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Abstract

Protein nanopores may provide a cheap and fast technology to sequence individual DNA
molecules. However, the electrophoretic translocation of sSDNA molecules through protein
nanopores has been too rapid for base identification. Here, we show that the translocation of DNA
molecules through the a-hemolysin protein nanopore can be slowed controllably by introducing
positive charges into the lumen of the pore by site directed mutagenesis. Although the residual
ionic current during DNA translocation is insufficient for direct base identification, we propose
that the engineered pores might be used to slow down DNA in hybrid systems, e.g. in combination
with solid-state nanopores.
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The ability to sequence the human genome rapidly (e.g. in 15 minutes) and at an affordable
price (e.g. US $1000) would be a turning point in medicine. At that price and speed, most
people could afford to have their genome sequenced on-the-fly for tailored medical
treatment. Thanks to advances in second-generation DNA sequencing techniques, the cost of
sequencing an entire human genome is now about US$ 50,000.1: 2 However, most second-
generation technologies such as those implemented by 454 Life Sciences (Roche), Solexa
(Illumina) and Applied Biosystems SOLID™ (Life Technologies), rely on slow iterative
cycles of enzymatic processing and imaging-based data collection. Therefore, the most
likely candidates to cross the US $1000 and 15-minute human genome barrier will be third-
generation single-molecule sequencing platforms, such as Pacific Bioscience’s single
molecule-real time sequencing by synthesis (SMRT™) or nanopore sequencing,3 which are
based on the continuous determination of sequences of individual DNA molecules by cycle-
free processes.

In one approach to nanopore sequencing, a single-stranded DNA or RNA molecule is driven
electrophoretically through a nanopore and each DNA base is read as it passes a recognition
point.3 In its simplest manifestation, the current associated with the passage of ions (e.g. K*
and CI7) through the nanopore during DNA translocation provides the electrical read-out
required to distinguish each base. In our laboratory, we use a-hemolysin (aHL) protein
nanopores reconstituted in planar lipid bilayers (Figure 1). Notably, we have shown that the
four DNA bases,*% including their epigenetically modified forms, 5-methylcytosine and 5-
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hydroxymethylcytosine,” can be discriminated in a DNA strand immobilized within the
nanopore.

Alternatively, single nucleotides are identified by reading the tunnelling current passing
through individual DNA bases, while a DNA strand is translocating through a solid-state
nanopore modified with tunnelling probes.8-19 Tunnelling readings would be advantageous
because the nano-ampere range of tunnelling currents will allow the reading of nucleotides
at a greater speed than with the pico-ampere ionic currents through protein nanopores. In
addition, since the tip of the probe can be less than 1 nm in diameter, a single nucleotide
would be addressed by the tunnelling probe at any given time.

One of the main remaining challenges in nanopore sequencing is to reduce the speed of
DNA translocation through the nanopore, which is too fast to allow discrimination between
individual nucleobases by using either ionic!® or tunnelling® currents. Previous attempts to
reduce the speed of free DNA translocation have included the use of low temperatures2 and
increased viscosity!3 14, These approaches reduced the speed of DNA translocation by one
order of magnitude or less, at the expense of a large decrease in the ionic current. In this
work, we show that by lining the transmembrane region of the aHL pore with positively
charged residues, the speed of DNA translocation can be slowed by more than two orders of
magnitude. Although, the ionic current during DNA translocation is again almost completely
suppressed, we suggest that such nanopores could be used to control the speed of DNA
translocation in hybrid protein and solid-state nanopores.

lonic currents through aHL nanopores

The heptameric aHL nanopore contains a cap domain and a barrel domain, which are
separated by an inner constriction that is 1.4 nm in diameter (Figure 1).1°> We made a variety
of homo- and hetero-heptameric aHL pores in which the charge distribution within the
barrel was altered. In homo-heptamers the mutations appear in all seven subunits, while in
hetero-heptamers the charge is changed in a subset of the subunits. All mutants were made
by using the RL2 genes as templates, except for the NN pore, in which the WT gene was
used (SI). WT pores contain an additional positive charge at position 8 in the form of a
lysine residue (Figure 1).

The unitary conductance values (g) in 1 M KCI solutions (containing 25 mM Tris.HCI and
100 M EDTA at pH 8.0) varied greatly among the nanopores (Table 1). The introduction
of positive charges close to the constriction increased the conductance of the nanopores at
positive applied potentials with respect to the WT and RL27 pores. By contrast, when
positive charges were introduced close to the trans exit of the pore, the ionic current at
positive potentials was reduced significantly8 (Table 1). The rectification ratios (g.+/g-),
calculated from the value of the ionic current at +50 mV divided by the current at -50mV,
also varied depending on the position of the introduced charges. Nanopores with additional
positive charges near the trans exit (after position 121) showed g4/g- < 1, while mutants
with positive charges close to the constriction displayed rectifying behaviour similar to that
of WT7 (g+/9- >1). On the other hand, NN7 pores, which have no charged groups at the
central constriction, displayed g:/g- ~ 1. In agreement with previous findings,17-1° these
results suggest that the transport of ions through the relatively narrow aHL nanopore can be
strongly influenced by the introduction of charged residues within the B barrel.

DNA translocation through homo-heptameric aHL nanopores

The addition of a 92mer ssDNA designed to contain no secondary structure (5”-
AAAAAAAAAAAAAAAAAAAAATTCCCCCCCCCCCCCCCCCCCCCTTAAAAAAA
AAATTCCCCCCCCCCTTAAAAAAAAAATTCCCCCCCCCC-3) to WT7 and RL2;
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pores from the cis chamber under positive applied potentials provoked current blockades
that are due to the translocation of individual DNA molecules through the pore2? (Figure
2a). At +120 mV, the most likely translocation time, %, which is defined as the peak of a
Gaussian fit to a histogram of translocation times,12 was 0.14+0.01 ms for both WT5 and
RL2; nanopores, 6 corresponding to the mean most likely translocation time per base (4 =
&, / number of nucleotides) of 1.5 us/nt.

The manipulation of charges in the barrel of the pore altered the interaction between the
DNA and the pore. The addition of one ring of arginine residues near the constriction of
RL2 pores (M113R7) increased the frequency of DNA translocation by 16-fold.16
Interestingly, nanopores containing two or more rings of positive charge in the barrel
showed only a small additional increase in the frequency of DNA translocation (30% for
(M113R-N123)7, which was the pore that showed the highest increase, Table 1); indicating
that one ring of arginine residues in the barrel is sufficient to enhance the frequency of DNA
translocation to near its maximum value.16

The removal of the charges at the central constriction in NNy or the introduction of one or
two rings of arginine residues within the lumen of homo-heptameric RL2 pores (7 or 14
additional positive charges) had only a small effect on the most likely translocation time (%)
for the 92mer or other short ssDNA or RNA molecules.19 21 For all double arginine mutants
tested (Table 1), % was just 2-or 3- fold higher than the value observed with WT7 and RL2;
pores (Table 1). However, the introduction of three (3R7) or four (4R7) rings of arginine
residues within the barrel increased the most likely translocation time by ~10- and ~20-fold,
respectively; while seven rings of arginines residues (7R7), increased the translocation time
by more than two orders of magnitude relative to the WT7 and RL2; values (Table 1). In all
the nanopores studied, the translocation times of the current blockades induced by DNA
showed a Gaussian distribution followed by an exponential tail (Figure 2b). The most likely
translocation time per base decreased exponentially with the applied potential (Figure 2c),
confirming that, as for WT> pores, individual DNA molecules are translocated through the
pore rather than binding and dissociating from the cis side.22-25

Residual currents through homo-heptameric aHL nanopores

When a DNA molecule is translocating through a nanopore, the ionic current is reduced
from the open pore current (/o) to the blocked pore current (/g). In WT7 and RL2;
nanopores the residual current (/rgs), defined as Ig divided by I expressed in percent, is
~109%16: 20. 26 (Table 1). Modification of the charge distribution within the barrel of the pore
has a powerful effect on Igrgs. For example, the NN pore, in which the charged residues of
the central constriction are substituted by smaller, neutral residues, shows an increased
residual current, IRes=26% (Table 1), while the introduction of large, positively charged
arginine residues greatly reduces /rgs (Table 1). One ring of arginine reduces /rgs to 3%,
while three or more sets of arginine residues almost completely suppress the residual current
(lRes < 1%).

The effect of arginine substitutions on the residual current during DNA translocation is most
likely due to the reduced cross-section of the lumen of the pore, given the increased bulk of
the arginine side chains by comparison with the side-chains in WT- nanopores,® which limit
the current flow of hydrated ions through the pore. An additional reduction of the ionic flow
is most likely due to the increased electrostatic self-energy of the translocating positive ions
(e.g. K*)27: 28 that follows the introduction of the positive charges in the lumen of the pore.
Finally, it is also possible that the interaction of the positive charges of the arginine side
chains with the backbone phosphates of DNA2? triggers a partial collapse of the B barrel
around the DNA, which in turn prevents the passage of ions through the pore.
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DNA translocation through aHL hetero-heptameric pores

Hetero-heptameric aHL pores were prepared by mixing 7R-monomers containing an eight-
aspartate tail (D8) at the C terminus with RL2-monomers, followed by separation by SDS-
PAGE (SI). When incorporated into heptamers, each 7R monomers provides seven arginine
residues within the barrel (starting from the constriction and ending at the trans exit of the
pore). It was hoped that the arginine side chains would interact with the phosphodiester
linkages of DNA and reduce the rate of translocation, while the relatively small side-chains
of the RL2-subunits would still allow the passage of a significant ionic current.

We found that hetero-heptameric pores containing 7R monomers were as efficient as homo-
polymeric pores containing arginine residues at reducing the rate of translocation of DNA
through the pore (Figure 4 and Table 1), with the translocation times per base showing an
exponential dependence on the number of arginine residues in the barrel (Figure 4).
Unfortunately, /res was again reduced to almost zero when 21 or more arginine residues
were introduced into the barrel of the pore (table 1).

Conclusions

In this work, we have shown that molecular brakes in the form of additional positive charge
can be engineered within the barrel of a protein nanopore to control the average speed of
translocation of a short ssDNA molecule containing no secondary structure. Although the
introduction of more than two positively charged residues per subunit in homo-heptamers or
more than two 7R subunits in hetero-heptamers largely prevented the passage of ions
through the pore, the results obtained here may still be useful for the implementation of
nanopore sequencing platforms. For example, an artificial barrel containing positive charges
could be paired with a pore capable of base recognition (e.g. NN7).# The charge within the
artificial barrel would be used to control DNA translocation, while the trans-membrane pore
would recognize single DNA bases (Figure 5a). In such a construct, we believe that
substantial current will flow, as previous studies have shown that proteins handling DNA
placed at the cis entrance to the aHL nanopore do not drastically alter the ionic current
through the pore and allow bases to be discriminated?: 30-32

Alternatively, modified aHL pores could be inserted into solid-state nanopores33 paired
with suitable tunnelling probes34-37 (Figure 5b). The feasibility of this approach has been
described theoretically38-42 and the ability of scanning tunnelling microscopy to recognize
single bases has been shown experimentally.3-4> However, in order to be identified during
translocation through a nanopore, each DNA base would have to be addressed by the
tunnelling probes for at least 100 ws,3 which is three orders of magnitude longer that the
typical average translocation times of individual DNA bases or base pairs through solid state
nanopores.3: 46-48 |n addition, a reproducible orientation and positioning of the base at the
tunneling probe will also be crucial, as electron-tunneling currents are exponentially
sensitive to atomic scale changes of orientation and distance.2 Therefore, if tunnelling
probes will be incorporated into solid-state nanopores with atomic precision, the hybrid
protein and solid-state nanopore systems shown in figure 5b will be capable of informative
data acquisition (t, = 270 ps/base at +120mV), providing that the speed of DNA
translocation through the pore is constant and the orientation of each base at the tunnelling
probe reproducible.3
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Figure 1.

Section through a 7R7 nanopore. The amino acids at positions 113, 115, 117, 119, 121, 123
and 125 were replaced in the WT7 nanopore (PDB:7AHL) by arginine by using PyMOL
software (DeLano Scientific LLC, v1.0). 7Ry is in the RL2 background, in which lysine 8 is
replaced by alanine as shown here. Negatively charged residues are colored in red and
positively charged residues in blue.

Nano Lett. Author manuscript; available in PMC 2012 July 06.



1duosnuei\ Joyiny Vd-HIN 1duosnueiN Joyiny Vd-HIN

1duosnuey JoyIny vd-HIN

Rincon-Restrepo et al.

Page 8

a

100 pA RL2;

0pA
; pAmEMMﬂ[ 7R7

0 pA -

400 ms
b C
160
6001
n
€ 120
2
3 @ 4007
5 80 8
g 2
£ 40 . 2007
3 -
P4
0 0 T T T T T T T
0 20 40 _60 80 100 60 80 100 120 140 160 180 200
Event duration, ms Applied potential, mV
Figure 2.

DNA translocation through 7R7 nanopores. a) Single-channel recordings of RL27 (top) and
7R7 nanopores (bottom) at +120 mV after the addition of 1.0 uM 92-mer ssSDNA to the cis
compartment. b) Event histogram showing the translocation time distribution at +120 mV
through a 7R; pore upon addition of 0.7 uM ssSDNA (92-mer) to the cis compartment.
Events of < 10 ms are attributed to the transient gating of the 7R; nanopore and are ignored
(Figure S1). The solid line shows a fit to the histogram of a Gaussian followed by a single
exponential.12 The most likely translocation time (&) is defined by the peak of the Gaussian
fit.12 ¢) Dependence on the applied voltage of the most likely translocation time per base (4,
= 1p 1 92) of ssDNA (92 mer) through 7R7 nanopores. The red line shows a single
exponential fit. Experiments were performed in 1 M KCI, 25 mM Tris.HCI, containing 100
pwM EDTA, at pH 8.0.
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Residual current (Igrgs) through aHL nanopores during ssDNA translocation at +120 mV.
Errors are expressed as standard deviations. All nanopores, except WT and NN, are in the
RL2 background. Nanopores with additional positive charge compared to the WT; and
RL2; pores are in blue. Experiments were performed in 1 M KCI, 25 mM Tris.HCI,
containing 100 oM EDTA, at pH 8.0.
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Figure 4.

Dependence of the mean most likely translocation time per base (#,) at +120 mV on the
number of arginine residues in the barrel of RL2 pores. Homo- and hetero-heptamers are
shown in open circles and blue triangles, respectively. 4, is expressed on a logarithmic scale
and the data are fitted to a linear regression. Hetero-heptamers were obtained by mixing
RL2- and 7R- monomers. Experiments were performed in 1 M KCI, 25 mM Tris.HCI,
containing 100 uM EDTA, at pH 8.
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Figure 5.

Potential uses of 7R7 nanopores. a) A protein nanopore (e.g. NN7, green) is used to detect
base-specific ionic current differences in a DNA strand, while a synthetic protein barrel
(red) containing positive charges is employed to control the speed of DNA translocation. b)
A protein nanopore with positive internal charge (e.g. 7Rz, red) is paired with a solid-state
nanopore (gray) equipped with a tunnelling probe integrated into the device with atomic
precision. The speed at which DNA is translocated through the solid-state nanopore is
controlled by the applied potential and the number of positive charges in the barrel of the
protein nanopore. Each base will be read by monitoring the tunnelling current, providing
that the bases translocate at a constant speed and arrive with the same orientation at the
tunnelling probe.
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DNA translocation through aHL nanopores at +120 mV in 1 M KCI, 25 mM Tris.HCI containing 100 .M
EDTA at pH 8.0. & is the most likely DNA translocation time per base; fis the normalized frequency of DNA

translocation; g is the unitary conductance and /pgs s the residual current during DNA translocation. For

IRes, the errors were all less than £1%. All mutants, except NN, are in the RL2 background (WT pores

contain an additional positive charge at position 8 in the form of a lysine residue, Sl). Errors are shown as

standard deviations.

Pore tp (ps/base) f (s M) Ires (%) g, nS(+120mV)

WT, 15+0.1(n=6) 3.0%0.2(n=12) 10(n=5) 1.01*0.01 (n=23)

NN, (ELLIN-K147N) 20+0.1(n=4) 079+0.12 (n=4) 26 (n=4)  1.07+0.05 (n=4)

RL2, 16+0.1(n=4) 0.28+0.04(n=5) 10(n=4) 1.03+0.02 (n=16)

ML13R; 15£0.1(n=4) 44+06(n=7)  3(n=5)  1.17+0.02 (n=8)

N123R, 24+05 (n=5) 043+0.04(n=8) 3(n=4) 0.64+0.02 (=10)
(M113R-N123); 30£0.3(n=8) 6.2£1.9(n=7)  2(n=4)  0.97+0.05 (n=6)
(N123R-D127R), 44402 (n=5) 04x0.05(n=4) 2(n=5)  0.57+0.03 (=4)
(M113R-T145R), 4507 (n=5) 52+10(n=5)  2(n=5)  1.06+0.06 (n=5)

3R, (T115R, GL19R, N123R), 164 (0=7)  42+14(n=5) <1(n=6) 0.87+0.06 (n=7)
4R, (T115R, GL19R, N123R, D127R), 2046 (n=4)  35#35(n=4)  <1(n=4) 0.70+0.09 (n=6)
7R; (M113R-T115R-T117R- G119R-N121R-N123R- T125R); 270410 (n=6)  5.4+1.6 (n=6) <l (n=6) 0.91+0.04 (n=10)
7Rg RL2, 120410 (n=7) 154405 (n=6) <1 (n=5)  0.95+0.06 (=7)

7Ry RL2, 67+10 (n=5)  3.5+0.8 (1=4) <1 (n=5) 0.88+0.09 (n=5)

7R, RL2; 5146 (n=5)  3.3+07(n=5)  <1l(n=5) 0.87+0.05 (n=5)

7R; RL2, 2149 (n=7)  40+15(n=7)  1(n=5)  0.94+0.05 (n=7)

7R, RL2s 99422 (n=5)  2.3¥0.5(n=4)  2(n=5)  0.93+0.07 (n=5)

7R, RL2; 6.0+11(n=5) 17+03(n=5)  4(n=4)  0.99+0.05 (n=5)
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