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ABSTRACT We have investigated the role of electrostatic interactions in the transport of nucleic acids and ions through nano-
pores. The passage of DNA through nanopores has so far been conjectured to involve a free-energy barrier for entry, followed by
a downhill translocation where the driving voltage accelerates the polymer. We have tested the validity of this conjecture by using
two toxins, a-hemolysin and aerolysin, which differ in their shape, size, and charge. The characteristic timescales in each toxin
as a function of temperature show that the entry barrier is ~15kg T and the translocation barrier is ~35kg T, although the electrical
force in the latter step is much stronger. Resolution of this fact, using a theoretical model, reveals that the attraction between
DNA and the charges inside the barrel of the pore is the most dominant factor in determining the translocation speed and not

merely the driving electrochemical potential gradient.

INTRODUCTION

The dynamics of biological polymers going through nar-
row channels is crucial in many biological processes:
RNA export through the nuclear pore complex, phage
DNA ejection, and protein translocation through mem-
branes. It is, as well, an important phenomenon to control
in most of the DNA sequencing methods using nanopores.
Polymer translocation experiments, theoretical models, and
simulations, have been performed to study the transloca-
tion dynamics dependence on polymer type (1-6), polymer
length (7), voltage applied (6,8), temperature (8,9), ionic
strength (10,11), and nanopore nature (12,13). Voltage
dependence associated with barrier-crossing formalism al-
lowed some authors to extract an entry barrier height
(5,8,11,14,15). Some other publications modeled the en-
ergy landscape of translocation (16,17) to get insight into
the dynamics. Even though the temperature effect on trans-
port dynamics has been already addressed, no interpreta-
tion of the thermodynamics of the process has been
extracted except in the simulations of Matysiak (18) and,
recently, a study by Mahendran and colleagues on the
transport of polypeptides (19). The effect of the electro-
static interaction between the translocating chain and the
pore wall charges have been studied by others (12,20,21)
by tuning either the pore wall charges or the polymer
charge. All underline the importance of electrostatic inter-
actions in the transport.
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The forces between the protein pore and DNA under
nonequilibrium conditions are very complicated. As a result,
the experimental data reported in the literature so far are
only phenomenological. From the theoretical perspective,
only simple models have been presented, without any quan-
titative comparison with experimental data or any validation
of assumptions used in the models. Basically, there have
been two models: 1) a particle-virtual-pore model, and
2) a polymer threading model (22). The major focus of theo-
retical predictions has been on the voltage dependence or
DNA-length dependence of the average translation time.
Although there have been several molecular dynamics sim-
ulations to explore the DNA motion inside a protein pore,
the long time regime relevant to DNA translocation through
protein pores remains to be explored. On the other hand,
theoretical models are more suited to interpret experimental
data due to their capacity to address longer time regimes
relevant to experiments. However, there currently exists a
critical need to interpret carefully acquired experimental
data on different systems with any theoretical model.
Furthermore, although free-energy barriers are invoked in
theoretical models, the magnitude of these barriers remains
to be established. An approach combining experiments and
theory will enable a deeper understanding of the nature of
various forces and barriers dictating the translocation ki-
netics of DNA through protein pores. That is the primary
purpose of this article.

Toward achieving this goal, we have investigated two
pores, a-hemolysin («¢HL) and aerolysin (AL), and moni-
tored the ionic current and DNA transport through them.
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Temperature and Transport in Nanopores

Since the nature of the free-energy barriers for these trans-
port processes is our focus, we have measured the effect
of temperature on the ionic current and DNA translocation
for both pores. Regarding an explanation of the observed
ionic current through the pores, we used the one-dimen-
sional (1D) Poisson-Nernst-Planck equation. In interpreting
the DNA data, we theoretically modeled the free-energy
landscape for threading by including a mean electrostatic
interaction energy averaged over the whole length of the
protein pore.

The main observations for the open-pore current are 1)
rectification in the ionic current, and 2) Arrhenius-type tem-
perature dependence. Modeling the rectification requires
knowledge of the internal charge decoration of the pores.
The inner structure of oHL is well known (23), but the crys-
tal structure of the aerolysin pore is not yet available,
although the group of F. Gisou van der Goot puzzled out a
possible amino acid sequence which forms the (-barrel
(24). In this article, we verify the adequacy of this sequence
from the electrostatic point of view by measuring the open-
pore current and its rectification as a function of tempera-
ture. The rectification is known to be strongly dependent
on the electrostatic potential seen by the flowing ions, i.e.,
the amino acid sequence (25-28). The two pores used
here differ in their shape, size, and charge. «HL has a mush-
room shape with a voluminous extramembrane part (the so-
called vestibule) and a transmembrane part with a smaller
constriction of ~1.4 nm (23). Its overall charge is +7e.
The AL pore has an extramembrane part lying on top of
the membrane (no vestibule) and a transmembrane part
with a constriction estimated to be between 1 and 1.7 nm
(29). Its overall charge is —52¢.When the details of charge
distribution are included in the 1D Poisson-Nernst-Planck
equation, the experimentally observed rectification can be
readily accounted for. The observed Arrhenius-type barrier
(~ 5kgT) for the open-pore current is essentially due to
the viscosity of the electrolyte solution.

One of the key results deduced from the temperature
dependence of translocation dynamics through oHL and
AL is that the energetics of DNA capture at the pore and
the subsequent threading through the pore are distinctively
different. Although both the capture and threading obey
the Arrhenius-type law, the barrier for capture is about
15kgT, whereas the barrier for threading is much higher,
namely ~ 35kgT. This remarkable result is not anticipated,
because the rate-limiting step of polymer translocation has
so far been assumed to be the capture process, with the
threading process as a downhill (in free energy), accelerated
expulsion of DNA from the pore.

Toward an understanding of these intriguing experimental
results, and to gain physical insight without much numerics,
we have implemented the analytically tractable polymer
threading model (30) for the experimental situation pre-
sented here. In this model, the segments of a flexible poly-
electrolyte chain thread through a nanopore in single file
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under an electrophoretic force, and there is an attractive
interaction between the pore and every polymer segment in-
side the pore. Calculations based on this model using the
Fokker-Planck formalism show that the unexpected large
free-energy barrier for the threading stage can be attributed
to the amplification of local pore-polymer attraction by the
pore length. The comparison between experimental results
and the value of the pore-polymer interaction energy used
in the theoretical model enables the tunability of the barrier
for translocation and hence its speed.

MATERIALS AND METHODS

The experimental setup is composed of a Teflon cell inside a Faraday cage.
The cell is made of two ~ 90 uL chambers connected by a U-shape tube
ended at one side by a 10 to 20 um hole on which the lipid bilayer is formed.
Ag/AgCl electrodes are connected to each chamber to measure the ionic
current, and the transmembrane voltage is applied using an Axopatch
200B amplifier (Molecular Devices, Sunnyvale, CA). The signal is first
low-pass filtered by a four-pole Bessel filter with a cutoff frequency of
100 kHz (Khron-Hite, Brockton, MA), or 30 kHz in some cases using
AL pores when the noise was too high to detect the events on the fly (espe-
cially at 60°C). It is then digitized at a sampling frequency of 1 MHz using a
16-bit acquisition card (National Instruments, Austin, TX) and finally saved
directly to the hard drive of a computer. The acquisition card is controlled
via a homemade program written with LabView (National Instruments).

The Teflon cell, embedded in a copper holder, is thermalized at a temper-
ature varying from 5 to 70 = 0.1°C using a Peltier module connected to a
temperature controller (Newport, Irvine, CA). For temperatures of 25—
70°C, the evaporation of water is not negligible, inducing an increase of
the salt concentration and therefore a variation of the baseline current.
We thus add water at a rate of 7 uLL/h at 25°C to 64 uL/h at 70°C. This prob-
lem needs to be addressed carefully, because the frequency of entry of the
DNA increases exponentially with salt concentration, as demonstrated in
Bonthuis et al. (10). In the Supporting Material, we show an evolution of
the event frequency as a function of the open-pore current while the water
evaporates (see Fig. S6).

Lipids are diphytanoilphosphatidylcholine (Avanti Lipids, Alabaster,
AL). The oHL toxin was purchased from Sigma Aldrich (St. Louis, MO)
and dissolved in water at a concentration of 1 ug/ul and added directly
to the chamber solution to a final concentration of 1-10 ug/mL. The AL
toxin was synthetized using a procedure described in the literature (6,31)
and briefly in the Supporting Material. The final concentration of AL in
the chamber is 1-10 pug/mL.

Single-stranded DNA (ssDNA) was purchased from Eurogentec (Liege,
Belgium). Their sequence is (dA29dC7dA,4) and they were used with a final
concentration in the cis chamber of 0.1-2 uM.

RESULTS AND DISCUSSION

We first present results on the temperature dependence of
the open-pore current through «HL and AL, followed by
DNA transport through these pores.

Current-voltage curve of the open pores

The ionic current characteristics of the pores are measured
by their current-voltage (I-V) curves and the asymmetry dis-
played in these curves. The I-V curves obtained at 15°C for
both pores are presented in Fig. 1. The oHL I-V curve is
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FIGURE 1 I-V curves at 15°C in 1 M KCl of (left) «HL pore and (right)

AL pore. The oHL pore produces a convex I-V curve with an asymmetry of
~30% (a=1.3). The AL pore produces a concave I-V curve with an asym-
metry of ~10% (a«=0.9). Asymmetry, «, is defined in the text.

very similar to those measured in numerous previous studies
(for instance, Meller and Branton (8), Bonthuis et al. (,10),
and Misakian and Kasianowicz (27). The only I-V curve of
the AL pore that could be found in the literature is in the
study by Pastoriza-Gallego et al. (6), using an upside-
down orientation of the electrodes. The asymmetry
observed on an I-V curve is defined from the open-pore cur-
rents measured at a voltage V = 120 mV. Thus, it obvi-
ously depends on the orientation of the pore with respect
to the electrode. Therefore, we followed the procedure
detailed in the Supporting Material. We indeed observe
that >90% of the pore insertions yielded to an I-V curve ori-
ented as in Fig. 1.

This measurement is repeated at different temperatures
from 5 to 70°C. We represent in Fig. 2 the pore current as
a function of temperature for an applied voltage
of +120 mV. We observe a large increase of the current
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FIGURE 2 Ionic current for 120 mV applied voltage versus temperature
for aHL (solid circles) and AL pores (open circles). The plain curves repre-
sent fits to Arrhenius law leading to an energy barrier of ~5kgT. (Inset) The
measured asymmetry factor, «, at 120 mV for both pores, with symbols
defined as in the main figure. The plain curves are the asymmetry calculated
following the procedure of Misakian and Kasianowicz (27) using the amino
acids positions reported in Table S1.
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due to temperature (8,32). The increase closely matches
the change in viscosity of the solution as underlined in Mel-
ler and Branton (8) for a smaller range of temperature. It is
common to associate the change of viscosity to a barrier-
crossing process. Fitting the pore current as a function of
temperature by an Arrhenius law gives an energy barrier
of ~ 5kgT, which is very close to the value obtained in Ma-
handran and Lamichhane (19). This is consistent with the
value obtained by considering tabulated measurements of
the bulk conductivity (33). Therefore, the main contributor
to the current increase with temperature is the bulk behavior
itself.

In the inset of Fig. 2 is represented the asymmetry factor
of the current, calculated as o« = |I./I_ |, where I and I_
are the current measured at V =+120mV and
V = —120 mV, respectively, as in Bhattacharya et al. (28).
Therefore, « tends to 1 when the curve tends to be symmet-
rical. In addition, « is >1 if the I-V curve is convex, as for
aHL (see Fig. 1, left) and « is <1 if the curve is concave as
for AL (see Fig. 1, right).This definition eliminates the
contribution of solvent conductivity to ionic-current
variations.

The asymmetry observed depends on the interaction po-
tential seen by the ions along the pore and can be modeled
using the 1D Poisson-Nernst-Planck equation. Following
the procedure of Misakian and Kasianowicz (27), we have
calculated the asymmetry for «HL using the coordinates
of the amino acids in the B-barrel from the Protein Data
Bank file. For AL, we used the §-barrel sequence of amino
acids defined by Iacovache et al. (24,34) by sequence match-
ing with toxin sequences of the same family. The positions
of the charged amino acids along the pore are indicated in
Table S1 and the potential is represented in Fig. S1. The
calculated asymmetry versus temperature is displayed in
the inset of Fig. 2 along with experimental results. Using
this model, we obtain a good match between experiments
and calculation for both pores; the mean diameter of the
channel used to get the best match is 1.6 nm for «HL and
1.4 nm for AL. The sequence identified by lacovache
et al. (24) nicely characterizes the current measured.

It is usually considered that the pore-current asymmetry is
a combination of pore geometry and surface charge density
(see, for instance, Siwy et al. (35) on conical solid-state
pores). The important part is really an asymmetry of the
electrical potential felt by the ions flowing through the
pore (due to the geometry or the asymmetric surface charge
density). It is worth noticing that the oHL barrel is bearing
five rings of charges (one positive and one negative at the cis
entrance and two negative and one positive at the trans side
of the pore), with a globally negative charge. The AL pore
barrel is bearing seven rings of charges (four positive and
three negative), with a positive global charge. Even though
the pore is considered cylindrical, the differing distribution
of the charges is enough to explain the differences in I-V
curve between o«HL and AL pores.
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DNA transport dynamics

The DNA used to perform the translocation measurements
are added to the solution of the cis chamber after stabiliza-
tion of the desired temperature, 7. We measure the translo-
cation time and the event frequency either at constant 7 and
as a function of the voltage applied, V, or at constant Vand as
a function of T. Typical traces of translocation events for
«HL and AL are given in Fig. 3 (fop).

First, for the AL pore, we observe at low voltage (70 mV)
that the duration of the events is short (~10 us) and it in-
creases with the voltage applied (see Fig. S2). We therefore
conclude that these events do not represent molecules trans-
locating through the pore. Starting at 100 mV, we observe
much slower events (~ 10 ms) with a lower blocked current.
Their duration decreases with the voltage applied. We thus
consider these slower events as translocation through the
pore of aerolysin. The event frequency was calculated
from these last events only. We therefore chose to perform
the measurement at various temperatures at V = 100 mV.

The mean current during DNA translocation divided by
the open-pore current defines the normalized blocked cur-
rent. For oHL, the normalized-blocked-current histogram
always shows two distinctive peaks. These two peaks
were previously reported (36) as the blockade obtained by
translocation of the DNA by its 3’ end or by its 5" end. As
a function of the voltage (Fig. 3, bottom left), the normalized
current peak increases slightly between 100 mV and 160 mV
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FIGURE 3 (Top) Examples of DNA translocation events observed in
aHL and in AL at 7= 20°C and V = 120 mV. The timescale is represented
by a 1 ms bar. (Bottom) Variation of the normalized blocked current as a
function of voltage applied at 10°C (left) and variation of the normalized
blocked current as a function of temperature at a voltage of 120 mV (right)
(aHL, solid circles; AL, open circles). The normalized blocked current in-
creases slowly and uniformly with voltage and with temperature. The error
bars represent the width of the normalized-blocked-current distribution.
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from 0.079 to 0.095. This peak corresponds to the major
one, meaning the 3’ peak. The behavior of the 5’ peak is
very similar but shifted up to a mean normalized blocked
current of 0.11 (not shown). The relative amplitudes of the
two peaks do not significantly change with voltage. For
AL pores, only one main peak is observed centered around
a normalized blocked current of 0.010 (at 120 mV) up to
0.020 (at 160 mV). We could distinguish rare events with
a normalized current of 0.04 at the highest voltages. As
the AL pore is narrower than the aHL pore, it is normal
to observe a lower blockade current in similar conditions.
As a function of temperature, we observe as well an increase
of the blocked current, which is similar for both pores. If we
consider an Arrhenius behavior for the blocked current, as
was found for the open-pore current, we obtain energy bar-
riers of ~5kgT and 12kgT for the «HL and AL pores, respec-
tively. The large difference between the two pores may be
due to the energy needed to confine the ion in the remaining
space between the pore and the DNA. Considering the en-
ergy barrier calculation in Bonthuis et al. (10) and a diam-
eter of 1.6 nm and 1.4 nm for «HL and AL, the ratio of
the energy barrier should be 2.2, close to what we obtain
experimentally. Nevertheless, the current measurements
are extremely sensitive to the filtering of the signal, espe-
cially at short event duration (31). This explains the
increasing error bar at high temperatures, where the AL
pores are not as stable as at lower temperatures, and it
was necessary to filter the signal to 30 kHz.

We represent in Figs. 4 and 5 our measurements under the
conditions previously stated for the frequency of entry into
the pore and the translocation time, respectively. As a refer-
ence, we show in Figs S3 and S4 the frequency of events and
translocation times at constant 7 = 10° C as a function of
voltage. These results are very similar to what can be found
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FIGURE 4 Event frequency per unit of concentration versus temperature
for aHL (solid circles) and AL pores (open circles) measured at a voltage of
100 mV. The plain curves are fits to Arrhenius law, leading to an enthalpic
barrier of 15kgT for both pores.
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FIGURE 5 Translocation time per nucleotide versus temperature for
o«HL (solid circles) and AL pores (open circles) measured at a voltage of
100 mV. The plain curves are fits to the model presented in the text.
They could equally be fitted to Arrhenius law, leading to an enthalpic bar-
rier of 35kgT for both pores. At high temperature, the value of the translo-
cation time in AL deviates significantly from the fit. This is due to the fact
that at this short timescale, our detection system reaches its limits. This ef-
fect has already been reported for protein transport through oHL and AL
(9). Here, the o«HL data set is not affected by this because of its much higher
signal/noise ratio.

in the literature (8,14), although we could not find extensive
study of DNA transport through AL pores.

The translocation of a polymer through a protein pore in-
volves two steps of first nucleating across a free-energy bar-
rier of entry into the pore and subsequently moving down a
free-energy landscape along the pore by a combination of
diffusion and drift processes. The free-energy landscape
for a particular combination of polymer and pore is nonuni-
versal and depends sensitively on the polymer sequence, the
distribution of hydrophobic and charged amino acid resi-
dues inside the pore, and the magnitude of the electrochem-
ical potential gradient driving the translocation. During
translocation, the monomers are subjected to highly hetero-
geneous patterns of charges, dipoles, and hydrophobic
patches. A precise computation of the free-energy landscape
for transporting dA,9dC7dA 4 through oHL and AL pores is
impossible due to the lack of adequate knowledge of
electrohydrodynamic forces inside the protein pore environ-
ment. Nevertheless, it is widely recognized that electrostatic
interactions play an important role in the translocation pro-
cess of DNA through oHL, as noted in Rincon-Restrepo
et al. (12). Those authors observed that the translocation
time is exponentially dependent on the number of positively
charged amino acids in the barrel of the channel. From their
measurements, and considering the number of charges pre-
sent in the barrels of «HL (14 total) and AL (28 total), the
translocation times should display an ~10-fold difference,
as is observed in our experiments. It was also proposed in
theoretical and numerical work that attractive interaction
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between polymer and pore plays an important role in the
transport dynamics (37-39). In that respect, we model the
DNA-pore interactions by an electrostatic contribution glob-
ally located all along the pore. Given the complexity of
chemical details on the pore surface, and the necessity to ac-
count for the pore-polymer interaction, we coarse-grain the
chemical details and assume that there is a uniform interac-
tion energy per monomer, €, all along the pore (30).

The generic nature of the free-energy landscape can be
seen in Fig. 6. For the sake of clarity of the basic conceptual
issues, we consider a uniform pore of length Ma and a uni-
formly charged polymer of length Na, where a is the mono-
mer length and M <N. Under an applied voltage, AV, the
monomers in the polymer chain translocate through the
pore in single file.

The essential features of the free-energy profile for trans-
location are 1) drift diffusion followed by an entropic barrier
associated with placement of one chain end at the pore
entrance; 2) an entropic barrier of squeezing enough mono-
mers into the pore to ensure successful nucleation; 3) a free-
energy gain (attractive pore, €y > 0) or loss (repulsive pore,
€0 <0) associated with filling the pore in addition to the
electrostatic energy gain for packing monomers into the
pore; 4) a free-energy gain associated with the transfer of
N — M monomers from cis to trans while the pore is filled
with M monomers; and 5) a free-energy barrier for removing
M monomers trapped inside the attractive pore into trans.
These five steps are depicted in Fig. 6. The translocation co-
ordinate, m, denotes the number of monomers depleted from
cis until m reaches N. For N <m <N + M, it corresponds to
a state where the pore is partially filled, with the rest of the
chain being in the trans.

In general, the frequency of events is the nucleation rate
across the initial barrier (associated with steps 1 and 2)
and the translocation time (associated with steps 3 to 5).
Clearly, the effective barriers for the event frequency and
translocation time can be uncorrelated. Writing the nucle-
ation barrier, AF*, as —TAS* + AU*, for steps 1 and 2 of
Fig. 6, the event frequency, R, is

ey

AU
T )

R. ~ exp [AS* -

where AS*(<0) is the entropic contribution to the barrier.
Experimentally, the event frequency at constant 7 = 10°C
follows the two regimes in «HL already reported (8) (see
Fig. S3). At low voltage, the frequency is reaction-limited
by an energy barrier of entry, and at high voltage, the fre-
quency is diffusion-limited. Comparing the data obtained
at 10°C, the frequency of entry is six to eight times smaller
in AL than in oHL. Using the barrier-crossing formalism
introduced in Henrickson et al. (14) (reviewed in the Sup-
porting Material), we deduce an energy barrier of entry of
10kgT for both pores. This value is of the same order as en-
try barriers in the literature: 8kg7 for DNA (14) and for
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FIGURE 6 Sketch of the free-energy landscape for single-file transloca-
tion of a chain of N monomers through a pore of M monomer lengths. The
translocation coordinate, m, denotes the number of monomers depleted
from cis until it reaches the value N (with either m monomers inside the
pore and N —m monomers in cis or with M monomers inside the pore,
N — m monomers in cis and m — M monomers in trans). For m > N, the
pore is partially filled, with the rest of the chain solely in trans. The key
steps in the free-energy landscape are 1) placement of one chain end at
the pore entrance; 2) entropic barrier crossing to nucleate a successful trans-
location by squeezing a large enough number of monomers into the pore;
3) a gain in electrostatic energy and pore-polymer interaction energy as
more monomers enter an attractive pore under a favorable voltage gradient;
4) transfer of monomers from cis to trans with the pore remaining fully
filled; and 5) an uphill process of polymer depletion from the pore. Steps
1 and 2 constitute the nucleation barrier controlling the translocation fre-
quency. Steps 3—5 contribute to the translocation time. The barrier for the
translocation time is attributed to the depletion of M monomers from the
pore. Using € = 2.5kgT, M = 15, and N = 50, the effective free-energy
barrier for extraction of the last M monomers is ~35kgT.

proteins (15) or 10kgT for dextran sulfate (5). At constant
voltage, the frequency displays an Arrhenius behavior as a
function of temperature, yielding an enthalpic barrier contri-
bution of AU* =15kgT. The difference between the two es-
timates of this barrier comes from physical parameters like
the solvent viscosity that are influenced by temperature but
not by voltage. The six- to eightfold difference in event fre-
quency between the two pores underlines an entropic contri-
bution that is twice as large in AL as in aHL, certainly due
to the vestibule shape of «HL acting as a funnel and favoring
entry. It is also due to the AL constriction being smaller than
that for «HL.

Regarding the event duration, at constant 7, we observe a
decrease of the translocation time with an increase in
applied voltage (see Fig. S4), and the time measured in
AL is ~10-fold larger than in «HL. Again, the AL constric-
tion is smaller than that for «HL. The constriction size
deduced from the current and asymmetry measurements
yields a difference in pore size of only ~10%. Thus, this
huge difference in event duration has to be due to interac-
tions between the pore and the DNA molecule.
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The free-energy profile felt by the DNA along the trans-
location process (steps 3 to 5 of Fig. 6) is written as follows,
as originally described in Muthukumar (30). In step 3, m
monomers are inside the pore without completely filling
the pore (m<M) and the rest of the monomers (N — m)
are in cis. The free energy of this state has three contribu-
tions. a) There is attractive energy between the m monomers
and the pore, —eym. b) There is an electrostatic energy gain.
At a distance m'a from the pore entrance, the potential en-
ergy of a monomer is —gen’ AV /M, where g is the effective
charge of the monomer, e the electronic charge, and AV /M
the electric field across the pore (assuming that the voltage
drops linearly across the pore of length Ma). Therefore,
when m segments are inside the pore, the electrostatic
energy gain for all of these monomers is the integral of
this expression over m', which gives —geAVm?/(2M). c)
There is a conformational entropic penalty from N — m
monomers in cis. This contribution to free energy is
kgT(1 — ¥")In(N — m), where v’ is ~0.69 for the conditions
of typical nanopore experiments and kg is the Boltzmann
constant. As it turns out that the logarithmic term is negli-
gible in comparison with the other two contributions, this
part may safely be neglected. Therefore the free energy of
the state with m monomers inside the pore but not filling
it is given by

@

where € = € /kgT and v = geAV /kgT. It is to be noted that
the timescale for equilibration of the polymer tail with
N — m monomers in cis is a moot issue in the model pre-
sented here, since (1 —v")In(N — m) is negligible in com-
parison with the two terms on the righthand side of the
above equation.

It is straightforward to extend the above argument for
steps 4 and 5, as given by Muthukumar (30), and obtain

F(m) v

Wl —eM—v(m—M)—EM M<m<N (3)
and

F(m) v

T ——e(N—l—M—m)—v(m—M)—w @

(M* — (m—N)’) N<m<N +M.

The translocation time corresponds to the time taken by a
chain to pass through the pore from the entry point (m = 0)
to the exit point (m =N + M). As also recognized in the
literature, this is a stochastic variable and this quantity can
be determined only in some statistical sense. The theoretical
machinery most suited to connecting the free-energy land-
scape and the time evolution of the probability of realizing
a particular state W,,(r) is the Fokker-Planck formalism
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(40). In general, the Fokker-Planck equation for the situa-
tion presented here is

Wonlt) _ py 0 [2(F(m)/kaT)

ot om om

L WD) s

om

W (1)

where D is the monomer diffusion coefficient inside the pore
(30,40,41). Substitution of Eqgs. 2—4 into Eq. 5 gives the time
dependence of the probability of realizing a particular value
of m in the translocation coordinate. The translocation time
corresponds to the state of m = N + M. Using standard pro-
cedures in the Fokker-Planck formalism, the average trans-
location time, 7, is given by

N+M m /
T = L / dm / dm'exp [F(m) - F(m)} , (6
D J, A T T

where F(m) is given by Eqs. 2—4. In defining 7, we used the
reflecting boundary condition at m = 0 and the absorbing
boundary condition at m = N + M.

For the dA;9dC7dA 14 ssDNA, we took the average mono-
mer length, a, as 0.34 nm and N as 50. Taking the length of
the (-barrel of the protein pore as 5 nm, M = 15. For
€ = 2.5kgT, g = 0.3 (as suggested by the Manning conden-
sation), and AV = 100 mV, the calculated 7 is given in
Fig. 5 along with the experimental data for «¢HL and AL
pores. In making the comparison, the arbitrary shift factor
1/D is chosen as 1.88 x 107*. The effective barrier is
35kgT and arises from the last step (step 5) of depletion of
the polymer from the pore. Although the pore-monomer
interaction is rather weak (~2.5kgT), the barrier for translo-
cation is amplified by the depletion stage. We observe a
similar enthalpic contribution in «HL and AL pores. The
main difference between the translocation times in the two
pores arises from the entropic contribution, even though
the pore barrels do not bear the same charges.

Because the main feature of the free-energy landscape of
Fig. 6 is the energy of extraction of the M last monomers out
of the pore, the temperature dependence is similar to a single
barrier process. This is indeed what is observed experimentally
despite the apparent complexity of the free-energy landscape.
Although the theoretical model uses an interaction energy be-
tween a DNA segment and the pore, the precise nature of the
molecular origin of the barrier remains to be explored.

CONCLUSIONS

In conclusion, we have used the electrostatic interactions
created by the pore-wall charges with either the ions or
the translocating DNA chain to model the ionic I-V curve
and the DNA transport dynamics, respectively, in o«HL
and AL nanopores. The ionic current rectification versus
temperature arises from the local energy landscape felt by
the ions when going through the pore. Furthermore, our
rectification analysis validates the sequence presumed in
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the literature to be responsible for the barrel formation of
AL pores. This barrel bears twice as many positively
charged residues as the «HL pore, which can thus greatly in-
fluence the polyelectrolyte transport.

About the dynamics of transport of DNA through the
pores, the existing paradigm is that there is one energy barrier
in the translocation process for entry into the pore followed
by a downhill fall along the electric potential. From the
Arrhenius plots of the translocation time in both pores, we
observe that there is as well an energy barrier to exit the
pore. This could only be demonstrated by studying the tem-
perature influence on the transport dynamics. Previous arti-
cles on DNA transport have focused on the voltage
dependence of the translocation time leading to an effective
charge, a sort of lever arm to decrease the barrier height. Sur-
prisingly, the entry barrier (15kg7) is much smaller than the
barrier of translocation (35kgT), despite a much stronger
driving electric field in the pore compared to the outside.

The model we present reveals the mechanism of the pro-
cess. We model the electrostatic interaction felt by the DNA
in the pore by a mean interaction potential per monomer,
and the experimental results are fitted by this model. The
global energy barrier of ~35kgT for both pores leads to a
2.5kgT interaction energy per monomer inside the pore
channel.

The experimental data along with the theoretical model
reveal the importance of the interaction between DNA and
the charge decoration inside the pore, which dominates
the DNA translocation kinetics. This has profound implica-
tions for controlling the speed of DNA transport. The full
energy landscape, including electrostatics and hydrophobic-
ity, is very complex, and a later study will take into account
local features of the energy landscape, allowing a more pre-
cise description of the process and a better understanding of
the tunable parameters to control the translocation kinetics.
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