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DNA sequencing and hence genomics have been transformed over the last decade by the
commercialization of inexpensive, massively parallel, short-read, sequencing technology.
Nonetheless, a new generation of single-molecule DNA sequencers, which uses nanopore
technology, is initiating a further upheaval in genomics. These instruments are portable,
capable of reads of over 100 kb, cheap and fast. Nanopore sequencing, a huge technical
challenge, took over 25 years to develop. Today's availability of a commercial nanopore
sequencing device can be traced to the 1990s when nucleic acid translocation through
nanopores was first observed, stochastic sensing developed and the high-resolution structure
of a protein nanopore solved. The nanopore platform that has been developed is also capable
of the single-molecule detection of a wide variety of additional analytes of medical interest,
ranging from small molecules to post-translationally modified proteins.

When my group began work on the a-hemolysin (aHL) pore in the 1980s (1), the possibility
of nanopore sequencing was not on our agenda. Following the molecular characterization of
the pore by pioneers including Sidney Harshman and Sucharit Bhakdi, we sought to
investigate its mechanism of assembly. aHL is secreted by Staphylococcus aureus as a
monomeric water-soluble 293-amino acid protein, which forms an oligomeric pore in lipid
bilayers. To us, this appeared to be a relatively simple system from which basic principles in
membrane protein assembly might be learned. Over the years, this has indeed proved to be
the case. In particular, the prepore concept, in which an oligomer forms on a membrane
surface before penetrating the bilayer, has proved to be generally applicable to pore-forming
proteins (2).

Nonetheless, in the late 1980s, we began to think about applications of protein pores in
biotechnology. Our ideas included the incorporation of nanopores into filters for rapid
purifications and separations, the permeabilization of cells both to introduce reagents for
applications in basic research and for drug delivery, and the use of reversible pore-forming
proteins to transport molecules into cells for protection during preservation by freezing or
desiccation. Of these early efforts, only our work on molecular sensing has been sustained.
We were most fortunate to obtain funding for these speculative endeavors from the US
Department of Energy and the Office of Naval Research.
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Our general approach to sensing was founded on knowledge about the interactions of
channel blockers with natural ion channels, which had been investigated for many years.
Currents carried through channels by aqueous ions can be measured by electrophysiological
techniques. In the presence of blockers, which generally bind within the lumen of a channel,
the ionic current is reduced. The current is restored when the blocker is removed. In early
work, we used mutagenesis to build a binding site into the lumen of the aHL pore based on
educated guess-work (in the absence of a structure), and used the mutant pores to detect
divalent metal ions by macroscopic (many pore) current recording. The extent of current
block revealed the concentration of the blocker. Even so, it was clear then that electrical
recordings from individual pores (single-channel recording) would reveal far more about the
nature of a blocker. At the same time, the structure of the heptameric aHL pore was solved
by Eric Gouaux and his colleagues (3), which allowed the placement of designed binding
sites within the lumen of the pore opening up the possibility of ‘stochastic sensing’ (4), a
single molecule detection technique that allows the identification of analytes.

Stochastic sensing

In stochastic sensing, a single protein nanopore is placed in a lipid bilayer and the ionic
current driven through it by an applied potential is monitored. Analyte molecules that bind
to engineered sites within the lumen of the pore are detected by transient changes in the
current (usually a decrease) manifested as square-wave blockades (Fig. 1A). The
concentration of an analyte is revealed by the frequency of occurrence of the blockades.
Information about the identity of an analyte is contained within the mean duration of the
current blockades, the amplitude of the blockades, and additional characteristics of the
blockades, such as an increase in current noise while the analyte is bound. Because signals
from related analytes (e.g. various divalent metal ions or structurally related organic
molecules) differ, the engineered binding site does not have to be absolutely selective for an
analyte, which is often very difficult to achieve. It is indeed an advantage of stochastic
sensing that related analytes can be recognized and distinguished by a single detection
element. This is essential for nanopore DNA sequencing. Current recording has been central
to stochastic sensing; the current carried by a single aHL pore is typically 30 pA (1 pA =
6.25 x 10° charges per second) and readily measured. However, variations on the theme can
be imagined, for example the detection of analyte binding to protein receptors by single-
molecule fluorescence.

The first experiments on stochastic sensing with a purposefully engineered protein nanopore
demonstrated that divalent metal ions (Co%*, Ni2*, Cu?*, Zn?*, Cd2*) can be distinguished
and quantified (4). This was achieved by using site-directed mutagenesis to introduce
coordinating histidine residues with side chains that project into the transmembrane B barrel
of the aHL pore (Fig. 1B). Knowledge of the structure of the pore was required to design the
geometry of the locations of the residues. Subsequently, numerous analytes were detected by
stochastic sensing (5), including a wide variety of small organic molecules, peptides and
proteins (enzymes, lectins, antibodies), and nucleic acids. For stochastic sensing, analytes
must be water-soluble, but that is not an issue for molecules relevant to biology and
medicine. During these developments, several enabling technologies were acquired and
exploited including the use of adapter molecules lodged in the pore lumen (Fig. 1C) for the
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detection of small organic molecules (6), and molecular fishing lines (Fig. 1D) to detect
molecules too large to enter the lumen of the pore (7). Additional highlights included the
detection of proteins by using peptide ligands genetically fused to the pore (8) or covalently-
attached aptamers (9), the construction of metal centers as analyte binding sites (10), and the
ability to distinguish enantiomers based on the chiral environment within the pore lumen
(11). These findings suggested that it might be relatively simple to distinguish the four bases
of DNA with the aHL pore, though not perhaps in the context of an intact DNA strand.

Covalent chemistry in a nanopore

If non-covalent chemistry (the association and dissociation of complexes) could be observed
with the aHL nanopore, it occurred to us that covalent chemistry might also be monitored.
We have used the nanopore approach to monitor a variety of aqueous chemistries on the
wall of the pore with millisecond temporal resolution (12) (Fig. 1E), e.g., photodeprotection
and photoisomerization, thiol-disulfide chemistry, polymer chain growth, organoarsenic
chemistry, metal chelation, a kinetic isotope effect, and S-nitrosothiol chemistry. In recent
work, a complex reaction network involving seven states was analyzed (13). Many analytes
of physiological relevance are chemically reactive, ranging from chemical warfare agents to
components of garlic and onion, and we have demonstrated detection based on covalent
chemistry (14).

Analysis of nucleic acids with protein nanopores

Following the 1996 finding that short nucleic acids are translocated through the aHL pore
under an applied potential (15), several groups examined the interactions of DNA and RNA
with the pore, producing a variety of important results. It was immediately clear that single-
stranded (ss) but not double-stranded (ds) nucleic acids are translocated (15). By
determining the most probable translocation time and the residual current during
translocation, the base compositions (e.g. of homopolymers) and lengths of nucleic acids can
be distinguished (15, 16). Further, transitions between homopolymer segments can be
detected as RNAs move through the aHL pore (16), as can bulky base modifications (17).
The directionality of entry (5" or 3 first) can also be determined (18). In the case of dsDNA,
duplex dissociation (19) and unzipping (20) can be examined. Notably, these studies
indicated that translocation is quick at 1 to 10 ps per nucleotide for ssDNA, an observation
of importance for nanopore sequencing. Nevertheless, there was no progress on sequencing
itself for almost a decade. To a substantial extent, it was the NIH $1000 Genome Project,
initiated in 2004, that stimulated progress in nanopore sequencing by melding the physicists'
focus on translocation with the biological chemists' emphasis on molecular recognition, as
manifested in the exploration of stochastic sensing.

Steps towards nanopore sequencing

The $1000 Genome Project led to a reassessment of what had to be done to achieve DNA
(or RNA) sequencing. In nanopore strand sequencing, bases would be identified by a
“reading head” as a single strand of DNA passes through the nanopore. Strand sequencing
(Fig. 2A) would require: (i) efficient threading of sSDNA into protein nanopores; (ii)
identification of individual DNA bases, which might be demonstrated with static strands;
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(iii) slow ratcheting of DNA through the pore to allow time-resolved base identification; and
(iv) parallelization of the system to produce a competitive overall rate of sequencing. The
first three of these criteria were demonstrated in academia and then developed in industry.
The fourth has been developed in industry, and remains an area where substantial
improvements must be made.

The efficient capture of DNA was shown to require an internal positive charge within the
protein nanopore (21, 22). While the precise mechanism of threading is unclear, this
observation has proved useful. The discrimination of an individual base within an
immobilized DNA strand was first demonstrated with the aHL pore (23). Soon afterwards,
all four nucleoside monophosphates were identified with a modified aHL pore containing a
cyclodextrin adapter (24). Isolated nucleotide identification would only be useful in exo
rather than strand sequencing. (In exo sequencing, individual “bases” are cleaved
sequentially from the end of a DNA strand by an enzyme held at the mouth of a pore and
identified after they migrate to a binding site within the pore). Nonetheless, in 2006, the
clear identification of all four bases, albeit out of the context of a DNA strand, provided a
powerful impetus to proceed with the nanopore approach. Shortly afterwards, all four bases
were distinguished in sSDNA, immobilized within the aHL pore by the attachment of
streptavidin to one end of the strand (Fig. 2B) (25, 26). The stationary DNA, stretched in the
electric field, is presumably in a similar conformation to that offered by the ratcheting
motion of an enzyme (see below). Modified DNA bases, such as 5-methyl cytosine, were
also identified by the same approach. Soon after, in a significant discovery, an alternative to
the aHL pore, the MspA porin, was found to distinguish the four canonical bases with
superior dispersion of the residual currents (27). It was also clear that the available pores
would not produce a simple one-base/one-current output, but rather the reading of bases in
ssDNA would be context dependent (28). Simply put, a small moving window (or windows)
would identify words rather than letters. The current signal contains additional information
beyond a straightforward letter code, but requires more sophisticated decipherment.

The third requirement was to ratchet the DNA through the pore to allow time-resolved base
identification. The noise associated with the rapid data acquisition required for freely
moving DNA (us per base) does not allow separation of the current levels for sequence
determination. Base-by-base ratcheting by a DNA polymerase was first demonstrated by the
Ghadiri group (our $1000 Genome Project partners) (29), and by 2010 considerably refined
by the Akeson (30) and Ghadiri (31) groups. The use of a processive enzyme (whether it be
a polymerase, helicase, or nuclease) to control DNA movement allows long dsDNAs to be
handled, and thereby obviates the need to deal with the difficulties of handling ssDNA. As
the result of an applied potential, the SSDNA within the nanopore is stretched, limiting its
conformational flexibility. Because the motion of the DNA is punctuated in the millisecond
range by the action of the enzyme, base reading is facilitated and analogous to analyte
identification in stochastic sensing.

At this point, it was clear that nanopore sequencing was achievable, although it would
require a substantial effort, and it was pursued vigorously by Oxford Nanopore. Academic
groups for the most part have moved on to other activities.
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Commercialization of nanopore sequencing

Oxford Nanopore was founded in 2005 to exploit stochastic sensing. While the nanopore
platform remains a versatile technology, by 2007 the company was largely turned over to
nanopore sequencing. Oxford Nanopore worked initially on exo sequencing, for which
clear-cut base identification had been demonstrated (24). As the viability of strand
sequencing became recognized in work from academic laboratories, Oxford Nanopore
transferred its emphasis to that area. In February 2012, the company announced success in
DNA nanopore strand sequencing at the Advances in Genome Biology and Technology
meeting in Marco Island, Florida. Notably, Oxford Nanopore scientists were able obtain
reads of tens of kilobases. Details of the process were not released, but could be deduced in
outline, at least, from presentations and patent filings. Two years since, a portable parallel
sequencing device, the size of a cell phone, the MinlON, has been released in a worldwide
early access program (MAP). In the spirit of open development, sequencing data, software
improvements and sample preparation protocols are being shared on the internet. The first
data release (11th June 2014) was from Loman's group at the University of Birmingham
who shared a 8476-base read from Pseudomonas aeruginosa strain 910 (Fig. 3) (32). More
recently, the Loman group have shown that an entire Escherichia coli genome can be
sequenced in a single MinlON run [ REF].

Efforts in academia have continued, notably in the Akeson and Gundlach groups. In June of
2014, Gundlach's group documented and provided data and software for the sequencing of
the bacteriophage ¢X174 genome using an approach closely similar to that of Oxford
Nanopore (33). They used 256 quadromer (4 sequential bases) levels to analyse the current
output from MspA through which ssDNA was threaded with ¢29 DNA polymerase, reading
sequences of up to 4500 bases. While short lllumina sequences could be aligned with the
output, it was concluded that the accuracy was not yet good enough for de novo sequencing
and that only 77% of single nucleotide polymorphisms (SNPs) would be identified during
comparative sequencing.

Parallel sequencing

There is a pressing need for rapid sequencing, as well as cheap sequencing. One nanopore
working at 10 ms/base would take about 20 years to sequence a human genome with 10X
coverage, emphasizing the need for parallel sequencing, the fourth recognized requirement.
Ten thousand pores would take less than a day for a genome, and a million pores just 10
minutes. This speed, combined with long read lengths and portability would elicit the full
power of the nanopore approach.

The MinlON uses a chip that contains ~2000 robust polymer, rather than lipid bilayer,
membranes over microwells that are individually electrically addressed. Assuming a Poisson
distribution, a maximum of 37% of the membranes will contain a single nanopore when
pores are allowed to insert randomly at the most favorable concentration. Therefore, at least
several hundred nanopores are active simultaneously in the MinlON, yielding an enormous
advantage over sequencing with a single pore.
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Attempts to improve the stability and throughput of sequencing chips continue. The ability
to position individual protein nanopores in lipid-free apertures in solid-state arrays is a
potential breakthrough in this regard, which beats the Poisson limit and provides
considerable stability (34). Alternative detection methods might be further developed to
increase throughput (35).

The potential power and scope of nanopore sequencing is enormous, considering its low cost
(including a minimal initial outlay), speed, portability, generally applicability (e.g. to RNA
as well as DNA), ability to directly identify modified bases, etc. A critical improvement will
be the minimization of the time required for sample preparation, to allow the “immediate”
analysis of nucleic acids from human fluids, including circulating DNA and RNA (36).

Many improvements to nanopore sequencing will now be made in industry, while academic
research turns towards other targets. For example, the analysis of proteins presents a tough
challenge. While the human genome encodes just 20,000 or so proteins, they appear in
countless modified forms. It was recently demonstrated that proteins can be unfolded as they
are pulled through the aHL pore, either by using a DNA leader sequence (37) or with a
motor protein (38). It was further shown that a post-translation modification
(phosphorylation) can be detected (39).

Finally, it should not be forgotten that nanopore sensing is a platform technology, readily
adapted for the detection of virtually any water-soluble analyte (5). The commercial
hardware and software that has been developed for nanopore sequencing will support a wide
variety of analytical applications. In the longer term, nanopore devices, including
sequencers, based on the detection of analytes with transverse electronics (e.g. tunneling
currents) might increase the rate of detection by two or three orders of magnitude (40). But
the feasibility of such approaches has not yet been demonstrated.
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a current flow

Fig. 1. Stochastic sensing with nanopor es
A), Sensing with the aHL pore. The current carried by aqueous ions through an individual

pore is monitored. Analytes binding at a site within the pore lumen are detected through a
transient change in the current. Binding sites can be formed by: B), genetic engineering, C),
targeted chemical modification, e.g. with a molecule adapter (as shown). Large analytes can
be detected by a ligand presented outside the pore lumen: D), ligand on a polymer chain. E),
Covalent chemical reactions occurring within the pore can also be detected. Here a single
reactive thiol group is shown. Adapted from (5).
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Fig. 2. Nanopore strand sequencing
A), Basis of nanopore sequencing. ssDNA is fed through an individual protein pore by an

enzyme that handles dsDNA. The sequence is determined by analysis of fluctuations in the
ionic current. B), Early base identification experiments. ssSDNAs were suspended in an aHL
pore by attachment to streptavidin to mimic the ratcheting motion of the enzyme. The bases
G, A, T and C in a DNA hetero-oligomer each gave a different residual ionic current.
Adapted from (25).
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total time 273 seconds

“Here is, | think, the first publically-available Oxford Nanopore
read to be published. This came off our MinlON instrument

this morning (Wednesday 11th June). The DNA was derived
from Pseudomonas aeruginosa strain 910 which originally

came from hospital water. DNA was fragmented with Covaris

G-Tube as per the Oxford Nanopore standard genomic library

preparation protocol. The read maps to part of the P. aerugi-

nosa O6-antigen detemining region.”

Nick Loman- Twitter

Fig. 3. Minl ON data from the access program
A), The first accessible sequence, from Pseudomonas aeruginosa 910: released on twitter on

11th June 2014 by N. Loman, University of Birmingham. B), lonic current data from the
MinION in the form of a “wiggle plot” (32).
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