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Abstract
The α-hemolysin (αHL) protein pore has many applications in biotechnology. This article describes
a single-molecule manipulation system that utilizes the nanocavity enclosed by this pore to non-
covalently encapsulate a guest molecule. The guest is the thrombin-binding aptamer (TBA) that folds
into the G-quadruplex in the presence of cations. Trapping the G-quadruplex in the nanocavity
resulted in characteristic changes to the pore conductance that revealed important molecular
processes, including spontaneous unfolding of the quartet structure and translocation of unfolded
DNA in the pore. Through detection with tag-TBA, we localized the G-quadruplex near the entry of
the β-barrel inside the nanocavity, where the molecule vibrates and rotates to different orientations.
This guest-nanocavity supramolecular system has potential for helping to understand single-
molecule folding and unfolding kinetics.

Introduction
The α-hemolysin (αHL) nanopore is a receptive probe that can be used for various single-
molecule detections,1;2 from biosensing,3-6 DNA sequencing,7-14 membrane
transportation15-17 and understanding single molecule chemistry,18;19 to creating force
microscopes,20-22 supramolecule construction23;24 and modular biochips.25;26 Structurally,
αHL encloses a β-barrel27 that is critical for most successful detections. Through translocation
or interaction with the lumen of the β-barrel, a single molecule can produce characteristic
changes in pore conductance, which can lead to identification and quantification of the target.

αHL also encloses a 4-nm wide nanocavity in the cap, between the 2.6-nm cis opening and the
1.4-nm β-barrel entry in the middle of the pore27. Finding from previous studies led us to
wonder if this nanocavity could be utilized for sensitive, non-covalent, label-free single-
molecule manipulation. For example, it has been shown that single molecules can be captured
in a nanocavity formed by two molecular adapters sequentially bound in the β-barrel;23 and
that polyethylglycol can be covalently attached5 and a temperature-sensitive peptide can be
inserted into the cavity28 for sensing applications.

Guanine-rich single-stranded nucleic acids can form intra- or inter-molecular four-stranded
quadruplexes 29;30 in the presence of cations. These complexes are built with G-tetrads, a
planar assembly of four guanine bases networked via hydrogen bonds. G-tetrads stack one on
another, with a cation intervened between adjacent tetrads, in coordination with eight carbonyls
of guanine bases for stabilization.31;32 G-quadruplexes in the human genome29;30 are
important drug targets33-35 because they are associated with many gene control-related
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mechanisms,29;36-39 such as the function block of telomerase active in cancer cells.40
Synthetic quadruplexes31;32 are capable of recognizing proteins with high affinities.41-44
Therefore, they are powerful biosensors45 and potent pharmaceuticals.32 Recently, the
designed quadruplexes with controllable folding/unfolding properties have found application
in supramolecular materials46 and nanomachines.47

In this study, we utilized the nanocavity of the αHL pore to non-covalently encapsulate a single
G-quadruplex oligonucleotide (Fig.1a). Our target was the thrombin-binding aptamer (TBA).
This 15-base single-stranded DNA (GGTTGGTGTGGTTGG)31 adopts the simplest
quadruplex structure, with two parallel intra-molecular G-tetrads coordinated by a metal ion.
48 The top tetrad is assembled with guanine 1, 6, 10 and 15, and the bottom one with guanine
2, 5, 11 and 1449-51 (Fig.1b). Upon folding, the TBA quadruplex functions as an ultra-sensitive
thrombin detector and an efficient inhibitor of thrombin clotting activity.45;52;53

Through recognition of characteristic blocks to the pore conductance, we discriminated that
the trapped G-quartet TBA molecule can spontaneous unfold into a linear TBA that traverses
through the β-barrel driven by the voltage. We further determined that the position of the
trapped quadruplex is dynamic rather than static: it continues to vibrate and rotate to different
orientations. The guest-nanocavity system we describe could be used for further exploring the
folding and unfolding kinetics of quadruplexes, revealing distributions and variations of
different molecular conformations as the environmental conditions change.

Experimental Methods
Oligonucleotides, including Ctrl-1, Ctrl-2 and TBA, were synthesized and page-purified by
Integrated DNA Technologies, IA. DNA solutions were heated at 90 °C for 15 minutes, then
cooled to room temperature. Human α-thrombin with a purity of 97.9% was purchased from
Haematologic Technologies, Inc. The protein purity was determined by the provider, using
SDS polyacrylamide gel electrophoresis.

The single-channel technique has been described elsewhere.54 Briefly, the planar lipid bilayer
apparatus was composed of a 25-μm-thick Teflon film (Goodfellow, Malvern, MA) with a
100-μm diameter orifice serving as the partition between the two 2-ml Teflon chambers. The
orifice was pretreated with 1:10 hexadecane (J. T. Baker)/pentane (Burdick and Jackson). A
solvent-free planar lipid bilayer of 1,2-diphytanoyl-sn-glycerophosphatidylcholine (Avanti
Polar Lipids) was formed over the orifice through the mono-layer folding method.55 The
potential was applied across this bilayer by Ag/AgCl electrodes with 1.5% agarose (Ultra Pure
DNA Grade, Bio-Rad) bridges containing 3M KCl.

The recording solutions in both cis and trans chambers contained 1 M NaCl or KCl, buffered
with 10 mM Tris and titrated with HCl to pH 7.2. Protein was added to the cis chamber to form
single channels. The voltage was applied from the trans chamber; the cis chamber was
grounded. By this convention, a positive current was recorded from the trans to cis chamber
at a positive potential. Single-channel currents were recorded with an Axopatch 200B patch-
clamp amplifier (Molecular Device Inc.), filtered with a built-in 4-pole low-pass Bessel Filter
at 5 kHz or 50 kHz, and acquired with Clampex 9.0 software (Molecular Device Inc.) through
a Digidata 1332 A/D converter (Molecular Device Inc.) at a sampling rate of 20 ks-1 or 200
ks-1. The qualified bilayer was identified from the noise level, the value of IRMS displayed on
the amplifier panel, which was typically 1.2-1.5 pA. The data were analyzed using Clampfit
9.0 (Molecular Device Inc.), Excel 2003 (MicroSoft) and SigmaPlot (SPSS) software.

The single-channel currents were determined from amplitude histograms by fitting the peaks
to Gaussian functions. Current values were transformed into the conductance. The duration of
the short-lived blocks for DNA translocation was characterized by two parameters: tP, the peak
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time in the dwell-time histogram, and , the exponential constant for events longer than tP.
The occurrence of the blocks, f S, was calculated using f S =1/ , where  is the interval
between two adjacent events, obtained by fitting the dwell-time histogram to the exponential
distribution. It was difficult to obtain the duration of the long-lived blocks produced by the G-
quadruplex ( ) from the exponential fitting, due to the small number of events (50-150)
collected from each recording (with a different pore). Thus, we used the arithmetic mean as
the value of . Theoretically, the arithmetic mean is equal to the exponential constant
(Supplementary Materials).  was determined at voltages between +90-+180 mV.  was not
measurable at +80 mV and lower voltages, due to the small number of events. (A technique
for efficient collection of DNA translocation events at low voltage has been reported.10) Data
were given as mean ±SD based on at least three separate experiments. The electrophysiology
experiments were conducted at 22 ± 2 °C.

The molecular graphic of αHL shown in Fig.1a was adapted from a graphic in a previous
publication.16 The graphics of TBA in Fig.1b, as well as the superimposed TBA•αHL complex
in Fig.1c, were generated from PDB files27;50 using UCSF Chimera software.

Results and Discussion
Encapsulation of a G-quadruplex in the nanocavity. In order to analyze the current signal for
the G-quadruplex, we first examined the translocation properties of two linear strands of DNA
with the same length as TBA, Ctrl-1 (CCAAACCAACCACCA) and Ctrl-2
(GATTAGTGTGATTAG).56 Ctrl-1's sequence is different from TBA, in that it consists only
of adenine and cytosine; Ctrl-2's sequence is similar to that of TBA, but its capability to form
a G-quadruplex is disabled due to the substitution of key guanines at positions 2, 5, 11, and 14
with adenines.56 Single channel recordings revealed that the translocation of Ctrl-1 and Ctrl-2
reduced the pore conductance (gS) by 85%, from ∼800 pS to 45-120 pS, and yielded shorter-
lived blocks, at the level of 101-102 μs, with similar occurrences (f S), between 15 and 24 s-1

(Fig. 2 and Table 1).

To compare the DNA translocations with those found in earlier studies,57-59 we measured the
peak time (tP) and the exponentially decaying constant ( ) from the duration histogram. tP
marks the most probable peak time and  reflects the temporal dispersion of the translocation.
Data recorded at a 5 kHz filtering bandwidth and 20 ks-1 sampling rate revealed that tP values
for the Ctrl-1 and Ctrl-2 blocks were 50-100 μs (Fig.2a-d middle panels, Table 1). This range
is comparable to that predicted (30-70 μs) for the translocation of a 15-base DNA (+100 mV,
22 °C) in earlier studies.58;59 In contrast to tP,  for the two types of DNA were distinct. 
for the Ctrl-1 block was 72-110 μs, but  for the Ctrl-2 block was more than three times as
long, 360-490 μs. The  data suggest the wider temporal dispersion of the Ctrl-2 block. This
property was further verified by data recorded at a 50 kHz bandwidth and 200 ks-1 sampling
rate (Fig.2a-d right panels, Table 1).

As described below, the translocation of the linear form of TBA also yielded blocks that have
comparable  values (300-510 μs) to the Ctrl-2 block (Table 1). This common translocation
property may be attributed to their similar sequences. Previous studies58 have suggested the
longer time required for translocation is because DNA strands such as poly (dA) require energy
to break up their stacked structures before entering the narrow nanopore. Although we have
not yet determined the conformations of the linear TBA and Ctrl-2, we hypothesize that these
guanine- and thymine-rich DNA strands adopt sequence-dependent secondary structures that
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are different from Ctrl-1, which does not contain any guanine or thymine. Breaking up their
secondary structures during translocation gives rise to the longer time for translocation.

TBA differs from linear oligonucleotides by forming both long-lived and short-lived blocks
in 1 M NaCl (Fig.3a) and 1 M KCl (Fig.3b). The TBA short-lived blocks were similar in
conductance and duration to Ctrl-1 and Ctrl-2, but had much lower occurrences (f S) depending
on the ion species. f S was reduced by 67% in NaCl, from 24±1 s-1 for Ctrl-2 blocks to 7.9±0.5
s-1 for TBA blocks, and 91% in KCl, from 21±1 s-1 (Ctrl-2) to 2.0±0.3 s-1 (TBA). Long-lived
events in the same recordings only partially blocked the pore conductance (gL), by 50-51%, to
390±16 pS in 1 M NaCl and 480±18 pS in 1 M KCl. Most notably, long-lived blocks ( ) were
103 to 105 times as long as the short-lived blocks.  was 0.35±0.14 s in NaCl and 15±2 s in
KCl. These results suggest that there are two forms of TBA in the solution, with an ion species-
dependent equilibrium. We attribute the long-lived event to binding with the G-quartet TBA
(TBAG, Fig.3c) and the short-lived event to the translocation of linear TBA (TBAL) in the
pore.

The binding of the G-quadruplex to the pore can be experimentally verified using thrombin.
Human α-thrombin can chelate G-quartet TBA molecules (TBAG) with high affinity.31 The
formation of the thrombin•TBAG complex in solution should lead to two outcomes: a decrease
in the number of long-lived events and a decrease in the occurrence of short-lived events. The
dimensions of the thrombin•TBAG complex (5.6×7.7×10 nm) were calculated from the
published crystal structure.49 Because this dimension is much wider than the cis opening of
the pore, the complex is unable to enter the pore. Consequently the number of long-lived events
would decrease. Second, the formation of the thrombin•TBAG complex breaks the equilibrium
between TBAL and TBAG, promoting the formation of G-quadruplex from TBAL and
decreasing the occurrence of the TBAL short-lived events. Indeed, after adding 2.5 μM
thrombin to the cis chamber, where TBA was already present in 1 M KCl, no long-lived event
was observed (in 15 minutes); the frequency of short-lived events decreased from 2.0±0.3
s-1 without thrombin to 1.3±0.1 s-1 with thrombin (Fig. 3d). This finding supports the
contention that the long-lived blockages are produced by the G-quadruplex and the independent
short-lived events are produced by the linear TBA molecule.

To determine the G-quadruplex binding location in the pore, we first evaluated its dimension
based on the published structure.50 The dimension of G-quadruplex can be represented by the
diagonal distance between O3 atoms of guanine 6 and 15. This distance is 2.1 nm, consistent
with the geometry of another G-quadruplex, the 16-base HIV-1 integrase aptamer, which folds
into a 1.5 nm×1.5 nm cube.32 This complex is slightly narrower than the cis opening of the
pore (2.6 nm, Fig.1c). If the G-quadruplex were anchored to this position, it would almost
completely block the ion pathway. The large conductance of the long-lived block observed,
however, suggests the G-quadruplex did not bind to the cis opening, but entered the cavity
from the cis mouth. Because the G-quadruplex is wider than the entry of the β-barrel in the
middle of the pore (1.4 nm), it can not traverse this narrow conduit, but resides in the space
between the cis opening and the β-barrel (Fig.1a).

Comparison of the volume of the G-quadruplex (15 nm3) and the capacity of the nanocavity
(35 nm3) suggests a large space remaining after arresting a G-quadruplex. This remaining space
forms an ion pathway that results in the large conductance of the long-lived block (Table 1).
This interpretation is consistent with previously-reported large conductance for the αHL pore
attached with a long peptide (tens of amino acids) in the cavity.60 The hairpin DNA has also
been reported to produce similar long-lived events with partially reduced conductance.8
However, the hairpin is different from the G-quadruplex in structure. The hairpin DNA is
considered to be anchored at the cis opening because its loop is larger than the pore opening.
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Finally, the long-lived block for G-quadruplex was found to be flat, without additional
conductance change, suggesting that a single G-quadruplex is trapped in the cavity. This
interpretation is reasonable, because the large difference in target concentrations between the
inside cavity (∼50 mM, one molecule per 35 nm3) and the outside solution (2.5 μM) generates
a high chemical potential that prevents trapping additional molecules after capture of the first
molecule.

Spontaneous unfolding of the G-quadruplex in the nanocavity. Single channel recordings
revealed that, in the presence of Na+ or K+, most long-lived events were terminated with a
short Level-2 block (Fig. 3a and b). The expansion of a Level-2 block is shown in Fig. 3b, left
inset. The conductance of the Level-2 block was 42-95 pS and the duration was 330-480 μs.
Both the conductance and duration resemble that of the independent short-lived event in the
same recording (Table 1), suggesting that the Level-2 block at the end of the long-lived event
is caused by translocation of the linear TBA molecule. Therefore, we inferred that the
encapsulated G-quadruplex transforms into a linear DNA that immediately traverses the β-
barrel (Fig.3c). Since the linear DNA translocation can be accelerated by increased voltage,
59 we further detected a voltage-dependence of duration of the Level-2 block (Fig.4a). Indeed,
the block duration was shortened by a factor of greater than 3, from 410 μs to 130 μs, when
voltage increased from +90 mV to +180 mV, consistent with the previously-reported 3- to 4-
fold increase in the translocation velocity in the same voltage range.59 The voltage-dependence
of the duration of the block verifies the translocation of linear TBA molecules. The observation
of long-lived events terminated with a Level-2 block is also consistent with observations from
several earlier reports in which the terminal spike was found to be due to unzipping a double-
strand DNA into a single strand, followed by translocating it through the β-barrel.8-10;61 It
should be mentioned that we also identified long-lived blocks without the terminal spike (Fig.
3b, right inset), which we attributed to the G-quadruplex leaving the cavity backward, entering
the cis solution before unfolding. However, the number of such blocks was low, accounting
for only 15% of the total long-lived events (+100 mV). Our findings suggest that the majority
of G-quadruplexes ultimately unfold in the cavity.

The influence of voltage on the duration of the long-lived block ( ) allowed us to discriminate
spontaneous and voltage-driven unfolding in the cavity. Our hypothesis was that  is
independent of the voltage for a spontaneous unfolding reaction; while  is shortened by the
voltage in an electrically forced unfolding process. Fig. 4b shows that  varies slightly
between15 and 23s at various voltages from +90 to +180 mV. This result differs from the
voltage-driven DNA unzipping in the αHL pore.10;61 For example, the duration for DNA
unzipping and translocation was shortened 60-fold with an increase in the voltage from +120
to +180 mV,61 and 250-fold with an increase in voltage from +30 to +150 mV.10 This
comparison suggests that  is independent of the electrical charge. The unfolding of the
quadruplex is not driven by the electrical field. Rather, it is a spontaneous process. In previous
DNA unzipping experiments, the DNA possessed a single-strand that protruded into the β-
barrel10;61 or had one strand covalently attached to the cis entry,9 allowing the electrical field
to drag one strand (or part of it) apart from its complementary partner. By contrast, the G-
quadruplex was neither terminated with a single-stranded tail nor covalently attached to the
pore lumen. Thus, the unfolding of the quadruplex was not necessarily forced by the voltage.
Also, as the drop in voltage falls mostly on the transmembrane β-barrel, the remaining small
drop in voltage across the nanocavity would have a weaker impact on the G-quadruplex.

Position, orientation and vibration of G-quadruplex in the nanocavity. We employed a TBA
variant, the Tag-TBA, which has a GACTAC tag at the 5′ terminal. Tag-TBA has been
confirmed to be able to form a G-quadruplex.62 Structurally, the folded tag-TBA serves as a
ball (quadruplex)-stick (tag) chimera (Fig.5). When encapsulated in the nanocavity, the single-
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strand tag can interact with the β-barrel, resulting in further pore blocks. The current profiles
allowed probing the position and molecular movement of the G-quadruplex in the cavity. Single
channel recording revealed that the Tag-TBA not only produces long-lived blocks of the same
conductance as TBA, but also a series of additional Level-2 blocks within the long-lived block
(Fig.5a top). Because the Level-2 event has a conductance similar to the short-lived event in
the same trace, we attributed these new events to the interaction of the linear tag with the β-
barrel and localized the tag-TBA around the bottom of the nanocavity (Fig.5a bottom). At this
position, the tag-TBA vibrates, repeatedly touching the entry of the β-barrel, producing
reversible Level-2 blocks. Earlier research found similar secondary blocks (full blocks)
produced by a double-stranded DNA with an unpaired single-strand inserted into the β-barrel.
63 The Level-2 event occasionally disappeared (Fig. 5b top). This current profile marks a
movement in which the tag-TBA suddenly rotates to another orientation within the nanocavity,
leaving the β-barrel untouched by the tag (Fig.5b bottom). Finally, the long-lived event
terminated with a Level-2 block (Fig. 5c top), which can be attributed to the translocation of
the unfolded tag-TBA through the β-barrel (Fig.5 bottom).

Perspective in exploring single-molecule folding/unfolding kinetics. The G-quadruplex (guest)
and the nanocavity (host) form a supramolecule system that is potentially useful for detecting
molecular properties and functionalities. We are pursuing an analytical approach to
investigating quadruplex kinetics. The observation of long-lived events in NaCl and KCl
solutions has proven the TBA's folding capability in Na+ and K+ (Fig.3a-b). This raises the
question of which G-quadruplex is more stable. The duration of the long-lived event ( )
represents the lifetime of the G-quadruplex during encapsulation. Therefore, this parameter
reasonably reflects its stability. The  value in 1 M KCl is nearly fifty times as long as that in
1 M NaCl (Table 1), suggesting that the K+-induced G-quadruplex is much more stable than
the one induced by Na+. However, we must be careful about the fact that the long-lived block
is the result of a G-quadruplex that has already been formed in the solution before being arrested
in the pore. Thus  could be shorter than the lifetime in the aqueous phase (τunfold). Currently,
we are working to determine the mathematical relationship between  and τunfold. Determining
this relationship would allow us to calculate the unfolding rate, kunfold. The equilibrium
constant can be inferred from the occurrences of short-lived blocks (f S). Given the same DNA
concentration (2.5 μM), f S for TBA in the KCl solution was four times lower than in the NaCl
solution (Table 1), suggesting a lower percent of linear TBA molecules or a higher percent of
folded ones in K+ than in Na+. The shift in equilibrium toward the folded structure suggests
that K+ is more capable of the induction of the G-quadruplex formation than Na+. This
interpretation is supported by results obtained using ensemble approaches.48;53 By comparing
the short-lived block occurrences for TBA and the control DNA, we can further determine the
concentrations of both the folded and linear TBA in the solution. These concentration data will
be useful for obtaining the equilibrium-folding constant, K fold. Finally, the folding rate
constant, k fold, can be determined using K fold =k fold / kunfold.

Establishing this analytical approach will allow us to measure the quadruplex kinetics in a
variety of ions and other inducers such as ethanol.64 The results can be compared with those
drawn from other single molecule detections.65;66 Contributions from individual guanines to
folding stability and the multi-step folding process in more complicated G-quadruplexes32
may also be detected. In addition, aptamer-target interactions, such as the binding of thrombin
with TBA, can be dissected with a nanopore force microscope.22 All these detections can be
conducted on a portable and durable ion channel chip.25
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Conclusions
We have used the thrombin-binding aptamer as a model to demonstrate that the G-quadruplex
can be encapsulated in the nanocavity of αHL to form a guest-nanocavity supramolecule for
non-covalent single-molecule manipulation. The trapped quadruplex is distinguished from the
linear DNA by its characteristic electrical “signature” blocks to the pore conductance. The
captured quadruplex sits at the bottom of the nanocavity, vibrating and frequently rotating to
different orientations. The encapsulation ends when the quadruplex spontaneously unfolds into
a linear DNA and leaves the pore, driven by an electrical force. The proposed system can prove
useful for understanding the folding/unfolding kinetics of quadruplexes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Molecular graphic representations of α-hemolysin (αHL) transmembrane protein pore,
thrombin-binding aptamer (TBA) and their interaction. a. Sagittal plane through the αHL pore
and a G-quartet TBA encapsulated in the nanocavity of αHL. b. The NMR structure of TBA
(DOI 10.2210/pdb1c38/pdb, RCSB Protein Data Bank)50 in the presence of the potassium ion.
The two G-tetrad planes (orange) formed by eight guanines (green) are illustrated. c. Top view
of the cis vestibule of the αHL pore superimposed on an identically-scaled TBA molecule in
the center, showing the pore entry that is wide enough to allow a G-quadruplex to enter.
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Figure 2.
Single channel current traces and histograms showing blocks to the αHL pore with the control
oligonucleotides in different metal ions. Both concentrations of Ctrl-1 and Ctrl-2 were 2.5
μM. All traces were recorded at +100 mV in either a 1 M NaCl or a 1 M KCl solution buffered
with 10 mM Tris HCl (pH 7.2). The left panels were current traces recorded at a 5 kHz filtering
bandwidth and a 20 ks-1 sampling rate; middle panels were histograms constructed from traces
in left; and right panels were histograms constructed from recordings at a 50 kHz filtering
bandwidth and a 200 ks-1 sampling rate. Calculated tP and  values are given in Table 1. a.
Ctrl-1 in NaCl. b. Ctrl-1 in KCl. c. Ctrl-2 in NaCl. d. Ctrl-2 in KCl. e. A model showing a
linear DNA transporting in a αHL pore.
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Figure 3.
Current traces from a single αHL pore showing blocks with TBA in different metal ion and
ligand conditions. The DNA concentration and the solution condition were the same as in Fig.
2. a. TBA in NaCl. b. TBA in KCl. Left inset was the expansion of a Level-2 block at the long
event terminal, and the right inset shows a long-lived event without terminal block. c. A model
showing the encapsulation of a G-quartet TBA in the nanocavity of αHL followed by the
spontaneous unfolding process. d. TBA in a KCl solution in the presence of 2.5 μM human
α-thrombin.
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Figure 4.
Influence of voltage on the Level-2 block and the long block duration. a. Nonlinear decrease
of the Level-2 block duration with the voltage. b. voltage-independence of the long-lived block
duration.
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Figure 5.
Current traces from single αHL pores showing blocks with Tag-TBA. The DNA concentration
and the solution condition were the same as in Fig.2. a. Characteristic blocks produced by tag-
TBA (top) and the model showing the molecular location and position in the cavity (bottom).
b. Another type of block by tag-TBA (top) and the corresponding model showing the change
in position of the molecule (bottom). c. Unfolding of tag-TBA in nanocavity (top) and the
model of this process (bottom).
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