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Abstract

Biological protein a-hemolysin nanopore is under intense investigation as a potential platform for
rapid and low-cost DNA sequencing. However, due to its narrow constriction, analysis of DNA in
the a-hemolysin pore has long time been restricted to single strands. In this paper, we report that
by introducing new surface functional groups into the a-hemolysin pore, facilitated unzipping of
double-stranded DNA through the channel could be achieved. Since the mean residence time of
the DNA events is dependent on the length of the duplex, and also varies with the nucleotide base
composition, the modified protein pore approach offers the potential for rapid double-stranded
DNA analysis, including sequencing.
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The transmembrane protein a-hemolysin (aHL) pore has been used to develop ultrasensitive
biosensors:~19, study biomolecular folding and unfolding!, investigate covalent and non-
covalent bonding interactions'2-14 and probe enzyme kinetics. In particular, aHL pore is
under intense investigation as a potential platform for rapid and low-cost DNA
sequencing®-21, where a DNA strand is electrophoretically driven through the pore, which
allows each individual base of the polymer to be potentially identified in sequence if the
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ionic current would be modulated to a different extent by each base. Since the aHL pore has
a~ 1.5 nm diameter constriction?2, which is only slightly larger than the diameter (~ 1.3 nm)
of a single-stranded DNA (ssDNA), analysis of DNA in the aHL pore has long time been
restricted to single strands. In addition to the aHL pore, solid-state nanopores and several
other biological nanopores including MspA and phi29 motor protein have been investigated
for potential DNA sequencing?3-28, Although the fabricated solid-state nanopores are robust
and can function in a variety of extreme conditions, the difficulty in creating these synthetic
nanopores with reproducible pore sizes and especially the low resolution of these pores due
to the lack of surface functions have limited their practical sequencing application. Similar
to the aHL pore, the biomedical application of the MspA channel has been mainly focused
on the study of ssSDNA due to its narrow constriction (~ 1 nm diameter)2’. On the other
hand, the phi29 motor protein nanopore is between 3.6 and 6.0 nm wide, and it has shown
that double stranded DNA (dsDNA) could translocate through the phi29 nanopore28,
However, the relative lack of results to date makes it impossible to gauge whether this
protein pore could be used to measure the length of dsDNA at this point in time. It should be
noted that DNA is rarely present in single-stranded form. The ability to direct detection of
dsDNA without the need for denaturation has the potential to simplify sample preparation
and bring down the sequencing cost. In this work, we systematically investigated the
interaction between dsDNA and three types of mutant aHL pores, and demonstrated that it is
feasible to utilize properly engineered aHL pores to analyze dsDNA to obtain useful
information about its structure and length.

The initial experiments were performed in 1 M NaCl and 10 mM Tris-HCI (pH 7.5) at +200
mV with a 20 bp dsDNA with 0% GC content, d(A)2g*d(T)2g (sequence: 5'-
AAAAAAAAAAAAAAAAAAAA-3 and its complementary strand), in the wild-type and
three mutant oHL pores, including (M113F)7, (M113E)7, and (M113K)7. The position 113
is close to the narrowest part of the lumen of the aHL channel, and has been used to design
nanopore sensors for a wide variety of compounds?:3>8. The new amino acid residues in the
mutant protein pores belonged to three major classes. The engineered (M113K)7 protein
contains seven positively charged Lys side chains, providing an interaction site for
negatively charged molecules. The mutant (M113E) pore presents an electrostatic
interaction site (containing seven negatively charged Glu amino acid residues) for positively
charged compounds. The (M113F); channel contains an aromatic binding site (consisting of
seven aromatic Phe side chains) for aromatic analytes. In contrast, the wild-type aHL pore
has seven Met residues at position 113, proving a hydrophobic interaction surface. It should
be noted that hydrophobic interactions can also occur in the mutant pores, although the
designed binding between the target analytes and the protein is predominantly due to the
electrostatic or aromatic interactions. It is believed that the current modulations with the
blockage amplitudes less than 70% of the open channel value are attributed to the brief
residency of DNA polymers in the vestibule or their collision with the opening of the aHL
pore.21 Since the residence times of these blockades are not polymer length dependent (Fig.
S1), for convenience, only the modulations with at least 70% of the complete channel block
were counted as events in this work. As shown in Fig. 1 and Fig. S2 (Supporting
Information), with the exception of the (M113E)7 pore, in which no events were observed,
the 20 bp dsDNA caused two significantly different types of events in the wild-type,
(M113F)7, and (M113K)7 aHL channels. One type of events shows a small mean residence
time and a wide range of current blockage amplitudes, while the other type of events
presents a narrow range of current blockage amplitudes and a large mean duration value but
with a broad distribution of residence times. Furthermore, we noticed that the mean
residence times of the short-lived events were not significantly different in the three
different aHL pores and the value (~30 ps) was similar to the mean duration of translocation
of 20-mer ssDNA polymers through the aHL pore (data not shown). In contrast, although
the mean residence times of the long-lived events varied greatly with different aHL pores
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(4840 £ 450 ms, 9.7 £ 1.2 ms, and 4.4 + 0.6 ms for the wild-type, (M113F)7, and (M113K)7
aHL pores, respectively), they were at least two orders larger than those of the short-lived
ones. Our results suggest that the short-lived events may be due to the translocation of
ssDNA molecules, which were obtained after dSDNA unzipping, through the pore, while the
long-lived events are probably attributed to the tangling of dSDNA with/near the constriction
region of the channel. In the latter case, either DNA duplexes could escape backwards and
exit from the cis mouth of the pore, or they would be unzipped by the electrical potential and
one of the two strands translocate through the pore. This interpretation was supported by our
observation that many of such long-lived events in the wild-type aHL pore began with a
long duration mid-amplitude (~75%) channel block and then ended with a short-lived
upward or downward terminal spike. In the (M113F); and (M113K); aHL pores, the 20 bp
dsDNA produced events without such mid-amplitude channel blocks and with much smaller
residence times than those in the wild-type aHL pore, suggesting that dSDNA molecules
would not plug the constrictions of the mutant pores for a long time but instead they were
rapidly unzipped and translocated through the channels (note that facilitated dSDNA
unzipping in mutant protein pores has also been observed by Maglia et al29).

The experiments with a 20 bp dsDNA with 100% GC content, d(GC)1¢°d(GC)10 (sequence:
5-GCGCGCGCGCGCGCGCGCGLC-3 and its complimentary strand) in the wild-type,
(M113F)7, and (M113K)7 pores provided further evidence that the long-lived events may be
attributed to the unzipping or escape of dsDNA. Since the GC pair contains three hydrogen
bonds, while the AT pair has only two hydrogen bonds, it could be expected that the two
DNA strands in d(GC)1g°d(GC)19 hold more tightly than those in d(A)oged(T)20, and hence
it would be more difficult to unzip d(GC)1¢*d(GC)1g in the aHL pores, leading to blockades
with a larger mean residence time than those of d(A)2g+d(T)2o. This hypothesis was
confirmed by our experimental results. For example, the residence times of d(A)g*d(T)yg in
the (M113F); and (M113K)7 pores were 9.7 + 1.2 ms and 4.4 £ 0.6 ms, respectively, while
those of d(GC)1¢*d(GC)1o were 4100 £ 400 ms and 3200 + 200 ms, respectively. Note that
d(GC)10°d(GC)19 molecules permanently block the wild-type aHL pore, and even switching
the polarity of the applied potential could not restore the open channel current (vertical
arrows in Fig. 2a). Again, the long-lived events of d(GC)1¢*d(GC)1q in the (M113F)7 and
(M113K)7 pores had significantly smaller residence times than those in the wild-type aHL
pore, indicating that the surface functional groups at/near the constriction of the pore play a
significant role in the unzipping of dsDNA. Furthermore, coinciding with the significantly
larger duration of the long-lived events of d(GC)1g°d(GC)1g over those of d(A)qed(T)2q, We
noticed that no short-lived events were observed with d(GC)1g°d(GC)4g in the wild-type
aHL pore, and the short duration events of d(GC)19*d(GC);g in the (M113F)7 and
(M113K)7 pores were much less frequent than those of d(A)pgd(T)29. However, the
percentages (~39% and ~45%) of the number of short-lived events to the total number of
events for d(GC)1¢*d(GC)qg in the (M113F)7 and (M113K) pores were similar to those
(~44% and ~38%) for d(A)29°d(T)g in the (M113F)7 and (M113K); pores. This supports
the interpretation that the short-lived events are caused by the translocation of sSDNA
molecules, which are obtained after dSDNA unzipping. In addition, as an added importance,
d(A)20°d(T)20 and d(GC)19°d(GC)4g produced events with significantly different blockage
amplitudes (94 + 1% vs. 85 £ 3%) in the (M113F) pore but not in the (M113K)7 pore (96 £
2% vs. 94 £ 3%), suggesting that AT base pair and GC base pair could be possibly
differentiated via blockage amplitudes in appropriately engineered pores. Indeed, events
with a sequence of current modulations at different blockage levels (or substates) were
observed in the experiment with the (M113F)7 pore and a 20 bp dsDNA with 50% GC
content, d(CTAG)5*d(CTAG)s (sequence: 5'-CTAGCTAGCTAGCTAGCTAG-3' and its
complimentary strand) (Supporting Information, Fig. S3). The feasibility of utilizing these
substate events to rapidly discriminate dSDNA sequences is currently in progress.
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To further demonstrate that the long-lived events were caused by unzipping and then
translocating of DNA in the aHL pores, length dependence and voltage dependence studies
was performed. Our experimental results showed that the mean residence times for both the
long-lived events and short-lived events increased with an increase in the length of dSDNA
(Fig. 3), while decreased as the voltage increased (Fig. 4). In addition, the salt effect on
dsDNA's interaction with the aHL (M113F); pore was investigated. We found that with a
decrease in the salt concentration, the residence time of the long-lived DNA events
decreased (Fig. S4, Supporting Information). Taken together, the combined results provided
evidence that the long-lived events were indeed attributed to translocation.

In conclusion, the interaction between dsDNA and various aHL pores with different surface
functions were systematically investigated. By introducing positively charged or aromatic
groups into the aHL pores, facilitated dsDNA unzipping by the protein pore could be
achieved. The engineered protein pore approach offers the potential for rapid detection,
differentiation, characterization, and even sequencing of double-stranded DNA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Interaction of d(A)pged(T)2g With various aHL pores: (a) wild-type; (b) (M113F)7 and (c)
(M113K)7. (Left) Typical single channel current recording traces; (Middle) corresponding
scatter plots of event amplitude vs. residence time; and (Right) residence time histogram of
the long-lived events. I/l in Fig. 1b is normalized blockage residual current, which was
obtained by dividing the average blockage residual current of events by the average open
channel current. The experiment was performed at +200 mV in 1 M NaCl buffered with 10
mM Tris-HCI (pH 7.5) in the presence of 1.0 uM d(A)»g*d(T)o. The traces in Fig. 1 were
low-pass filtered with a four-pole Bessel filter at 10 kHz.
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Figure 2.

Interaction of d(GC)1g°d(GC);o with various aHL pores: (a) wild-type; (b) (M113F)7; and
(c) (M113K);. (Left) Typical single channel current recording traces; (Middle)
corresponding scatter plots of event amplitude vs. residence time; and (Right) residence time
histogram of the long-lived events. The experiment was performed at +200 mV in 1 M NacCl
buffered with 10 mM Tris-HCI (pH 7.5) in the presence of 1.0 uM d(GC)1g°d(GC)1g. The
traces in Fig. 2 were low-pass filtered with a four-pole Bessel filter at 10 kHz.
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Figure 3.

Plot of the event mean residence time as a function of the length of dsSDNA polymers: (a)
long-lived events; and (b) short-lived events. The experiments were performed at +200 mV
in 1 M NaCl buffered with 10 mM Tris-HCI (pH 7.5). The 20-mer, 30-mer, and 40-mer
double-stranded DNA samples used in this experiment were d(A)2ged(T)2g, d(A)zg+d(T)30,
and d(A)4g°d(T)40, respectively (see Supporting Information for their sequences).
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Figure 4.

Effect of the applied voltage on the event mean residence time: (a) long-lived events; and (b)
short-lived events. The experiment was performed with 1.0 uM d(A)49°d(T)4q and the
(M113F)7 pore at +200 mV in 1 M NaCl buffered with 10 mM Tris-HCI (pH 7.5).
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