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Unzipping of A-Form DNA-RNA, A-Form DNA-PNA, and B-Form DNA-DNA
in the a-Hemolysin Nanopore
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ABSTRACT Unzipping of double-stranded nucleic acids by an electric field applied across a wild-type a-hemolysin (aHL)
nanopore provides structural information about different duplex forms. In this work, comparative studies on A-form DNA-RNA
duplexes and B-form DNA-DNA duplexes with a single-stranded tail identified significant differences in the blockage current
and the unzipping duration between the two helical forms. We observed that the B-form duplex blocks the channel 1.9 5

0.2 pA more and unzips ~15-fold more slowly than an A-form duplex at 120 mV. We developed a model to describe the depen-
dence of duplex unzipping on structure. We demonstrate that the wider A-form duplex (d ¼ 2.4 nm) is unable to enter the ves-
tibule opening of aHL on the cis side, leading to unzipping outside of the nanopore with higher residual current and faster
unzipping times. In contrast, the smaller B-form duplexes (d¼ 2.0 nm) enter the vestibule of aHL, resulting in decreased current
blockages and slower unzipping. We investigated the effects of varying the length of the single-stranded overhang, and studied
A-form DNA-PNA duplexes to provide additional support for the proposed model. This study identifies key differences between
A- and B-form duplex unzipping that will be important in the design of future probe-based methods for detecting DNA or RNA.
INTRODUCTION
Nanopores have found broad utility in a number of sensing
applications (1–7). Protein-based nanopores harness the
reproducibility of biological systems to furnish well-defined
channels, some of which have high-resolution crystal struc-
tures to aid in understanding their properties (8,9). The most
well studied is the a-hemolysin (aHL) nanopore, which has
been applied to detect small molecules (8,10–12), proteins
(13,14), carbohydrates (15), RNA (16,17), and predomi-
nantly DNA (18,19). Further, this protein channel also pro-
vides an excellent system for monitoring reactions (16,20)
and conducting biophysical experiments to interrogate
DNA secondary structures in solution (21–24). The size of
the central constriction (d ¼ 1.4 nm) allows single-stranded
DNA (ssDNA; d ¼ 1.0 nm), but not double-stranded DNA,
to pass through the b-barrel (8,25). However, at higher volt-
ages, the electric field along the pore is sufficient to unzip
the duplex into single strands. After the first experimental
demonstration of DNA unzipping by Sauer-Budge et al.
(26), many studies have focused on utilizing duplex
unzipping to detect metal ion binding (27), micro-RNA
(28–30), and basepair mismatches (26,31,32).

Recently, our laboratory demonstrated that the latch zone
of aHL can be used to differentiate a C,G basepair from an
abasic site opposite G in duplex DNA when the duplex is
temporarily immobilized in the channel (20,33). Immobili-
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zation is achieved through a single-stranded tail appended
to one partner of the duplex to thread the molecules into
the channel. Subsequent studies further optimized the
latch-zone monitoring capabilities by adjusting the electro-
lyte concentration, cation identity, and the temperature
(34,35).

The ~2.6 nm interior diameter of the latch allows smaller
molecules to enter the vestibule while keeping larger ones
outside when they are electrophoretically driven to the chan-
nel (8). For example, ssDNA and RNA (16,17), blunt-ended
hairpins (36,37), fishhook hairpins (38), DNA-DNA du-
plexes (B-form duplexes) (26), small G-quadruplexes
(24,39) and i-motif DNA (22) are able to enter the vestibule,
but internal hairpins (38), large G-quadruplexes (24), and
large proteins (37) cannot.

In this article, we report the use of an aHL nanopore to
identify structural differences between A-form DNA-RNA
or DNA-PNA and B-form DNA-DNA duplexes. The
A-form duplex (d ¼ 2.4 nm) (40–42) has a larger diameter
than the B-form duplex (d¼ 2.0 nm) (25,42). The major dif-
ferences between the A- and B-form duplex structures stem
from the conformation of the sugar ring. In the B-form
duplex, the sugar adopts the C20 endo conformation,
whereas the A-form has a C30 endo conformation as a conse-
quence of the 20-OH in RNA. Moreover, the bases in A-form
duplexes are displaced away from the central axis, resulting
in a ribbon-like helical structure (40) with a wider core and
larger diameter (Fig. 1 C).

In this study, we compared A- and B-form duplex unzip-
ping in aHL by electrophoretically driving the anionic
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FIGURE 1 Structures for aHL and the duplex nucleic acids studied in

this work. (A) Structure of wild-type aHL based on an x-ray crystal struc-

ture (PDB ID: 7AHL) (8). (B) Structure of a B-form DNA-DNA duplex

(PDB ID: 1BNA) (25). (C) Structure of an A-form DNA-RNA duplex

(PDB ID: 1RRR) (40). To see this figure in color, go online.
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oligomers toward the nanopore. Lin et al. (43) previously
reported RNA-RNA unzipping in aHL and the kinetics of
helix to coil transformation of polyadenylic acid inside the
b-barrel. Clamer et al. (44) also reported interactions be-
tween single-stranded RNA and the b-barrel. Therefore,
for a better comparison of A- and B-form duplex unzipping,
we chose to use the A-form helix of a DNA-RNA hybrid
over an RNA-RNA duplex to eliminate possible interactions
between the RNA overhang and the b-barrel. Duplexes
without a single-stranded tail and with a 10- or 24-nucleo-
tide (nt) tail attached to the 30-end of one strand were
probed, and comparisons of tail length versus unzipping
of A- or B-form duplexes were made. Based on the work
performed by Zhang et al. (28), it is assumed that the
A-form DNA-RNA duplex enters the vestibule before it un-
zips. However, the data from our comparative studies sup-
port a model in which B-form duplexes enter the vestibule
and unzip inside the nanopore, whereas the larger A-form
DNA-RNA duplexes cannot enter the nanopore and there-
fore unzip on the outside. These features impose practical
limitations for studying A-form duplexes inside the nano-
pore of wild-type aHL.
MATERIALS AND METHODS

DNA and RNA preparation

All DNA and RNA strands were synthesized from commercially available

phosphoramidites (Glen Research, Sterling, VA) by the DNA/Peptide Core

Facility at the University of Utah. The synthesized DNA oligomers were

cleaved from the solid support and deprotected according to the manufac-

turer’s protocol. Afterward, the DNA oligomers were purified by ion-ex-

change high-performance liquid chromatography using a previously

described method (20). The PNA oligomers were synthesized on NovaSyn

TGR R resin (0.2 mmol/g) using solid-phase peptide synthesis as described

previously (45). The PNA strands were purified by reverse-phase high-per-

formance liquid chromatography using a previously described method (46).

The purification salts were removed by dialysis against double-distilled

water (ddH2O) for 36 h at 4�C, followed by concentration of the oligomers

via lyophilization. The lyophilized samples were resuspended in ddH2O

and the concentrations were determined by the absorbance at 260 nm using

the primary sequence to derive the extinction coefficient. All other chemi-

cals were used without further purification.
Chemicals and materials

All electrolyte solutions contained 1 M KCl, 10 mM PBS, and 1 mM EDTA

at pH 7.4. A conical-shaped nanopore in an ~50-mm-thick glass membrane

at the end of the capillary was fabricated as previously described (47) and

used to support the lipid bilayer (48). Before formation of the lipid bilayer,

the glass surface was modified with 2% (v:v) 3-cyanopropyldimethylchlor-

osilane in CH3CN for 6 h at room temperature to introduce a moderately

hydrophobic surface. A solution of 1,2-diphytanoyl-sn-glycero-3-phos-

phochline dissolved in decane at 10 mg/mL was used to form the bilayer.

Monomeric aHL purchased from List Biological Laboratories was diluted

to a 1 mg/mL solution in ultrapure water (18 MU$cm) and stored at �80�C
before use. DNA-DNA and DNA-RNA duplexes were formed by mixing

them at a target/probe ratio of 1:4 to ensure complete hybridization, fol-

lowed by annealing in a 90�Cwater bath for 3 min and cooling to room tem-

perature over 2 h.
Ion-channel recordings

Current-time (i-t) recordings were performed using a custom-built high-

impedance, low-noise system (Electronic Bio Sciences, San Diego, CA).

The glass capillary and the reservoir were filled with the electrolyte solu-

tion. Two Ag/AgCl electrodes were placed in the solutions inside (trans)

and outside (cis) of the capillary. The formation of a lipid bilayer across

the glass nanopore membrane (GNM) was indicated by an increase in resis-

tance from ~10 MU to ~100 GU. A gas-tight syringe was used to apply a

pressure of 30–50 mmHg to the inside of the GNM capillary to facilitate

protein insertion into the lipid bilayer (48). Heptameric wild-type aHL

was reconstituted in the bilayer from the monomer peptide by adding

0.2 mL of a 1 mg/mL solution to the cis side (volume ¼ 350 mL) of the

GNM. The formation of a proper nanopore was determined by an Io at

120 mV of 120 pA at 20�C. Nanopore measurements were performed at

different applied voltages (trans versus cis), and data were recorded using

a 10 kHz low-pass filter and a 50 kHz data acquisition rate. A K-type ther-

mocouple was used to control the temperature with a precision of 50.5�C.
Data analysis

We identified i�t blockades longer than 500 ms as duplex unzipping events.

Shorter events were assigned to translocation of the excess ssDNA present

in the solution. A 4:1 mol ratio (longer strand versus shorter strand; see se-

quences below) was used to anneal the duplex and thus facilitate its forma-

tion. The current and duration of individual events were extracted using
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QUB 2.0.0.29 software, and the data were analyzed using OriginPro 9.1.

Density plots of blockade current versus duplex unzipping duration were

generated using data analysis software provided by Electronic Bio Sci-

ences. Histograms of the current amplitude were fitted by a Gaussian func-

tion, and the maximum of the distribution is reported for each duplex

structure. The unzipping time t was extracted by fitting the time histograms

to an exponential decay and measuring the decay constant t. The error

values reported are standard errors for individual experiments. Unless

otherwise stated, the representative data presented in each figure were ob-

tained from a single experiment. However, each experiment was repeated

at least three times. The residual current varied by only 0.2–0.4% between

the different pores.
FIGURE 2 (A) Representative i-t trace showing uninterrupted

data collected at 10 kHz at 120 mV. The mixture contained 8 mM of both

A- and B-form duplexes with a 24-nt overhang in 1 M KCl, 10 mM PBS,

pH 7.4 at 20�C. (B) The expanded window in (A) shows the deep-block-cur-

rent differences between A- and B-form duplexes. The red dashed line rep-

resents the blocking current of A-form duplex and the blue dashed line

indicates the blocking current of the B-form duplex during the unzipping

process based on the individual experiments shown in Fig. 3, A and B.

The expanded trace in (B) is filtered to 1 kHz for presentation purposes.

To see this figure in color, go online.
RESULTS AND DISCUSSION

Unzipping of DNA-DNA versus DNA-RNA
duplexes

A- and B-form duplexes were driven into the aHL nanopore
via an electrophoretic force to investigate their unzipping
behavior. The representative A-form duplex consisted of
one strand of DNA and one strand of RNA (DNA-RNA),
and the representative B-form duplex was comprised of
two DNA strands (DNA-DNA). The poly-C tail length
was varied to be 0, 10, or 24 nt. Both duplexes had the
same sequence, with the exception of U in RNA replaced
by T in DNA.

DNA-RNA 50-TCA TCA GTA GAA CTC AGA AAC
TCCn-3

0 n ¼ 0, 10, or 24
30-AGU AGU CAU CUU GAG UCU UUG AG-50

DNA-DNA 50-TCA TCA GTA GAA CTC AGA AAC
TCCn-3

0 n ¼ 0, 10, or 24
30-AGT AGT CAT CTT GAG TCT TTG AG-50

Unzipping experiments were performed in solutions con-
taining the DNA-DNA B-form duplex, the DNA-RNA
A-form duplex, and a mixture of the A- and B-forms.
A representative i-t trace for the mixture of A- and
B-form duplexes is shown in Fig. 2 (data collected over
20 s for all three experiments are given in Figs. S1–S3 in
the Supporting Material). Data collected in the presence of
both A- and B-forms clearly identified significant differ-
ences between the unzipping times and blockage currents
for the two helical forms, as demonstrated in Fig. 3 and dis-
cussed below.

A solution of the DNA-DNA B-form duplex studied at
120 mV (trans versus cis) gave a Gaussian-distributed histo-
gram (n ¼ 433) of blocking currents centered at 17.2 5
0.1 pA (Fig. 3 A). Analysis of this population revealed an
exponential distribution of unzipping times with a time con-
stant (t) of 3905 9 ms. The observed exponential time dis-
tribution was expected based on the first-order kinetic model
for duplex unzipping (26), and consistent with previous
studies (31,49,50). Next, a solution of the DNA-RNA
A-form duplex, studied under identical conditions, showed
a Gaussian-distributed histogram (n¼ 794) of blocking cur-
rents of 19.1 5 0.2 pA (Fig. 3 B). A broader distribution of
Biophysical Journal 110(2) 306–314
blockage currents was observed for the DNA-RNA duplex
unzipping, a consequence of the shorter timescale of anal-
ysis compared with the longer unzipping duration of the
DNA-DNA duplex. Again, an exponential distribution of
times was observed with t¼ 25.95 0.6 ms. Voltage-depen-
dent studies for both duplex systems demonstrated that the
unzipping duration decreased with the applied voltage
(Fig. S4), providing further evidence for unzipping
(51,52). We also performed an unzipping experiment for
DNA-RNA with a 40-nt overhang to investigate the depen-
dence of unzipping kinetics on overhang lengths above
24-nt. (Fig. S5) The difference between the residual currents
for the DNA-RNAwith 24-nt and 40-nt overhangs is 0.4%,
whereas the unzipping time differed only by 4.4 5 2.1 ms.
The results suggest that the longer overhang above 24-nt has
a small effect on unzipping time or current blockage. Lastly,
when both duplex systems were mixed together in an equi-
molar ratio, a histogram of blocking currents (n ¼ 652)
identified two Gaussian populations: one centered at
17 pA and the other centered at 19 pA (Fig. 3 C). The areas
under the fitted Gaussian distributions were nearly identical
(~295 and 269 events), which suggests that the capture fre-
quency was independent of the duplex form, and is consis-
tent with the capture frequency observed when each duplex
was studied individually.

Comparisons of the A- and B-form duplex unzipping re-
sults identify critical differences in the unzipping times and
blocking currents that at first glance appear to be counterin-
tuitive. The larger A-form duplex gave a larger residual cur-
rent (i.e., less blocking to the current) by 1.9 5 0.2 pA
compared with the smaller B-form duplex (Fig. 3 C). Addi-
tionally, previous studies have demonstrated that A-form



FIGURE 3 Current blockage, unzipping time

duration, and i-t density plots for the duplex sys-

tems studied in this work. (A–C) DNA-DNA duplex

(A, B-form), DNA-RNA duplex (B, A-form), and

A- and B-form duplexes (C) were analyzed as a

1:1 mixture. All experiments were performed at

120 mV (trans versus cis) in 1 M KCl (10 mM

PBS, pH 7.4) at 20�C in the presence of 8 mM of

duplex. To see this figure in color, go online.
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duplexes are generally more stable than B-form duplexes of
the same sequences (53). This feature is determined by ther-
mal melting experiments that identify the temperature (Tm)
of the midpoint during the thermal denaturing process.
A-form duplexes generally have Tm values that are
10–15�C above those measured for B-form duplexes with
the same sequence (except for U in RNA and T in DNA)
(54). For the electrolytes used here, the A-form duplex
showed a Tm 10.5�C greater than the B-form duplex under
the nanopore buffer and electrolyte conditions (Fig. S6).
On the basis of these comparisons, we anticipated that the
A-form duplex would exhibit the longer unzipping time.
However, we observed the opposite: the A-form duplex dis-
played a 15-fold faster unzipping time than the B-form
duplex (Fig. 3) at 120 mV.

In an attempt to understand these findings, we developed
several models (Fig. 4). Smaller B-form duplexes pass
through the latch zone and enter the vestibule, where they
slowly unzip within the sterically confined protein cavity.
In contrast, the wider A-form duplex cannot pass through
the latch zone into the vestibule, and unzips outside the pro-
tein with fewer steric constraints inhibiting the unzipping
process. Apart from the size of the structures, the confor-
mational difference of the phosphate backbone between
the A- and B-forms can change the hydration of the duplex
(57). Several x-ray crystal and molecular-dynamics (MD)
simulation studies have confirmed that the cations and water
molecules are well ordered and less mobile in A-form
compared with B-form duplexes (57–61). Therefore, we hy-
pothesize that the stable systematic arrangement of solvent
in the A-form can also create a barrier against entry into
the nanopore. This model is also consistent with the notion
that the smaller, less stable B-form duplex causes greater
blockage to the open-channel current and has a longer un-
zipping time, whereas the wider, more stable A-form duplex
is less blocking to the open-channel current and has a shorter
unzipping time because only the single-stranded overhang
enters the nanopore. This size-dependent model was
FIGURE 4 Proposed models for trapping and unzip-

ping of DNA-RNA (A-form) and DNA-DNA (B-form)

duplexes. The highlighted region shows the highest

voltage drop across the pore based on both experi-

ments and MD simulations (51,55,56). To see this

figure in color, go online.
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FIGURE 5 Studies for unzipping of A- and B-form duplexes with a

shorter (10-nt) tail. (A) Unzipping of DNA-RNA. (B) DNA-DNA duplexes.

All experiments were performed at 120 mV in 1 M KCl (10 mM PBS, pH

7.4) at 20�C. (C) Event durations for type 1 (left) and type 2 (right) were

recorded at voltages of 100–160 mV. To see this figure in color, go online.
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previously proposed based on studies performed in our lab-
oratories, in which fishhook hairpins were observed to unzip
more slowly than an internal hairpin (38). The internal
hairpin cannot enter the vestibule and unzips outside the
vestibule, giving rise to a faster unzipping (by 5- to
20-fold depending on the sequence) compared with the fish-
hook hairpin, which can be accommodated in the vestibule.
The experiments described below provide additional sup-
port for this model.

The vestibule of aHL is ~5 nm long (8), and based on pre-
vious studies, this spans ~10 nt of ssDNA (55,62). There-
fore, to test whether the A-form duplex was unzipping
outside the nanopore, we decreased the tail length to
10 nt. An A-form duplex with a 10-nt tail will only lead
to shallow current blockages because the tail cannot pene-
trate the central constriction of aHL. In contrast, a B-form
duplex with a 10-nt tail should enter the vestibule, allowing
the tail to pass the central constriction and fill the b-barrel,
leading to deep blockages. Consistent with these predic-
tions, the DNA-RNA A-form duplex with a 10-nt tail
yielded shallow blockages (type 1) (%I/Io ~50% 5 5%)
and had residence times of <100 ms (Figs. 5 A and S7).
Based on previous reports (17,63–65), the residual current
observed indicates that the 10-nt overhang enters the vesti-
bule, but does not pass the central constriction and cannot
translocate through the pore. Interestingly, the event dura-
tion increased with increased voltage (Figs. 5 C and S8),
and the absence of any deep-block-current level supports
the proposal that the A-form duplex is held on the outside
of the vestibule with the aid of the overhang before it even-
tually diffuses back to the bulk solution on the cis side.

On the other hand, the DNA-DNA B-form duplex yielded
two event types (types 2 and 3) based on the i-t traces
observed (Figs. 5 B and S9). The type 2 events showed
deep blockages to the current (%I/Io ¼ 14% 5 1%) and
the event time decreased as the voltage was increased
(Fig. 5 C). These observations support the notion that the
10-nt tail enters the b-barrel before the duplex unzips.
Type 3 events accounted for ~10% of the total events and
gave residual currents at %I/Io ¼ 24% 5 1%, with sto-
chastic spikes to %I/Io ¼ 10% 5 1%. The residual current,
%I/Io ¼ 24%5 1%, indicates that the duplex portion of the
molecule enters the vestibule, but does not occupy the b-bar-
rel (66). The spikes between 24 5 1 pA and 10 5 1 pA are
due to the terminal nucleotides trying to enter the constric-
tion zone and going back to the vestibule zone before exiting
from the cis side of the nanopore when the polarity of the
voltage is reversed. A similar observation was made in a
previous analysis of blunt-ended B-form duplex interactions
with the constriction zone inside the vestibule of aHL
(36,37).

A second study with all blunt-ended A- and B-form
duplexes provided additional support for our model. The
DNA-RNA A-form duplex without a tail should not lead
to any long-lived events, because it cannot pass through
Biophysical Journal 110(2) 306–314
the opening of aHL. As anticipated, studies with this duplex
at 80–200 mV did not give events with lifetimes of >500 ms
(Figs. 6 A and S10). This observation supports the notion
that the absence of the overhang prohibits entrance of the
A-form duplex into the vestibule. The only i-t traces
observed represented excess ssDNA with event times of
<100 ms. This further verifies our model in which A-form
duplexes cannot enter the vestibule.

The i-t traces corresponding to blunt-ended B-form
duplexes yielded deep blockage currents with two distinct
types of i-t patterns, termed types 3a and 3b (Figs. 6 B
and S11). Both event types were long-lived and did not
lead to unzipping events below 200 mV (Fig. S12). The
type 3a events had residual currents of %I/Io ¼ 24% 5
1% (Fig. 6 B), a value we previously identified as the duplex
inside the vestibule held up against the central constriction
(Fig. 5 B) (51,66). The type 3b events gave residual currents
of %I/Io¼ 24%5 1%, with current spikes to lower residual
values of %I/Io ¼ 11% 5 1%. This i-t pattern is similar
to that observed in previous studies (36,66) in which the
deflections to lower currents were ascribed to the terminal



FIGURE 6 Unzipping of A- and B-form duplexes without a single-

stranded tail. (A and B) Unzipping of (A) a DNA-RNA blunt-end duplex

and (B) a DNA-DNA blunt-end duplex. All experiments were performed

at 120 mV (trans versus cis) in 1 M KCl (10 mM PBS, pH 7.4) at 20�C.
To see this figure in color, go online.

FIGURE 7 Sample i-t trace showing uninterrupted data collected at

10 kHz at 120 mV. The mixture contained 8 mM of DNA-PNA duplexes

in 1 M KCl, 10 mM PBS, pH 7.4, at 20�C.
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basepairs partially opening and interacting with the central
constriction zone (Fig. 6 B). This can be further supported
by the voltage-dependent frequency of fluctuations between
the two current levels (Fig. S11). These tail-length-depen-
dent studies provide further support for our hypothesis
that A-form duplexes are incapable of passing through the
mouth of the vestibule.

Both experimentally mapped (55) and MD simulation
(56) results indicate that the voltage drop in the aHL nano-
pore occurs mainly at the b-barrel (~90%), as shown by the
green highlighted zone in Fig. 4 (51). Because the DNA-
DNA duplex can enter the vestibule, the highlighted region
is fully occupied by both DNA-DNA duplexes having 10-nt
and 24-nt overhangs (Fig. 4). Therefore, both duplexes are
subjected to nearly the same amount of force (F¼ Eq, where
F ¼ electrophoretic force, E¼ electric field, and q¼ charge
that is approximately proportional to the length of the over-
hang occupying the field). The unzipping durations for the
two molecules are nearly the same (430 ms and 380 ms at
120 mV, respectively), further supporting the conclusion
that both molecules are inside the vestibule during unzip-
ping. However, the DNA-RNA duplex does not enter the
vestibule, and only a duplex with a long overhang will pene-
trate deep enough into the pore where the force is great
enough to unzip the duplex. In this study with the A-form
duplex, a 24-nt overhang is long enough to occupy the
b-barrel (%I/Io ¼ 14% 5 1%), experience the electric
field, and unzip, whereas the 10-nt overhang only occupies
the vestibule (%I/Io ¼ 50% 5 2%) and is not subject to
sufficient electric force to unzip, and thus eventually dif-
fuses away. The blunt-end DNA-DNA enters the vestibule
(%I/Io > 24%), whereas the blunt-end DNA-RNA duplex
does not enter the vestibule, based on the blockage current,
further validating our proposed model (Fig. 4).

In previous studies, we and others interrogated B-form
duplex DNA when it was trapped inside the vestibule
(20,33,34). On the basis of the results presented here, we
concluded that similar experiments could not be performed
with A-form duplexes. We next asked whether other bio-
polymers that form A-form helices also unzip outside the
aHL pore. DNA-PNA duplexes adopt an A-form helix
(67) and are more stable than DNA-DNA or DNA-RNA du-
plexes. Therefore, we analyzed the behavior of a DNA-PNA
duplex with the aHL pore. Due to complications of synthe-
sis and low solubility, we used a 10-bp-long PNA-DNA
duplex (the sequence is given in Fig. S13). To our knowl-
edge, this is the first time the unzipping behavior of a
DNA-PNA duplex has been investigated. The i-t traces are
shown in Fig. 7. Data collected over 20 s are given in
Fig. S13 and the voltage dependence of the unzipping
time is given in Fig. S14. The unzipping time observed for
the DNA-PNA duplex is shown in Fig. 8. The observed un-
zipping time is of the same order of magnitude as the values
observed for A-form DNA-RNA. Therefore, the data from
this experiment provide residence times consistent with un-
zipping outside of the vestibule of aHL (Fig. 8).

The faster unzipping time of the A-form duplex compared
with the B-form duplex further supports the proposal that
A-form duplexes cannot enter the vestibule, and therefore
unzipping occurs outside of the nanopore. To interrogate
the significance of the orientation of the tail in unzipping,
we also performed unzipping experiments with a 50-poly
C tail (24 nt). The unzipping times did not show any major
difference (25.8 ms and 30.2 ms for 30 and 50 overhangs,
respectively; for details see Fig. S15). Based on our studies,
we conclude that the orientation of the overhang that enters
the nanopore does not change the position of the duplex dur-
ing the unzipping process. With the help of this systematic
study, we demonstrate that the A-form DNA-RNA duplex
cannot enter the vestibule, as assumed in previous studies
performed by Zhang et al. (28), and the aHL nanopore
can be used as a tool to identify the structural differences be-
tween A- and B-form duplexes.

The use of a probe-based approach to interrogate DNA
and RNA has enormous potential for biotechnology
Biophysical Journal 110(2) 306–314



FIGURE 8 Unzipping duration as a function of voltage for DNA-DNA

(square), DNA-RNA (circle), and DNA-PNA (diamond). The data were re-

corded at 20�C in 1 M KCl, 10 mM PBS, pH 7.4, and fit to an exponential

decay equation to obtain the unzipping time.
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applications (28–30). For example, DNA probes comple-
mentary to microRNAs (28,30) that are diagnostic of cancer
progression have been detected and quantified with wild-
type aHL. In probing experiments, the A-form DNA-RNA
heteroduplexes were counted when a current deflection to
the open-channel current was observed; however, the under-
lying details of the i-t traces were not deeply examined. Two
recent studies by Wang et al. (51,68) highlighted the impor-
tance of understanding the unzipping process of DNA-RNA.
Interestingly, neither of these studies actually used DNA-
RNA duplexes; rather, they used DNA-DNA duplexes as a
model. The model we have proposed for unzipping and trap-
ping of the two different forms of the duplexes (A- and
B-forms; Fig. 4) suggests practical limitations if studies
are designed to interrogate A-form duplexes inside the ves-
tibule of wild-type aHL. Because a high-resolution structure
of this nanopore exists, site-directed mutagenesis may allow
the engineering of new proteins with larger openings to the
vestibule that can accommodate entry of A-form duplexes.
CONCLUSIONS

This study demonstrates that the structural differences be-
tween A- and B-form duplexes lead to different trapping,
unzipping, and escaping processes during interactions with
the wild-type aHL nanopore in an electric field (Fig. 4).
These duplex-dependent differences in unzipping are
described by a model in which the A-form duplexes do
not enter the vestibule of wild-type aHL, leading to unzip-
ping on the exterior of the nanopore. This unzipping process
is characterized by a higher residual current and faster un-
zipping time. In contrast, B-form duplexes can enter the ves-
tibule, where they unzip with a deeper block to the current
and require a longer time to unzip. Further, the A-form
DNA-PNA duplex unzips in a fashion similar to that
observed for DNA-RNA. This work identifies key differ-
Biophysical Journal 110(2) 306–314
ences between the unzipping of A- and B-form duplexes
in wild-type aHL that may prove to be critical in the design
of probe-based methods utilizing this nanopore.
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44. Clamer, M., L. Höfler, ., H. Bayley. 2014. Detection of 30-end RNA
uridylation with a protein nanopore. ACS Nano. 8:1364–1374.

45. Joshi, R., D. Jha, ., J. Engelmann. 2011. Facile synthesis of peptide
nucleic acids and peptide nucleic acid-peptide conjugates on an auto-
mated peptide synthesizer. J. Pept. Sci. 17:8–13.

46. De Costa, N. T. S., and J. M. Heemstra. 2013. Evaluating the effect
of ionic strength on duplex stability for PNA having negatively or posi-
tively charged side chains. PLoS One. 8:e58670.

47. Zhang, B., J. Galusha, ., H. S. White. 2007. Bench-top method
for fabricating glass-sealed nanodisk electrodes, glass nanopore
electrodes, and glass nanopore membranes of controlled size. Anal.
Chem. 79:4778–4787.

48. White, R. J., E. N. Ervin, ., H. S. White. 2007. Single ion-channel
recordings using glass nanopore membranes. J. Am. Chem. Soc.
129:11766–11775.

49. Jin, Q., A. M. Fleming, ., H. S. White. 2012. Unzipping kinetics of
duplex DNA containing oxidized lesions in an a-hemolysin nanopore.
J. Am. Chem. Soc. 134:11006–11011.

50. Nakane, J., M. Wiggin, and A. Marziali. 2004. A nanosensor for trans-
membrane capture and identification of single nucleic acid molecules.
Biophys. J. 87:615–621.

51. Wang, Y., K. Tian,., L. Q. Gu. 2014. Probing molecular pathways for
DNA orientational trapping, unzipping and translocation in nanopores
by using a tunable overhang sensor. Nanoscale. 6:11372–11379.
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1. Sample i-t trace of a mixture containing B-form duplex.  
 

 

 

Figure SI1. A sample i-t trace showing uninterrupted data collected at 10 kHz for 20 s at 
120 mV. The mixture contained 8 µM B-form duplex in 1 M KCl, 10 mM PBS, pH 7.4 at 
20 °C.  
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2. Sample i-t trace of a mixture containing A-form duplex. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI2. A sample i-t trace showing uninterrupted data collected at 10 kHz for 20 s at 
120 mV. The mixture contained 8 µM A-form duplex in 1 M KCl, 10 mM PBS, pH 7.4 at 
20 °C.  
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3. Sample i-t trace of a mixture containing both A- and B-form. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

Figure SI3. A sample i-t trace showing uninterrupted data collected at 10 kHz for 20 s at 
120 mV. The mixture contained 8 µM A- and B-form duplexes in 1 M KCl, 10 mM PBS, 
pH 7.4 at 20 °C. The two expanded windows, A and B, show the deep block current 
differences between A- and B-form duplexes. The expanded area is filtered to 1 kHz for 
presentation purpose. 
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4. Voltage dependence of unzipping times for DNA-RNA and DNA-DNA duplexes 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI4. Unzipping duration histograms as a function of voltage for DNA-RNA (left) 
and DNA-DNA (right) duplexes.  The data were recorded at 20 °C in 1 M KCl, 10 mM 
PBS, pH 7.4.  An exponential decay was fit to the data to obtain the unzipping time.  
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5. Unzipping of DNA-RNA duplex with 40-nt overhang. 
 

Sequence of DNA-RNA duplex with 40–nt overhang. 

DNA-RNA 5`-TCA TCA  GTA GAA CTC  AGA  AAC TCCn-3`   n = 40 

                 3`-AGU AGU CAU CUU GAG UCU UUG AG-5` 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI5. (A) A sample i-t trace showing uninterrupted data collected at 10 kHz for 20 
s at 120 mV. The mixture contained 10 µM DNA-RNA duplex with 40-nt overhang in 1 M 
KCl, 10 mM PBS, pH 7.4 at 20 °C. (B) Current blockage, unzipping time duration, and i-t 
density plots for DNA-RNA duplex with 40–nt overhang. 
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6. Thermal melting analysis of A-and B-form duplexes. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure SI6. Thermal melting analysis of the DNA-DNA and DNA-RNA duplexes.  All 
measurements were performed in 10 mM PBS, pH 7.4. The absorbance at 260 nm, 
Abs260 nm, was monitored as the temperature was increased from 20 °C to 100 °C at a 
ramp rate of 1 °C/min.  At each time interval, the temperature was equilibrated for 30 s 
prior to making each absorbance measurement. Each experiment was conducted in 
triplicate. 
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7. Continuous i-t trace of DNA-RNA duplex with 10-nt overhang at 160 mV. 
 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI7. A sample i-t trace showing uninterrupted data collection at 10 kHz for 20 s 
at 120 mV. The mixture contained 8 µM of DNA-RNA duplex with 10-nt overhang in 1 M 
KCl, 10 mM PBS, pH 7.4 at 20 °C. The two expanded windows (A and B) show the 
blockage due to occupation of the 10-nt overhang in the vestibule.  
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8. Voltage dependent trapping time of the DNA-RNA duplex with 10-nt overhang. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI8. Trapping time duration histograms as a function of voltage for DNA-RNA 
duplex with a 10-nt overhang. Only the events with %I/Io between 20 and 80 and τ > 
200 µs were analyzed as duplex unzipping events (single strand translocation is much 
faster). Data were recorded at 20 °C in 1 M KCl, 10 mM PBS, pH 7.4. An exponential 
decay was fit to the data to obtain the unzipping time. 
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9. Sample i-t trace of DNA-DNA duplex with 10-nt overhang at 160 mV. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI9. A sample i-t trace showing uninterrupted data collection at 10 kHz for 20 s 
at 160 mV. The mixture contained 8 µM of the DNA-DNA duplex with 10-nt overhang in 
1 M KCl, 10 mM PBS, pH 7.4 at 20 °C. The two expanded windows (A and B) show 
long-current blocks are due to unzipping of the duplex and the shorter blocks (less than 
1 ms denoted by asterisks) are from translocation of the excess ssDNA. 
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 10. Sample i-t trace of DNA-RNA duplex with no overhang.   
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI10.  A continuous i-t trace showing uninterrupted data collection at 10 kHz for 
20 s at 160 mV. The mixture contained 8 µM DNA-RNA blunt end duplex in 1 M KCl, 10 
mM PBS, pH 7.4 at 20 °C. The expanded window A shows short translocation events 
(less than 500 µs) that are due to excess single strands present in the mixture.  
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11. Sample i-t trace of DNA-DNA duplex with no overhang. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI11. (A) A continuous i-t trace showing uninterrupted data collection at 10 kHz 
for 10 s at 120 mV. The cis side contained 8 µM DNA-DNA blunt end duplex in 1 M KCl, 
10 mM PBS, pH 7.4 at 20 °C. Long-current blockages show the duplex occupying the 
vestibule and the short events (less than 1 ms) are due to translocation of excess single 
strands. Interruption of the current blockage was due to the polarity reversal of the 
channel to remove the duplex in the nanopore. (B) Residual current when a blunt end 
duplex is inside the vestibule as a function of voltage. (C) Frequency of the events 
between two current levels shown in Event Type 3b in the main text Fig. 5B. 
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12. Sample i-t trace of DNA-DNA duplex with no overhang at 200 mV. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI12. A sample i-t trace showing uninterrupted data collection at 10 kHz for 20 s 
at 200 mV. The blunt end duplex unzips at 200 mV but not at 120 mV (see preceding 
section).  The mixture contained 8 µM of the DNA-DNA duplex with 10-nt overhang in 1 
M KCl, 10 mM PBS, pH 7.4 at 20 °C. The two expanded windows (A and B) shows 
long-current blocks are due to unzipping of the duplex.   
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13. Sample i-t trace of a mixture containing DNA-PNA duplex. 
 

Sequence of DNA-PNA duplex 

DNA-PNA 5`-N  GTA  GAT CAC T-Lys -3`    

                      3`-CAT  CTA GTG A24-5` 

 

 

Figure SI13. A sample i-t trace showing uninterrupted data collected at 10 kHz for 20 s 
at 120 mV. The mixture contained 8 µM DNA-PNA duplex in 1 M KCl, 10 mM PBS, pH 
7.4 at 20 °C. 
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14. Unzipping time and voltage dependent unzipping for DNA-PNA duplexes. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI14. Unzipping duration histograms as a function of voltage for the DNA-PNA 
duplexes. Data were recorded at 20 °C in 1 M KCl, 10 mM PBS, pH 7.4.  An exponential 
decay was fit to the data to obtain the unzipping time.  The cis side of the protein 
channel contained 8 µM of DNA-PNA sample. 
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15. Comparison of unzipping times of DNA-RNA duplexes with 3’ and 5’ 
overhangs. 
 

 

In order to investigate if the orientation of the overhang influences the unzipping 

mechanism, we performed unzipping experiments using 5’-end poly C (24-nt) to 

compare with the 3’-end poly C (24-nt).  The sequence used is given below. 

 

DNA-RNA 5`-TCA TCA  GTA GAA CTC  AGA  AAC TCCn-3`   n = 24 

       3`-AGU AGU CAU CUU GAG UCU UUG AG-5` 

 

 

 

 

 

Figure 
SI15. Comparison of the 
unzipping duration histograms for the DNA-RNA duplexes. (A) 5’ poly C overhang. (B) 
3’ poly C overhang. Data were recorded at 20 °C in 1 M KCl, 10 mM PBS, pH 7.4.  An 
exponential decay was fit to the data to obtain the unzipping times.  The cis side of the 
protein channel contained 8 µM of DNA-RNA in each case. 
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