and relative
forces of K+ and Cl− ions on the nucleotide inside the narrow
CNT in the presence of the electric field were the causes of
reverse translocation. In a narrow CNT, it becomes harder for
the larger hydrated Cl− ions to enter the CNT15 compared
with the smaller K+ ions because there is a high energy barrier
for ions to enter the pore due to their hydration shells and the
size of the pore.39,40

Steric hindrance of the nanopore is very sensitive to the size
of the pore relative to the size of hydrated ions, and
consequently small changes in diameter of pore or size of
ions make a significant difference in ion selectivity of the
pore.41,42 This problem has been studied extensively by Liu,
Jameson, and Murad.43 While the coordination numbers of Cl−

and K+ ions inside the tube are 6.14 and 6.69, respectively, the
coordination numbers for the same ions outside the tube are
6.38 and 7.28, respectively. The coordination numbers of Cl−

and K+ ions inside the tube are slightly smaller than when they

are outside the tube. This implies ions that are partially
dehydrated can enter the CNT. Furthermore, comparison of
the maximum and minimum of the first solvation shell of ions
(Supporting Information Figure S1) shows distortion in the
arrangement of the water molecules around the ions inside the
tube. Water molecules around ions may rearrange to minimize
the steric hindrance of the pore.
Partial or complete dehydration of ions is necessary for ions

to be transported through the narrow pore.16,17 The diameter
of a hydrated ion shell and its dehydration energy varies among
different ions.44 Dehydration of Cl− ions requires a higher
energy expenditure than the dehydration of K+ ions.16,17,45 The
lower dehydration energy,45 higher mobility,46,47 and smaller
size48 of the hydrated K+ ions, compared with the hydrated Cl−

ions (Figure S1a,b), are the factors that drive substantially
more K+ ions than Cl− ions through a narrow CNT in an
applied field.
The smaller K+ ions entering the CNT cannot easily move

around, or pass by negatively charged nucleotide in the narrow
CNT, because of the restricted space and the attractive forces
between them (Figure S2). As a result, the nucleotide is forced
to move in the reverse direction under an applied field. The
ionic force on a nucleotide from K+ ions traversing in the
normal direction through the narrow tube under an electric
field pushes the negatively charged nucleotide trapped within
the tube in the reverse direction, which overcomes the
electromagnetic force of the electric field on single nucleotide
during reverse translocation. However, when the CNT
diameter is large, both Cl− and K+ ions are present in the
tube and apply forces on the nucleotide in the direction
dictated by their attraction to or repulsion from the negatively
charged nucleotide, and the nucleotide moves in the normal
direction determined by the external field.
We tested this hypothesis by measuring the individual ionic

currents of K+ and Cl− ions through CNTs diameters of 1.36
and 2.71 nm. The ionic net force was typically less than the
applied electric force on a chain of 16 nucleotides carrying 15
negative charges from the phosphate groups, and the chain
moved in the normal direction of the field. Figure 3a,b shows
axial and lateral perspectives of an equilibrated system, and
Figure 3c,d displays the individual currents of K+, Cl−, and the
total current of KCl through a CNT with a diameter of 1.36
nm immersed in a reservoir of 1 M KCl. It is obvious that the
Cl− ion current is negligible in comparison to the K+ ion
current with ion selectivity of IK+/ICl− = 39.10 on average in this
system. Figure 3e shows the individual and total cumulative
charge transfers illustrating the selectivity of the narrow CNT.
The system shown in Figure 3a,b represents the largest one

tested in our simulations to observe the translocation of
nucleotides. It consisted of a CNT with a length of 20 nm and
a diameter of 1.36 nm immersed in a 1 M KCl solution with
144914 water molecules, 2611 potassium ions, 2610 chloride
ions, and a single negatively charged nucleotide. An electric
field of 1 V/nm was applied across the system in the axial z-
direction of the CNT. The adenine rarely entered the CNT in
the direction of the electric field and traversed outside along
the wall of the CNT. When the negatively charged nucleotide
reached the opposite gate, it was forced into the CNT by the
hydrated K+ ions outside the gate to which it was attracted and
moved in the reverse direction. The capture of the nucleotide
into the tube was also aided by the nucleotide−CNT attractive
force. The nucleotide traversed through the CNT in the
reverse direction until it exited from the other gate and moved

Figure 2. Schematic illustrations of the translocation of a single
adenine nucleotide in a 1 M KCl solution containing a 50 nm long
CNT with a diameter of 1.36 nm over time (ns). (a) An image of the
system after equilibration. The nucleotide has not arrived to this part
of the system as yet. (b, c) Normal translocation of adenine through
the reservoir along the outside wall of the CNT with a diameter of
1.36 nm in 0.2 ns, followed by (d, e) reverse translocation through the
same CNT in 0.095 ns. All images are representations of the ∼10.2
nm × ∼4 nm systems. The green and blue spheres are Cl− and K+

ions, respectively, and the gray cylinder is the CNT. The adenine is
colored purple. The water molecules are not shown in b-e.
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again in the normal direction outside the CNT next to the wall
in the reservoir. We repeatedly observed reverse translocation
of the adenine nucleotide through the CNT. Furthermore, the
negative current of Cl− ions indicated that the K+ ions carried
them occasionally as pairs49 (KCl) in the reverse direction
through the narrow CNT against the strong external field. The
reverse translocation was also observed for the G, T, and C
single nucleotides.
On increasing the diameter of the CNT from 1.36 to 2.71

nm, we found that the negatively charged nucleotide moved in
the direction of the electric field. The image of the system
during the translocation of adenine through the narrow CNT
in Figure 4a confirmed the presence of potassium ions that
translocated through the CNT along with the nucleotide and
occasionally a paired chloride ion present inside the CNT.49 In
this case, the ionic current ratio of IK+/ICl− = −29.20 through
the narrow CNT of length of 50 nm was negative under 1 V/
nm applied electric field as the Cl− ions translocated in the
reverse direction paired with potassium ions. In the wide CNT
of length of 20 nm under 1 V/nm applied electric field, the
ionic current ratio was IK+/ICl− = 0.98. The corresponding
image in Figure 4b shows an almost equal number of
potassium and chloride ions translocating along with the
negatively charged nucleotide through the larger diameter
CNT in their normal directions under an applied electric field.
Figure 4c presents the accumulated charge transfer of K+, Cl−,
and the total current through the narrow CNT, which was
completely dominated by the K+ ions. Conversely, Figure 4d
shows an approximately equal flow of K+ and Cl− ions moving
in opposite directions through the wider CNT. Ion selectivity
was absent in the wider nanotube. A video of reverse
translocation of an adenine nucleotide through a narrow
CNT with a diameter of 1.36 nm under an electric field of 1 V/
nm is provided in the Supporting Information.

The CNT−nucleotide,50,51 ion−nucleotide,52 and water−
nucleotide53 interactions affect the translocation rate of
nucleotides inside nanopores and nanotubes. To investigate
the correlation between the flow of K+ ions and the
translocation rates of nucleotides A, G, T, and C through
the CNT, we plotted the average ionic current (nA) against
the translocation rates (m/s) in Figure 5a,b. For the narrow
CNT (Figure 5a), the translocation was in the reverse

Figure 3. Ionic currents through a CNT with a diameter of 1.36 nm and a length of 20 nm under an applied electric field of 1 V/nm. (a, b)
Schematic perspective of the system along the z- and x-axes, respectively. Green and blue spheres represent the Cl− and K+ ions, respectively. The
gray cylinder is the CNT, the cyan continuum color is the water reservoir, and the purple molecule next to the CNT gate is a nucleotide. (c)
Individual ionic currents of 1 M K+ and Cl− ions are represented by the blue and green lines, respectively. (d) The pink line is the total averaged
current, and (e) shows the charge transfers of K+ and Cl− ions.

Figure 4. Ionic currents through two sizes of CNTs. (a, b) A
perspective of CNTs (gray circles) along the tube axis showing the
adenine nucleotide, K+, and Cl− ions represented by purple, blue, and
green colors, respectively, inside the CNTs. (c, d) Comparison of the
charge transfers of K+ and Cl− ions and the total current through the
narrow (1.36 nm) and wide (2.71 nm) CNTs. Ion selectivity is absent
in the wider nanotube.
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direction, whereas it was in the normal direction (Figure 5b)
for the wide CNT.

Figure 5a indicates an approximately linear correlation
between the reverse translocation rate of the nucleotide and
average ionic current through the narrow CNT with a diameter
of 1.36 nm under an applied electric field of 1 V/nm. Figure 5b
does not indicate a clear correlation between the normal
translocation rate of a nucleotide and the average ionic current
through the wider CNT with a diameter of 2.71 nm. This
suggested that the reverse translocation rate of a nucleotide
inside a narrow CNT was correlated to the ionic current which
resulted from the close interaction between K+ and a single
nucleotide in the narrow CNT. Single nucleotides were forced
in the reverse direction by the strong current of K+ ions in the
narrow CNT, whereas Cl−̵ ions rarely entered the CNT and
contributed weakly to the current. The K+ ions move faster
than nucleotides because of their higher charge to mass ratio in
comparison to nucleotides. In this regard, the nucleotide inside
the tube is carried faster in the reverse direction inside the
CNT than the normal translocation of nucleotide outside the
CNT.
The reverse translocation of adenine nucleotide inside the

CNT was also observed at lower electric fields of ∼0.17 and
∼0.35 V/nm. We calculated the translocation rates of adenine
nucleotide in the reverse direction inside the CNT and in the
normal direction outside the CNT. The results show that the
translocation rate in both cases decreases with a decrease in
voltage from 1 to ∼0.17 V/nm. Within this range, the decrease
with the electric field is almost linear inside the CNT. Figure
6a also shows that the average translocation rate of the
nucleotide inside the CNT decreases faster than translocation
rate outside the CNT which is in the opposite direction.
The trends in Figure 6a imply that the translocation rate of

adenine nucleotide inside and outside the CNT are near the
intersection below a voltage of ∼0.17 V/nm and near zero at a
lower voltage. A simulation at an applied electric field of
∼0.017 V/nm of more than 200 ns showed a fluctuating
nucleotide moving back and forth inside the narrow CNT.
This indicates the adenine nucleotide resists motion in the
direction of electric field inside the CNT due to forces applied
on the nucleotide from the flow of K+ ions and water.
However, these forces are not enough for reverse translocation

to occur within the short 200 ns MD time frame at the lower
voltage of ∼0.017 V/nm. This suggests that the direct force on
the nucleotide in the direction of the electric field is matched
by the force on the nucleotide by the K+ ion and water carried
in the opposite direction at this field. The nucleotide moves in
the normal direction outside the CNT under low applied
voltages. To further understand the role of water and
electroosmotic effect on reverse translocation, we calculated
the flow of water through the CNT when nucleotide was inside
and outside the tube as shown in Figure 6b and discussed
below.
We calculated the flow of water through the CNT when the

nucleotide was inside and outside the tube. Figure 6b shows
that the average flow rate of water when the nucleotide was
inside the tube is less than the average flow rate when the
nucleotide was outside the tube. The presence of the
nucleotide inside the tube decreases the average flow rate of
water through the narrow CNT and partially blocks the
passage of water molecules, indicating the electroosmotic effect
on reverse translocation. The cumulative water flow shown in
Figures S3−S5 similarly shows higher flow rates of water when
the nucleotide was outside than when it was inside the tube
under different voltages. Moreover, the cumulative flow of
water through the wider CNT (Figure S6) is in the opposite
direction of the flow of water molecules through the narrow
CNT.
The narrow tube is selective to K+ ions while both K+ and

Cl− ions are transported in opposite directions through the
wider CNT when the nucleotide translocates in the normal
direction through CNT as required by the electric field. The
flow of water is associated with the transport of hydrated ions
through the wide and narrow tubes. Therefore, electroosmotic
flow driven by the hydrated or partially hydrated ions is also
effective in nucleotide translocation through CNT.
The tube is filled with water before the ions enter, and the

partially hydrated ions assist in pushing the water into and
through the tube.54 Apparently, water does play an important
role in moving nucleotides in reverse translocation; however,
the fundamental driving force in the system comes from ions
under an applied field.

Figure 5. Two-dimensional diagram of average ionic currents (nA)
and translocation rates (m/s) of nucleotides (A, G, T, and C) during
reverse and normal translocations, respectively, through CNTs (a)
with a diameter of 1.36 nm and length of 50 nm and (b) with a
diameter of 2.71 nm and length of 20 nm, under an applied voltage of
1 V/nm.

Figure 6. (a) Average translocation rate (m/s) of adenine nucleotide
and (b) average flow rate of water inside and outside the CNT with a
diameter of 1.36 nm (i.d. 1.11 nm) and length of 50 nm under applied
voltages of ∼0.17, ∼0.35, and 1 V/nm. The translocation of adenine
nucleotide is against the field inside the CNT and in the direction of
the field outside the CNT. The average water flow inside the tube is in
the same direction when the nucleotide is inside and outside the tube.
The translocation rate is in the opposite direction when nucleotide is
inside and outside the tube.
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The concept of a net ionic force on nucleotide translocation
in an electric field can be applied to the transport of
macromolecules through nanopores and nanochannels by
varying the pore width, the magnitude of voltage pulses, and
ion types. Single nucleotide translocation through synthetic
and biological nanopores can be exploited further in nanopore
DNA sequencing.29,55

We studied reverse translocation in the presence of a
membrane around the middle of the CNT to mimic a
biological nanopore (Figure S7). The reverse movements of
nucleotide are observed in this system; however, the
accumulation of ions next to the membrane resisted reverse
translocation of nucleotide. The translocation of nucleotide
through membranes should be investigated further to find the
optimum condition under which reverse translocation is
facilitated.
Previous MD simulations indicate that the translocation of

DNA through a nanopore is influenced by the size of the ions
and magnitude of the electric field.52,53 A smaller cation will
result in a slower translocation of DNA through the nanopores
with diameters of 15−20 nm.52 Aksimentiev et al. used MD
simulations to observe that DNA is prevented from entering a
narrow nanopore under higher voltage biases.53 By increasing
the voltage bias from 0.1 to 0.2 V, the capture rate of DNA into
a nanopore with a diameter of 3.5 nm increased by a factor of 2
and decreased to zero as the voltage was increased further from
0.2 to 1 V.53 The hydrated ions in addition to DNA are the
only charged species in the system and play an important role
in the flow of water and translocation of DNA through the
nanopore.

■ CONCLUSIONS

In conclusion, our study provides a unified fundamental
concept to understand the transport phenomena through
synthetic and biological nanopores of different diameters that
discriminate between ions in solution. Narrow nanopores and
nanochannels are selective to certain ions depending on the
ion sizes and the dehydration energy barriers. The principle of
the reverse and normal translocation modes of nucleotides is
investigated and is shown to be related to the selectivity of
narrow nanopores to the passage of ions. In particular, the
selectivity of narrow nanopores to the K+ ion over a Cl− ion,
and the attraction between K+ and negatively charged single
nucleotides is the cause of the reverse translocation of
nucleotides through narrow pores in the presence of an
electric field. Our simulations show that nucleotides can be
driven through narrow pores in a direction counter to an
applied electric field aided by the ion selectivity of the pore.
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