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Human telomeric DNA consists of tandem repeats of the sequence
5-TTAGGG-3’ that can fold into various G-quadruplexes, including
the hybrid, basket, and propeller folds. In this report, we demon-
strate use of the a-hemolysin ion channel to analyze these subtle
topological changes at a nanometer scale by providing structure-
dependent electrical signatures through DNA-protein interactions.
Whereas the dimensions of hybrid and basket folds allowed them
to enter the protein vestibule, the propeller fold exceeds the size
of the latch region, producing only brief collisions. After attaching
a 25-mer poly-2’-deoxyadenosine extension to these structures,
unraveling kinetics also were evaluated. Both the locations where
the unfolding processes occur and the molecular shapes of the
G-quadruplexes play important roles in determining their unfold-
ing profiles. These results provide insights into the application of
a-hemolysin as a molecular sieve to differentiate nanostructures as
well as the potential technical hurdles DNA secondary structures
may present to nanopore technology.

a-hemolysin nanopore | single-molecule detection

ucleic acids can fold into a myriad of secondary structures

that depend on the primary sequence as well as the physical
conditions in which the structures are prepared and character-
ized. One prime example of a multistructural sequence is human
telomeric DNA comprising the repeat sequence 5'-TTAGGG-3'.
This guanine-rich single-stranded sequence is known to fold into
highly ordered nanostructures in the form of G-quadruplexes
that feature the coordination of two alkali cations to three layers
of G-tetrads formed by Hoogsteen hydrogen-bonded assemblies
of four guanine bases (Fig. 14) (1, 2). G-quadruplexes provide
a fascinating case in which the cation and physical context play
critical roles in defining the overall structural topology as well as
the stability of the fold. Guanine-rich sequences also are known
to present challenges to PCR amplification and sequencing-
by-synthesis methods that require processive analysis of single-
stranded DNA (ssDNA) because of the high thermodynamic
stability of these folded structures.

The following studies highlight the cation and context-
dependent conditions in which the topology of the natural hu-
man telomere sequence 5-TAGGG(TTAGGG);TT-3' is affected.
In NaCl solution, NMR studies revealed a structure referred to as
the basket fold (Fig. 14) (4). Key features of this structure include
an antiparallel strand arrangement with alternating syn and anti
orientations of the guanosine glycosidic bonds and three tetrads
linked by two edgewise loops and one diagonal loop. In contrast,
NMR-based studies in KCl solution show that the same sequence
folds predominantly to the hybrid-1 and hybrid-2 structures (Fig.
1A4) (5-8). Characteristics of this structure are an antiparallel strand
orientation with a 3+1 core of syn and anfi G nucleotides yielding
three tetrads. The loop topology of the hybrid fold consists of
a double-chain reversal loop and two edgewise loops, in which
hybrid-1 and hybrid-2 differ only in the location of the double-chain
reversal, 5’ vs. 3'. In contrast to the hybrid folds, the propeller fold is
observed in KCI solutions bearing high concentrations of organic
solvents and consists of a parallel strand arrangement, with all G
nucleotides adopting the anfi conformation; all three loops are
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double-chain reversals (1, 9, 10). More recently, the propeller fold
also was observed under conditions of high viscosity (11). Using
these observations that define the topological fold of the human
telomere sequence as a function of cation and solvent, we can finely
tune the analysis conditions to give the desired structures for study
by ion channel methods.

The bacterial protein a-hemolysin (a-HL) has been the pri-
mary focus of several studies because of its potential to advance
next-generation sequencing technology (12-15). Its mushroom-
shaped ion channel is self-assembled across a lipid bilayer and
may allow ssDNA to translocate from the cis to trans side of the
protein under an electrical potential (Fig. 1B). Current modu-
lation is used to identify sequences of the nucleotides passing
through the channel. One of the main hurdles to advancing this
method arises from the fast translocation speed above the critical
voltage, leading to low signal-to-noise ratio and accuracy (12),
and this is being addressed by several methods (16-20). Another
concern lies with the ability of ssDNA to fold into a variety of
secondary structures that inhibit the translocation through the
protein ion channel (21, 22). A few studies have been performed
to better understand the effect of DNA secondary structures on
their electrical behaviors, mostly focusing on duplexes, hairpins,
and the thrombin-binding aptamer (TBA) (23-29). Gu and co-
workers (23) studied the simple two-tetrad G-quadruplex adop-
ted by the TBA sequence being captured within the o-HL
vestibule and its unraveling kinetics upon binding with different
cations. As discussed above, the human telomere sequence
provides us with an excellent library of nanostructures to test
their potential impact on nanopore sequencing technology as
well as the ability of the vestibule of a-HL, a nanocavity of ~40
nm’ in volume (30), to distinguish molecular sizes and shapes at
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Fig. 1. Structures and characterization of the G-quadruplexes formed by
the human telomere sequence. (A) Schematic structures and dimensions of
hybrid-1, hybrid-2, basket, and propeller folds. (B) Structure and dimensions
of the a-HL ion channel (3).

a nanometer scale. The principal sensing zone of a-HL for the
purposes of sequencing sSDNA is the $-barrel that has a constric-
tion of 1.4 nm in diameter (31); in addition, the cis latch region
recently was shown to report on the presence of base lesions in
dsDNA (32).

Our previous work demonstrated the ability of a-HL to resolve
two very similar but highly dynamic and interchangeable folds:
hybrid-1 and hybrid-2 (33). Herein, we examined a comprehen-
sive library of proposed nanostructures derived from the human
telomere sequence to explore the potential challenge posed to
sequencing efforts, and the capability of a-HL to study a larger
range of nanostructures to a deeper extent. For these studies,
we chose the natural human telomere sequence 5-TAGGG
(TTAGGG);TT-3’ having a two-nucleotide overhang on both
the 5" and 3’ends. By monitoring the interactions between DNA
and protein, we could identify characteristic electrical signatures
for each nanostructure. Additionally, the unfolding kinetics were
evaluated with respect to the protein location in which unraveling
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occurred. This provides insight into the broader application of
transmembrane protein ion channels in nanoparticle charac-
terization and potential obstacles that complex DNA structures
may pose to nanopore analysis.

Results

Size-Selective Properties of a-HL. Circular dichroism (CD) spec-
troscopy and thermal melting (7,,,) measurements were conducted
to confirm the formation of G-quadruplexes from the human
telomere sequence under the high ionic strength of our nanopore
analysis conditions (SI Appendix, Figs. S1 and S2). Previously, we
identified four different conformations that the human telomere
sequence adopts in an aqueous KCl solution: hybrid-1 (Fig. 24),
hybrid-2, and their corresponding triplexes with the double-chain
reversal loop unfolded (33), in agreement with other single-
molecule studies and computational work (34, 35). Current-time
(i-t) traces of the events that correlated with the hybrid-folded
DNA showed intermediate current levels (I, = 37% or 44%; Fig.
2B) with oscillations to deep blockages (10-11% of open-channel
current). We were able to assign these two event populations as
hybrid-1 (Ipy = 37%) and hybrid-2 (I, = 44%) folds entering the
vestibule of a-HL by comparing the i-¢ traces with those of ref-
erence structures that incorporated 8-bromo-2’-deoxyguanosine
(8-BrG) at specific sites to lock the conformation of the hybrid.
Oscillations to a deep current blockage level were observed for the
hybrid-folded oligomers containing two-nucleotide overhangs at
the 3’ and 5’ ends. When these overhangs were removed, only
the 37% current blockage level was observed, consistent with the
observation that the hybrid-1 structure predominates when the
dangling ends are missing (7, 36). At the end of each of the events,
the current level was observed to be at an intermediate level Iy,
immediately before returning to the open-channel current; we
interpreted this to mean that hybrid-folded oligomers were too
stable inside the vestibule to unravel and translocate, and the
DNA exited the vestibule from the cis opening where it had
entered (33). Overall, the previous study showed that the a-HL
vestibule might serve as a sieve to trap stably folded hybrid-1
and hybrid-2 structures and to report on their dynamic pop-
ulation in bulk solution. However, it also was clear from the
study that the typical solution conditions used for nanopore
analysis of DNA [namely 1 M KCl, pH 7.9, 120-160 mV (trans
vs. cis)] might lead to very long current blockage events when
G-quadruplexes are encountered during nanopore analysis of
DNA molecules. Here, we compare solution conditions leading
to the hybrid, basket, and propeller folds, with and without a 5'-
25-mer poly-2’-deoxyadenosine (dA,s) extension for threading
the G-quadruplex—containing strand.

We initiated our study by examining the folded human telo-
meric G-quadruplex minimal sequence without the 5’-dA,s ex-
tension to fully investigate structural signatures when they
interact mainly with the protein vestibule and not the narrow
B-barrel of a-HL, where deep current blockages are produced.
First, the basket-folded structure of the sequence 5'-TAGGG
(TTAGGG);TT-3’ in 1 M NaCl was verified by CD (SI Appen-
dix, Fig. S1) and studied under conditions similar to those of the
hybrid-folded oligomer, except for the use of 1 M NaCl as the
electrolyte (Fig. 2). Because of its slightly smaller dimensions
compared with the protein latch region, we predicted that the
basket-folded oligomer could pass the cis opening of a-HL easily,
entering the large vestibule. Experiments yielded two major event
types, 1 and 2 (Fig. 2C). Type 1 events showed oscillations be-
tween two intermediate current levels, Iy;; = 51% and I, = 35%
of the open-channel current /,, for tens of milliseconds before
a deep current blockage event (I = 10%). A similar oscillation of
intermediate current levels was observed for hairpins interacting
with the vestibule, especially those with terminal base mis-
matches (24).

The second event type featured a long intermediate current
level (Iy; = 41%), also lasting for tens of milliseconds before
returning to the open-channel current level. As with the event
types for hybrid-folded DNA, the observation of an Iy—I,
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Fig. 2. Interactions between G-quadruplexes [5'-TAGGG(TTAGGG);TT-3'] and the a-HL ion channel reveal the size-selective property of the protein nano-
pore. (A) Space-filling models of the G-quadruplexes interacting with a-HL constructed using PBD structures 7AHL (3), 2JSQ (6), 143D (4), and 1K8P (1), re-
spectively. (B-D) Stick models of the proposed interaction mechanisms and i-t traces yielded by (B) the hybrid folds (50 mM KCl, 950 mM LiCl, 25 mM Tris,
pH 7.9) (33), (C) the basket fold (1 M NaCl, 25 mM Tris, pH 7.9), and (D) the propeller fold (20 mM KCl, 5 M LiCl, 25 mM Tris, pH 7.9). The hybrid fold studies
were reported previously and are illustrated here for comparison (33). All measurements were done under 120 mV (trans vs. cis). | and I, values are indicated

as a percentage of the open-channel current /,.

transition without a deep blockage event was assigned as a non-
translocation event. Compared with the hybrid folds, the basket
fold has both the 3’ and 5’ termini protruding from the same face
of the G-quadruplex (Fig. 1). Thus, the two event types for the
basket fold may be interpreted to be (i) tail-first entry (Fig. 2C,
type 1), in which oscillating interactions of the G-quadruplex and
the two-nucleotide overhangs with the protein cavity lead to
event type 1 (SI Appendix, Fig. S3), which ultimately can trans-
locate the p-barrel in most cases, and (i) head-first entry, in
which interaction between the loops of the basket fold and the
protein vestibule is relatively constant, and the structure exits the
cis side of the vestibule without translocation (Fig. 2C, type 2).

Additionally, because of its smaller dimensions compared with
the ion channel latch entry, the basket fold could enter the vestibule
without much discrimination among its orientations, giving rise to
roughly equal amounts of type 1 and 2 events. The type 1 events
terminating with a deep blockage current level showed a strong
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voltage dependence on their durations, which we interpret as ad-
ditional evidence of the ability of this conformation to translocate
to the frans side of the protein channel after unfolding inside the
vestibule. Similar to that of the hybrid folds, this study also implies
that there is a folding intermediate of the basket G-quadruplex with
a triplex conformation (37). In the nanopore measurements, we did
not observe a noticeable amount of triplex-like events, suggesting
that a very small fraction of this intermediate exists in the bulk
solution.

Although both hybrid and basket folds appear capable of en-
tering the large vestibule, the diameter of the disk-shaped pro-
peller fold (~4.0 nm) exceeds that of the protein cis opening
(~3.0 nm) (30), suggesting that it cannot enter the vestibule of
a-HL. To approach this experimentally, high-salt conditions
(20 mM KCI + 5 M LiCl) were used, yielding CD data (SI Ap-
pendix, Fig. S1) consistent with formation of the propeller-folded
G-quadruplex (Fig. 2). Ion channel recordings under these
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conditions produced only brief and small disturbances to I,,
likely because of collisions between the mouth of the ion channel
and the propeller G-quadruplex (Fig. 2D, Left). To rule out the
possibility that the high viscosity of the electrolyte was slowing
the diffusion of the DNA molecules to the ion channel leading to
an absence of events (38), the same amount of a control se-
quence (poly-dCg;) was added to the same solution, and after
being gently mixed, much higher event frequencies were ob-
served with deep current blockages (Fig. 2D, Right, and SI Ap-
pendix, Fig. S4). This supported our conclusion that the opening
of the protein vestibule prevents the wider propeller fold from
entering the channel because of its larger diameter.

After being electrically driven to the proximity of the a-HL
nanopore, hybrid, basket, and propeller folds produced very
different electrical signatures, even though they folded from the
same DNA sequence. Unlike the previous loop orientation dis-
tinction between hybrid-1 and hybrid-2 structures, the difference
among these structures is on a larger scale, and parameters such
as their size, their shape, and the conformations of the glycosidic
bonds (syn vs. anti) might become important. These results
demonstrate a less recognized ability of the protein’s “latch”
region to exclude the molecules that are poor fits for the vesti-
bule and to produce structure-based electrical signatures for
molecules that can enter and interact with the protein cavity.

Translocation Studies of the Hybrid-Folded G-Quadruplex. Bioin-
formatics studies suggest that ~375,000 G-quadruplex—forming
sequences exist in the human genome, and inevitably these
structures will be encountered during nanopore DNA analysis,
thereby demanding greater insight into their behavior with the
nanocavity (39). Both physiological conditions and the common
nanopore measurement solutions have K* as the most abundant
cation (12); consequently, the hybrid folds are the dominant
species, at least for the human telomere sequence. However, this
secondary structure is extremely slow to unravel and pass the
constriction of the protein ion channel. To facilitate unfolding,
a 25-mer poly-dA extension was attached to the 5’end of the
oligomer both to assist the threading process and to enhance the
electrical force applied on the DNA strand once it was captured
inside the ion channel. Moreover, the 5’ end attachment rein-
forced the preferred 5’ entry that gives the best nucleotide dis-
crimination for DNA sequencing applications (19, 40).

For each of the three folds—hybrid, basket, and propeller—the
addition of the homopolymer tail greatly assisted the threading
of the DNA into the protein p-barrel, leading to higher event rates
and allowing the hybrid folds to enter the vestibule and interact
with the constriction in a fashion typical for DNA translocation
(Fig. 34). In addition, the electrical force applied on the DNA
tail allowed the capture of hybrid-folded DNA in the nanocavity
for periods long enough to monitor the unraveling process,

4
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Z :‘z Hybrid fold:
> slow

very slow

whereas previously, the hybrid-folded DNA always returned to
bulk solution without unfolding. Regardless of the voltage ap-
plied upon the DNA (75-200 mV, trans vs. cis), the durations of
the unraveling process for 5'-A,s-hybrid DNA presented two
broad populations, with their times centered at ~25 s and ~4 min
(SI Appendix, Fig. S5), indicating the spontaneous nature of the
unraveling process. The possibility that these two duration pop-
ulations resulted from the presence of hybrid-1 vs. hybrid-twofold
was tested by examining the translocation events of 8-BrG-
substituted sequences, which selectively induced either the hy-
brid-1 or hybrid-2 conformations, depending on the location of the
purines locked into the syn conformation (33). Similar event dura-
tions were observed for both sequences, ruling out such a possibility.
Thus, we hypothesize that two different structural orientations of
the G-quadruplex within the vestibule must have produced the two
time distributions, but we cannot speculate further about the exact
nature of these differences. Alternatively, the broad range of event
durations may represent the stochastic nature of this small number
of molecules under study; in other work, protein—-DNA interactions
in small compartments were shown to have stochastic behavior that
was different from bulk solution (41).

For a small fraction of the events, a pattern of alternation
between the intermediate and the deep blockage current levels
was observed, similar to that seen for the previous experiments
with no 5’ tail (SI Appendix, Fig. S8). Such a pattern would be
consistent with less frequent entry of the 3’ G-quadruplex end
(i.e., “head-first”) that could not be unraveled and threaded into
the p-barrel. These events also ended with an intermediate cur-
rent level, suggesting that the DNA diffused back to the cis side
of the protein before it could translocate.

Consistent with our previous investigation, translocation events
indicating the existence of the triplexes also were observed in
~19% of the total events, and they could be compared with the
control sequence, in which a 5'-GGG sequence was replaced with
5'-TTT to enforce the formation of the triplex (SI Appendix, Fig.
S9) (33).

Translocation Studies of the Basket and Propeller Folds. With the
addition of a 5’-dA,s extension, the basket-folded DNA gave an
electrical signature consistent with threading of the 5’ tail and
slowed unraveling in the vestibule, followed by translocation of
the resulting ssDNA (Fig. 3B and SI Appendix, Fig. S6). With the
homopolymer tail threading in first, the long intermediate level
observed in the “no-tail” experiment shortened significantly (<1 ms).
Events consistent with loop-side (head-first) entry also were
observed, producing long, shallow current blockages (SI Appen-
dix, Fig. S8).

Surprisingly, the previously excluded propeller fold could trans-
locate the a-HL ion channel after unfolding outside the vestibule
with assistance from the dAys tail (Fig. 3C) as a threading agent,

Fig. 3. Translocation study of the G-quadruplexes
after attachment of a 5'-dAys tail [5'-A,5-TAGGG
(TTAGGG)sTT-3]. (A-C) Stick models of G-quad-
ruplexes unraveling within the a-HL ion channel
and i-t traces yielded by interactions between the

< < <
§|_ ;l_ = a-HL and (A) hybrid folds (50 mM KCl, 950 mM LidCl,
0pA 100 s 0 pA 10 ms o “2ms 25 mM Tris, pH 7.9), (B) basket fold (1 M Nadl,
1(10 %) 113 %) ,,f’,,,ﬂﬁw‘, ,,,,, 17 %) 25 mM Tri_s, pH 7.9), an_d (C) propeller fold (20 mM
) o KCl, 5 M LiCl, 25 mM Tris, pH 7.9). The sample traces
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and this process was markedly shorter than the translocation of
the basket fold (Fig. 4). The observed events showed principally
deep current blockages (I = 7%) with a short initial shoulder
characteristic of the threading process (SI Appendix, Fig. S7).

To evaluate the durations of G-quadruplexes unfolding and
translocating in various buffer conditions, a control sequence was
designed with the same G content, but one that was incapable of
folding to a quadruplex (Fig. 44). The translocation durations of
this oligomer were analyzed in three different electrolytes, and as
expected, high viscosity (5 M LiCl) slowed the DNA movement
dramatically; however, in each case, the translocation times de-
creased with increasing electrical potential applied across the
channel (42). Interestingly, instead of a Gaussian-like distribu-
tion yielded by A- or C-rich sequences (43), a single-exponential
decay model better described the translocation of this G-rich
sequence with the decay constant .

When translocating as the basket fold, the stable secondary
structure took a long time, a few milliseconds per nucleotide, to
unfold, resulting in event durations that were ~100-fold longer
compared with the control G-rich sequence. However, the pro-
peller-folded strand went through the unraveling and translocation
processes only slightly slower than the control strand. Based on the
discussion of the results presented above, this likely is a result of
the different locations where the unfolding occurs. The absence of
steric hindrance outside the o-HL ion channel, compared with the
small volume of the protein vestibule (~40 nm®) (30), provides
more freedom for the propeller-folded G-quadruplex to unravel on
the exterior of the protein cavity compared with the basket-folded
G-quadruplex, which can be driven into the vestibule cavity of
a-HL readily before unfolding more slowly in a confined space.

A 5'-TGAGTGTGAGTGTGAGTGTGAGTGT
—~ 300 -
p 50 mM KCl in1 M LiCl
% 250 _ :[ | ] m n I
e ® 1M NaCl
g 200 - I
° ® 20 mM KCl in 5 M LiCl
S 150 -
< I
- 100 A
[72]
Z 50 1
= o-.].ii B ==
100 120 160
Voltage (mV)
B 5-A,;-TAGGG(TTAGGG),TT-3’
= 6000 -
Py 200 I
2 150
o I
© 4000 - 100
o I
S 50
c
. 0
»n 2000 - 100 120 160
2
'- '
0 - = M.

100 120 160
Voltage (mV)

Fig. 4. Unfolding and translocation rates for the G-quadruplexes under
various potentials. Plots of the decay constants of translocation events as
a function of applied voltage (trans vs. cis) for (A) the control oligonucleo-
tide and (B) G-quadruplexes, where red indicates basket folded and green
propeller folded.
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Discussion

In these studies, the three known structural motifs for the human
telomere sequence were analyzed by using the size-selective
properties of the a-HL nanopore. We observed that the hybrid
fold, with or without a 5’-poly-dA tail, does not translocate easily
to the trans side of the pore; the basket fold is capable of
translocation through the pore, although this process is very
slow compared with ssSDNA; and lastly, the propeller-folded
G-quadruplex cannot enter the vestibule, because its dimensions
prohibit entry into the latch. However, the addition of a 5'-tail
facilitates translocation of the propeller fold, which was observed
to be fast. What factors determine whether a G-quadruplex fold
can unravel and traverse to the other side of the channel? The
thermodynamic stability of these structural motifs, to a first ap-
proximation, may be ascribed to the T,, values of the various
quadruplex folds. Under these high-ionic strength conditions, the
hybrid, basket, and propeller folds have T, values of 60.2 + 0.2,
72.3 + 0.5, and 60.9 = 0.8 °C, respectively. Immediately, it is
apparent that thermodynamics, as measured by 7,,, are not
a predictor of whether a G-quadruplex fold can translocate
through the nanopore, because the basket fold, with the largest
T,,, gave voltage-dependent data characteristic of translocation
whereas the hybrid fold did not show a similar profile. Next, the
kinetic parameters for unfolding were compared with our trans-
location data; Ereviously it was found that in equal concentrations
of K" vs. Na* (100 mM), the unfoldmg rates for the human
telomere sequence were 1.3 x 107 s7* and 4.6 x 107 s, re-
spectively (44). From these values, the K* fold unravels shghtly
slower than the Na* fold; however, in the present studies, the
hybrid fold took ~400—4,000 times longer to unfold and trans-
locate than the basket fold. Unfolding kinetic data for the pro-
peller fold was not found in the literature, thus a comparison with
the basket and hybrid folds could not be made. From these data,
we conclude that translocation of a G-quadruplex through the
a-HL nanopore is not dependent on the thermodynamics or
unfolding kinetics of the secondary structure in bulk solution.

Next, a set of comparisons were made with respect to geometric
factors associated with the G- quadruplex secondary structures.
Molecular volumes, determined from the V Web server, are as
follows (45): hybrld folds [hybrid-1: 10.3 nm Protein Data Bank
(PDB) ID code 2JSK hybrid-2: 11.0 nm?, PDB ID code 2J5Q),
basket fold (12.5 nm’, PDB ID code 143D) and propeller fold
(11.0 nm®, PDB ID code 1K8P) Based on volumes alone, the
vestibule of a-HL (39.5 nm®) (30) should easily accommodate all
three G-quadruplex folds that do not have a 5’-extension. How-
ever, it was observed that only the hybrid and basket folds can gain
entry into the vestibule; the propeller fold cannot, despite having
the smallest overall volume. Moreover, the basket fold has a
larger volume than the hybrid folds, although the basket can un-
ravel within the vestibule whereas the hybrid cannot do so easily.
Therefore, the ability to translocate is not strictly dependent on
the requirement that there be enough room to unravel within the
vestibule. Thus, we conclude that the following G-quadruplex
parameters do not determine how a fold translocates: thermo-
dynamic stability, kinetics of unfolding in bulk solution, and mo-
lecular volume. Hence, we propose that molecular shape is the
key factor affecting the unraveling process and translocation
of the DNA molecules.

The molecular shape of G-quadruplexes is determined by
multiple factors, including strand polarity and the syn vs. anti
conformations of the G nucleotides, and these properties de-
termine the loop topologies for a given fold. The basket fold is
capable of translocation, meaning it can unravel to a random coil
structure that can pass through the f-barrel of o-HL. These
events are initiated from either the 3’- or 5’-side and start by
opening the first G-triple. For the strand to move through the
B-barrel, the remaining G-triplex has to roll within the vestibule,
likely a favorable process because the basket fold is almost
spherically shaped (Fig. 24). The addition of a 5'-tail to the
basket fold helps initiate threading and unraveling for trans-
location to occur. The propeller fold represents the other
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limiting case in which this shape is not capable of entry beyond
the latch zone (d = 3.0 nm; Fig. 1) of a-HL. Based on the
dimensions of the propeller fold (4.0 x 4.0 x 2.1 nm), it cannot
be expected to gain entry to the vestibule, even though the ves-
tibule is large enough to accommodate the propeller structure.
Addition of the 5'-tail circumvents the problem of entry into
the vestibule by allowing unraveling of the propeller fold out-
side the mouth of the vestibule while electrical force is applied
to the dA,s tail of the DNA threaded through the ion channel.
The data indicate a very fast unraveling time for this fold, even
in the high-viscosity conditions in which this topology was
generated. We suggest this observation is a result of the addi-
tional freedom to rotate outside the vestibule without any steric
hindrance or molecular interactions that would occur within the
interior of the vestibule.

Conclusions

Interactions of four G-quadruplex nanostructures (hybrid-1,
hybrid-2, basket, and propeller) with the o-HL ion channel pro-
duced distinct current patterns that were characteristic for the
dimensions and loop topologies of different cation-selective
secondary structures. Although the basket-folded structure could
unravel within the ion channel, the hybrid folds had much more
difficulty unfolding. In contrast, the propeller fold could not
enter the o-HL ion channel because of its disk-like shape and
larger dimensions; however, it could unfold outside the protein
vestibule much faster than the basket fold with assistance from
the dA,s tail. Given the substantial amount of time the
G-quadruplexes may be trapped inside the protein nanocavity, we
now have the opportunity to investigate these secondary structures
at a single-molecule level. Additionally, the o-HL ion channel
could interrogate DNA molecules based on their sizes and shapes
to sieve out certain structures and report on their presence. Bi-
ological nanopores have been under extensive investigation as an
emerging technology for next-generation DNA sequencing (12,
46). Because numerous sequences of ssDNA, especially telomere
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and promoter regions of oncogenes (47, 48), can fold into stable
G-quadruplexes under physiological and nanopore measurement
conditions, it is crucial to understand how these secondary struc-
tures interact with ion channel proteins. Consequently, the work
presented here might provide considerable insight into the po-
tential challenges that will arise as nanopore analysis of DNA
molecules gains widespread application.

Materials and Methods

Preparation and Characterization of the G-Quadruplexes. The oligonucleotides
used in these studies were synthesized by the DNA-Peptide Core Facility at
the University of Utah, processed following standard protocols, and purified
by ion-exchange HPLC as previously described (33). CD spectroscopy and
Tm measurements were performed to confirm the G-quadruplex conforma-
tion under the experimental conditions. In the two KCI conditions (50 mM
KCl with 950 mM LiCl and 20 mM KCl with 5 M LiCl) and 1-M NaCl solutions,
the CD characteristics were consistent with the hybrid, propeller, and basket
folds, respectively, as described in the literature (S/ Appendix, Fig. S1) (33, 49).
All solutions contained 25 mM Tris buffer (pH 7.9).

lon Channel Recordings and Data Analysis. The customized, low-noise ampli-
fier and data acquisition system constructed by Electronic Bioscience was used
for the ion channel recordings. All the aqueous solutions used were prepared
with >18 MQ/cm ultrapure water and filtered with a sterile 0.22-mm Milli-
pore vacuum filter. The wild-type a-HL ion channel was reconstructed across
the lipid bilayer supported by a glass nanopore membrane, which was
fashioned following procedures described in the literature (50). Data were
collected with a 100-kHz low-pass filter and 500-kHz sampling rate. The
sample i-t traces shown in Figs. 2 and 3 B and C were refiltered to 20 kHz for
presentation, and the trace in Fig. 3A was refiltered to 500 Hz. QuB 1.5.0.31
and Igor Pro-6.1 were used to extract, analyze, and plot the events (>10 ps).
These measurements were conducted at 25 °C.
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