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Voltage-Driven DNA Translocations through a Nanopore
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We measure current blockade and time distributions for single-stranded DNA polymers during voltage-
driven translocations through a single a-hemolysin pore. We use these data to determine the velocity
of the polymers in the pore. Our measurements imply that, while polymers longer than the pore are
translocated at a constant speed, the velocity of shorter polymers increases with decreasing length. This
velocity is nonlinear with the applied field. Based on this data, we estimate the effective diffusion
coefficient and the energy penalty for extending a molecule into the pore.
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The translocation of biopolymers such as RNA, DNA,
and polypeptides across membranes is ubiquitous in biol-
ogy. Examples include the movement of RNA molecules
and transcription factors across nuclear pores [1], phase
infection [2], the uptake of oligonucleotides by specific
membrane proteins [3], and the incorporation of proteins
into specific membranes in nearly all cells [4]. Alpha-
hemolysin («-HL), the proteinaceous membrane channel
produced by S. aureus, can serve as a model system to
study the physics of this translocation process. «-HL
can self-assemble into a lipid bilayer, in effect creating an
aqueous nanopore (inside diameter ~2 nm) across the lipid
membrane. In vitro experiments show that single-stranded
DNA polymers can be driven through this nanopore by
an external electric field [5]. We reconstituted a-HL in a
model planar bilayer separating two small compartments
and applied a fixed voltage bias across the membrane to
generate a steady electrolyte current through the pore.
Single polymer translocations were observed by record-
ing blockage of the ionic current as polynucleotides moved
through the pore [5]. More recently, it has been shown that
careful characterization of the ionic current signals allows
real-time discrimination between different types of short
homopolymers of RNA [6] and DNA [7] molecules. Al-
though these findings suggest that such a system could be
developed into an ultrafast method of DNA sequencing, it
is necessary first to elucidate the physical mechanism un-
derlying polymer translocation through biological pores.

Recent theoretical analyses have investigated the entry
and subsequent translocation of polymers through nano-
pores [8—10]. Sung et al. developed a statistical model
describing the polymer translocation as a diffusion pro-
cess across a free energy barrier generated by the reduced
entropy of free polymers (before and after translocation)
as compared to “anchored” polymers (during transloca-
tion) [8]. Muthukumar employed a similar model but
adjusted it to the case where the polymer’s translocation
rate is constant [9]. Lubensky et al. considered polymers
that were driven electrophoretically through the pore and
assumed to have strong interactions with the pore walls
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[10]. The driving force was approximated as F = zeV /a,
where ez is the effective charge per base, e is an ele-
mentary unit charge, V is the electrostatic potential drop
through the pore, and a is the base to base distance along
the DNA polymer. Assuming z = 1, V = 125 mV, and
a =4 A, the force is estimated to be F =~ 5kzT/a =~
44 piconewtons (pN). Equivalently, F' can be seen as de-
termining the ratio of the probabilities of moving one unit
forward and one unit backward, or ef%/*T  averaged over
all the monomers. On a macroscopic level, the process
can be modeled by a one-dimensional diffusion equation
with an average drift velocity, v, and an effective diffusion
coefficient, De¢s, that takes into account all possible inter-
actions, including friction [10].

Here, we present a new set of experimental results
that sheds light on the physics governing the driven
motion of DNA through narrow pores. By measuring the
translocation velocity of single stranded DNA (ssDNA)
polymers as a function of their length and the driving
force, we show two distinct regimes, one for translocations
of short polymers, the other for long polymers. These
regimes are separated by a sharp transition, which is
set by a length scale corresponding to the pore length,
d. The translocation velocity for polymers shorter than
d depends strongly on length, whereas this velocity is
independent of length for polymers longer than d. This
behavior is not accounted for by the existing models, since
they either assume a zero membrane thickness (d = 0)
or assume very long polymers. We also find that the
velocity has a nonlinear dependence on the applied electric
field. From these measurements, we estimate the driving
force and the effective diffusion coefficient, both of which
are significantly less than prior estimates [10].

A single protein nanopore (a-HL from Staphylococcus
aureus) was self-assembled in a phospholipid bilayer
membrane (diphytanoyl phosphatidylcholine) supported
horizontally on a 25 um aperture fabricated at one end
of a small Teflon tube, as previously described [7].
The membrane separated two Teflon chambers, each
containing 1 M KCI, 1 mM Tris-EDTA buffer (pH 8.5)
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in contact with a Ag-AgCl electrode [Fig. 1(a)]. The
entire apparatus was embedded in a copper enclosure so
that the temperature of all the solutions and components
could be regulated (+0.05°C). Single-stranded DNA
(Midland Certified Reagents, Midland, Texas) below 40
bases was reverse phase grade and used without further
purification. Longer polymers (60—100 bases) were size
purified in-house. DNA was injected on the negative side
[see Fig. 1(a)] and a voltage of 70-300 mV was applied
across the pore using a commercial head-stage [7].
Figure 1(b) is a typical current trace showing three
translocating DNA molecules at 2 °C and 120 mV. As each
molecule enters and translocates through the pore, the cur-
rent drops from its initial open pore value (~70 pA) to
its blocked level (~5 pA). As the DNA molecule clears
the pore, the open pore current level is restored. Be-
tween 500 and 1500 translocation events were recorded
separately for each type of DNA, and each voltage set-
ting. Translocation events were defined as those that de-
creased the average current to less than 35% of the open
pore value [see Fig. 1(b)]. We characterize each translo-
cation event by its average normalized blocked current
Ig = (Ipiocked)/{Iopen) and by its translocation duration #p,.
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FIG. 1. (a) Single-stranded DNA molecules (negatively

charged) and salt ions are electrically driven through a single
a-hemolysin protein pore embedded in a phospholipid mem-
brane. Most of the ionic current through the pore is blocked
during DNA passage. (b) Three representative translocation
current blockades are shown for 15mer (“1” and “2”) and
for 7mer (“3”) poly(dA). For each event we measured the
translocation time, 75, and the average event blockade, (/).
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The single molecule nature of our data allows us to
perform a detailed statistical analysis of the DNA sliding
process in the a-HL pore. For all the polymer types
tested, the histogram of current blockades exhibited a
Gaussian distribution of values (Fig. 2, inset), whose
peak we define as Ip. If we interpret Ip as a measure
of the fraction of the pore volume from which ions are
excluded by the translocating polymers, it follows that, for
polymers shorter than the pore length (or L = d), the Ip
values will vary with L, while for long polymers (L > d)
they will be L independent. L is the polymer’s contour
length, and L = Na, where N is the number of monomers.
Figure 2 shows representative Ip data for poly(dA) (poly-
deoxyadenylic acid) in the length range 4-100 bases.
As expected, Ip depends very weakly on N for the long
polymers. In contrast, /p shows a steep dependence on N
for polymers shorter than N = 12, below which
Ip ~ (1 — aN), where « is a constant. The transition
point corresponds to L = Na = 12 X 4 = 48 A (as-
suming a =~ 4 A [11,12]). The 48 A value is remarkably
close to the a-HL pore length, d = 52 A, estimated
from its structure [13]. This result and the roughly linear
dependence of Ip on L for short polymers supports the
notion that the blockade current level is proportional to the
fractional volume of the pore occupied by the polymer.
The transition between length-dependent and length-
independent Ip values at L ~ 50 A was found in all
experiments performed at different temperatures and with
a variety of other polymer types.
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FIG. 2. The most probable blockade level, /p, as a function
of N for poly(dA). Ip depends weakly on N for long poly-
mers (N > 12). In contrast, Ip has a steep dependence on N
for shorter polymers (N < 12). The transition point (N = 12)
corresponds to polymer contour length of ~48 A. Inset: Ip is
extracted from the translocation blockade distribution of the in-
dividual events, which is well fit by a Gaussian function. Error
bars (standard error of the mean) are determined by evaluating
Ip for 3—5 data sets of the same polymer. The line is drawn to
guide the eye.
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The distribution of translocation durations is more com-
plex than a simple Gaussian [7]. For duration times shorter
than the histogram peak, defined as 7p, the distribution
could be well fit by a Gaussian (Fig. 3 inset). At longer
times (fp > tp), the Gaussian function does not fit our
data. Instead, the distribution of ¢p values is best approxi-
mated by a falling exponential function. Consequently, #p
differs significantly from the average duration over many
translocation events, (¢p). The shape of the distribution re-
sembles the simplified function derived by Lubensky et al.,
with a width to peak ratio of roughly 0.55 (Fig. 3 inset).

From the most probable translocation time, zp, we
calculate the apparent polymer velocities by defining
vpNa(N) = L/tp.  This velocity is independent of N
for long polymers (N > 12) with a plateau value of
roughly 0.15 A/us (Fig. 3, solid circles), and increases
steeply for shorter polymers. Note that this velocity is
roughly an order of magnitude slower than previously
reported for room temperature experiments. The slow
velocity is due to the strong dependence of fp on tem-
perature [7]. The approximation of vpya = L/fp may
be improved by noticing that the polymer trajectories are
somewhat larger than L. Because the blockade levels
are proportional to the fractional volume of the pore
occupied by the polymer (see above), and because p
is a measure of the blockade durations below ~65%
of Iopen, We estimate the corrected trajectory during tp
to be L + 0.35d. Thus, a more precise estimate of the
velocity is obtained by vpna = (L + 0.35d)/tp [14].
This velocity (solid squares, Fig. 3) shows a nonlinear
increase for decreasing length below the threshold value
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FIG. 3. Inset: A typical translocation time histogram of

~1000 events showing a non-Gaussian distribution with a peak
defined as #p and exponential tail. The width of the distribution
is defined at fpe~'/2. Main figure: ¢p is used to evaluate the
apparent velocity (@) and the corrected velocity (M), as a
function of N. Both velocities are constant for N > 12, with a
typical plateau value of 0.15 A/us at 2°C and 120 mV. Short
polymers (N < 12) move significantly faster through the pore
than their longer counterparts. Error bars are determined as in
Fig. 2. Lines are drawn to guide the eye.

of N = 12 (L = 48 A), and as expected merges with the
uncorrected velocity for longer polymers. The threshold
length value closely matches the length of the a-HL pore
(d = 52 A), in agreement with the results presented for
Ip(N). Extrapolating our data for very short polymers,
we estimate the limiting translocation velocity for a
monomer of deoxyadenylic acid (at 2°C and 120 mV)
to be ~1.4 = 0.2 A/us. The plateau in the polymer
velocity vs N for the long polymer range is in agreement
with theoretical models, which predict that tp * L [9,10].
But these predictions are not valid for short polymers
since tp « L was derived with the assumption of long
polymers (L > d).

To gain insight into the nonlinear behavior of the DNA
polymers, we varied the electrical driving potentials from
70 to 300 mV and measured vpna for polymers above
the threshold length (N = 30, open squares) and at the
threshold length (N = 12, solid circles) (Fig. 4). For a
restricted range of driving potentials (70—120 mV), the
translocation speed appears to depend linearly on V, in
agreement with previous results [5]. But, over a wider
range, the data no longer appears linear. A better approxi-
mation for our data over the entire range is a quadratic
dependence, vhna = ki(V — Vo)? + ky (solid lines of
Fig. 4), where Vj is a threshold potential estimated to be
47 = 8 mV based on the fit, and k, is a small additive con-
stant (~0.06 A/us). In principle, one would expect that
the polymer drift velocity will approach zero at V = V,
where the random diffusion forces dominate over the driv-
ing force. In this range, our translocation measurements
may include a few polymers that randomly diffuse from
one side to the other, giving rise to the small additive
term, k».
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FIG. 4. The dependence of polymer velocity on the applied
voltage is nonlinear. Data shown for N = 12 (@) and N = 30
(O) poly(dA)s at 2°C. The lines are quadratic fits to the data
(see text). Error bars are determined as in Fig. 2, except for
points below 90 mV where the number of events is insufficient
to determine the error bars. Inset: Estimated upper bound val-
ues for the effective diffusion coefficient, Dy,x, based on the
polymers’ velocity.
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While it is difficult to acquire sufficient statistics near
Vo (at these low potentials only a few translocation events
are observed within reasonable experimental times [14]),
the finite value of V may be interpreted as an energetic
barrier that the system needs to overcome before translo-
cation occurs. In the case of poly(dA) that form stacked,
semiflexible polymer helices of greater diameter than the
a-HL pore [6,7,15], at least 12 bases (the pore length) in
the chain must be extended to a more linear structure prior
to polymer sliding through the pore. This extension may
involve energy penalties due to both enthalpic (unstacking)
as well as entropic changes. Although a better description
of polymer dynamics during pore entry will be required to
assess the relative contributions of base unstacking vs en-
tropy loss, our data provide a new estimate for the sum of
these energy penalties. Evaluating the electrical energy of
12 bases extended by the field inside the pore (Vo/d), we
find ze(Vo/d)aS % n = 12kgT, assuming Vo = 47 mV,
and z = 1. We note that 12k3T is an upper bounding
value of the energy penalty of extending a molecule in the
pore prior to translocation since in reality z < 1. Absent a
good estimate for z inside the pore, we can estimate only
the maximal electrical driving force as 25-110 pN for the
potential range 70—300 mV.

The relative contributions of the diffusion forces and
the electrical driving force may be estimated by compar-
ing the diffusive length (defined as €; = Detr/vpna [10])
to the relevant length scale L. When the translocation
velocity approaches zero (i.e., at weak electrical poten-
tials) €4, > L, reflecting the fact that the system is domi-
nated by diffusion. For stronger driving potentials (i.e., for
V > 120 mV), the steep voltage dependence that we ob-
serve suggests that in this range our system is dominated
by the electrical driving force, or €; << L. One would ex-
pect that the highly confined geometry of the DNA in the
a-HL pore would play an important role in determining
the effective friction, and therefore D¢, making it much
smaller than its (free) bulk value. To estimate De¢f, a de-
tailed microscopic model of the polymer dynamics must
be undertaken. In the absence of such a model, we can set
only an upper limit for Degr by assigning €, = L for the
stronger potential range. The inset of Fig. 4 shows an up-
per bound estimation of Degr (Dmax) for the confined poly-
mer (N = 12) as a function of voltage. The typical values
we found are in the range (0.5-10) X 10~° cm?/s. These
values are more than 2 orders of magnitude smaller than
the effective bulk diffusion coefficient for ssDNA having
the same length [12]. We argue that these findings and the
nonlinear velocity dependence on V reflect the strong con-
finement of the DNA in the nanopore.

Our results provide quantitative estimates for the energy
penalty of extending a polymer in the pore prior to translo-
cation and the effective diffusion coefficient of short to
medium length ssDNA polymers as they move through the
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a-HL pore. Although it is clear that the dynamics of short
and long molecules differ considerably, a better under-
standing of the polymer-pore interaction and the confined
geometry of the polymers in the pore will be required to
explain why short molecules translocate much faster than
their longer counterparts. We found that the translocation
velocity is decreased by a factor of 8 for only a 7% decrease
in absolute temperature [14]. This suggests that DNA-pore
interactions alone cannot account for the polymer dynam-
ics, since these interactions scale exponentially with the
absolute temperature [10]. We believe that the temperature
response, the strong decrease in the effective diffusion co-
efficient of the polymers in the pore as compared to their
bulk values, and the nonlinear dependence of the velocity
on the electric field are all related to the highly confined
geometry of the polymers in the pore. This confinement
produces a strong drag force on the translocating polymers
that cannot be approximated from bulk hydrodynamics.
Having set an upper bound for the energy penalty as the
polymer extends into the pore and for the effective poly-
mer diffusion coefficient, we expect that these values will
form the basis for a more complete theoretical description
of driven polymer translocation through a narrow pore.
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