
Offi cial Journal of the Israel Chemical Society

www.ijc.wiley-vch.de

REPRINT



! WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Table of Contents

Nanopore-Based Analysis of Chemically Modified DNA
and Nucleic Acid Drug Targets

Joseph Larkin, Spencer Carson,
Daniel H. Stoloff, Meni Wanunu*

431 – 441



ISJCAT 53 (6 – 7) 317 – 488  (2013) · ISSN 0021-2148 · Vol. 53 · No. 6 – 7 · June 2013

  6–7 /2013
       

www.ijc.wiley-vch.de    

Volume 53

Israel Journal of C
hem

istry 2013, N
um

ber 6  – 7, Pages 317  –  488

Contemporary Topics in Nucleic Acid Chemistry

Guest Editor: Yitzhak Tor

Official Journal of the Israel Chemical Society



DOI: 10.1002/ijch.201300006

Nanopore-Based Analysis of Chemically Modified DNA
and Nucleic Acid Drug Targets
Joseph Larkin,[a] Spencer Carson,[a] Daniel H. Stoloff,[a] and Meni Wanunu*[a]

1 Introduction

Apart from carrying inheritable genetic information, nu-
cleic acids play tremendously diverse roles that are of
prime contemporary interest in society. Nucleic acids are
central in key topics such as viral pathogenicity, epigenet-
ics, DNA damage and cancer, gene regulation, and ribo-
somal structure/function. Exploring the exact roles of nu-
cleic acids with specific functions can point to new nucleic
acid drug targets, as well as suggest mechanisms for dis-
ease.

A common structural feature in all nucleic acids is that
under physiological conditions their phosphate-sugar
backbone is negatively charged. This universal property
leads to nucleic acid migration in the presence of an elec-
tric field. When a single nanopore in an ultrathin mem-
brane is placed in the path of the migrating nucleic acids,
individual nucleic acids are forced to translocate through
the nanopore, one molecule at a time. By proper design
of the nanopore dimensions, the electrolyte solution, and
the electric field magnitude, the interactions of various
nucleic acid molecules produce distinct electrical signa-
tures that help to characterize their molecular structure.
In just under two decades of research, the field of making
various types of nanopores for studying nucleic acids has
flourished.

In this review, we highlight some recent applications of
various nanopore types for studying epigenetic DNA
modifications, nucleic acid/drug complexes, and chemical-
ly damaged DNA. As will become evident in the text, the
principal advantages of nanopores include the sensitivity
to small DNA amounts (critical for epigenetic modifica-
tion and damaged DNA analysis), submolecular resolu-
tion, and the ability to study unmodified nucleic acids,
i.e. , no chemical modification with fluorescent labels or
surface-tethering groups is necessary. Future maturation

of the nanopore technique as a commonplace analytical
tool for nucleic acid studies can address challenges in
both the clinical and research arenas.

2 Nanopore-Based Nucleic Acid Measurements

The basic principle of nanopore sensing is as follows. Fig-
ure 1a shows a side view of a nanoscale pore in an ultra-
thin membrane. The scheme is not drawn to scale, and
the electrodes can be imagined as being a large distance
away from the membrane (in practice, the membrane-
electrode distance is typically 1–10 mm). The pore can
either be a protein channel inserted into a lipid mem-
brane, or a pore that is fabricated in a synthetic mem-
brane material. While the pore type varies between dif-
ferent studies, the mechanism of nucleic acid detection is
similar in all cases, relying on electrolyte flow for signal.
Briefly, application of voltage across the membrane using
a pair of electrodes results in a steady ion flow through
the nanopore, providing a baseline current that is stable
over time. The electric field profile that results from the
bias across the membrane is shown in a color plot in Fig-
ure 1b. When large, charged macromolecules diffuse to
the vicinity of the pore, the electric field (indicated by the
color gradient) electrophoretically pulls the molecules
into the pore, resulting in translocation. During passage
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of a molecule through the pore, the ion flow is transiently
blocked, which provides a resistive spike that can be ana-
lyzed to study the molecule!s properties (Figure 1c). Typi-
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Figure 1. Nanopore measurement of biological macromolecules. a)
Scheme of a nanopore setup for measurement of macromolecules.
When voltage is applied, ion countercurrent generates a baseline
current that is stable over time. b) Color map plot of a finite-ele-
ment COMSOL simulation of a 4 nm pore in a 25 nm thick mem-
brane, under the experimental conditions as outlined in the figure.
Only the top chamber of the nanopore is shown. The electric field
is visible as a color gradient, which is localized near the pore
mouth. c) Ion current trace of double-stranded DNA molecule
transport through a nanopore, along with the relevant quantities
that are measured in the experiment. Schemes a) and c) are taken
from reference [1].
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cal analysis of single-molecule nanopore data includes
statistical analysis of the mean pulse duration (td), mean
blocked current (dI), and delay between successive events
(Dt) for datasets of ~103 resistive pulses per experiment.
It has previously been shown that mean pulse durations
increase with the length of a DNA molecule, mean
blocked currents increase with the width of a molecule
(broadly defined), and the delay between successive
events decreases with increasing concentrations of mole-
cules. Although most nanopore experiments are per-
formed at high salinity (e.g., 1 M monovalent salt) to im-
prove the signal quality, improvements in signal quality
over recent years have enabled experiments at lower (~
0.2 M) salt concentrations.

3 Methylation as an Epigenetic Marker

Epigenetic markers in DNA have been observed in both
prokaryotes and eukaryotes in the form of modified bases
(chemically altered forms of the familiar A, T, C, and
G).[2] A common modification found in about 5% of cy-
tosines is methylation to form 5-methylcytosine (mC),
which is most commonly seen in CpG regions of DNA.[3,4]

The function of this methylation is not completely under-
stood, but it has been suggested that it could play a major
role in promoter regions, which in effect control gene ex-
pression.[5] The abnormal methylation of these CpG is-
lands has been shown to overly silence or activate tran-
scription in these promoter regions, which is implicated in
many types of cancer.[6,7] Understanding and locating the
patterns of methylation as biomarkers of disease is the
major motivation for easier detection of methylated
DNA.

Although mC is the most common epigenetic marker
in DNA, another was found in 1972 by Penn[8] and later
confirmed in 2009.[9,10] Often referred to as the “sixth
base”, 5-hydroxymethylcytosine (hmC) was found in
mammalian Purkinje cells and embryonic stem cells.[9] It
has been especially challenging to distinguish between 5-
methylcytosine and 5-hydroxymethylcytosine due to their
subtle structural differences (see Figure 2a). Typically, bi-
sulfite sequencing is the most common chemical assay for
identifying methylation patterns in DNA,[11] but its down-
fall is that it cannot differentiate between mC and hmC
as both altered bases prevent the bisulfite-aided oxidation
of cytosine to uracil. Another popular method of distin-
guishing C and mC is digesting DNA with methylation-
dependent restriction enzymes,[3] but again this cannot
distinguish between mC and hmC since both modified
bases hamper the activity of the enzymes. These difficul-
ties make using nanopores particularly advantageous be-
cause observing the changes in the pore current can po-
tentially sense these slight variations in structure.

The differences in C and mC have been well observed
by the use of alpha-hemolysin (aHL) pores[12,13] and solid-

state SiN nanopores.[14,15] Since tranlocation across aHL is
too fast for individual base resolution (1–3 ms per base)[16]

in an ssDNA strand, an exonuclease is used to unselec-
tively cut the ssDNA samples into dNMPs. These individ-
ual bases were translocated through the nanopore and
the residual current measured by these experiments indi-
cated that mC blocks more ion flow than C, which is ex-
pected due to the extra methyl group.[13] This achieve-
ment was useful, but differentiation between C and mC is
also possible by standard methods like bisulfite sequenc-
ing.[11]

By binding a streptavidin-biotin complex to intact
ssDNA samples, Wallace and coworkers were able to dis-
tinguish between all types of cytosine by capturing an
ssDNA complex and reading a specific location multiple
times (see Figure 2d).[12] Another strategy is to use solid-
state nanopores to detect synthetic dsDNA (400 bp and
3000 bp) with only C, mC, or hmC bases and to note the
changes in both residual current and dwell time of trans-
location events (see Figure 2b and 2c).[14] It was found in
the studies described above that the three bases were no-
ticeably distinct according to their current blockage and
dwell time properties. More specifically, it was noted that
the dwell times followed the trend hmC>C>mC, which
is not what would be expected based on the molecular
sizes. It was theorized and confirmed that this result is
due to the hydrophobicity of mC, which causes the DNA
to be less flexible and therefore results in shorter dwell
times compared to C and hmC.[14] Once nanopore trans-
port is slowed down and understood more fully this tech-
nology could be used to analyze the epigenome of any
given mammalian DNA sample without bisulfite sequenc-
ing or DNA amplification.

4 Sensing G-Quadruplex Structures

Nanopores can be employed to study tertiary structures
of DNA outside of the standard Watson-Crick double
helix. One structure of particular interest is the G-quad-
ruplex, which forms in guanine-rich sequences and is
most commonly found in telomeres,[21,22] single-stranded
sequences of DNA at the ends of chromosomes, and gene
promoter regions.[23,24] The consistent motif of G-quadru-
plex formation is the stacking of G-quartets, which are
stabilized by monovalent or bivalent cations, with loops
of one to seven bases interconnecting these guanine sec-
tions (see Figure 3a and 3b).[19,25] When it was found in
the mid-1990s that cellular immortalization was catalyzed
by telomerases in roughly 85 % of cancer cells, scientists
sought methods for inhibiting its activity.[26] Later, it was
proposed that quadruplexes could also form in genomic
DNA sequences and these have been characterized ex-
tensively by x-ray diffraction[27] and NMR studies.[18] In
the case of both telomeric and genomic sequences it was
desired to stabilize the G-quadruplex by binding small
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molecules in order to repress the activity of DNA poly-
merases.[28–30]

Several studies have shown that the formation of G-
quadruplexes in ssDNA can be sensed using aHL nano-
pores to determine properties such as folding/unfolding
kinetics, cation dependencies, and G-quadruplex interac-
tions.[20,31,32] Shim et al. demonstrated that a particular
DNA oligonucleotide (GGTTGGTGTGGTTGG) can
form a G-quadruplex in various electrolytic solutions and
found that the stability and folding kinetics are salt de-

pendent (see Figure 3c).[20] One can determine structural
traits by other methods, such as atomic force microsco-
py[33,34] and fluorescence resonance energy transfer
(FRET) spectroscopy,[35] but nanopores are preferable
since there is no need for the labeling or immobilization
of DNA to obtain information. Based on the number and
types of nucleotides contained in loops that connect the
G-quartets, there are as many as 26 theoretical conforma-
tions possible for the folding of a G-quadruplex.[36] Due
to the variance of these topologies, it seems probable that

Figure 2. Detection of modified DNA bases. a) Schematic of dsDNA translocating through a 4 nm solid-state nanopore as shown by inset
TEM image.[14] The chemical structures of cytosine and the modified bases 5-methylcytosine (mC) and 5-hydroxymethylcytosine (hmC) are
also shown. b) Top: sample current traces for the nanopore with and without DNA are shown. Bottom: concatenated current traces for ex-
periments involving 3 kbp DNA exclusively containing C, mC, or hmC. As evidenced by the events, the three DNA bases cause varying
transport characteristics for both dwell time and current blockage. c) The temperature dependence of current blockage for mC-DNA and
hmC-DNA. Both specimens show an increase in DI when temperature is increased, but hmC increases by a greater factor. Inset: the histo-
grams of DI demonstrate the increased pore blockage of hmC-DNA compared to C-DNA and mC-DNA at bath temperatures of 108 and
218.[14] d) An ssDNA-biotin-streptavidin complex is immobilized in an a-hemolysin nanopore by an applied voltage. Each base modification
has a signature residual current, as evidenced by the distinct peaks.[12]
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in future work nanopores may be able to distinguish
subtle changes in quadruplex diameter and kinetics. Al-
though it has been shown that G-quadruplexes will form
in coding strands of dsDNA, it has not been confirmed
experimentally that this tertiary structure is favorable
enough to exist in duplex DNA.[37] Given the proper con-
ditions (i.e., pH, salt concentration, and temperature), it
is possible that solid-state nanopores could sense the
presence of G-quadruplexes due to differences in the di-
ameters of double helix dsDNA and G-quadruplex/i-
motif DNA.

5 Probing Nucleic Acid/Drug Interactions

The interactions between drugs and nucleic acids or pro-
teins are of incredible value for research and clinical pur-
poses. Current methods of study can lack sensitivity or
speed, or necessitate large quantities of the molecule for
detection. Furthermore, most methods involve chemical
labeling that can often disrupt the native biomolecular
structure, lowering the applicability and veracity of re-
sults. Because nanopores are label free, real time and
very sensitive at even very low concentrations, they are

a promising tool for a wide variety of drug interaction
studies.

As a proof of concept, the intercalation of molecules
into DNA was studied using a solid-state nanopores
(Figure 4). Intercalation of molecules into nucleic acids
involves a molecule able to bind itself between base pairs,
expanding the diameter of the nucleic acids. In a double-
stranded DNA fragment, ethidium bromide was found to
intercalate to the DNA causing a swelling in DNA diame-
ter, which corresponds to a larger current blockage
during translocations. The deepening of blockages was
found to increase with the amount of ethidium bromide
added, allowing for an accurate measurement of its disso-
ciation constant. Using a smaller solid-state nanopore, the
intercalation of SYBR Green II (SGII) to single-stranded
DNA was investigated. SGII is a cyanine dye that binds
with high affinity to random single-stranded sequences of
DNA. In the presence of SGII, much deeper current
blockages were found for translocation than when there
was no dye present. As a further proof, a selected se-
quence of DNA containing one repeated base was found
by other methods to have very low affinity for binding
with SGII. In the nanopore there was no change in trans-
location signature after the introduction of SGII.[38]

Figure 3. G-quadruplex geometry and cation preferences. a) A “ball-and-chain” model of the G-quadruplex conformation found in B-cell
lymphoma (BCL-2).[17] The stacked G-quartets are connected by loops of length three, seven, and one bases. b) A 3-D rendition of G-quad-
ruplex folding often found in the C-MYC promoter region (PDB ID: 1XAV),[18] in which guanine bases are in dark blue, adenine bases are in
red, and thymine bases are in cyan.[19] c) Translocation events using a-hemolysin for thrombin-binding aptamer (TBA), a G-rich 15-mer
known to fold into a compact quadruplex, and control 15-mer DNA samples (Ctrl2). In contrast to Ctrl2, TBA produces a few events that are
much longer than typical ssDNA translocations for all the 1 M monovalent salt solutions attempted (K+, NH4

+, Cs+, Na+, and Li+), which sig-
nifies the presence of quadruplex formation.[20]
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Antimicrobial binding to RNA molecules is of great
importance for the treatment of bacterial and viral infec-
tions. A target for these antibiotic bindings is the pro-
karyotic ribosomal RNA decoding site, usually called the
A-site. Studies using other single-molecule techniques,
such as FRET, have found that the area has a high-affini-
ty binding. Using a 3.5 nm solid-state nanopore, the bind-
ing of different antibiotics was observed by a deepening
of current blockage values. Using different antibiotics
with different binding affinities, the specific differences in
drug binding were observed, showing high agreement
with other methods. The effect of the salt concentration
in the solution was also shown to create an observable
change in binding affinity, another result that agrees
strongly with previous literature.[39]

The function and structure of a biomolecule can be sig-
nificantly modified when in the presence of a binding
chemical structure. This change can be exhibited as
a large-scale change in tertiary structure, which is a valua-
ble target for the detection and study of illicit drugs. For
example, a single-stranded DNA aptamer was found to
undergo a large structural change when cocaine binds to
it (Figure 5a). The unbound aptamer is capable of translo-
cation in an aHL biological pore. When cocaine is inject-
ed into the molecule, a large tertiary structure is formed
that prevents translocation, causing the nanopore to clog.
By then expelling the molecule with a reversed bias,
Kawano was able to find the concentration of molecules
that had formed drug-bound structures. They were able
to detect the presence of 3 mg/mL of cocaine in 25 s,

a much smaller and faster detection than many current
methods.[40]

aHL pores were also able to probe an important rela-
tionship between methamphetamine and Parkinson!s dis-
ease. The protein chain alpha-synuclein is abundant in
dopaminergic neurons and is believed to play a role in
a variety of neurological disorders, including Parkinson!s
disease. An observed relationship between a higher rate
of Parkinson!s disease in methamphetamine users made
the interaction of the drug with alpha-synuclein worthy of
investigation. The Lee group found that alpha-synuclein
would translocate across an aHL pore, but as the amount
of methamphetamine was added translocations became
less likely as much lower current blockages began to
occur (Figure 5b). This is believed to be due to a looping
behavior formed by the binding of alpha-hemolysin, with
the loop being much larger than the pore opening. This
result could prove to be very important in treatment and
detection of other neurological disorders, as this behavior
is likely to occur for other chemical structures besides
methamphetamine.[41]

6 Detecting Damaged DNA with a-Hemolysin

Oxidative stress can damage DNA in several ways. Gua-
nine is the most easily ionized nucleotide. Radicals, geno-
toxins, and ultraviolet radiation may convert guanine to
the damaged base 8-oxo-7,8-dihydroguanine (OG).[42] Ex-
cessive oxidative damage has been found in the cellular
DNA of many tumor samples, suggesting that oxidized

Figure 4. Small-molecule binding to DNA and RNA. a) Transmission electron microscope image of a 2.2 nm pore, alongside a cartoon of
single-stranded DNA and cyanine dye SYBR Green II. SGII binds with very low affinity to repeated bases, labeled as dA60, but binds with
high affinity to a random sequence, labeled dA50dN50. Below are sample current traces for different molecules interacting with the nano-
pores, showing the behavior of the molecules during translocation. There is no observable change when SGII is introduced to the low
binding affinity dA60, but a marked change in the currents occurs when introduced to the high binding affinity dA50dN50.[38] b) A cartoon of
the RNA/drug-complex formation. Current traces are shown for different drug concentrations. c) A histogram of current blockages for the
different drug concentrations is shown. The current blockage increases as more drug is added, correlating with the expansion of the mole-
cule due to drug binding.[39]
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DNA may play a role in carcinogenesis. Furthermore,
DNA oxidation may lead to a variety of nervous system,
liver, and cardiovascular diseases.[43] Once oxidized, OG
is susceptible to further oxidation into a variety of prod-
ucts.[44,45] Repairs to damaged sites and spontaneous hy-
drolysis of glycosidic bonds can result in a separate form
of damage called an apurinic/apyrimidinic (AP) or abasic
site. AP sites are spots along a DNA strand with no
purine or pyrimidine base group at all.[46] In addition to
mutations, AP sites can in fact cause structural DNA
damage like single-strand breaks and DNA cross-link-
ing.[47] Improved detection of these lesions clearly has val-
uable application in medicine and medical research. Fig-
ure 6a shows the structure of OG, two of its further-oxi-
dized products, and an AP site.

Bulk techniques including the comet assay and HPLC
combined with mass spectrometry have traditionally de-
tected oxidative damage in DNA.[48] These approaches
either overestimate the degree of damage or require en-
zymatic processing of samples prior to detection. More-
over, none of the bulk tools offer sequence information,
nor discriminate between single oxidized sites and multi-
ple-site damage.[49,50] The stability of DNA complexes
with oxidized sites and their unzipping or dissociation ki-
netics have also been studied with a variety of tools. Ther-

modynamic models accurately predict melting tempera-
tures for damaged DNA molecules, but give no kinetic in-
formation. Atomic force microscopy and optical tweezers
can give single-molecule kinetic information, but require
extensive chemical modification of samples and force
probes.[51] AP sites have been studied with a similar varie-
ty of bulk techniques, but the field lacks single-molecule
tools that give sequence information.[52]

Many of the problems with measuring DNA damage
can be alleviated by studying damaged molecules with
aHL nanopores. White and Burrows have published ex-
tensive studies of damaged DNA with aHL in lipid mem-
branes.[49–52] Conjugating biotinylated ssDNA fragments
with streptavidin allows an aHL in a biased membrane to
trap DNA fragments.[53–55] Because the streptavidin is too
large to fit into the pore vestibule, the molecule will sit
trapped in the pore while the voltage bias is on. Monitor-
ing the current through the pore gives information about
the interaction of the sample DNA with the residues of
the aHL barrel. The nucleotide at the 14th position rela-
tive to the 3’-end of the ssDNA fragment interacts most
strongly with the aHL pore.[53] Synthesizing an ssDNA
with an OG, or the subsequent oxidative products spiroi-
minodihydantoin (Sp) or guanidinohydantoin (Gh), at po-
sition 14 allows single-molecule aHL probing of the oxi-

Figure 5. Detection of small-ligand binding. a) A DNA aptamer forms a structure in the presence of cocaine that is several times the width
of an alpha-hemolysin pore, so that translocations become impossible. The basic schematic is shown, with sample traces in the presence
of different concentrations of cocaine. The time before a long blockage occurs corresponds strongly with the concentration of cocaine,
which renders this approach a high-throughput, low-concentration detection scheme.[40] b) The alpha-synuclein protein chain, an important
neurological protein, is believed to form a loop in the presence of methamphetamine. Histograms of current blockages show an increase
in shallow blockages, corresponding to molecules that are incapable of translocation, as methamphetamine is added, in accordance with
the proposed loop behavior.[41]
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dized DNA. Immobilizing such a complex in a nanopore
shows that an OG site blocks nearly the same current as
a G, whereas Gh generally blocks less than G and Sp
more, with both Gh and Sp displaying wider distribution
of current blockage than either G or OG.[49] Positioning
the damaged bases in a genomic sequence instead of a ho-
mogeneous poly(dC) background changes the interaction
of the damaged DNA with the nanopore, allowing clear
discrimination between G, OG, Sp, and Gh current block-
age levels.[49] This technique is not unlike that used to
detect different methylated bases, as discussed earlier in
this review.

A similar experiment enables detection of an AP site
on a single ssDNA molecule. The AP site allows selective
attachment of a bulky 18-crown-6 (18c6) group to the im-
portant 14th position along the DNA. Upon entry of this
molecule into the pore, one can observe an initial current
blockage level (IA) corresponding to the ssDNA entering
the pore. In certain events, after some time the current
drops to a 4.6 % deeper blockage level (IB). IB corre-
sponds to the 18c6 sitting at the most sensitive position of
the pore. In addition to this two-level state, it is also pos-
sible to see the current go straight from open-pore level
to IA or IB. The different blockage levels correspond to
different states of the AP-18c6 molecule. At the IB level,
the experimenters hypothesize that the 18c6 adduct is in
its most compact conformation, allowing it to enter the

narrow pore vestibule. This hypothesis is supported by
the fact that the two-level events are not seen when the
ssDNA enters the pore from the 3’-end. Instead, the vast
majority of 3’-entry events display immediate blocking to
the deep IB level. When the ssDNA enters from the 3’-
end, it experiences less friction with the pore than when
it enters from the 5’-end.[56] The 18c6 group is then steri-
cally hindered when the strand enters from this end, and
some time is required for the 18c6 to adopt the appropri-
ate conformation, enter the pore constriction, and block
the current to the IB level. 3’-entry results in less friction
and lower steric hindrance of the 18c6, so it can quickly
adopt the narrower constriction, and immediately block
the pore to IB upon entry.[52]

By translocating an ssDNA molecule with 18c6-labeled
AP sites, one can detect multiple AP sites on one mole-
cule. The same group that conducted the above studies
also translocated two different damaged ssDNA mole-
cules. One had a single 18c6-labeled AP site and the
other two labeled AP sites 35 nucleotides apart. The
scheme of this experiment is depicted in Figure 6b. In
these translocation experiments, like in the streptavidin-
biotin immobilization, the 18c6-adducted DNA can block
current to two different levels, IA and IB. As one might
expect, the strand with only one 18c6 displays one pulse
of IA to IB blockage during translocation, and the doubly
labeled molecule consistently shows two IB pulses (Fig-

Figure 6. a) The structures of the various damaged bases studied is shown. Guanine (G) may be oxidized to 8-oxo-7,8-dihydroguanine
(OG), which forms slightly less stable hydrogen bonds than G and may be further oxidized to the highly destabilizing groups guanidinohy-
dantoin (Gh) and spiroiminodihydantoin (Sp). The bottom row illustrates the structure of an AP site, and the structure of the bulky 18-
crown-6 group (18c6) used for labeling AP sites. b) Translocation of ssDNA with one or two 18c6-labeled AP sites is shown to have multiple
current blockage levels, the deeper current blockage level (IB) of the bulky groups and the lower blockage of bare ssDNA (IA).
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ure 6b).[52] Using this technique, the aHL nanopore can
differentiate ssDNA molecules with one AP site from
those with two sites only 35 nucleotides apart. The close-
ness of the two AP sites along the DNA strand is limited
by the length of the pore, because to detect two mole-
cules, they must be at least far enough apart so that one
AP site is completely through the pore before the next
site enters.

An important application of translocation is unzipping
double-stranded DNA. Because the aHL pore is too
narrow to accommodate dsDNA in its barrel, threading
a dsDNA with a short single-stranded overhang into the
pore allows the voltage bias to dissociate the shorter
DNA strand and translocate the longer strand. By repeat-
edly measuring the duration of the current blockade for
this process, one can extract the single-molecule kinetics
of a nanopore unzipping a DNA molecule.[57] Unsurpris-
ingly, White, Burrows, and their groups have performed
the key experiments applying this technique to damaged
DNA. OG forms hydrogen bonds with cytosine at nearly
the same stability as does G, and can even form semi-
stable hydrogen bonds with adenine.[58] White and Bur-
rows unzipped a 65-mer ssDNA with a 10-mer duplex
region in the middle of the molecule. By examining the
distribution of unzipping times, they differentiated popu-
lations of samples containing a single G:C, OG:C, G:A,
and OG:A pair in the 10-mer double-stranded region.
They also distinguished between three different positions
of the OG site by moving it along the 10-mer region and
examining the resulting difference in unzipping times for

3’- and 5’-entry into the pore.[50] Figure 7a depicts the
three different damage locations and the means by which
their locations are discerned via unzipping. This data
offers the discrimination of oxidative damage location
that bulk methods cannot achieve.

While OG forms stable hydrogen bonds with a comple-
mentary base, its further oxidative products, Sp and Gh,
do not.[59] The White and Burrows groups measured the
kinetics of unzipping dsDNA with these particular lesions.
The sample molecule is a 17-mer DNA strand bound to
a 65-mer with a complementary region in the middle. In
the center of the duplex, the experimenters put either
a G:C, OG:C, Sp:C, or Gh:C pair. They then performed
aHL unzipping experiments with these molecules. In ad-
dition to finding unzipping times one to two orders of
magnitude faster for the molecules with the less stable
Sp:C or Gh:C pairing, the distribution of unzipping times
for these further oxidized lesions fits a different unzipping
model altogether. The G:C and OG:C unzipping time dis-
tributions fit a two-state model of unzipping kinetics. The
first state corresponds to the duplex region being intact in
the pore, the second state to the 17-mer being completely
dissociated. Fitting the unzipping times for G and OG to
such a model, White and Burrows et al. extracted unzip-
ping rates, with the OG unzipping rate a factor of four
greater than that of G. The distribution of Sp and Gh un-
zipping times, however, fits a three-state model. The first
state corresponds to the intact duplex, the second to the
duplex being dissociated from one end up to the lesion
site, and the third being a completely dissociated 17-mer.

Figure 7. a) The oxidative lesion was placed at three different locations along a duplex region to be unzipped. By comparing the differ-
ence between 3’ (lighter) and 5’ (darker) unzipping times, the experimenters can differentiate samples with different damaged locations
along the molecule. b) G and OG fit a two-state unzipping model, Gh and Sp a three-state unzipping model. The red dot corresponds to
the location of the oxidized base.
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Figure 7b illustrates the two different unzipping models.
Upon fitting the unzipping times to this three-state
model, the Sp and Gh sites each have two different unzip-
ping rates, both of which are one to two orders of magni-
tude faster than the unzipping rates for G and OG.[51]

7 Summary and Outlook

Nanopores are promising new tools for studying unla-
beled nucleic acid molecules in solution. In this review
we have covered the use of nanopores for studying DNA
epigenetic modifications, damaged DNA molecules, DNA
tertiary structures, and nucleic acid!ligand interactions.
In just under a decade, many reports have conveyed the
relevance and convenience of using nanopores for single-
molecule studies of nucleic acid structure. Future devel-
opment of nanopore devices that offer long lifetimes, re-
producible structures, and convenient handling would fur-
ther aid in the adoption of the nanopore technique for
various non-specialized research and clinical laboratories
worldwide.
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