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Abstract
This review article introduces the nanopore single-molecule method for the study of G-quadruplex
nucleic acid structures. Single G-quadruplexes can be trapped into a 2 nm protein pore embedded
in the lipid bilayer membrane. The trapped G-quadruplex specifically blocks the current through
the nanopore, creating a signature event for quantitative analysis of G-quadruplex properties, from
cation-determined folding and unfolding kinetics to the interactions with the protein ligand. The
nanopore single-molecule method is simple, accurate, and requires no labels. It can be used to
evaluate G-quadruplex mechanisms and it may have applications in G-quadruplex-based
biosensors, nanomachines, and nanostructure assembly.
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1. Introduction
The bacterial toxin alpha-hemolysin (αHL) is one of protein channels that form molecular-
scale pores across the lipid bilayer, called nanopores [1-3]. Structurally, the αHL pore is
made up of a 2 nm wide transmembrane β-barrel stem and a mushroom-shaped cap domain
that surrounds a nanocavity of 4 nm in width (Fig. 1). The nanocavity is accessible via a 2.6
nm opening (cis entrance), and is connected with the β-barrel via a 1.4 nm constriction [4].
When voltage is applied across the membrane, a pico-Ampere ion current passing through
the pore can be detected. Due to the nanometer-scale size of the pore, this current can be
blocked by target molecules entering the pore. This blockage is very sensitive to the
molecular species, to the position of the target molecule, and to the configuration of the
pore. This ability gives the nanopore broad applications in diverse single-molecule-based
nano-biotechnological applications [5]. The nanopore method has been evaluated in a
number of reviews [6-16]. This method has been studied extensively with an eye toward
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single-molecule DNA sequencing [6,17-20]. Nanopores have already seen broad use as
biosensors for manifold detection of biological substances [21,22] such as polynucleotides
[23-29], peptides [30], metal ions [31], second messengers [32], and disease biomarkers
[33]. Nanopores can regulate the transportation of various substances across the membrane
[34,35]. They can also serve as single-molecule force gauges in the study of molecular
interactions [36] and dissociation of a nucleic acid duplexes [37]. Protein nanopores can also
be integrated into biochips for real-time biosensing [38,39].

The G-quadruplex is a nucleic acid structure formed by guanine-rich sequences, which are
very widespread in the human genome [40-42]. Many in-depth reviews have discussed
various G-quadruplex about their structures, metabolisms [43-46] and potentials as drug
targets [47-49]. These G-rich nucleic acids can pose a G-quartet when four guanines are tied
via hydrogen bond, consequently fold into the G-quadruplex structure by stacking the
quartets [43,50-52]. The G-quadruplex has attracted great consideration as therapeutic-target
with their relevance to genetic process at telomeres and promoters [53-60]. In vitro synthetic
G-quadruplexes can be used to construct biosensors [61-64], function as a nanometer-scale
machine for various bioprocessing [65,66], and used as building blocks in the design of new
nano structures [67]. Recently, we used nanopore single-molecule technology to investigate
the entrapment of G-quadruplex in the nanopore [68] and ion-regulated folding/unfolding
reactions of the G-quadruplex [69]. This article will discuss the specific methods involved in
these findings. Selected topics include the formation of the nanopore, methods of observing
single nanopores, data analysis, ways in which nanopores can be used to observe single G-
quadruplexes, and an analytical approach to determining the equilibrium G-quadruplex
formation constants and the rate constants for the folding and unfolding reactions [69].

Our target is the thrombin-binding aptamer (TBA). This 15 mer G-rich DNA
oligonucleotide (GGTTGGTGTGGTTGG) is a widely-used model G-quadruplex. It folds
into a compact G-quadruplex with two stacked quartets coordinated by a metal ion [70-73].
The cation species is critical to determining the stability of the G-quadruplex [71]. Upon
folding, the TBA G-quadruplex binds with human thrombin to slow down thrombin
coagulation [62]. The structure of G-quadruplex has been analyzed via X-ray and nuclear
magnetic resonance [43,51,74]. Its folding/unfolding profile has been evaluated using UV
spectroscopy, circular dichroism, and differential scanning calorimetry [71,75-78]. The
dynamics of the G-quadruplex have been examined using surface plasmon resonance [79],
and fluorescence resonance energy transfer [80-85]. Both of these methods require
substantial labeling of the target molecules.

2. Methods and results
2.1. Material preparation and embedding of single nanopores in lipid bilayers

In our previous works, all DNA oligonucleotides, including TBA, tagged-TBA, and control
species, were synthesized by Integrated DNA Technologies at a PAGE-purification grade,
and suspended in TE solution (10 mM Tris and 0.1 mM EDTA at pH 7.2) at 1 mM. The
tubes containing DNA solutions were incubated in 90 °C water bath for 15 min, and then
slowly restored to room temperature (22 ± 2 °C). Human α-thrombin with a purity of 97.9%
was obtained at Haematologic Technologies, Inc. Both DNA and protein were stored at −20
°C in freezer until experiment. Two electrodes were made by placing a Ag/AgCl wire in a
salt-bridge containing 0.5% agarose and 3 M KCl. The wild-type αHL protein can be
purchased from Sigma–Aldrich Co. LLC., but we synthesized the protein using coupled in
vitro transcription and translation (IVTT) kit provided by Promega Inc. The characteristics
and preparation of the αHL pore are discussed in-depth in previous works and their
references [86].

Shim and Gu Page 2

Methods. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The planar lipid bilayer was formed over a tiny hole in a Teflon film based on the monolayer
folding method [87]. The procedure is as follows. The Teflon film was clamped between
two custom-made Teflon reservoir chambers (cis and trans), where it served as a partition. A
100 μm orifice had been punched through the Teflon film. The orifice was coated with a
layer of pretreat solvent (hexadecane/pentane at a volume ratio of 1:10). Then the chambers
on both sides of the partition were filled with 1 ml of recording solution to the level below
the orifice. Ten microliters of lipid solution (1,2-diphytanoyl-sn-
glycerophosphatidylcholine, Avanti Polar Lipids) was dropped onto the surface of both
solutions. The solvent was evaporated within 5 min and a solvent-free lipid monolayer
formed at the solution–air interface. Then another 1 ml recording solution was gradually
added to each chamber. As the level of solution increased, the lipid monolayers formed
along both surfaces of the Teflon partition. When the solutions in both chambers were
leveled up above the orifice, the two monolayers met at the orifice and spontaneously
formed a lipid bilayer. Two Ag/AgCl electrodes were connected to both solutions to monitor
the electrical properties of the lipid bilayer. A qualified bilayer should be highly electrically
insulating with a resistance over 100 GΩ and a capacitance of 100–200 pF. The bilayer
should also have a low level of electrical noise with the current root-mean-square (IRMS)
between 1.2 and 1.8 pA. If the protein pore is not present in the bilayer, there should be no
current recorded. When a protein pore is inserted into the lipid bilayer, an ion current
through the pore can be immediately recorded at an applied voltage. For example, the ion
current of wild-type αHL pore in 1 M KCl (pH 7.2) was 45 pA, recorded at 40 mV.

2.2. Single-nanopore recording setup, measurement, and data processing
When recording the nanopore current, the cis chamber was connected to the ground, and the
transmembrane voltage was applied through the electrode in trans chamber. In this way, the
positive voltage generated a trans-to-cis current flow. The αHL protein was applied to the
cis chamber from which it is inserted into the lipid bilayer. Nanopores formed in this
orientation have a nanocavity domain facing the cis solution while the β-barrel entrance to
the trans solution (Fig. 1a). Both cis and trans chambers were filled with 1 M monovalent
(Na+, K+, NH4+, Li+, or Cs+) or divalent (Ba2+, Ca2+, or Mg2+) salt solution at pH 7.2. Then
2.5 μM of DNAs was added to the cis chamber. Because DNA is negatively charged, the
positive voltage pulls DNA into the nanopore. The pico-Ampere ion current was measured
using an Axopatch 200A or 200B amplifier (Molecular Devices LLC., Sunnyvale, CA, US)
and recorded using an A/D converter of Digidata 1332A or 1440A (Molecular Devices,
LLC. Sunnyvale, CA, US). The current traces were recorded at a specific low-pass built-in
filtering (e.g. 5 kHz) and sampled at a 3- to 4-fold higher rate (e.g. 20 kHz) using Clampex
(Molecular Devices, LLC. Sunnyvale, CA, US). The recorded current traces are then
analyzed using Clampfit (Molecular Devices) and Excel (Microsoft Corporation) and
SigmaPlot (SPSS). The current amplitude was determined using Gaussian fitting on all point
histogram of traces. Every DNA molecule interacting with the nanopore generated a
signature with current blockage. The signature characteristics, including the amplitude of the
blocked current and the duration of blockage, should be used to identify the target, and to
determine the number of signature events, calculate the frequency of occurrence, and
quantify the target.

2.3. Discriminating G-quadruplex signatures
To investigate single G-quadruplex molecules, we first need to distinguish the electrical
signal produced by the interaction of G-quadruplex with the nanopore. This can be realized
by comparing TBA signal with control DNA lacking the ability to form G-quadruplexes,
such as Ctrl2 (GATTAGTGTGATTAG). This control oligotide contains 15 nucleotides, like
TBA. However, its ability to fold is suppressed because its key guanines have been replaced
with adenines. The nanopore current traces for control DNA only show pulse-like, short-
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lived block events that reduced ≈90% of the pore conductance and lasted for 349–450 μs in
monovalent Li+, Na+, K+, NH4

+, and Cs+, and 1280–5700 μs in divalent Ba2+, Mg2+, and
Ca2+ (Fig. 2). These short events were caused by the translocation of linear-form DNAs
through the nanopore. Unlike control DNA, the TBA G-quadruplex produced prolonged
blockage events that only partially reduced the pore conductance by 34–50%. These long
events can be attributed to the trapping of a single TBA G-quadruplex in the nanocavity of
the αHL pore. The duration of long events depends on what cation is used in the recording
solution: 0.35 s in Na+, 4 s in NH4

+, 12 s in Cs+, and 17 s in Li+, K+, and Ba2+ (no long
events were observed with Mg2+ or Ca2+) (Fig. 2). In addition to long blockages, current
traces for TBA also show short-lived blockages with durations of 280–630 μs in monovalent
cations and 1490–4100 μs in divalent cations, which is similar to values observed for
control DNAs. This can be attributed to the translocation of unfolded TBA through the pore.
The observation of both long and short events suggests that TBA in solution presents
equilibrium between the folded (G-quadruplex) and unfolded conformations.

TBA G-quadruplex can bind to human α-thrombin with high affinity [62]. This method can
be used to confirm that the long duration events are generated by the presence of G-
quadruplexes in the nanopore. When the mixture of TBA and thrombin was introduced to
the cis solution, no long-lived event was observed at any point during the 15 min recording
time. This is because most of the TBA was bound to thrombin and there was very little free
G-quadruplex in solution to be captured by the pore. Meanwhile the large dimension of
TBA·thrombin complex (5.6 × 7.7 × 10 nm [72]) compared with cis opening of the pore (2.6
nm) prevents the complex from entering the pore. Because the amount of unfolded TBA
decreases as it keeps equilibrium with folded TBA as the latter binds with thrombin, the
number of short events for translocation of unfolded TBA also decreases significantly [68].

2.4. Localizing G-quadruplex in the nanopore nanocavity
Signature signals indicate the entrapment of single G-quadruplexes in the nanopore.
However, they cannot indicate exactly where within the pore the quadruplex binds. We first
evaluated the dimensions of the G-quadruplex and nanopore. The G-quadruplex is 2.1 nm
wide, as determined using the diagonal distance between O3 atoms in a guanine-quartet [73].
This is in similar to that of another G-quadruplex, the 16-base HIV-1 integrase aptamer [88].
When folded, the G-quadruplex is slightly smaller than the 2.6 nm cis opening (Fig. 1b) of
the pore (nanocavity entrance). For this reason, the G-quadruplex is unlikely to bind at the
cis opening. Rather, it enters the nanocavity through this opening (Fig. 1c). Because the G-
quadruplex is larger than the width of the β-barrel entrance, 1.4 nm (Fig. 1d), the trapped G-
quadruplex cannot pass through the β-barrel. We therefore expected that the G-quadruplex
would reside in the nanocavity (Fig. 1a) until its molecular configuration changes. Second,
the partial blockage of the ion pathway of the pore (≈50% current reduction) is consistent
with a scenario in which the G-quadruplex remains in the nanocavity. The volumes of the G-
quadruplex (1.5 nm3) and nanocavity (3.5 nm3) mean that the large amount of unoccupied
space in the nanocavity still permits ion flow. Finally, the current of the long-lived partial
blockage is flat, without additional changes. This suggests that when one G-quadruplex is
present in the nanocavity, no other molecules can be trapped there to generate interfering
signals.

Another valid means of determining the presence of the G-quadruplex within the nanopore
is to design engineered TBAs with a signal tags. TBAs have been attached to 6 nts overhang
reporters (GACTAC) at the 5′ terminal. The tagged-TBAs retain the ability to form G-
quadruplexes, taking on a ball-and-stick (quadruplex and tag) conformation [89]. When
trapped in the nanopore, their signatures shows additional level-2 current blockage beyond
the long partial blockage (Fig. 3f). The level-2 conductance has been found to be similar to
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that of linear DNA translocation. This can be attributed to the tag that enters the β-barrel.
Using this method, we verified that TBA is located around the bottom of the nanocavity.

2.5. Auto-unfolding of G-quadruplex with in the nanocavity
The G-quadruplex trapped in the nanocavity can undergo three configuration changes,
lengthy staying in the pore, returning to the cis solution, or unfolding and leaving the pore
through the β-barrel. We observed the long duration events (Fig. 3a), and further observed
that ≈80% of long partial blocks are terminated with an ending spike that lasts ≈270 μs and
almost fully reduces the pore conductance (Fig. 3b). The characteristics of the terminal-
spike, including duration and current amplitude, resemble the short-lived events produced by
unfolded DNA translocation (Fig. 3c). Based on this point, we have concluded that the G-
quadruplex unfolds in the nanocavity, and the ending-spike that we observed is due to the
immediate translocation of unfolded TBA through the β-barrel. This conclusion can be
verified experimentally: The duration of ending spikes shortens as voltage increases, which
supports the idea that the translocation of linear-form DNA accelerates at high voltages. We
have also observed that ≈20% of long events lack ending-spikes (Fig. 3d), which is
attributable to return of the G-quadruplex to the cis solution without unfolding. The lifetime
of the long event for the G-quadruplex does not vary with the voltage (between 90 and 180
mV) [68]. The observation of constant G-quadruplex lifetime at various voltages indicates
that the unfolding of the G-quadruplex is a spontaneous rather than a voltage-driven
procedure.

2.6. Tracking folding/unfolding kinetics
It has been concluded based on the above experiments that this guanine-rich DNA presents
an ascribed equilibrium between G-quadruplex and unfolded structure in solution. A TBA
molecule in solution can transform between the two forms. The equilibrium formation

constant of G-quadruplex Kf can be defined as , where [TBAG] is the
concentration of G-quadruplex (folded), [TBAL] is the concentration of linear DNA
(unfolded). Because [TBAL] is proportional to the frequency of short event occurrence
fTBAL, [TBAL] can be calculated using fTBAL = αTBAL · [TBAL], where αTBAL is the rate
constant of linear-form DNA translocation. αTBAL cannot be obtained from the mixed
events of G-quadruplex and linear DNA. Instead, we can use the rate constant from control
DNA of Ctrl2, αCtrl2, as the linear-form DNA translocation rate for an approximate
calculation. This is because unfolded TBA and Ctrl2 share the same sequence length, 73% of
their nucleotides, and very similar translocation characteristics. For these reasons, it can be

defined as . The G-quadruplex equilibrium formation constant is

 (where [TBA] = [Ctrl2]). The calculated Kf
for the TBA G-quadruplex has been found to be 7.0 in K+, 4.6 in NH4

+, 4.2 in Ba2+, 2.8 in
Cs+, 2.3 in Na+, and 1.5 in Li+ (Fig. 4a). These equilibrium constants and their orders with
the ion species are comparable to that found by other techniques [71,75], and are consistent
with the conclusion that ions with a radius of 1.3–1.5 Å stabilize the G-quadruplex form at
the most [71].

The unfolding rate constant for G-quadruplex can be expressed as ku = 1/τ, where τ is the
lifetime of G-quadruplex in aqueous phase. We have experimentally verified that the
unfolding of G-quadruplex in the nanocavity is a spontaneous process (voltage-
independent), so the duration of long blocks is the lifetime of the G-quadruplex in the
nanocavity. Our simulation also showed that the duration of long-lived events τG is identical
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to the lifetime of the G-quadruplex in the solution phase (suppl. of [69]), i.e. τ = τG.
Therefore ku = 1/τG. Using this expression, τG in different cations has been measured: ≈17 s
in K+, Ba2+, and Li+, 12 s in Cs+, 4 s in NH4

+ and 0.35 s in Na+. Based on τG, ku can be
calculated to be 0.061 s−1 in Ba2+, 0.066 s−1 in K+, 0.065 s−1 in Li+, 0.082 s−1 in Cs+, 2.9
s−1 in Na+, and 0.25 s−1 in NH4

+ (Fig. 4b). With Kf and ku, the folding rate constant Kf can

be calculated using . They are 6.5 s−1 in Na+, 1.1 in NH4
+, 0.46 s−1 in K+, 0.25 s−1 in

Ba2+, 0.23 s−1 in Cs+, and 0.095 s−1 in Li+ (Fig. 4b).

2.7. Correlating G-quadruplex volume with its formability
It has been observed that the conductance of the G-quadruplex block varies with cation

species. The relative amount of current blocked by the G-quadruplex was calculated to be 
(where I is the pore current and ΔI is the current reduction by G-quadruplex). The blocking
percentage is an indicator of the volume of the G-quadruplex. Assuming all the G-
quadruplexes are trapped in the same position in the nanocavity, larger G-quadruplex size
causes greater blockage. Based on the block level, we can compare the relative volumes of

the different G-quadruplexes formed using different cations.  shows that Li+ has the
largest G-quadruplex, capable of blocking 50% of the current, and Ba2+ has the smallest
complex, blocking 35%. The relative amount of current blocked has been found to be
correlated with equilibrium formation constant of the G-quadruplex (Fig. 4a). In order to
verify that the level of blockage is induced by the physical volume of the G-quadruplex,
fixed-size molecule of beta-cyclodextrin (βCD) were introduced in the presence of Li+ and
Ba2+. Unlike G-quadruplexes, the rigid ring molecule βCD does not bind metal ions, and its
relative amount of blockage is cation-independent, 62.3% for Li+ and 64% for Ba2+ (suppl.
of [69]). This confirmed that the significant differences in current block percentage are
associated with the volumes of G-quadruplexes of different cation species. This can be
considered an advantage of the nanopore method because the volume of single molecules
can be determined without crystallography or NMR.

2.8. Interaction between the G-quadruplex aptamer and ligand
TBA is a G-quadruplex aptamer. We selected it for this in vitro study using systematic
evolution of ligands by exponential enrichment (SELEX) to determine that it would bind
specifically with thrombin. Studying the interactions between aptamers and their protein
ligands is important in both biosensor design and therapy [62]. However, most proteins,
including thrombin, are larger than the nanopore. They cannot enter the pore to block the
pore conductance. Recently, Bayley’s group proposed a nanopore method for single-
molecule observation of TBA:thrombin interactions [90] (Fig. 5a). This method involved a
hetero-heptameric αHL pore in which only one of its seven subunits was chemically
attached to an adapter oligonucleotide at the cysteine outside the pore opening. The adapter
sequence is complementary with an oligonucleotide tag that is attached to TBA such that a
single TBA molecule can be immobilized to the adapter through hybridization. When a
single thrombin reversibly binds and is released from the immobilized TBA, the
conformational change of the complex causes a slight but characteristic change in nanopore
conductance (Fig. 5b). In this way, presence or absence of thrombin binding can be
determined. The durations of the two states can be used to calculate the thrombin on-rate
(kon = 1.97 ± 0.01 × 107 M−1 s−1) and off-rate (koff = 1.5 ± 0.1 s−1). Their ratio koff/kon
should be the equilibrium constant Kd (77 ± 6 nM, in agreement with the range of 20–450
nM in early reports [64,91]). Because the adapter is a universal oligonucleotide, any aptamer
with the same complementary tag can be immobilized. In this way, this system may be used
to detect any protein as long as the binding of that protein can alter nanopore current.
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3. Discussion of nanopore technology
In this report, we introduce nanopore technology as an effective approach to the
investigation of single G-quadruplexes and their interactions with protein ligands. The G-
quadruplex has also been studied using other single-molecule methods, including
fluorescence resonance energy transfer (FRET) spectroscopy [82,84,85,92], and atomic
force microscopy (AFM) [93-95]. Unlike these single molecule approaches, the nanopore
electrical detection is a label-free method and does not need the attachment of probing
agents such as fluorophores or immobilization on solid surfaces for observation. This
facilitates the study of the G-quadruplex in its native state without any chemical
modifications. This method’s low noise signal makes it much easier to identify single
molecule using the nanopore method than using methods such as fluorescence, which
requires the removal of the background signal. Because the nanopore conductance is stable
(due to the stable pore structure), results are highly reproducible. Among these single-
molecule methods, the nanopore experiment is relatively simple and easy to operate and the
instruments required are low-cost. However, one limitation of the nanopore detection is that
it requires detection in salt solutions with concentrations over 100 mM. Low salt
concentration or salt-free conditions reduce the nanopore conductance, weakening
discriminatory ability. Small pore size is another issue. Folded RNA and DNA, including
various quadruplexes similar or smaller than the pore in size (2.6 nm at the entrance), can be
investigated using the nanopore method, but larger molecules than the pore size must be
detected by use of a tag method similar to that described in Fig. 5 [68]. Once the molecule is
attaching to a tag such as an oligonucleotide extension at the end of the strand, which does
not involve in the folded structure, the tag can interact with the nanopore. This makes it
possible to investigate the stability of folded structures by measuring interaction time and
electrical force in various cation solutions.

In the nanopore method, the single-molecule signatures (characteristic nanopore blockages)
are the key to distinguishing the pore’s different molecular configurations. Through analysis
of these signatures, we can identify nucleic acid fragments in the folded and unfolded forms,
observe the manner in which cations regulate the folding/unfolding reactions of the G-
quadruplex, and assess interactions between the G-quadruplex and proteins. The results of
the nanopore observations are generally consistent with those of previous studies. The cation
species-dependent G-quadruplex stability (K+ > NH4

+ ~ Ba2+ > Cs+ ~ Na+ > Li+) and the
equilibrium properties of TBA:thrombin complex are consistent across studies. However,
the nanopore method also provides information on issues that have only rarely been studied.
For example, although the equilibrium properties of G-quadruplex in Na+ and Li+ are
similar, their kinetic properties are dramatically different: the Na+-quadruplex folds and
unfolds most rapidly, and the Li+-quadruplex folds and unfolds most slowly. Also, the
volumes of TBA G-quadruplexes change slightly with different cations. Although we have
demonstrated that the nanopore method can be used to investigate single G-quadruplex
reaction kinetics, this method needs further development, especially with an eye toward
combining it with other methods. This may be very valuable to the study of the mechanism
governing these molecular processes. Toward this goal, we here suggest a series of high-
impact experiments: First, tracking the G-quadruplex kinetic pathway, which varies with
temperature and pH, would improve our understanding of its thermodynamic properties.
Analysis of the properties of G-quadruplex in the presence of multiple cation species at
different concentrations would allow investigation of ion exchange within G-quadruplexes
(in preparation). Investigation of single-guanine substitutions would allow us to determine
the role of individual guanines in the stability of the G-quadruplex. The nanopore method
can also be used as a molecular force microscope. The voltage across the nanopore can pull
the designed tag attached to the G-quadruplex, thus highlighting the unfolding of the G-
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quadruplex and dissociation of G-quadruplex-protein complex within the nanopore. This
would allow researchers to measure the bond strength affecting these interactions.
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Fig. 1.
Structure of the αHL protein pore and schematic diagram of recording configuration.
Images of molecular structures were constructed using Jmol, an open-source Java viewer for
chemical structures in 3D (http://www.jmol.org/). (a) Cross-sectional view of αHL (PDB
ID: 7AHL [4]) inserted into planar lipid bilayer. Mushroom-shape cap faces to cis solution
which is connected to ground and β-barrel faces trans at voltage command. TBA (PDB ID:
148D [96]) G-quadruplex is located in the nanocavity. (b–d) Diameters of (b) cis entrance
(2.6 nm), (c) nanocavity (4.6 nm), and (d) constriction site of β-barrel (1.4 nm). All
molecular structures in (b–d) are top–down cross-sectional views.
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Fig. 2.
Representative current traces for TBA and Ctrl2 (control) in various salt solutions. In each
panel, the upper trace shows Ctrl2 and the lower one shows TBA. (a) K+; (b) NH4

+; (c) Cs+;
(d) Na+; (e) Li+; (f) Ba2+; (g) Ca2+; and (h) Mg2+. All traces were recorded at +100 mV.
Traces were extracted from original recordings and not adopted from published works.
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Fig. 3.
(a–d) Representative current block signature events and models for TBA and tagged-TBA
(e) interacting with nanopores. (a) The long partial block shows the G-quadruplex (folded
TBA) trapped in nanocavity. (b) G-quadruplex finally unfolds spontaneously in the
nanocavity and leaves the nanopore, producing a fast-deep terminal-spike. (c) The unfolded
TBA in linear form in the solution translocates through the nanopore, generating a short-
deep current block. (d) The trapped G-quadruplex in the nanocavity can also escape the pore
to the cis side without unfolding, not producing terminal-spike as indicated. (e) The
overhang of the tagged-TBA enters the b-barrel when trapped in the pore, generating
reversible level-2 block upon the long block. Traces were extracted from original recordings
and not adopted from published works.
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Fig. 4.
Equilibrium and kinetic constants for G-quadruplex in various cations. (a) Equilibrium
formation constant of G-quadruplex (Kf) and its correlation with current blocking
percentage (ΔI/I) of G-quadruplex. (b) Folding (Kf) and unfolding (ku) constants for TBA
G-quadruplex. Data were adopted from a previous study [79].
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Fig. 5.
Investigation of TBA: Thrombin interactions within a protein nanopore. (a) Model showing
molecular structure of the nanopore-TBA system for detection of thrombin. The adapter
oligonucleotide was cross-linked with the cysteine of one subunit at the pore’s cis opening.
The tagged-TBA used the tag to hybridize with the adapter for immobilization. Aptamers
(right) containing thrombin and (left) lacking thrombin all bound block the pore to different
extents. (b) Representative current trace showing two transitions between two current levels
that correspond to the states without (upper) and with (lower) thrombin bound. Images of
molecular structures were constructed using Jmol, an open-source Java viewer for chemical
structures in 3D (http://www.jmol.org/). dsDNA and TBA (PDB ID: 1BNA [97] and 148D
[96]). Thrombin with TBA (PDB ID: 1HAP [98]).
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