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Sequence-specific detection of individual DNA
strands using engineered nanopores

Stefan Howorka1*, Stephen Cheley1, and Hagan Bayley1,2

We describe biosensor elements that are capable of identifying individual DNA strands with single-base reso-
lution. Each biosensor element consists of an individual DNA oligonucleotide covalently attached within the
lumen of the α-hemolysin (αHL) pore to form a “DNA–nanopore”. The binding of single-stranded DNA
(ssDNA) molecules to the tethered DNA strand causes changes in the ionic current flowing through a
nanopore. On the basis of DNA duplex lifetimes, the DNA–nanopores are able to discriminate between indi-
vidual DNA strands up to 30 nucleotides in length differing by a single base substitution. This was exemplified
by the detection of a drug resistance–conferring mutation in the reverse transcriptase gene of HIV. In addition,
the approach was used to sequence a complete codon in an individual DNA strand tethered to a nanopore.

The detection and characterization of individual RNA or DNA mol-
ecules is a thriving area of research1–4 with potential diagnostic appli-
cations. For example, single polynucleotide molecules can be studied
by electrical recordings in which RNA or DNA strands are driven by
an applied potential through a single protein pore5,6. The accompa-
nying change in the ionic current flowing through the pore has
allowed discrimination between homo or block polymers with 
different base compositions7,8 and, more recently, between hairpin
molecules with different loop and stem lengths and with base mis-
matches in the stem9.

Here, we report the application of engineered “DNA–nanopores” to
sense individual DNA strands with single-base resolution. Each
nanopore was built by covalently attaching an individual ssDNA
oligomer within the lumen of an engineered version of the αHL pore
from Staphylococcus aureus (Fig. 1). In the X-ray structure of the hep-
tameric αHL pore, the lumen measures 3 nm at the cis entrance,
widens to 4.1 nm in the internal cavity, and narrows at the inner con-
striction to a diameter of 1.4 nm (ref. 10). In each DNA–nanopore the
ssDNA molecule was attached at the cis entrance, which permits
duplex formation within the internal cavity (S. Howorka et al., unpub-
lished data). Here, we demonstrate the ability of DNA–nanopores to
detect single-base mismatches in individual DNA strands.

Results and discussion
Single-base mismatches influence the binding of individual DNA
strands to a DNA–nanopore. Each DNA–nanopore carried an indi-
vidual DNA oligonucleotide linked via a disulfide bridge to a cys-
teine residue at position 17 of one subunit of the heptameric pore
(Fig. 1). For example, one pore was composed of six unmodified
subunits (H) and one subunit (17C) covalently modified with oligo-
1 (5′-CATTCACC-3′). Single H6(17C-oligo-1)1 pores were examined
by planar lipid bilayer recording and exhibited a unitary conduc-
tance of 1,750 pS in 2 M KCl, 12 mM MgCl2, and 5 mM Tris-HCl, pH
7.4. The pores were studied at an applied potential of +100 mV,
which drives negatively charged DNA strands from the cis to the
trans side of the pore. When 267 nM oligo-2G, a 7-mer with a
sequence complementary to the tethered oligo-1, was added to the
cis side of the bilayer, negative current deflections interpreted as
oligonucleotide-binding events were observed (Fig. 2A, symbol b).
The events most likely stem from the formation of a DNA duplex

inside the protein pore and had an average lifetime of 45 ± 8 ms and a
mean event amplitude of 550 ± 36 pS, and occurred at frequency of
1.9 ± 0.2 events/s (n = 5). The spike at the end of the binding event
(Fig. 2A) indicates that after dissociation oligo-2G passes the inner
constriction to exit on the trans side of the pore9. Individual spikelike
events (Fig. 2A, symbol s) (0.16 ± 0.04 ms, 620 ± 150 pS, 1.1 ± 0.3
events/s, n = 3) were also observed and probably arise from oligonu-
cleotides, which enter the DNA–nanopore with the 3′ end first, leav-
ing them unable to form a duplex with the tethered oligonucleotide.
Alternatively, spikes (s) could also stem from oligo-2G strands,
which enter the pore with the 5′ end first but do not bind. After
removing oligo-2G by perfusion of the cis chamber, 267 nM 
oligo-2C carrying a single-base mismatch was added (Fig. 2B). Only
spikelike events were observed (0.15 ms, 690 pS, 1.9 events/s). It was
concluded that the mismatched base of oligo-2C abolishes the
detectable formation of a duplex with the tethered DNA strand.

The influence of the types and the positions of mismatches was
further investigated by additional single-channel current recordings
with H6(17C-oligo-1)1. We studied the interaction of oligo-1 with
oligonucleotides carrying all possible mismatches in three different
positions: 3′-TAAZ2TGG-5′, 3′-TAZ3GTGG-5′, and 3′-TAAGTGZ4-5′
with (Zn =A, C, G, T). The mean event lifetimes were obtained by life-
time histogram analysis and are summarized in Table 1A. We found
that the type of mismatched base pair influenced the lifetime. In the
case of oligo-3 (Table 1A and Supplementary Figure 1 in the Web
Extras page of Nature Biotechnology Online), the T•C base pair had
the shortest lifetime followed by T•T, T•G, and T•A in order of
increasing lifetimes. This series correlates well with thermodynamic
data for DNA duplex formation obtained from melting-temperature
profiles11. Furthermore, as would be expected for the formation of
DNA duplexes, the mismatch had the most dramatic effect when it
was positioned in the middle of the oligonucleotide. For the internal
mismatches in oligo-2, the event lifetimes for mismatched oligonu-
cleotides was at least 75 times shorter than the lifetime of the com-
pletely complementary oligonucleotide (Table 1A, oligo-2). However,
when the same type of mismatch was positioned at the terminus, the
lifetimes of mismatched oligonucleotides were increased and only
≤6.5 times shorter (Table 1A, oligo-4). The results demonstrate that a
nanopore modified with a single DNA oligonucleotide is a useful tool
with which to study DNA duplex formation in detail.
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Detection of a drug resistance–conferring mutation in individual
DNA strands of the reverse transcriptase gene of HIV. We next tested
whether a DNA–nanopore could detect a single base difference in
individual strands of a medically relevant DNA sample. We examined
a common point mutation in the reverse transcriptase gene of HIV-1,
which confers resistance to the widely used antiviral drug nevirapine12.
The tethered oligonucleotide with a length of 8 nucleotides was fully
complementary to a portion of a 30-nucleotide coding fragment from
the drug-resistant virus strain (Fig. 3, oligo-181C), whereas a fragment
from the wild-type (wt) virus (Fig. 3, oligo-181Y) included a single
mismatch. When wt oligo-181Y was added to the cis chamber, five
events with an event lifetime longer than the cutoff of 5 ms were
recorded in 300 s (Fig. 3, open circles). By contrast, in the same time
period, mutant oligo-181C gave rise to 70 events with event ampli-
tudes (IE) greater than those found for the five events with oligo-181Y
(Fig. 3, filled squares). The distribution of the oligo-181C events in the
scatter plot indicates two loosely defined amplitude levels around 
85 and 150 pA, which could correspond to two different conforma-
tions of the bound oligo-181C strands. Most likely, the events with the
higher amplitude stem from bound oligo-181C strands threaded into
the transmembrane barrel through the central constriction, thereby
producing a strong block13 (compare with the block caused by shorter
oligonucleotides in Fig. 2A). Because 181C events populated a distinct

area in the event diagram, a 181C-specific event window (Fig. 3, box)
useful for the assignment of new events, was defined. Any new event
falling into the window could be identified as stemming from a single
strand of 181C (during two recordings, no 181Y events, but one hun-
dred and fifty 181C events, fell in the box). This experiment shows that
the DNA–nanopore was able to discriminate, on the single-molecule
level, between two ssDNA strands, each 30 nucleotides long and differ-
ing by only a single base. Hence, DNA–nanopores constitute biosensor
elements for the sensitive and specific detection of DNA.

Sequencing of a complete codon in an individual DNA strand
tethered to αHL. A DNA–nanopore was also used to sequence a
codon on an individual strand of DNA. The sequencing principle
was based on the match/mismatch-dependent binding time of
hybridized oligonucleotides (Table 1B). A ssDNA oligonucleotide
(5′-GCATTCX5X6X7-3′) with three unknown bases (X5, X6, X7) was
tethered to Cys17 of the αHL pore. To identify the first base X5, four
oligonucleotides with sequences 3′-CGTAAGZ5-5′ (Z5 = A, C, G, T)
were used and their interactions with the tethered DNA strand ana-
lyzed by single-channel current recording. Of the four oligonu-
cleotides, one was characterized by a higher average event lifetime
compared with the other three oligonucleotides (Table 1B).
Therefore, this oligonucleotide, carrying a T in position Z5, was fully
complementary to the tethered DNA strand, and hence, the base X5

Table 1. Single-base mismatches affect the lifetime of DNA duplexes in a DNA nanopore and permit the sequencing of
a single DNA stranda

Event lifetimes τoff (ms) for oligos-2, -3, and 4 
interacting with αHL-SS-5′-CATTCACC-3′

Zn

αHL-SS-5′-CATTCACC-3′
Interacting with A C G T

Oligo-2 3′-TAAZ2TGG-5′ ⇒ < 0.5 < 0.5 45 0.6
Oligo-3 3′-TAZ3GTGG-5′ ⇒ 45 0.55 3.8 1.4
Oligo-4 3′-TAAGTGZ4-5′ ⇒ 5.7 4.3 45 5.0

Event lifetimes τoff (ms) for oligos-5, -6, and -7  
interacting with αHL-SS-5′-GCATTCX5X6X7-3′

Zn

αHL-SS-5′-GCATTCX5X6X7-3′
Interacting with A C G T Zn Xn

Oligo-5 3′-CGTAAGZ5-5′ ⇒ 24 22 23 33 ⇒ T ⇒ A
Oligo-6 3′-GTAAGTZ6-5′ ⇒ 3.2 2.5 49 2.2 ⇒ G ⇒ C

Oligo-7 3′-TAAGTGZ7-5′ ⇒ 10 5.9 59 4.9 ⇒ G ⇒ C
⇒ codon ACC

Event lifetimes τoff (ms) for oligo-8  
interacting with αHL-SS-5′-CATTCAZ8-3′

Z8

Oligo-8 3′-GTAAGTX8G-5′
Interacting with A C G T Z8 X8

αHL-SS-5′-CATTCAZ8-3′ ⇒ 2.7 33 2.2 4.5 ⇒ C ⇒ G

a(A) The position and the type of a single-base mismatch in an oligonucleotide interacting with a DNA–nanopore influences the event lifetime τoff. (B) Sequencing of
a codon in an individual ssDNA molecule tethered to the αHL pore. The sequence was determined by the match/mismatch-dependent binding time of hybridizing
oligonucleotides. (C) Hybridization-based determination of an unknown base in nontethered ssDNA by using an “array” of four DNA–nanopores with known
sequence. The values in Table 1A–C were obtained from the exponential fits of the lifetime histograms from single-channel current recordings. The values in Table
1A and B are each from one recording, and those in Table 1C are from four different recordings. All experiments were repeated at least once and gave similar values.
Importantly, the absolute values were dependent on the temperature at which the experiment was performed (see Experimental Protocol), whereas the ratios of the
values were independent of the temperature. The concentrations of oligonucleotides in the cis chamber were 200–270 nM, and events were counted if the lifetime
τoff was higher than 0.5 ms and the event amplitude was between 400 pS and 700 pS. Each recording had a duration of 4 min, and the number of events in a record-
ing ranged from 400 to 1,600.

A

B

C

©
20

01
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/b

io
te

ch
.n

at
u

re
.c

o
m

© 2001 Nature Publishing Group  http://biotech.nature.com



RESEARCH ARTICLE

nature biotechnology •       VOLUME 19       •        JULY 2001       •       http://biotech.nature.com638

was inferred to be A. To identify the other two bases (X6, X7), two
additional rounds were performed, each with a different set of
oligonucleotides (Table 1B). In this way, the codon X5X6X7 was
unambiguously deduced to be ACC (Table 1B).

Detection of an individual base in untethered DNA by an “array”
of DNA–nanopores. The sequencing of tethered DNA using the
hybridization-based method described here would require molecular
biological and chemical manipulations such as linear amplification
with 5′-thiol-modified primers and chemical attachment of the DNA
strand to the nanopore. Time-consuming manipulations could be
greatly reduced if copies of a nontethered DNA strand were sequenced
with an array of DNA–nanopores modified with oligonucleotides of
known sequence. The viability of this approach was shown by the
determination of the single unknown base X8 in oligonucleotide 8 
(3′-GTAAGTX8G-5′). In separate experiments, oligo-8 was added to
the cis side of four different αHL pores, which had been modified with
5′-CATTCAZ8-3′ (Z8 = A, C, G, T). Single-channel current recording
revealed that the average lifetime of binding events with αHL-
5′-CATTCACG-3′ (Z8 = C) was longer than the values for the other

three DNA–nanopores (Table 1C), and the unknown base X8 was
deduced to be G. The use of this strategy to sequence a target gene
would require multiple ssDNA copies of gene fragments with lengths
between 7 and 20 nucleotides. In one approach, these fragments might
be obtained by linear amplification, followed by enzymatic fragmenta-
tion of the product strands (see Supplementary Protocol in the Web
Extras page of Nature Biotechnology Online). Alternatively, short frag-
ments can be generated by using restriction endonucleases with a
two–base pair recognition sequence (e.g., CviTI).

In this work, αHL pores modified with a single DNA oligonu-
cleotide have been used to detect single-base mismatches in individual
DNA strands. This study extends our work on the stochastic sensing of
molecules, such as divalent metal ions14, organic molecules15,16, and
antibodies and other protein analytes13,17. The DNA–nanopores can be
used in two different modes. In the first mode, an individual DNA
strand is tethered to the pore and analyzed by the binding of partly or
completely complementary oligonucleotides. In the second mode, a
solution of free analyte DNA is added to the cis chamber and analyzed
with DNA–nanopores of known sequence.

Using DNA–nanopores operating in the first mode, we sequenced
a codon in an individual tethered DNA strand. To our knowledge,
this is the first time part of an individual DNA strand has been
sequenced. To develop this approach into a viable sequencing tech-
nology, two limitations would have to be overcome. First, the
approach requires fragments of each target DNA strand to be cova-
lently attached to a nanopore. To decrease the detection limit to a few
copies of the target strand, conditions for the introduction of a thiol-
linker into the DNA strand and the chemical tethering would have to
be optimized. A second limitation is that, in the current configura-
tion, only one codon has been determined per attached DNA strand;
hence, sequencing of a 1,000–base pair gene would require at least
334 chemically modified αHL pores. Therefore, this sequencing
approach would require the simultaneous and automated analysis of
hundreds of different channels (discussed below).

Using the second mode, nontethered target DNA strands can be
analyzed by nanopores modified with known DNA sequences. The
viability of this approach was shown for the detection of a drug
resistance–conferring mutation in the reverse transcriptase gene of
HIV and for the identification of a single base in a short oligonu-
cleotide by using four DNA–nanopores. The most obvious poten-
tial application of DNA–nanopores operating in the second mode
lies in the identification of variants of known genes of pathogens,

such as drug-resistant HIV strains, or the diag-
nostic screening of single-nucleotide poly-
morphisms (SNPs) in human genes. SNPs
occur at a high frequency in the human
genome. Therefore, the utility of
DNA–nanopores for the detection of SNPs
will depend on the technical advances in sin-
gle-channel current recordings to allow the
simultaneous and automated analysis of hun-
dreds of different channels. So far, microfabri-
cated chip-based channel arrays have not been
produced, and to do so two technical difficul-
ties must be overcome: (1) maintaining single
channels in stabilized membranes and 
(2) electronically addressing individual chan-
nels within an array of hundreds of channels.
Improving the stability of membranes will
likely benefit from the use of supported bilay-
ers18,19 and nanoscale apertures in a variety of
materials20,21. The second technical difficulty is
likely to be surmounted by applying the grow-
ing expertise in microfabrication22.

Figure 1. A single DNA oligonucleotide attached to the αHL pore. Shown
is a cross section of the heteroheptameric αHL pore containing six
unmodified and one DNA-modified subunit. The 5′ end of the
oligonucleotide is tethered via a hexamethylene linker and a disulfide
bond to Cys17 (red) (17C in text) introduced by mutagenesis. ⊕ indicates
the applied, positive electrical potential that drives negatively charged
molecules from the cis to the trans side of the bilayer. The model is drawn
to scale.

Figure 2. A single-base mismatch abolishes the binding of an oligonucleotide to a tethered DNA
strand within a DNA–nanopore. (A) Representative single-channel current trace of H6(17C-oligo-1)1
interacting with 267 nM oligo-2G, a 7-mer of complementary sequence. Negative current
deflections (b) are individual binding events of oligo-2G (black) to the tethered oligo-1 (blue). The
short downward spike (s) in the trace is a translocation event of oligo-2G that did not bind to the
tethered oligonucleotide. (B) Representative trace of the same channel as in (A) after perfusion of
the cis chamber and the addition of 267 nM oligo-2C (black with a red peak). Only short
translocation events (s) were observed.
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Experimental protocol
Chemical modification and pore formation. A procedure to covalently attach a
single oligonucleotide to a cysteine residue of an αHL mutant has been described
(S. Howorka et al., unpublished data). Briefly, 5′-thiol-modified DNA oligonu-
cleotides with a hexamethylene linker were activated with 2,2’-dipyridyl disulfide
to yield 5′-S-thiopyridyl oligonucleotides23 for coupling to the protein. The
mutant αHL-17C-D4 was generated by site-directed mutagenesis of the engi-
neered gene αHL-WT-RL-D4, which encodes the wild-type αHL protein and a
C-terminal polypeptide extension of four aspartate residues. 35S-labeled αHL
polypeptides H (wild type) and 17C-D4 were generated by expression in vitro24.

For the coupling to oligonucleotides, translation mixes of 17C-D4 and of H were
combined and separated from excess β-mercaptoethanol. The protein was dilut-
ed into a buffer containing 10 mM MOPS-NaOH, pH 7.4, 150 mM NaCl, and 
0.5 mM ethylenediamine tetraacetate and reacted with 5′-S-thiopyridyl oligonu-
cleotide. The monomeric subunits were then co-assembled on rabbit erythro-
cyte membranes and the resultant heptamers were purified by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) as described17.
Heteroheptamer H6(17C-oligo)1 and heptamers H7 and H5(17C-oligo)2, which
also formed during assembly, migrated in separate bands by virtue of a gel shift
caused by the C-terminal polypeptide extension of four aspartates (D4) present
in 17-oligo-D4 subunits. The subunit ratio in heteroheptamer H6(17C-oligo)1

was confirmed by additional SDS–PAGE after the protein had been extracted
from the first gel and heated to dissociate the subunits.

Planar bilayer recordings and data analysis. Planar lipid bilayer recordings were
carried out at 22 ± 1.5°C (ref. 14). The temperature variation within one record-
ing was less than ±0.5°C. Briefly, a bilayer of 1,2-diphytanoyl-sn-glycerophos-
phocholine (Avanti Polar Lipids, Alabaster, AL) was formed on an aperture 
(140 µm in diameter) in a Teflon septum (Goodfellow Corporation, Malvern,
PA), which separated the cis and trans chambers (1.5 ml each) of a planar bilayer
apparatus. The electrolyte in both chambers was 2 M KCl, 12 mM MgCl2, and 
5 mM Tris-HCl, pH 7.4. Heptameric αHL protein was added to the cis chamber,
at a concentration of 0.01 to 0.1 ng/ml, and the electrolyte in the cis chamber
stirred until a single channel inserted into the bilayer. Electrical recordings were
performed at a holding potential of +100 mV (with the cis side grounded) by
using a patch clamp amplifier (Axopatch 200B; Axon Instruments, Foster City,
CA). Currents were lowpass-filtered with a built-in four-pole Bessel filter at 
10 kHz and sampled at 50 kHz by computer with a Digidata 1200 A/D converter
(Axon Instruments) and analyzed as described13. Unless otherwise stated, DNA
oligonucleotides were purchased from Integrated DNA Technologies
(Coralville, IA) and used without further purification.

Note: Supplementary information can be found on the Nature
Biotechnology website in Web Extras (http://biotech.nature.com/web_extras).
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Figure 3. A DNA–nanopore detects a common mutation, which confers
resistance to the drug nevirapine in the reverse transcriptase gene of HIV.
The event diagram shows the event lifetime (τoff) and event amplitude (IE)
for two HIV-derived 30-nucleotide DNA strands (oligo-181C and oligo-
181Y), interacting with H6(17C-5′-TGACAGAT-3′)1. Oligo-181C carries the
drug resistance mutation and forms an 8–base pair duplex with the
tethered oligonucleotide, whereas the wild-type oligo-181Y forms a
duplex with a single base mismatch. The dashed box indicates an event
window populated only by 181C binding events. The event diagram
displays data from one current recording for each of oligo-181C and oligo-
181Y. The DNA strand concentration was 670 nM and the recordings were
5 min in duration. The experiment was repeated and gave the same result.
DNA strands oligo-181C and oligo-181Y can be derived from HIV RNA by
RT-PCR of the reverse transcriptase gene, followed by digestion with
restriction enzyme NlaIII (CATG|) and linear amplification with a primer of
the sequence 5′-ACAAAATCCAGA-3′.
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