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METHODS AND SYSTEMS FOR CHARACTERIZING ANALYTES USING
NANOPORES

Field

Provided herein relate to methods of characterizing an analyte using a nanopore.
Compositions and systems including, e.g., adaptors for attachment to an analyte such as a
double-stranded polynucleotide, and tag-modified nanopores, which can be used 1n the methods
are also provided. In some embodiments, methods of sequencing one or more target

polynucleotides using a transmembrane pore are provided herein.

Background
There 1s currently a need for rapid and cheap polynucleotide (e.g. DNA or RNA)

sequencing and 1dentification technologies across a wide range of applications.

Transmembrane pores (e.g., nanopores) have been used to 1dentify small molecules or
folded proteins and to monitor chemical or enzymatic reactions at the single molecule level.
Transmembrane pores (e.g., nanopores) have great potential as direct, electrical biosensors for
polymers and a variety of small molecules. In particular, recent focus has been given to
nanopores as a potential DNA sequencing technology and biomarker recognition.

Ion flow through the nanopore may be measured under a potential difference applied
across the nanopore. Interaction of an analyte with the nanopore can give rise to a characteristic
change 1n 10on flow and measurement of the resultant signal can be used to characterize the
analyte. For example the measured signal may be current and may for example be used to
determine the sequence of a polynucleotide. A polynucleotide strand may be caused to
translocate through the pore and the identities, such as sequence, of the nucleotides may be
derived from the measured signal. Such sequencing methods are disclosed for example in
WO00142782, W0O2016034591, W0O2013041878, W02014064443 and W0O2013153359.

Methods for sequencing a double-stranded polynucleotide have been developed, e.g.,
involving translocation of both the template and complement strands connected by a hairpin.
Strand sequencing typically involves the use of a polynucleotide binding protein such as a
helicase to control the movement of the polynucleotide through the nanopore. Such methods are
disclosed for example in WO2013057495. The dimensions of a nanopore may be such that 1t
only permits translocation of single stranded polynucleotides. Double stranded polynucleotides
may be determined by separating the strands to provide single stranded polynucleotides prior to

translocation through the nanopore. A polynucleotide binding protein such as a helicase may be

1
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used to sitmultaneously separate the double stranded polynucleotide and control the rate of
translocation of the resultant single strand through the nanopore. The two strands of the double
stranded polynucleotide may be linked by a bridging moiety such as a hairpin loop and methods
for preparing such a construct are described for example in WO2013057495. This ensures that
translocation of the forward (template) strand 1s followed by translocation of the reverse
(complement) strand. Measurement of both strands 1n this way 1s advantageous as information
from the two complementary linked strands can be combined and used to provide higher
confidence observations than may be achieved from measurement of template strands only.
However, preparation of such a hairpin linked polynucleotide can increase sample preparation
ttme and result 1n a loss of valuable analyte. Further, translocation of a hairpin linked template
and complement polynucleotide strands through a nanopore can give rise to rehybridization of
the strands on the other (trans) side of the nanopore. This can alter the rate of translocation
agiving rise to a lower sequencing accuracy. Further, due to the differences in current-time data
for the template and complement strands, two algorithms are used for computation, which makes
the computation more complex and intensive.

Accordingly, there 1s a need for improved methods of characterizing an analyte, e.g., a

double stranded polynucleotide, with increased accuracy and higher efticiency/throughput.

Summary

The disclosure generally relates to methods for characterizing an analyte using a
nanopore and compositions, e.g., adaptors and nanopores, that can be used 1n the methods
described herein. The present disclosure 1s, 1n part, based on the unexpected discovery that both
strands of a double stranded polynucleotide can be sequentially translocated through a nanopore
to provide sequence information without the need to covalently link two strands via a bridging
moiety such as a hairpin loop. For example, in some embodiments, an adaptor with a duplex
stem comprising a capture sequence that 1s complementary to a pore tag conjugated to a
nanopore, can be provided to each end of a double stranded polynucleotide, wherein the capture
sequence 1s only revealed upon unwinding of the strand. Thus, as a first strand of a double-
stranded polynucleotide passes through a tag-modified nanopore, 1t unzips the duplex stem of the
adaptor to expose the capture sequence on a second strand of the double-stranded polynucleotide,
which 1s then captured by the pore tag of the nanopore. Such method not only keeps the second
strand to be held close to the nanopore, 1t also shortens the time delay between reading the first
and second strands, thereby improving the overall accuracy and efficiency of the sequencing

method. It was also discovered that capture of multiple analytes at the nanopore that are
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subsequently translocated through the nanopore can enhance sensitivity and/or throughput of
characterizing the analytes.

The present inventors have also found that when a polynucleotide binding protein 1s used
to separate the two strands of a double stranded polynucleotide whilst controlling the movement
of one of the strands through a transmembrane pore, the second strand may remain in the vicinity
of the pore and, subsequent to the translocation of the first strand through the pore, the second
strand may be captured by the pore and a polynucleotide binding protein may be used to control
the movement of the second strand through the pore.

Accordingly, one aspect of the present invention provides a method of sequencing a
target polynucleotide, comprising:

(a) contacting a transmembrane pore with:

(1) a double stranded polynucleotide comprising the target polynucleotide and a
polynucleotide complementary to the target polynucleotide, wherein the
target polynucleotide and the polynucleotide complementary to the target
polynucleotide each comprise a single stranded leader sequence; and

(11) a polynucleotide binding protein capable of separating the strands of a
double stranded polynucleotide and controlling the movement of a
polynucleotide through a transmembrane pore;

(b) detecting a signal corresponding to 1on flow through the pore to detect
polynucleotides translocating through the pore;

(C) 1dentifying a signal corresponding to translocation of the target polynucleotide
and a sequential signal corresponding to the separate translocation of the
polynucleotide complementary to the target polynucleotide;

(d) analyzing the signals 1dentified in (¢),

thereby sequencing the target polynucleotide.

In this aspect, a double stranded barcode sequence may be attached to one or both ends of
the target double stranded polynucleotide, the leader sequence may be comprised 1n an adaptor,
the adaptor may comprise a double stranded region and at least one single stranded region, the
adaptor may comprise a double stranded barcode sequence, the adaptor may comprise a
membrane-tether or a pore-tether, the leader sequences attached to the two ends of the target
double stranded polynucleotide may be different, the double stranded polynucleotide may have a
different adaptor at each end thereof and/or the polynucleotide binding protein, such as a helicase
or a polymerase, may be bound to the leader sequence. Where a polynucleotide binding protein
1s bound to the leader sequence, activity of the polynucleotide binding protein may be stalled

until the polynucleotide contacts the transmembrane pore. Where a double stranded barcode

3



10

15

20

235

30

35

CA 03044351 2015-0b5-17

WO 2018/100370 PCT/GB2017/053603

sequence 1S attached to one or both ends of the target double stranded polynucleotide, a unique
barcode sequence may be attached to each double stranded polynucleotide 1n a sample. In this
aspect, the double stranded polynucleotides may be attached to microparticles and /or the pore
may be modified to enhance capture of the polynucleotide. For example, one or more molecules
that attract or bind the polynucleotide or adaptor may be linked to the pore. Such molecules may
be selected from, for example, a PNA tag, a PEG linker, a short oligonucleotide, a positively
charged amino acid and an aptamer. In this aspect, the transmembrane pore may be, for
example, a protein pore, such as a pore derived from or based on Msp, a-hemolysin (a-HL),
lysenin, CsgG, ClyA, Spl or FraC, or a solid state pore and/or the membrane may be an
amphiphilic layer or a solid state layer.

The method 1s advantageous over the known methods of sequencing double stranded
polynucleotides in which the two strands are linked using a bridging moiety such as a hairpin
loop. The method 1s also advantageous over the known methods of measuring template
polynucleotide strands only. In particular, the method of the invention combines the both the
advantages the template strand only method and the hairpin loop method without the mentioned
drawbacks of the hairpin loop method.

For example, the method disclosed in W0O2013/014451 uses multiple adaptors and only
some of the double stranded polynucleotides in a sample will have a Y adaptor added at one end
and an adaptor comprising a bridging moiety at the other end, with the other polynucleotides in
the sample being discarded. The method of the invention can be performed using a single leader
sequence or adaptor that can be added to both ends of the double stranded polynucleotide. When
using such a single leader sequence/adapter system, less of the sample, 1f any, needs to be
discarded.

In the method, either end of the double stranded target polynucleotide can be captured by
the pore. This improves sensitivity compared to the method disclosed in W02013/014451,
where only the end of the double stranded polynucleotide that does not comprise the bridging
moiety can be captured by the pore.

The invention also provides a population of adaptors comprising a double stranded
barcode sequence, a single stranded leader sequence and a polynucleotide binding protein
capable of separating the strands of a double stranded polynucleotide and controlling the
movement of a polynucleotide through a transmembrane pore, wherein the barcode sequence 1n
each adaptor 1n the population 1s unique.

Another aspect provided herein relates to a method of characterizing a polynucleotide.
The polynucleotide may comprise DNA or RNA. The method comprising:

(1) combining in a solution:
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(a) a construct comprising a double-stranded polynucleotide, having a
template strand and a complement strand, wherein the template strand and the
complement strand are not covalently linked, with

(b) a nanopore, wherein one or more tags that bind to a portion of the
construct 1s conjugated to the nanopore,

wherein the construct and the nanopore are combined under conditions 1n which
the construct binds to the nanopore;

(11) providing a condition so as to permit the template strand of the construct to enter
the nanopore, so as to permit separation of the template strand and translocation of at least a
portion of the template strand through the nanopore;

(111) measuring a change 1n a property indicative of translocation of the template strand
through the nanopore; and

(1v)  characterizing the polynucleotide based on the measured change in the property as
the template strand translocates through the nanopore.

In some embodiments, the solution 1s 10nic and the measured property 1s 1on current flow
through the nanopore.

In some embodiments, an adaptor 1s attached to one or both of the two ends of the
double-stranded polynucleotide, each adaptor comprising a duplex stem and a first single strand
extending from the duplex stem, wherein the first single strand of one adaptor 1s contiguous with
the template strand and the first single strand of the other adaptor 1s contiguous with the
complement strand.

In some embodiments, step (11) comprises: applying a potential difference across the
membrane so as to permit the first single strand contiguous with the template strand of the
construct to enter the nanopore, maintaining the potential difference across the nanopore for a
sufficient period of time so as to permit separation of the template strand and translocation of at
least a portion of the template strand through the nanopore.

In some embodiments, a polynucleotide unwinding enzyme 1s prebound to one or each of
both adaptors. The polynucleotide unwinding enzyme may be provided within the lumen of the
nanopore.

In some embodiments, the portion of the adaptor to which the oligonucleotide has
complementarity may be within the duplex stem on a strand contiguous with the first single
strand. The potential difference can be maintained for a sufficient time to permit unwinding of
the polynucleotide to an extent that the portion of the adaptor that has its first single strand

contiguous with the complement strand 1s available for hybridization with a tag.
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In some embodiments, one or more tags 1s conjugated to an outer rim of the nanopore. In
some embodiments, one or more tags that bind to a portion of the adaptor 1s conjugated to the
nanopore. In some embodiments, at least one of the one or more tags that bind to a portion of the
construct 1s a nucleic acid having sequence complementarity to the portion of the construct. In
some embodiments, at least one of the one or more tags that bind to a portion of the adaptor 1s a
nucleic acid having sequence complementarity to the portion of the adaptor. The nucleic acid
may be uncharged, including, e.g., but not limited to PNA or morpholino.

In some embodiments, the condition 1s a potential difference across the nanopore.

Any nanopore known 1n the art may be used in the methods described herein. In some
embodiments, the nanopore also functions to unwind the polynucleotide. In some embodiments,
the nanopore may be a motor protein nanopore, e.g2., ph129 motor protein nanopore. In some
embodiments, the nanopore 1s disposed in a membrane.

In some embodiments, step (111) comprises measuring a change in 1onic current flow
through the nanopore as the template strand translocates through the nanopore. In some
embodiments, step (1v) comprises characterizing the polynucleotide based on the change 1n 10nic
current flow through the nanopore measured as the template strand translocates through the
nanopore.

In some embodiments of the methods described herein, a polynucleotide unwinding
enzyme 1s present in the solution on the cis-opening side of the nanopore. In some
embodiments, one or more polynucleotide unwinding enzymes 1s prebound to the
polynucleotide.

In some embodiments, for each adaptor, a polynucleotide unwinding enzyme 1s bound to
the first single strand extending from the duplex stem. In some embodiments, the unwinding of
the template strand may be facilitated by 1ts corresponding bound polynucleotide unwinding
enzyme.

In some embodiments of the methods described herein, unwinding of the polynucleotide
may reveal a portion of the complement strand for hybridization with a tag.

In some embodiments of various aspects described herein, the method can further
comprise maintaining the conditions for a sufficient time to permit the complement strand to
enter and translocate the nanopore following translocation of the template strand through the
nanopore. For example, the method can further comprise maintaining the potential difference for
a sufficient time to permit the first single strand contiguous with the complement strand to enter
the nanopore and to permit translocation of the complement strand through the nanopore,

following translocation of the template strand through the nanopore.
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In some embodiments of various aspects described herein, the method can further
comprise measuring a change 1n a property indicative of translocation of the complement strand
through the nanopore. The property may be 1onic current flow through the nanopore as the
complement strand translocates through the nanopore. In some embodiments, the method can
further comprise characterizing the polynucleotide based further on the change 1n a measured
property indicative of translocation of the complement strand through the nanopore. In some
embodiments, data indicative of the measured properties indicative of translocation of both the
complement and template strands through the nanopore can be obtained and used to characterize
the polynucleotide. The template strand data may be compared or combined with the
complement strand data to characterize the polynucleotide.

In some embodiments of the methods described herein, the nanopore can comprise a first
tag and a second tag. The first tag and the second tag can bind to a portion of the first single
strand of the adaptor that 1s contiguous with the template strand and to a portion of the first
single strand of the adaptor that 1s contiguous with the complement strand, respectively.

In some embodiments of the methods described herein, each adaptor can comprise a
second single strand extending from the duplex stem. The second single strand of the one
adaptor 1s contiguous with the complement strand and/or the second single strand of the other
adaptor 1s contiguous with the template strand. In some embodiments, at least one of the one or
more tags that bind to a portion of the adaptor may be an oligonucleotide having sequence
complementarity to a portion of the adaptor within the second single strand. In some
embodiments, two or more of the one or more tags that bind to a portion of the adaptor are
oligonucleotides having sequence complementarity to a portion of the adaptor within the second
single strand.

In some embodiments of the methods described herein, the method can further comprise:
determining a sequence of the template strand based on measurements of changes in the
measured property as the template strand translocates through the pore; determining a sequence
of the complement strand based on measurements of changes in the measured property as the
complement strand translocates through the pore; and comparing the sequence of the template
strand with the sequence of the complement strand to establish a sequence of the polynucleotide.

A system for characterizing a polynucleotide, e.g., which can be used 1n any aspects of

the methods described herein, 1s also provided. The system comprises: (1) a construct comprising
a polynucleotide having a template strand and a complement strand, and (11) a nanopore disposed
1n a membrane, the nanopore comprising an outer rim to which 1s conjugated at least one nucleic

acid having sequence complementarity with a portion of the adaptor.
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In some embodiments, the template strand and the complement strand are not covalently
linked. An adaptor may be attached at each of two ends of the polynucleotide, wherein each
adaptor comprises a duplex stem and a first single strand extending from the duplex stem. The
first single strand of one adaptor may be contiguous with the template strand and the first single
strand of the other adaptor may be contiguous with the complement strand. For each adaptor, a
polynucleotide unwinding enzyme may be bound to the first single strand extending from the
duplex stem. In some embodiments, the portion of the adaptor 1s within the duplex stem on a
strand contiguous with the first single strand.

In some embodiments, each adaptor can comprise a second single strand extending from
the duplex stem, wherein the second single strand of the one adaptor 1s contiguous with the
complement strand and the second single strand of the other adaptor 1s contiguous with the
template strand. In some embodiments, the portion of the adaptor may be within the second
single strand.

In some embodiments, at least one nucleic acid that 1s conjugated to the nanopore (a) has
sequence complementarity with a portion of the adaptor that 1s within the duplex stem on a
strand contiguous with the first single strand, and (b) has further sequence complementarity with
a portion of the adaptor that 1s within the second single strand.

In some embodiments, at least two nucleic acids are conjugated to the nanopore, wherein
one of the at least two nucleic acids has sequence complementarity with a portion of the adaptor
that 1s within the duplex stem on a strand contiguous with the first single strand, and wherein the
other of the at least two nucleic acids has sequence complementarity with a portion of the
adaptor that 1s within the second single strand. In some embodiments, at least two nucleic acids
may be conjugated to the outer rim of the nanopore.

A further aspect relates to a method for preparing a system for characterizing a
polynucleotide. The method comprises: (1) obtaining a construct comprising a polynucleotide
having a template strand and a complement strand, wherein the template strand and the
complement strand are not covalently linked, and (1) combining the construct with a nanopore
disposed 1n a membrane under conditions 1n which the construct 1s exposed to an outer rim of the
nanopore, wherein at least one nucleic acid having sequence complementarity with a portion of
the adaptor 1s conjugated to the outer rim of the nanopore.

In some embodiments, an adaptor may be attached at each of two ends of the
polynucleotide, each adaptor comprising a duplex stem and a first single strand extending from
the duplex stem, wherein the first single strand of one adaptor 1s contiguous with the template

strand and the first single strand of the other adaptor 1s contiguous with the complement strand.
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For each adaptor, a polynucleotide unwinding enzyme may be bound to the first single strand
extending from the duplex stem.

Complexes comprising two or more components formed 1n any aspects of the methods
described herein are also within the scope of the disclosure. In some embodiments, a complex
comprises: (1) a nanopore having a tag, (1) a complement polynucleotide strand bound to the
nanopore via the tag, and (111) a template polynucleotide strand partially hybridized with the
complement polynucleotide strand, wherein the template polynucleotide strand 1s partially
disposed within the lumen of the nanopore. In other embodiments, a complex may comprise (1) a
nanopore having two or more tags, and (11) a double stranded polynucleotide comprising
template and complement strands wherein each strand 1s bound to one of the two or more tags.
In any embodiment of the complexes described herein, the tag can be at an outer rim external to
1ts lumen.

Methods and systems for determining a characteristic of an analyte are also provided
herein. In one aspect, a system comprises: (1) a nanopore disposed 1n a membrane, the nanopore
comprising an outer rim to which 1s present at least one common tag; and (11) a plurality of
different analytes, each different analyte being attached to a binding partner of the at least one
tag. In some embodiments, each analyte may be a biopolymer. Examples of such a biopolymer
include, but are not limited to a polynucleotide, a polypeptide, a polysaccharide, and a lipid.

In some embodiments, each analyte 1s a polynucleotide. In some embodiments where
each analyte 1s a polynucleotide, the binding partner may be a nucleotide sequence of an adaptor
that 1s attached to the polynucleotide, and at least one common tag may be a nucleic acid having
sequence complementarity with the nucleotide sequence of the adaptor.

In another aspect, a method for determining a characteristic of an analyte using a
nanopore comprises: (1) providing analyte; (11) causing one or more analytes to bind to a
nanopore an outer rim of a nanopore external to the lumen of the nanopore, and (111) obtaining
measurements of the analyte that has bound to the nanopore while moving the analyte with
respect to the nanopore, wherein the measurements are indicative of one or more characteristics
of the analyte; and (1v) characterizing the analyte based on the measurements obtained 1n step
(111).

In some embodiments, the one or more analytes can bind an outer rim of a nanopore
external to the lumen of the nanopore. In some embodiments, more than one analytes can bind
to respectively more than one tags conjugated to the nanopore. In some embodiments, the one or
more tags may be conjugated to an outer rim of the nanopore external to the lumen of the
nanopore.

In some embodiments, the first analyte may be a polynucleotide.
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In some embodiments, the method may further comprise: obtaining measurements of a
second analyte that has bound to the nanopore while moving the second analyte with respect to
the nanopore, wherein the measurements obtained of the second analyte are indicative of one or
more characteristics of the second analyte, and characterizing the second analyte based on the
obtained measurements of the second analyte. The second analyte may be a polynucleotide.

In some embodiments, a second analyte may be bound to the nanopore during movement
of the first analyte with respect to the nanopore. The second analyte may be a polynucleotide.

Also provided herein 1s a complex comprising a nanopore having a plurality of tags,
wherein a first analyte that 1s partially within the lumen of the nanopore and a second analyte 1s
bound to one of the capture moieties.

In some embodiments, the plurality of tags may be on an outer rim external to 1ts lumen.
In some embodiments, the first analyte and the second analyte are polynucleotides.

A method for sequentially translocating two non-covalently bound molecules through a
nanopore 1s also within the scope of the disclosure. The method comprises: contacting a pair of
non-covalently bound molecules to a nanopore under conditions that promote translocation of a
first member of the pair of non-covalently bound molecules through the nanopore, wherein a
binding site on a second member of the pair 1s exposed during translocation of the first member
through the nanopore, and wherein the binding site reversibly binds to a tag that 1s present on the
nanopore.

In some embodiments, the non-covalently bound molecules are complementary nucleic
acid strands. In some embodiments, the pair of non-covalently bound molecules may comprise a
target nucleic acid attached to an adaptor, and the binding site may be present on the adaptor.

In some embodiments, the tag on the nanopore can be an oligonucleotide, and the binding
site on the second member can be a portion of a nucleic acid that has a sequence that 1s
complementary to the tag.

Also provided herein 1s a method of characterising a polynucleotide comprising;
contacting a pair of non-covalently bound molecules to a nanopore under conditions that
promote translocation of a first member of the pair of non-covalently bound molecules through
the nanopore sequentially followed by translocation of the second member of the pair of non-
covalently bound molecules; measuring a property indicative of the translocation of the first and
second members of the pair, and obtaining data indicative of the measured property; and
determining the characteristic based upon the obtained data of both the first and second

members.
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Brief Description of the Drawings

The following drawings form part of the present specification and are included to further
demonstrate certain aspects of the present disclosure, which can be better understood by
reference to one or more of these drawings 1n combination with the detailed description of
specific embodiments presented herein.

For illustration purposes only, the strands 1n the figures described herein are labeled as
"Template" and "Complement" according to which ends are captured. The first strand that
passes through the nanopore 1s labeled as the template and the complementary strand that follows
the first strand 1s labeled as the complement. The actual template and complement of a double-
stranded polynucleotide are determined after analyzing the sequence information obtained from
the first strand and the second strand.

Figures 1A-1B illustrate a prior art method of sequencing a double stranded
polynucleotide (e.g., DNA) construct, in which the template and complement strands are
attached via a hairpin loop and the template strand comprises a 5° leader sequence, using a
transmembrane pore. Figure 1A 1s a schematic representation of the polynucleotide (e.g., DNA)
construct translocating through a nanopore under the control of an enzyme. The template enters
the nanopore and the same enzyme proceeds around the hairpin to control movement of the
complement that follows the template. Once the hairpin region translocates through the
nanopore, the hairpin may reform on the trans side of the nanopore. Figure 1B shows peaks
representing the accuracy of the sequence information obtained from translocation of the
template, from translocation of the complement and when the sequence information obtained
from translocation of the template and translocation of the complement was combined
algorithmically.

Figures 2A-2B 1llustrate a method of "follow-on" sequencing a double stranded
polynucleotide (e.g., DNA) construct without the use of a hairpin according to one embodiment
described herein. Both the template and complement polynucleotide (e.g., DNA) strands
comprise an adaptor at each end, which adaptor comprises a leader sequence. Figure 2A 1s a
schematic representation of a double stranded polynucleotide (e.g., DNA) construct translocating
through the nanopore under enzyme control. Template and complement of the double-stranded
polynucleotide are not covalently linked, and each strand has an enzyme loaded on the adaptor.
After the template strand has passed through the nanopore (and the enzyme 1s dissociated), the
complement strand 1s separately captured by the pore and sequenced. In the absence of a hairpin
joining the template to the complement there 1s little or no secondary hairpin structure formed on
the trans side of the nanopore. Figure 2B shows peaks representing the accuracy of the

sequence information obtained from translocation of the template, from translocation of the
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complement and when the sequence information obtained from translocation of the template and
translocation of the complement was combined algorithmically.

Figures 3A-3B 1llustrate the structure of an enzyme-loaded adaptor according to one
embodiment described herein. Figure 3A 1s a schematic representation of the enzyme-loaded
adaptor. The labels represent the following: (1) spacers (e.g., a leader sequence); (2) a
polynucleotide binding protein (e.g., polynucleotide unwinding enzyme) such as a helicase (e.g.,
a Dda helicase); (3) a spacer; and (4) an anchor such as a cholesterol anchor. The other solid
lines represent polynucleotide sequences. Figure 3B shows the adaptor attached to each end of a
double-stranded polynucleotide such as a fragment of genomic DNA, with a polynucleotide
binding protein (e.g., polynucleotide unwinding enzyme) loaded on each adaptor.

Figure 4 1s a schematic 1llustration of a current signal measured over time during
translocation of a polynucleotide strand through a nanopore.

Figure S 1s an illustration of the separation of a double stranded polynucleotide at the
nanopore interface and the subsequent translocation of a single stranded polynucleotide through
the nanopore.

Figure 6 1s an 1llustration of event detection of a portion of the current time signal of
Figure 4 during sequencing a polynucleotide.

Figure 7 1s a schematic illustration of analysis of signal measurements using an recurrent
neural network (RNN) model.

Figure 8 1s an illustration of how a Viterbi1 algorithm 1s employed to determine the path
through the possible transitions with the highest likelthood.

Figures 9A-9B 1llustrate the structure of an enzyme-loaded adaptor according to one
embodiment described herein. Figure 9A 1s a schematic representation of the enzyme-loaded
adaptor. The labels represent the following: (1) spacers (e.g., a leader sequence); (2) a
polynucleotide binding protein (e.g., polynucleotide unwinding enzyme) such as a helicase (e.g.,
a Dda helicase); (3) a spacer; (4) an anchor such as a cholesterol anchor, which 1s optional; and
(5) a duplex stem positioned on the opposite end of the (1) spacers (e.g., a leader sequence), the
duplex stem comprising a capture sequence on a strand that 1s aligned with the (1) spacers (e.g., a
leader sequence), wherein the capture sequence 1s complementary to a tag (e.g., a capture
polynucleotide) conjugated to an outer rim of a nanopore. The other solid lines represent
polynucleotide sequences. Figure 9B shows the construct when the adaptor 1s attached to each
end of a double stranded polynucleotide, with a polynucleotide binding protein (e.g.,
polynucleotide unwinding enzyme) loaded on each adaptor.

Figure 10 (panels A-D) illustrates a schematic representation of a method of sequencing

a double-stranded polynucleotide using a nanopore according to one embodiment described
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herein. The method involves providing (1) a double-stranded polynucleotide with each end
attached to an adaptor (e.g., as illustrated in Figure 9A without the anchor (4)) and a
polynucleotide binding protein (e.g., polynucleotide unwinding enzyme) loaded on the adaptor,
and (11) a nanopore with a capture polynucleotide conjugated to an outer rim of the nanopore.
The second strand (complement) of the double-stranded polynucleotide 1s coupled to the
nanopore by binding the capture sequence of the adaptor that 1s attached to the second strand to
the tag (e.g., a capture polynucleotide) conjugated to the outer rim of a nanopore.

Figures 11A-11B show an example section of strand data acquired using the method
according to one embodiment described herein. The strand data shows the current (pA) vs time
(seconds) of electrical data of a single channel. Figure 11A shows an example section of strand
data, which shows that the open-pore level with no strand blocking the current 1s at
approximately 200pA. When strands are captured, the current 1s reduced to the 50-100pA range,
dependent on sequence composition. As strands finish passing through the pore the current
returns to open-pore level at 200pA. The separate strands are labeled as Ty (e.g., T1, T2, ..) and
Ca(e.g., C1, Cz, ) for the pairs of template and complement strands, and as T for the strands
where the T 1s not followed by i1ts complement pair. The labels and data correspond to the data
in Table 4. Figure 11A 1llustrates that the complementary second strand of a pair typically
immediately follows the template, with a very short time between strands. Figure 11B shows a
zoomed 1n section of the electrical trace, highlighting one of the follow-on pairs, labeled
Template; and Complement;.

Figures 12A-12D show an example section of strand data acquired using the method
according to one embodiment described herein. The strand data shows the current (pA) vs time
(seconds) of electrical data of a single channel on a MinlON chip. Figure 12A shows a further
example electrical trace of a follow-on template-complement pair. Figures 12B, 12C, and 12D
show zooms of the trace in Figure 12A, with stars marking the sp18 spacers in the duplex stem
(e.g., complementary tags sections) that were added to the strands to enable coupling to a pore-
tag (e.g., a capture polynucleotide conjugated to the outer nm of a nanopore). Figure 12B shows
the sp18s at the start of the template strand. Figure 12C shows the sp18s at the end of the
template and start of the complement, and Figure 12D shows the sp18 at the end of the
complement. These markers can be used to demonstrate that the dsSDNA substrate had enzyme-
adapters attached to both ends of the dsSDNA, and measure the efficiency of the attachment.

Figure 13 shows a histogram of the distribution of open-pore times between subsequent
strands (x-axis) as sequential strands pass through the pores (aggregated from all channels on a
MinlION chip). The top panel, Control Adapter (as described in Example 2), shows that the

distribution of times 1s on average approximately 3 seconds between strands when sequencing
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without a capture sequence in the polynucleotide construct that can couple to the pore tag (e.g., a
capture polynucleotide). The bottom panel, Follow-On Adapter 2 (as described in Example 4),
shows that when the strands contain a capture sequence 1n the complement that can couple to the
pore tag (e.g., a capture polynucleotide), a new population at approximately 50 milliseconds 1s
observed. The short 50 ms population 1s from the fast capture of the complement strand soon
after 1ts template pair. Capture 1s fast because the complement strand 1s held very close to the
pore via the binding of the complement to the pore tag and 1s thus not allowed to diffuse away.

Figure 14 shows the histograms of the distribution of basecall accuracies of the sequence
information (randomly fragmented £. coli) obtained from translocation of the template, from
translocation of the complement and when the sequence information obtained from translocation
of the template and translocation of the complement was combined algorithmically. The
sequence information were obtained using the method as illustrated in Figure 10.

Figure 15 shows example embodiments of nanopores having two or more types of tags.
For example, one tag can be provided to increase the sensitivity of a method for characterizing
an analyte ("sensitivity tag"), while another tag can be provided to increase the likelihood of
sequencing of a complement strand following a template strand of a double-stranded
polynucleotide ("follow-on tag"). The pore tags can be configured 1n any number of ways. For
example, each monomer of an oligomeric pore can have the same type of tag configuration (e.g.,
with multiple binding sites, as illustrated by Tag-A and Tag-B). Tag-A and Tag-B can be
combined to form a single tag, and each monomer comprises the Tag-A/Tag-B combined tag.
Alternatively, an oligomeric pore can comprise mixed monomers with different tags attached
such that at least one monomer has a different tag configuration from the other monomers. In
another example, Tag-A and Tag-B can remain as separate tags and each monomer can comprise
both individual tags. Sensitivity and follow-on tags can be separately combined 1f they are
complementary to unique sequences used 1n the adaptor as 1llustrated 1n the bottom panel of a
schematic adaptor design.

Figure 16 1s a schematic illustration of how nanopores with two different tag types can
be used to capture strands from solution (for improved sensitivity). The adaptor that 1s attached
to an end of a double-stranded polynucleotide comprises a capture sequence (e.g., forming a non-
complementary arm of a Y-adaptor) that 1s available to couple to a first pore tag, while a separate
capture sequence within the duplex stem that 1s only revealed when unzipped permits the
complement to bind to a second pore tag and thus enables complement capture for follow-on
sequencing.

Figure 17A 1s a schematic illustration of how the same capture sequence can be used 1n

two locations of an adaptor, one revealed to allow strands to bind to a pore tag of a nanopore out
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of solution for improved sensitivity, and the other inmitially unrevealed and exposed when
template unzips through the pore, becoming available to bind to another of the multiple tags on a
pore (a pore with only one type of tag) to enable follow-on sequencing. Figure 17B provide
some example sequences that can be used for such purposes. The top construct shows a portion
of an example Y adaptor. The "FOOO1/FO002" and "FOO0O03/FO004" sequences are examples of
a duplex stem that can be ligated to the example Y adapter to create a single adaptor construct
that can enable the method according to one or more embodiments described herein. The light-
blue sequences 1n the "FOO001/FO002" and "FOO03/FO004" sequences have the same sequence
as the purple sequence, which 1s a binding sequence site for a nanopore. The same binding
sequence site for a nanopore can be used more than once (e.g., twice) within the duplex stem of
the adaptor, wherein the light-blue sequences are not exposed.

Figure 18 shows a schematic of an adapter design that enables follow-on sequencing and
increased sensitivity. The pore binding sequence (labeled as "Hyb splint for morpholino pore
tag" in Figure 18) 1s exposed to a surrounding solution and 1nitially available for binding to the
pore tag, so 1t improves sensitivity. The pore binding site 1s also contiguous with the
complement strand when attached, so that when the template strand has passed through the pore
the complement strand remains bound to pore. This process 1s shown schematically in Figure
19.

Figure 19 1s a schematic illustration showing a double stranded polynucleotide with an
adaptor of Figure 18 attached to each end. A strand 1s coupled to a nanopore from solution via
an exposed pore binding site, thus improving the sensitivity of subsequent capture of the nearby
template strand. The binding site 1s also contiguous with the complement strand, so that when
the template has passed through the nanopore the complement remains bound to the nanopore.
The complement might proceed to a number of possible conformations as shown, before ultimate
capture and sequencing to enable follow-on sequencing. In Figure 19, the green and yellow
complementary segments attached to both ends of a strand to be detected, respectively, could
bind together to form a hairpin structure comprising the strand, facilitating the sequencing
process by bringing the strand closer to the nanopore for increased sequencing efficiency. It can
be particularly beneficial when the strand to be detected 1s a long strand.

Figure 20 shows a schematic illustration of an adapter design where the same sequence
(green) within a duplex stem 1s repeated at a different location of the adaptor as shown to enable
the follow-on method shown 1n Figure 21.

Figure 21 1s a schematic illustration showing a double stranded polynucleotide with an
adaptor of Figure 20 attached to each end. The dsDNA strand binds to a pore as shown via a

binding site on a side-arm attached to the adapter as described 1in Figure 20. When the template
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1s captured 1n the pore, the side-arm sequence 1s unzipped and remains bound to the pore-tag as
shown. Later into template unzipping the second site with the same sequence 1s revealed to bind
to the side-arm (itself still bound to pore-tag). In this way, a single tag on a pore can be used to
improve capture sensitivity, and can re-used to later enable follow-on of the complement of the
substrate. At the end, the pore-tag retains the side-arm sequence, but the side-arm 1tself 1s
captured by the pore and stripped from the pore-tag to free the pore-tag for another cycle.

Figure 22 shows how the revealed sequences are exposed for coupling to the pore-tag as
the template-enzyme nears the end of the template strand. Efficiency of the follow-on process
can be increased, for example, by including spacers (e.g., 4 sp18 spacers, e.g.,
hexaethyleneglycol, 1n the sequence shown) or similar features that brietly pause the enzyme,
which allows more time for coupling, or features with optimized geometry or flexibility. A
double binding site in the revealed section also improves the chances of coupling to pore-tag.

Figure 23 provides example adapters/sequences that can enable the method disclosed 1in
Figure 21.

Figure 24 provides further adapters/sequences that can enable the method disclosed 1n
Figure 21 and are more optimized 1n terms of pausing the enzyme.

Figure 25 provides example adapters/sequences that can enable the method disclosed 1n
Figure 19.

Figure 26 provides example sequences of the components that make up the adapters
described 1in the above figures.

Figure 27A shows a SYPRO Ruby Protein Gel showing monomers and oligomeric
nanopores of CsgG modified with or without morpholino pore tags. Figure 27B shows a
schematic representation of a nanopore modified with a pyridyl-dithio morpholino.

Figure 28 shows a Cy3 Florescent gel showing hybridization of an analyte to pyridyl-
dithio morpholino modified pore.

Figure 29 shows a SYBR Gold Nucleic Acid Gel Stain showing hybridization of an
analyte to pyridyl-dithio morpholino modified pore.

Figure 30 shows a SYPRO Ruby Protein Gel showing hybridization of an analyte to
pyridyl-dithio morpholino modified pore.

Figure 31 1llustrates a diagram showing a computer rendering of a nanopore (e.g., a
Csg(G nanopore) highlighted with positions at which a cysteine can be added for conjugation to a
pore tag. The pore tag can be conjugated to the external surface of a nanopore, e.g., on cis-side
or trans-side of a membrane, when the nanopore 1s disposed in a membrane.

Figure 32A shows an embodiment of a Y adapter design, which includes two

hybridization sites, one for the pore tether (red) and the other for the membrane or bead tether
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(blue). In this design the pore tether 1s next to the leader sequence. Figure 32B shows the a
ligated analyte, e.g., a double stranded polynucleotide, with a Y adapter on either end.

Figure 33 1s a schematic diagram showing example sequences of a Y adapter design
1llustrated in Figure 32A.

Figure 34A shows a different embodiment of a Y adapter design, which includes two
hybridization sites, one for the pore tether (red) and the other for the membrane or bead tether
(blue). In this design the membrane tether 1s next to the leader sequence. Figure 34B shows the
a ligated analyte, e.g., a double stranded polynucleotide, with a Y adapter on either end.

Figure 35 1s a schematic diagram showing example sequences of a Y adapter design
1llustrated in Figure 34A.

Figure 36 1s a schematic diagram showing an alternative embodiment of a Y adapter
design, which includes two hybridization sites, one for a bead tether and the other for the
membrane tether. In this design the bead has two different tethers, one to the analyte (blue) and
the other to the pore (red).

Figure 37 1s a schematic diagram showing example sequences of a Y adapter design
1llustrated in Figure 36 and showing indirect attachment of the analyte to the pore.

Figure 38 shows example traces of sequential strands translocating through a nanopore
without a pore tag that can bind to a strand to allow follow-on sequencing. The time between
strands 1s 1ndicated by the red bars, in these examples the time between strands ranges from 2-5
seconds.

Figure 39 shows example traces of sequential strands translocating a modified pore
according to one embodiment described herein. The time between strands 1s indicated by the red
bars, 1n these examples the time between strands ranges from 0.02-3 seconds.

Figure 40 shows histograms 1llustrating the time between sequential strands on a log
scale. The left graph shows a nanopore (e.g., a CsgG pore) with a single distribution with time
between strands greater than 1 second. The right graph shows the time between strands
translocating through a tethered pore. This shows two populations, a fast capture population and
with a time between strands under 0.1 seconds.

Figure 41 depicts a graph showing the number of bases sequenced per chip over a 6 hour
period from 20 ng input DNA. The red line represents the tethered pore and the blue line shows
the non-tethered nanopore.

Figure 42 shows a data table from /£..coli runs showing an increase 1n the number of
follow on strands with the tethered pore. Figure 43 shows a method that can be used for

concatentating both single and double stranded nucleic acids.
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Figure 44 shows a method a method of characterising and concatenating many double
stranded target polynucleotides, where the complement strand of a first double stranded target
polynucleotide recruits a many other double stranded target polynucleotides and brings them 1nto
a local concentration of the pore. This provides a higher local concentration around the pore than
1n the general bulk solution and so double stranded target polynucleotides follow one another
through the open pore with minimal time between strands. This 1s especially useful when the
concentration of double strand target polynucleotides 1s low. A tether consisting of an oligo
coupled to a single stranded binding protein 1s used. As the template strand of the first double
strand target polynucleotide 1s sequenced the complement strand 1s released into solution as
ssDNA. The single stranded binding proteins of the other double stranded target polynucleotides
are able to bind to the ssDNA. As the complement strand 1s sequenced the 3° of the complement
strand 1s drawn back towards the pore. The single stranded binding proteins on the ssDNA
complement strand are displaced from the complement strand when they encounter the motor

protein and so are deposited around the pore increasing the local concentration.

Detailed Description of the Invention

While transmembrane pores (e.g., protein nanopores or solid state nanopores) are useful
as sensors to detect or characterize a biopolymer, there are still challenges of increasing the
accuracy and/or efficiency of the detection method using transmembrane pores. For example,
there are various drawbacks of translocation of both the template and complement strands of a
double stranded polynucleotide connected by a hairpin through a nanopore. While measurement
of both strands 1n this way 1s advantageous as information from the two complementary linked
strands can be combined and used to provide higher accuracy than may be achieved from
measurement of template strands only, preparation of such a hairpin linked polynucleotide 1s
more involved and time consuming and can result in a loss of valuable analyte. Further,
translocation of a hairpin linked template and complement polynucleotide strands through a
nanopore can give rise to rehybridization of the strands on the other (trans) side of the nanopore.
This can alter the rate of translocation giving rise to a lower sequencing accuracy. A strand with
a hairpin structure 1s also more difficult to translocate as fast as a single linear strand.
Additionally, due to the differences in current-time data for the template and complement
strands, two algorithms are used for computation, which makes the computation more complex
and 1ntensive.

For analyte detection, there 1s typically a time delay between translocation of one analyte
and translocation of the next one. This delay can be of the order of seconds to minutes, which

can result 1n slower characterization, in a higher pore open current which depletes the reference
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electrode more quickly, and/or in an increased likelihood of a nanopore getting blocked when the
pore 1s open. Accordingly, there 1s a need to develop methods and compositions that improve
the accuracy and/or efficiency or throughput of characterizing analytes using a nanopore.

The present disclosure 1s, 1n part, based on the unexpected discovery that both strands of
a double stranded polynucleotide can be sequentially translocated through a nanopore to provide
sequence information without the need to covalently link two strands via a bridging moiety such
as a hairpin loop. For example, in one aspect, the present inventors have discovered that when a
polynucleotide binding protein (e.g., a polynucleotide unwinding enzyme) 1s used to separate the
two strands of a double stranded polynucleotide while controlling the movement of one of the
strands through a transmembrane pore, the second strand may remain 1n the vicinity of the pore
and, subsequent to the translocation of the first strand through the pore, the second strand may be
captured by the pore and a polynucleotide binding protein may be used to control the movement
of the second strand through the pore.

In another aspect, the present inventors have discovered that an adaptor with a duplex
stem comprising a capture sequence that 1s complementary to a pore tag conjugated to a
nanopore, can be provided to each end of a double stranded polynucleotide, wherein the capture
sequence 1s only revealed upon separation or unwinding of the strand. Thus, as a first strand of a
double-stranded polynucleotide passes through a tag-modified nanopore, 1t unzips the duplex
stem of the adaptor to expose the capture sequence on a second strand of the double-stranded
polynucleotide, which 1s then captured by the pore tag of the nanopore. Such method keeps the
second strand, which would otherwise typically diffuse away, to be close to the nanopore for
sequencing following the template being sequenced. In particular, the methods described herein
can significantly increase the likelihood of a follow-on translocation of a complement after a
template translocation to at least about 60% of the time, as compared to 0.1%-1% of the time that
1s typically observed in typical nanopore sequencing.

It was also discovered that modification of a nanopore to comprise multiple binding sites
for multiple analytes such that one or more analytes can bind to the nanopore via the binding
sites, while an analyte 1s being characterized by the nanopore, can enhance sensitivity and/or
throughput of characterizing the analytes. Without wishing to be bound by theory, coupling or
capture of analytes at the outer rim of the nanopore can enhance the local concentration of the
analytes at the pore. Further, at least one or more analytes 1n the vicinity of the nanopore can
readily enter the nanopore one following another for characterization, thus decreasing time delay
and thus the open-pore current time between each analyte characterization.

Accordingly, various aspects herein relate to methods of characterizing one or more

analytes using a nanopore, as well as composition and systems including, e.g., adaptors and
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nanopores, that can be used 1n the methods described herein. Some aspects feature methods and
compositions for characterizing a double-stranded polynucleotide using a nanopore, e.g., without
using a hairpin connecting a template and a complement of the double-stranded polynucleotide.
Other aspects features methods and compositions for characterizing an analyte using a tag-

modified nanopore with increased sensitivity and/or higher throughput.

Methods for characterizing an analyte (e.g., a double stranded polynucleotide)

In one aspect, the disclosure provides a method of sequencing a target polynucleotide,
comprising:

(a) contacting a transmembrane pore with:

(1) a double stranded polynucleotide comprising the target polynucleotide and
a polynucleotide complementary to the target polynucleotide, wherein the
target polynucleotide and the polynucleotide complementary to the target
polynucleotide each comprise a single stranded leader sequence; and

(1)  apolynucleotide binding protein (e.g., polynucleotide unwinding enzyme)
capable of separating the strands of a double stranded polynucleotide and
controlling the movement of a polynucleotide through a transmembrane
pore;

(b) detecting a signal corresponding to 1on flow through the pore to detect
polynucleotides translocating through the pore;

(C) 1dentifying a signal corresponding to translocation of the target polynucleotide
and a sequential signal corresponding to the separate translocation of the
polynucleotide complementary to the target polynucleotide;

(d)  analyzing the signals identified in (c),

thereby sequencing the target polynucleotide.

The method may further comprise before step (a) a step of attaching single stranded
leader sequences to the target and complementary polynucleotides. The method may further
comprise before step (a) a step of digesting one end of the target polynucleotide to produce a
leader sequence on the complementary strand and/or digesting one end of the complementary
polynucleotide to produce a leader sequence on the target strand. The method may still further
comprise binding a polynucleotide binding protein (e.g., polynucleotide unwinding enzyme) to
the leader sequences. The polynucleotide binding protein (e.g., polynucleotide unwinding
enzyme) 1n (a)(11) may be bound to the leader sequences 1n (a)(1).

In this aspect, a first polynucleotide binding protein (e.g., polynucleotide unwinding

enzyme) separates the target and complementary strands of the double stranded polynucleotide
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and controls the movement of either the target polynucleotide or the complementary
polynucleotide through the transmembrane pore. A second polynucleotide binding protein (e.g.,
polynucleotide unwinding enzyme), which may be another protein of the same type as the first
polynucleotide binding protein (e.g., polynucleotide unwinding enzyme), or may be a different
type of polynucleotide binding protein (e.g., polynucleotide unwinding enzyme), controls the
movement through the transmembrane pore of either the target polynucleotide, where the
complementary polynucleotide has already translocated through the pore, or the complementary
polynucleotide, where the target polynucleotide has already translocated through the pore. The
second polynucleotide binding protein (e.g., polynucleotide unwinding enzyme) does not need to
separate the target polynucleotide and the complementary polynucleotide because separation of
the two strands of the double stranded polynucleotide will already have occurred (the first
polynucleotide binding protein (e.g., polynucleotide unwinding enzyme) will have separated the
two strands whilst passing one of the strands through the pore). The first polynucleotide binding
protein (e.g., polynucleotide unwinding enzyme) 1s typically one that processes a double
stranded polynucleotide. The second polynucleotide binding protein (e.g., polynucleotide
unwinding enzyme) 1s typically one that processes a single stranded polynucleotide. The first
and/or second polynucleotide binding protein (e.g., polynucleotide unwinding enzyme) may be
capable of processing a double stranded polynucleotide and a single stranded polynucleotide.

Another aspect described herein features a method for sequentially translocating two non-
covalently bound molecules through a nanopore. The method comprises: contacting a pair of
non-covalently bound molecules to a nanopore under conditions that promote translocation of a
first member of the pair of non-covalently bound molecules through the nanopore, wherein a
binding site on a second member of the pair 1s exposed during translocation of the first member
through the nanopore, and wherein the exposed binding site binds to a tag or tether that 1s present
on the nanopore. The binding site on the second member 1s not exposed (or 1s shielded) prior to
translocation of the first member through the nanopore.

As used herein, the term "non-covalently bound molecule" refers to a molecule
comprising a first a member and a second member, wherein the first member and the second
member are associated with each other by means of non-covalent attachment and can be
separated from each other as individual entities. The separation and binding process between the
first member and the second member are reversible. Examples of means of non-covalent
attachment include, but are not limited to complementary base-pairing, 1onic interaction,
hydrophobic interaction, and/or Van der Waals' interaction.

In some embodiments, the non-covalently bound molecules comprise complementary

polynucleotide strands.
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In some embodiments, the tag on the nanopore 1s an oligonucleotide, and the binding site
on the second member 1s a portion of a nucleic acid that has a sequence complementary to the
tag.

In some embodiments, the pair of non-covalently bound molecules comprise a target
nucleic acid (e.g., a target double stranded polynucleotide) coupled to an adaptor nucleic acid,
and wherein the binding site 1s present on the adaptor nucleic acid.

As an example only, Figure 9B shows a non-covalently bound molecule, which
comprises complementary polynucleotide strands (e.g., a template strand and a complement
strand) and an adaptor (e.g., an adaptor nucleic acid) attached to each end. The adaptor, as
shown 1n Figure 9A, comprises a duplex stem (5) and a first single stranded polynucleotide (1)
extending from a template strand of the duplex stem. The duplex stem (5) comprises a capture
sequence on a strand that 1s aligned with the first single stranded polynucleotide (1), wherein the
capture sequence 1s complementary to a tag (e.g., a capture polynucleotide) conjugated to an
outer rim of a nanopore. In some embodiments, the first single stranded polynucleotide (1) can
further comprise a leader sequence. While Figure 9A shows a second single stranded
polynucleotide extending from a complementary strand (e.g., the complement strand) of the
duplex stem, it 1s not required. However, in some embodiments, 1t may be desirable to have one
or more second single stranded polynucleotides comprising one or more tethers for a solid
substrate, e.g., a membrane or a bead, and/or a nanopore. When the second single stranded
polynucleotide 1s not complementary to the first single strangled polynucleotide, a Y-adaptor 1s
formed, e.g., as shown 1in Figure 9A.

Figure 9A shows an example adaptor comprising at least one anchor for a solid substrate,
e.g., a membrane or a bead, while Figure 15 shows an example adaptor comprising at least two
anchors, wherein a first anchor 1s capable of tethering to a solid substrate, e.g., a membrane or a
bead, and a second anchor 1s capable of tethering to a nanopore. The second anchor for the
nanopore can be configured to bind to a tag conjugated to the nanopore. In some embodiments,
the second anchor for the nanopore can be configured to directly bind to a tag conjugated to the
nanopore. For example, the second anchor for the nanopore can comprise a sequence that 1s
complementary to the capture polynucleotide tag conjugated to the nanopore. In alternative
embodiments, the second tether for the nanopore can be configured to indirectly bind to a tag
conjugated to the nanopore. For example, Figure 36 shows that an adaptor attached to an
analyte can be coupled to a tag on the nanopore via a microparticle, which 1s further described in
detail 1in the "Microparticles” section below.

It should be noted that the adaptors described herein can be attached to either or both

ends of a double stranded polynucleotide. In some embodiments, the same adaptors are attached
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to both ends of a double stranded polynucleotide. In some embodiments, different adaptors can
be attached to the ends of a double stranded polynucleotide. Attachment of different adaptors to
the ends of double stranded polynucleotides can be achieved, for example, by mixing two or
more populations of different adaptors together with the double stranded polynucleotides.
Typically, a mixture of double stranded polynucleotides attached with different adaptors 1s
formed, but there are also methods to achieve a desired hetero-adapter mixture (e.g., through
purification or by controlling the attachment of adaptors to the ends of double stranded
polynucleotides).

In some embodiments, a double stranded polynucleotide can have an adaptor to 1ts 3' end
or 5' end.

Blunt ended double stranded polynucleotides can be captured into a nanopore and
unzipped. Accordingly, in some embodiments, a blunt ended construct without an adaptor (e.g.,
one as described herein) can be used 1n any aspects of the methods described herein. While not
necessary, 1n some embodiments, 1t 1s desirable to have a leader sequence coupled to at least one
end of a double stranded polynucleotide, e.g., to increase the capture efficiency by a nanopore.

In some embodiments where the adaptor 1s attached to both ends of a double stranded
polynucleotide, one of ordinary skill in the art will readily recognize that when the first single-
stranded polynucleotide of an adaptor 1s coupled to a template strand at one end of the double —
stranded polynucleotide, the first single-stranded polynucleotide of another adaptor 1s coupled to
a complement strand at the opposite end of the double-stranded polynucleotide.

In some embodiments, the adaptors can have a pre-bound polynucleotide binding protein
(e.g., polynucleotide unwinding enzyme) at each end of the target polynucleotide. In some
embodiments, the method can further comprising adding a polynucleotide binding protein (e.g.,
polynucleotide unwinding enzyme) 1n solution such that it bounds to the adaptor at each end of
the target polynucleotide. As illustrated in Figure 10, each end of a double-stranded
polynucleotide 1s attached to an adaptor as described herein and a polynucleotide binding protein
(e.g., polynucleotide unwinding enzyme) 1s loaded on the adaptor, wherein the adaptor comprises
a duplex stem with a capture sequence complementary to a tag conjugated to a nanopore (see,
e.g., Figure 9A as an example adaptor). A single-stranded polynucleotide (which may
optionally comprise a leader sequence) extending from the construct that comprises a double-
stranded polynucleotide enters the nanopore (Panel A). The first strand that enters the nanopore
1s labeled as template (T), and the reverse complement of the first strand captured 1s labeled as
complement (C). As the first template strand passes through the pore under the control of the
polynucleotide binding protein (e.g., polynucleotide unwinding enzyme such as a helicase

motor), the complement 1s gradually unzipped. Panel B shows that towards the end of the
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template strand, the capture sequence within the duplex stem on the complement 1s exposed by
the unzipping, and thus couples to the tag (e.g., capture polynucleotide) on the nanopore. In
Panel C, when the template strand finally passes through the nanopore, and the enzyme
dissociates, the complement strand remains coupled to the nanopore via the binding to the tag
(e.g., capture polynucleotide) on the nanopore. At some time later the complement strand 1s
captured by 1ts leader sequence. In Panel D, the complement strand passes through the nanopore
under the control of the second loaded polynucleotide binding protein, e.g., polynucleotide
unwinding enzyme such as helicase motor. As the complement strand passes through the
nanopore, the capture sequence will at some point be unzipped from the nanopore's tag (e.g., a
capture polynucleotide), thus freeing up the nanopore's tag (e.g., a capture polynucleotide) so
that 1t 1s available for the next strand. In this embodiment, both polynucleotide binding proteins
(e.g., polynucleotide unwinding enzymes) are capable of processing double-stranded
polynucleotides. In some embodiments, the polynucleotide binding proteins (e.g.,
polynucleotide unwinding enzymes) loaded at both ends can be the same or different.

While Figure 10 (Panel B) illustrates that exposing the capture sequence (for binding to a
tag on a nanopore) within the duplex occurs toward the end of translocation of the template
strand (e.g., capturing far end adapter thus holding 1t local to pore), more genrerally, strands can
be designed so that binding of a double stranded polynucleotide (e.g., via an end or tail portion)
to a nanopore can occur right at the beginning of the unzipping process. In this instance, the
capture sequence can be positioned in the adaptor (e.g., as a non-complementary arm of a Y-
adaptor portion) such that 1t 1s exposed for binding to a nanopore for the entire duration of the
unzipping or even before the unzipping process.

In some embodiments, instead of having a polynucleotide binding protein (e.g.,
polynucleotide unwinding enzyme) bound onto the adaptors attached to the target
polynucleotide, a polynucleotide binding protein (e.g., polynucleotide unwinding enzyme) can be
immobilized within the lumen of the nanopore such that a single polynucleotide binding protein
(e.g., polynucleotide unwinding enzyme) can be used to control the movement of both strand
through the nanopore.

In some embodiments, the unwinding or separation of the strands as one strand
translocates through the nanopore 1s controlled by a polynucleotide binding protein (e.g.,
polynucleotide unwinding enzyme). In some embodiments, the unwinding or separation of the
strands as one strand translocates through the nanopore can occur 1n the absence of a
polynucleotide binding protein (e.g., polynucleotide unwinding enzyme). Such enzyme-free
methods to control the movement and/or separation of both strands of a polynucleotide are

known 1n the art. For example, certain nanopores themselves can provide the force to unwind a
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polynucleotide such as a motor protein nanopore, including, e.g., ph129 motor protein nanopore,
e.g., as described 1n Wendell et al. "Translocation of double-stranded DNA through membrane-
adapted ph129 motor protein nanopores" Nat Nanotechnol, 4 (2009), pp. 765-772, and/or
nanopores as described in the U.S. Patent No. 8,986,528, the contents of each which are
incorporated herein by reference 1n their entireties.

As used herein, the term "translocate" or "translocation" refers to movement along at least
a portion of a nanopore. In some embodiments, translocation 1s moving from a cis-side of a
nanopore to a frans-side of a nanopore.

The target polynucleotide 1s typically present in a sample comprising multiple copies of
the target polynucleotide and/or in a sample comprising multiple different polynucleotides. In
some embodiments, the method of any aspects described herein may comprise determining the
sequence of one or more target polynucleotides 1n a sample. The method may comprise
contacting the pore with two or more double stranded polynucleotides. For example, the method
may comprise contacting the pore with a sample 1n which substantially all the double stranded
polynucleotides have a single stranded leader sequence on each of their two strands. In some
embodiments, the double stranded polynucleotides are coupled to each other only via
complementary base pairing. In these embodiments, the double stranded polynucleotides can
have four free ends, wherein a free end 1s the end of a polynucleotide strand. The end of the
polynucleotide strand may be single stranded, e.g. a single stranded overhang, or base paired to
another polynucleotide strand. In some embodiments, the two strands of the double stranded
polynucleotides being sequenced are not covalently attached (e.g., no hairpin or other covalent
attachment). However, a moiety that does not bridge the template and complement
polynucleotides may be added to one or more of the free ends.

In some embodiments of various aspects described herein, the method may further
comprise a step of generating or attaching single stranded leader sequences to both strands of
substantially all double stranded polynucleotides 1n a sample, prior to contacting with a
nanopore. The leader sequences added may have one or more polynucleotide binding proteins
(e.g., polynucleotide unwinding enzymes) attached thereto, such that a population of double
stranded polynucleotides each comprises a leader sequence with a polynucleotide binding protein
(e.g., polynucleotide unwinding enzyme) attached thereto at one end of each of 1ts two strands.

The double stranded polynucleotide comprising the target polynucleotide (e.g., a
template) and a polynucleotide complementary to the target polynucleotide (e.g., a complement)
may have an adaptor comprising a single stranded leader sequence attached at each end thereof.
In some embodiments where the method of various aspects involves a polynucleotide binding

protein (e.g., a polynucleotide unwinding enzyme), the method may comprise contacting the pore
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with two or more polynucleotide binding proteins (e.g., polynucleotide unwinding enzymes) that
may be the same or different. The different polynucleotide binding proteins (e.g., polynucleotide
unwinding enzymes) may be bound to separate leader sequences, that may be the same or
different. For example, a polynucleotide binding protein (e.g., polynucleotide unwinding
enzyme) that works 1n the 5° to 3’ direction may be bound to a leader sequence at the 5° end of
the target polynucleotide and/or at the 5° end of a complementary polynucleotide. A
polynucleotide binding protein (e.g., polynucleotide unwinding enzyme) that works 1n the 3’ to
5’ direction may be bound to a leader sequence at the 3° end of the target polynucleotide and/or
at the 3° end of a complementary polynucleotide.

The adaptors used 1n the methods of various aspects described herein may be further
configured to permit binding of an analyte (e.g., a target polynucleotide or a non-covalently
bound molecule) to a nanopore for improved sensitivity and/or throughput of the characterization
method. This 1s different 1n purpose from an embodiment in which a capture sequence within
the duplex stem of an adaptor 1s exposed to allow binding of a second member of a non-
covalently bound molecule (e.g., a complement strand of a double-stranded polynucleotide), e.g.,
as 1llustrated in Figure 10 for increasing the likelihood of a complement translocation following
a template translocation, thus increasing accuracy of sequencing information. As illustrated in
Figure 16, the adaptor 1s further configured to include a tether for binding to a nanopore, e.g., to
facilitate capture of the analyte. Thus, the analyte binds to a first tag conjugated to a nanopore
before a first member of the analyte (e.g., a template strand of a double stranded polynucleotide)
enters the nanopore. As the first member translocates through the pore and unzips the duplex
stem to expose a capture sequence on the second member, the second member binds to the a
second tag conjugated to the nanopore such that the second member 1s held close to the nanopore
for subsequent characterization after the first member. The first tag and the second tag on the
nanopore can be different (e.g., as shown in Figure 16), or they can be the same (e.g., as shown
1in Figure 17A), depending on the design of the adaptors.

Accordingly, a further aspect provided herein relates to a method for determining a
characteristic of an analyte using a nanopore comprising: (a) providing a nanopore that 1s
modified to comprise at least two or more tags external to the lumen of the nanopore, wherein
the tags provide binding sites for at least two or more analytes; and (b) contacting a plurality of
analytes to the nanopore under conditions such that at least one or more (e.g., at least one, at least
two, at least three, at least four, at least five, at least six, at least seven, at least eight, at least
nine, or more) analytes bind to the tags on the nanopore, while an analyte from the plurality 1s

translocating through the nanopore.
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Unlike nanopores that are modified to improve interaction of a nanopore with a target
analyte, e.g., by altering charges and/or hydrophobicity of the amino acids within the nanopore
lumen, the nanopores described herein are modified to provide multiple tags for capture of a
plurality of analytes while an analyte 1s translocating through the nanopore for characterization.
This cuts down pore-open time between each analyte characterization and also increases the
local concentration of the analytes, thereby increasing the sensitivity of the method. In some
embodiments, a tag-modified nanopore as described in the Section "Tag- or Tether-modified
nanopores (e.g., for enhancing analyte capture such as polynucleotide capture)" below can be
used to achieve such a purpose.

In some embodiments, the analytes may be modified to bind to the tags on the nanopore.
In some embodiments, the analyte comprises an adaptor as described herein, e.g., an adaptor
comprising an anchor for the nanopore.

The 1nteraction between a tag on a nanopore and the binding site on an analyte (e.g., the
binding site present in an adaptor attached to an analyte, wherein the binding site can be
provided by an anchor or a leader sequence of an adaptor or by a capture sequence within the
duplex stem of an adaptor) may be reversible. For example, an analyte can bind to a tag on a
nanopore, e.g., via its adaptor, and release at some point, e.g., during characterization of the
analyte by the nanopore. A strong non-covalent bond (e.g., biotin/avidin) 1s still reversible and
can be useful 1n some embodiments of the methods described herein. For example, to ensure
translocation of a complement of a double-stranded polynucleotide following the translocation of
a template, 1t may be desirable to design the the pair of pore tag and analyte adaptor to provide a
sufficient interaction between the complement of a double stranded polynucleotide (or a portion
of an adaptor that 1s attached to the complement) and the nanopore such that the complement 1s
held close to the nanopore (without detaching from the nanopore and diffusing away during the
translocation of the template) but 1s able to release from the nanopore as it translocates through
the nanopore.

Accordingly, 1n some embodiments, the pair of pore tag and analyte adaptor used in the
methods described herein can be configured such that the binding strength or affinity of a
binding site on an analyte (e.g., the binding site present in an adaptor attached to an analyte,
wherein the binding site can be provided by an anchor or a leader sequence of an adaptor or by a
capture sequence within the duplex stem of an adaptor) to a tag on a nanopore 1s sufficient to
maintain the coupling between the nanopore and analyte for a period of time until an applied
force 1s placed on it to release the bound analyte from the nanopore. In some embodiments
where the analyte 1s a double stranded polynucleotide, the applied force may be translocation of

an end of a complement strand through a nanopore.
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In some embodiments of various aspects described herein, the method may further
comprise, upon application of a potential across the membrane, detecting a signal 1n response to
an analyte (e.g., polynucleotide) passing through the nanopore. In some embodiments, a
potential difference can be driven by osmotic imbalance providing 1on flow. In some
embodiments, a potential difference may be applied across the nanopore between two electrodes
positioned on either side the nanopore. The signal may be an electrical measurement and/or an
optical measurement. Possible electrical measurements include: current measurements,
impedance measurements, tunneling or electron tunneling measurements (Ivanov AP et al., Nano
Lett. 2011 Jan 12;11(1):279-85), and FET measurements (International Application WO
2005/124888), e.g., voltage FET measurements. In some embodiments, the signal may be
electron tunneling across a solid state nanopore or a voltage FET measurement across a solid
state nanopore. Optical measurements may be combined with electrical measurements (Soni GV
et al., Rev Sc1 Instrum. 2010 Jan;81(1):014301). The measurement may be a transmembrane
current measurement such as measurement of 1onic current flowing through the pore. Figures
11A-11B show a typical current signal measured over time during sequencing double stranded
polynucleotides through a nanopore under the control of a polynucleotide binding protein (e.g.,
polynucleotide unwinding enzyme) using the methods as described herein.

Alternatively the measurement may be a fluorescence measurement indicative of 1on flow
through the channel such as disclosed by Heron et al, J. Am. Chem. Soc., 2009, 131 (5), 1652-
1653 or measurement of a voltage across the membrane using a FET. In some embodiments, the
method may further comprise, upon application of a potential across the membrane, detecting an
1onic current flow through the nanopore as a polynucleotide interacts and/or moves through the
nanopore. In some embodiments, the methods may be carried out using a patch clamp or a
voltage clamp. In some embodiments, the methods may be carried out using a voltage clamp.
Electrical measurements may be made using standard single channel recording equipment as
describe 1n Stoddart D et al., Proc Natl Acad Sci, 12;106(19):7702-7, Lieberman KR et al, ] Am
Chem Soc. 2010;132(50):17961-72, and International Application WO 2000/28312.
Alternatively, electrical measurements may be made using a multi-channel system, for example
as described 1n International Application WO 2009/077734 and International Application WO
2011/067559.

An array of nanopores may be provided to increase the throughput and therefore the
measurement of polynucleotide strands, such as a disclosed in International Application

WO02014/064443, the content of which 1s incorporated herein by reference.
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Analysis of signal measurements

In some embodiments, the method comprises detecting a signal corresponding to 1on flow
through the pore indicative of the interaction, for example the translocation of polynucleotides
through the pore. In some embodiments, a potential difference can be driven by osmotic
imbalance providing 1on flow. In some embodiments, a potential difference may be applied
across the transmembrane pore between two electrodes positioned on either side of the pore.
Alternatively the measurement may be a fluorescence measurement indicative of 1on flow
through the channel such as disclosed by Heron et al, J. Am. Chem. Soc., 2009, 131 (5), 1652-
1653. An array of nanopores may be provided to increase the throughput and therefore the
measurement of polynucleotide strands, such as a disclosed by W02014064443. Figure 4
shows a typical current signal measured over time during translocation of a polynucleotide
through a nanopore under enzyme control. When the polynucleotide to be translocated 1s joined
by a hairpin, non-nucleotides or modified nucleotides may be provided in the hairpin to provide a
signal indicative of the hairpin. The current signal over reflects the sequence of the
polynucleotide as it translocates the nanopore. Thus 1t 1s possible to determine which parts of the
signal are indicative of the template and complement. Typically the enzyme ratchets the
polynucleotide through the nanopore giving rise to characteristic current levels. The magnitude
of the signal over time depends upon the nature of the nanopore, and more than one nucleotide
can influence the current at any particular time.

In some embodiments, the number of nucleotides that influence the current at any
particular time may be dependent on a group of k nucleotide units, where k 1s a plural integer,
hereinafter referred to as a ‘k-mer’. This might be thought of conceptually as the nanopore
having a “blunt reader head” that 1s bigger than the polymer unit being measured. In such a
situation, the number of different k-mers to be resolved increases to the power of k. For
example, 1f there are n possible polymer units, the number of different k-mers to be resolved 1s
n®. With high numbers of k-mers, it can become difficult to resolve the measurements produced
by different k-mers, to the detriment of esttmating the underlying sequence of polymer units.

The current vs time sampled data points may be associated into contiguous groups by
carrying out a known analytical technique such as a running ‘t-test’ which attempts to find
changes 1n the local mean of the signal. These groups are referred to as events. Events
indicative of a particular k-mer may be determined as shown in Figure 6. An event 1s
represented with a few summary features (mean current of the data points within an associated
agroup and a standard deviation about the mean current).

In order to determine a polynucleotide sequence, in some embodiments a model may be

referred to which takes 1nto account the number of possible transitions between k-mers and
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which also takes into the account the current level. Such analytical techniques are disclosed 1n
WO02013041878 hereby incorporated by reference, wherein reference to a probabilistic analytical
technique such as a hidden Markov model (HMM) 1s used to determine the total number of
possible transitions and wherein the most likely transition 1s subsequently determined by an
analysis technique such as a Viterb1 algorithm. A recurrent neural network (RNN) may be
employed as an alternative to an HMM and provides more freedom of mathematical expression
over an HMM 1n for example describing the potential relationship between events and the
number of nucleotides that give rise to an event. Such a method employing an RNN 1s 1llustrated
by example in Figure 7, wherein from the events, features are derived which incorporate
information from other neighboring events. This provides extra information to the RNN, a
mathematical model whose output depends upon previous calculations of a sequence of data. An
example of how a Viterbi algorithm 1s employed to determine the path through the possible
transitions with the highest likelihood 1s shown schematically and naively in Figure 8.

The most likely transition between k-mers may be used to determine a k-mer sequence
and thus a nucleotide sequence of a nucleotide strand. Due to the nature of the mathematical
methods employed, nucleotide sequence 1s often stated 1n terms of % accuracy.

In the method involving measurement of template strands only, the above method may be
used to determine the template sequence. However in the case whereby a template and its
reverse complement are measured, the pairing relationship between template and 1ts complement
may provide added power to sequencing measurement. An example of a particular technique
which takes advantage of this relation 1s disclosed in W0O2013041878 whereby the two matrices
of template events ti vs possible k-mer states sk and complement events ¢j vs possible k-mer
states are combined to form a three dimensional matrix (2D) model. The 2D model finds the
most likely alignment of the two series of events, together with the k-mers which explain these
observations. This model considers the combination of the template and complement sequences.

In principle a 2D basecaller must examine all triples of (ti, ¢, sk) and the number of
possible associations between template events, complement paths and k-mers. In practice a full
2D calculation becomes computationally impractical at long read lengths and a useful
approximation 1s therefore to constrain the 2D model, as disclosed in WO201514035.

Alternatively a determination of a nucleotide sequence could be made by comparing the
template and complement event data or nucleotide sequences and determining the optimal
association between the template and complement. However this method would not provide the
improved accuracy of a 2D model as 1t does not consider the highest likelihood of the
combination between the template and complement strands. Example of consensus methods that

compare template and complement base-calls 1s disclosed
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Unlike the case where the template and complement strands are connected by a hairpin,
the complement strand may not always follow the template strand 1n sequential order into the
nanopore. For example following the translocation of the template strand of the double stranded
construct, there exists the possibility that a template strand from a second double-stranded
construct may translocate the nanopore. Furthermore, following the translocation of the template
(first) strand, there exists the possibility that the complement (second) strand may not be
captured by the binding site of the nanopore. This may be due to for example that the one or
more binding sites of the nanopore are already occupied by one or more complement strands and
therefore a binding site 1s not available to a complement strand. Any complement strand not
captured by the nanopore will likely diffuse away from the nanopore and not be captured by the
nanopore. Thus in order to make use of the added power of template and complement strands i1t
1s first necessary to determine whether the signal measurements correspond to the template and
1ts corresponding complement.

In some embodiments of various aspects described herein, the method may further
comprising 1dentifying a signal corresponding to translocation of the target polynucleotide and a
sequential signal corresponding to the separate translocation of the polynucleotide
complementary to the target polynucleotide and analyses the signals thus identified. For those
signal thus 1dentified the above mathematical methods may be used to determine the nucleotide
sequence of the target wherein the methods make use of both the information of the target
(template) and the complement with its associated advantages.

In order to 1dentify whether the signals (e.g., sequential signals) corresponding to the
target and 1ts complement, the events may be aligned to each other in order to determine the
degree of alignment. Depending on the degree of alignment a determination may be made
whether the signals 1n fact correspond to the target and 1ts complement. The % alignment used
to make a positive correlation may be arbitrarily chosen and may for example be greater than
95%. A known pairwise alignment method such a Smith -Waterman or Needleman-Wunsch
algorithm may be employed. Suitable example of methods of alignment which may be used are
disclosed in W0O2015/140535 or WO 2016/059427.

It has been observed that generally, the complement strand either follows its template
strand 1nto the nanopore 1n sequential order or diffuses away from the nanopore. There 1s a
much lower chance that the complement strand follows 1ts template strand after a further strand
unassociated with that particular complement strand has entered the nanopore. There are unique
characteristics of pairs of template and complement. For example, a template/complement pair
generally tends to share the same length of nucleotides (number of events). In addition, a follow-

on strand of the pair may enter a nanopore much quicker than a new strand, and/or sequencing of
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a complement tends to be faster, etc. One or more these characteristics can be used to 1dentify
template/complemetn pairs without complicated computational analysis.

In some embodiments, in order to reduce the computational demands, alignments may be
restricted to neighboring measurements of strands. Once a template—complement relationship
between strands has been established, determination of a sequence can either make use of the
measurements of a template or complement strand or the measurements of the template and the
complement strand. For example, the sequence of a template strand may be determined, wherein
the sequencing accuracy 1s not considered sufficiently high enough. Under such circumstances,
the method may choose determine the sequence from consideration of both the template and
complement sequence data to provide a sequence accuracy which 1s higher than that obtained by
determination of the template sequence alone. Alternatively, the sequence accuracy of a
template strand may be considered to be sufficiently good enough such that consideration of both
the template and complement sequence data 1sn’t considered necessary. Factors determining
whether the template sequence data 1s used or whether both the template and complement
sequence data 1s used may be for example whether the underlying sequence has bases or groups
of bases that are difficult to call precisely or for example whether a particular base 1s a single-
nucleotide polymorphism variant.

In the event that no sequential relationship 1s determined, the sequence of that particular
strand may be determined 1n the same way as would be carried for measurement of a template
only strand. In the event that a sequential relationship 1s determined, the sequence of that
particular strand may be determined 1n the same way as would be carried for measurement of
template and complement strand. This information may be combined to provide an overall
sequence determination.

In some embodiments, the methods described herein further comprises analyzing the
signal produced when a first strand (e.g., a target polynucleotide) translocates through a
transmembrane pore 1n conjunction with the signal produced when a second strand
complementary to the first strand translocates through the same nanopore. The first strand (e.g.,
a target polynucleotide) and 1ts complement (the second strand) are connected by base pairing.
Therefore, once the first polynucleotide binding protein (e.g., polynucleotide unwinding enzyme)
has moved along the length of the double stranded polynucleotide the first and the second strands
are no longer connected. See, e.g., Figure 10. The translocation of the second strand through
the nanopore 1s therefore a separate event to the translocation of the first strand through the
nanopore, e.g., as shown in Figure 11, in which the open-pore current (with no strand blocking
the current) of about 200 pA was observed between translocation of the first strand and the

second strand. While not necessary, 1t 1s desirable that translocation of the second strand takes
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place as soon as, e.g., immediately (e.g., less than 1 second) following translocation of the first
strand. See, for example, Figure 13.

The method comprises a step of identifying signals corresponding to sequential
translocation of the target polynucleotide and the polynucleotide complementary to the target
polynucleotide. Sequential translocation includes where the complementary polynucleotide 1s
translocated through the same pore as the target polynucleotide. The target polynucleotide and
complementary polynucleotide may be translocated through the pore 1n either order. Other
polynucleotides, such as 1, 2, 3, 4 or 5 to about 10 polynucleotides may pass through the pore
between the target polynucleotide and the complementary polynucleotide. Preferably, the target
polynucleotide and complementary polynucleotide pass through the pore consecutively, in either
order. The pore preferably returns to an open state between the translocation of the first of the
target polynucleotide and complementary polynucleotide through the pore and the translocation
of the second of the target polynucleotide and complementary polynucleotide through the pore.

The consecutive passage of the target and complementary polynucleotides through the
pore may be facilitated by tethering the target polynucleotide and/or the complementary
polynucleotide to the membrane and/or to the pore. Other methods of facilitating consecutive
translocation of the two strands of the double stranded polynucleotide include attaching the
target polynucleotide and/or the complementary polynucleotide to microparticles and/or
modifying the pore to increase/enhance polynucleotide capture.

Identification of a signal corresponding to translocation of the target polynucleotide and a
sequential signal corresponding to the separate translocation of the polynucleotide
complementary to the target polynucleotide may be facilitated using a barcode. Typically, a
double stranded barcode 1s included 1n or attached to the double stranded polynucleotide. When
the target polynucleotide and the complementary polynucleotide are separated (by the
polynucleotide binding protein (e.g., polynucleotide unwinding enzyme)) the barcode 1s retained
1n both the target polynucleotide and the complementary polynucleotide. Translocation of the
barcode through the transmembrane pore will create a signal characteristic of that barcode. The
second and subsequent detection of the barcode translocating through a pore can be used to
determine that a target polynucleotide and its complement have translocated sequentially through
the pore. The signals corresponding to translocation of the target polynucleotide and to the
separate translocation of the polynucleotide complementary to the target polynucleotide may

thereby be 1dentified.

lag- or 1ether-modified nanopores (e.g., for enhancing analyte capture such as polynucleotide

capture)
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The nanopores for use 1n the methods described herein are modified to comprise one or
more binding sites for binding to one or more analytes. In some embodiments, the nanopores
may be modified to comprise one or more binding sites for binding to an adaptor attached to the
analytes. For example, in some embodiments, the nanopores may bind to a leader sequence of
the adaptor attached to the analytes. In some embodiments, the nanopores may bind to a single
stranded sequence 1n the adaptor attached to the analytes. In some embodiments, the nanopores
may bind to a capture sequence within a duplex stem of the adaptor attached to the analytes,
wherein the capture sequence 1s revealed only upon unwinding of the duplex stem.

In some embodiments, the nanopores may be modified to comprise one or more binding
sites for binding to an adaptor attached to a first strand or second strand of a double stranded
oligonucleotide, e.g., to facilitate the sequential translocation of the first strand and the second
strand through the transmembrane pore.

In some embodiments, the nanopores are modified to comprise one or more tags or
tethers, each tag or tether comprising a binding site for the analyte.

In some embodiments, the nanopores are modified to comprise two or more tags or
tethers. For example, one tag or tether can be provided to increase the sensitivity of a method for
characterizing an analyte such as a polynucleotide ("sensitivity tag"), while another tag or tether
can be provided to increase the likelihood of sequencing of a complement strand following a
template strand of a polynucleotide ("follow-on tag"). As shown in Figure 15, the pore tags can
be configured 1n any number of ways. By way of example only, in some embodiments, each
monomer of an oligomeric pore can have the same type of tag configuration (e.g., with multiple
binding sites, as illustrated by Tag-A and Tag-B). Tag-A and Tag-B can be combined to form a
single tag, and at least one or more monomers comprises the Tag-A/Tag-B combined tag.
Alternatively, an oligomeric pore can comprise mixed monomers with different tags attached
such that at least one monomer has a different tag configuration from the other monomers. In
another example, Tag-A and Tag-B can remain as separate tags and at least one or more
monomers can comprise both individual tags. Sensitivity and follow-on tags can be separately
combined 1f they are complementary to unique sequences used in the adaptors as described
herein.

Figure 16 1s a schematic illustration of how nanopores with two different tag types can
be used to capture strands from solution (for improved sensitivity). The adaptor that 1s attached
to an end of a double-stranded polynucleotide comprises a capture sequence (e.g., forming a non-
complementary arm of a Y-adaptor) that 1s available to couple to a first pore tag, while a separate

capture sequence within the duplex stem that 1s only revealed when unzipped permits the
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complement to bind to a second pore tag and thus enables complement capture for follow-on
sequencing.

The 1nteraction between a tag on a nanopore and the binding site on an analyte (e.g., the
binding site present in an adaptor attached to an analyte, wherein the binding site can be
provided by an anchor or a leader sequence of an adaptor or by a capture sequence within the
duplex stem of an adaptor) may be reversible. For example, an analyte can bind to a tag on a
nanopore, e.g., via 1ts adaptor, and release at some point, e.g., during characterization of the
analyte by the nanopore. A strong non-covalent bond (e.g., biotin/avidin) 1s still reversible and
can be useful 1n some embodiments of the methods described herein. For example, to ensure
translocation of a complement of a double-stranded polynucleotide following the translocation of
a template, 1t may be desirable to design the the pair of pore tag and analyte adaptor to provide a
sufficient interaction between the complement of a double stranded polynucleotide (or a portion
of an adaptor that 1s attached to the complement) and the nanopore such that the complement 1s
held close to the nanopore (without detaching from the nanopore and diffusing away during the
translocation of the template) but 1s able to release from the nanopore as it translocates through
the nanopore.

Accordingly, in some embodiments of various aspects described herein, the pair of pore
tag and analyte adaptor can be configured such that the binding strength or affinity of a binding
site on an analyte (e.g., the binding site present in an adaptor attached to an analyte, wherein the
binding site can be provided by an anchor or a leader sequence of an adaptor or by a capture
sequence within the duplex stem of an adaptor) to a tag on a nanopore 1s sufficient to maintain
the coupling between the nanopore and analyte until an applied force 1s placed on 1t to release the
bound analyte from the nanopore. In some embodiments where the analyte 1s a double stranded
polynucleotide, the applied force may be translocation of an end of a complement strand through
a nanopore.

In some embodiments, the tags or tethers are uncharged. This can ensure that the tags or
tethers are not drawn 1nto the nanopore under the influence of a potential difference.

One or more molecules that attract or bind the polynucleotide or adaptor may be linked to
the pore. Any molecule that hybridizes to the adaptor and/or target polynucleotide may be used.
The molecule attached to the pore may be selected from a PNA tag, a PEG linker, a short
oligonucleotide, a positively charged amino acid and an aptamer. Pores having such molecules
linked to them are known 1n the art. For example, pores having short oligonucleotides attached
thereto are disclosed in Howarka et al (2001) Nature Biotech. 19: 636-639 and WO
2010/086620, and pores comprising PEG attached within the lumen of the pore are disclosed 1n
Howarka et al (2000) J. Am. Chem. Soc. 122(11): 2411-2416.
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A short oligonucleotide attached to the transmembrane pore, which oligonucleotide
comprises a sequence complementary to a sequence in the leader sequence or another single
stranded sequence 1n the adaptor may be used to enhance capture of the target polynucleotide
and/or complementary polynucleotide 1n a method of any aspects described herein.

In some embodiments, the tag or tether may comprise or be an oligonucleotide (e.g.,
DNA, RNA, LNA, BNA, PNA, or morpholino). The oligonucleotide (e.g., DNA, RNA, LNA,
BNA, PNA, or morpholino) can have about 10-30 nucleotides 1in length or about 10-20
nucleotides 1n length. An exemplary oligonucleotide (e.g., DNA, RNA, LNA, BNA, PNA, or
morpholino) may comprise a sequence as set forth in SEQ ID NO: 8. In some embodiments, the
oligonucleotide (e.g., DNA, RNA, LNA, BNA, PNA, or morpholino) for use in the tag or tether
can have at least one end (e.g., 3'- or 5'-end) modified for conjugation to other modifications or
to a solid substrate surface including, e.g., a bead. The end modifiers may add a reactive
functional group which can be used for conjugation. Examples of functional groups that can be
added 1nclude, but are not limited to amino, carboxyl, thiol, maleimide, aminooxy, and any
combinations thereof. The functional groups can be combined with different length of spacers
(e.g., C3, C9, C12, Spacer 9 and 18) to add physical distance of the functional group from the
end of the oligonucleotide sequence. In some embodiments, the tag or tether may be an
oligonucleotide (e.g., DNA, RNA, LNA, BNA, PNA, or morpholino) having a sequence as set
forth in SEQ ID NO: 8 with a 5'-malemide modification. In some embodiments, the tag or tether
may be an oligonucleotide (e.g., DNA, RNA, LNA, BNA, PNA, or morpholino) having a
sequence as set forth in SEQ ID NO: 8 with a 3'-malemide modification. In some embodiments,
the tag or tether may be an oligonucleotide (e.g., DNA, RNA, or PNA) having a sequence as set
forth in SEQ ID NO: 8 with a 5'-C9-Thiol modification. In some embodiments, the tag or tether
may be an oligonucleotide (e.g., DNA, RNA, LNA, BNA, PNA, or morpholino) having a
sequence as set forth in SEQ ID NO: 8 with a 3'-C9-Thiol modification. In some embodiments,
the tag or tether may be an oligonucleotide (e.g., DNA, RNA, LNA, BNA, PNA, or morpholino)
having a sequence as set forth in SEQ ID NO: 8 with a 5'-Thiol modification. In some
embodiments, the tag or tether may be an oligonucleotide (e.g., DNA, RNA, LNA, BNA, PNA,
or morpholino) having a sequence as set forth in SEQ ID NO: 8 with a 3'-Thiol modification.

In some embodiments, the tag or tether may comprise or be a morpholino
oligonucleotide. The morpholino oligonucleotide can have about 10-30 nucleotides 1n length or
about 10-20 nucleotides in length. An exemplary morpholino oligonucleotide may comprise a
sequence as set forth in SEQ ID NO: 8. The morpholino oligonucleotides can be modified or
unmodified. For example, in some embodiments, the morpholino oligonucleotide can be

modified on the 3' and/or 5' ends of the oligonucleotides. Examples of modifications on the 3'
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and/or 5' end of the morpholino oligonucleotides include, but are not limited to 3' affinity tag and
functional groups for chemical linkage (including, e.g., 3'-biotin, 3'-primary amine, 3'-disulfide
amide, 3'-pyridyl dithio, and any combinations thereof); 5' end modifications (including, e.g., 5'-
primary ammine, and/or S'-dabcyl), modifications for click chemistry (including, e.g., 3'-azide,
3'-alkyne, 5'-azide, S'-alkyne), and any combinations thereof. In some embodiments, the tag or
tether may be a morpholino oligonucleotide having a sequence as set forth in SEQ ID NO: 8 with
a 5'-azide modification. In some embodiments, the tag or tether may be a morpholino
oligonucleotide having a sequence as set forth in SEQ ID NO: 8 with a 3'-azide modification. In
some embodiments, the tag or tether may be a morpholino oligonucleotide having a sequence as
set forth in SEQ ID NO: 8 with a 5'-alkyne modification. In some embodiments, the tag or tether
may be a morpholino oligonucleotide having a sequence as set forth in SEQ ID NO: 8 with a 3'-
alkyne modification. In some embodiments, the tag or tether may be a morpholino
oligonucleotide having a sequence as set forth in SEQ ID NO: 8 with a 3'-pyridyl dithio
modification.

In some embodiments, the tag or tether may further comprise a polymeric linker, e.g., to
facilitate coupling to a nanopore. An exemplary polymeric linker includes, but 1s not limited to
polyethylene glycol (PEG). The polymeric linker may have a molecular weight of about 500 Da
to about 10 kDa (inclusive), or about 1 kDa to about 5 kDa (inclusive). The polymeric linker
(e.g., PEG) can be functionalized with different functional groups including, e.g., but not limited
to maleimide, NHS ester, dibenzocyclooctyne (DBCO), azide, biotin, amine, alkyne, aldehyde,
and any combinations thereof. In some embodiments, the tag or tether may further comprise a 1
kDa PEG with a 5'-maleimide group and a 3'-DBCO group. In some embodiments, the tag or
tether may further comprise a 2 kDa PEG with a 5'-maleimide group and a 3'-DBCO group. In
some embodiments, the tag or tether may further comprise a 3 kDa PEG with a 5'-maleimide
agroup and a 3'-DBCO group. In some embodiments, the tag or tether may further comprise a 5
kDa PEG with a 5'-maleimide group and a 3'-DBCO group.

Other examples of a tag or tether include, but are not limited to His tags, biotin or
streptavidin, antibodies that bind to analytes, aptamers that bind to analytes, analyte binding
domains such as DNA binding domains (including, e.g., peptide zippers such as leucine zippers,
single-stranded DNA binding proteins (SSB)), and any combinations thereof.

The tag or tether may be attached to the external surface of the nanopore, e.g., on the cis
side of a membrane, using any methods known 1n the art. For example, one or more tags or
tethers can be attached to the nanopore via one or more cysteines (cysteine linkage), one or more
primary amines such as lysines, one or more non-natural amino acids, one or more histidines

(His tags), one or more biotin or streptavidin, one or more antibody-based tags, one or more
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enzyme modification of an epitope (including, e.g., acetyl transferase), and any combinations
thereof. Suitable methods for carrying out such modifications are well-known 1n the art.
Suitable non-natural amino acids include, but are not limited to, 4-azido-L-phenylalanine (Faz)
and any one of the amino acids numbered 1-71 1n Figure 1 of Liu C. C. and Schultz P. G., Annu.
Rev. Biochem., 2010, 79, 413-444.

In some embodiments where one or more tags or tethers are attached to the nanopore via
cysteine linkage(s), the one or more cysteines can be introduced to one or more monomers that
form the nanopore by substitution. In some embodiments, the nanopore may be chemically
modified by attachment of (1) Maleimides including diabromomaleimides such as: 4-
phenylazomaleinanil, 1. N-(2-Hydroxyethyl)maleimide, N-Cyclohexylmaleimide, 1.3-
Maleimidopropionic Acid, 1.1-4-Aminophenyl-1H-pyrrole,2,5

27372

dione, 1.1-4-Hydroxyphenyl-1H-
pyrrole,2,5 dione, N-Ethylmaleimide, N-Methoxycarbonylmaleimide, N-tert-Butylmaleimide, N-
(2-Aminoethyl)maleimide , 3-Maleimido-PROXYL |, N-(4-Chlorophenyl)maleimide, 1-[4-
(dimethylamino)-3,5-dimitrophenyl]-1H-pyrrole-2,5-dione, N-[4-(2-

Benzimidazolyl)phenyl Jmaleimide, N-[4-(2-benzoxazolyl)phenyl|maleimide, N-(1-
NAPHTHYL)-MALEIMIDE, N-(2,4-XYLYL)MALEIMIDE, N-(2,4-
DIFLUOROPHENYL)MALEIMIDE , N-(3-CHLORO-PARA-TOLYL)-MALEIMIDE , 1-(2-
Amino-ethyl)-pyrrole-2,5-dione hydrochloride, 1-cyclopentyl-3-methyl-2,5-dihydro-1H-pyrrole-
2.5-dione, 1-(3-aminopropyl)-2,5-dihydro-1H-pyrrole-2,5-dione hydrochloride, 3-methyl-1-[2-
ox0-2-(piperazin-1-yl)ethyl]-2,5-dihydro-1H-pyrrole-2,5-dione hydrochloride, 1-benzyl-2,5-
dihydro-1H-pyrrole-2,5-dione, 3-methyl-1-(3,3,3-trifluropropyl)-2,5-dihydro-1H-pyrrole-2,5-
dione, 1-[4-(methylamino)cyclohexyl]-2,5-dihydro-1H-pyrrole-2,5-dione trifluroacetic acid,
SMILES O=C1C=CC(=O)NICC=2C=CN=CC2, SMILES O=C1C=CC(=0O)N1CN2CCNCC2,
1-benzyl-3-methyl-2,5-dihydro-1H-pyrrole-2,5-dione, 1-(2-fluorophenyl)-3-methyl-2,5-dihydro
1H-pyrrole-2,5-dione, N-(4-PHENOXYPHENYL)MALEIMIDE , N-(4-
NITROPHENYL)MALEIMIDE (i1) Iodocetamides such as :3-(2-Iodoacetamido)-PROXYL, N-
(cyclopropylmethyl)-2-10doacetamide, 2-10do-N-(2-phenylethyl)acetamide, 2-10do-N-(2,2,2-
trifluoroethyl)acetamide, N-(4-ACETYLPHENYL)-2-IODOACETAMIDE, N-(4-
(AMINOSULFONYL)PHENYL)-2-IODOACETAMIDE, N-(1,3-BENZOTHIAZOL-2-YL)-2-
IODOACETAMIDE, N-(2,6-DIETHYLPHENYL)-2-IODOACETAMIDE, N-(2-benzoyl-4-
chlorophenyl)-2-1odoacetamide, (111) Bromoacetamides: such as N-(4-
(ACETYLAMINO)PHENYL)-2-BROMOACETAMIDE , N-(2-ACETYLPHENYL)-2-
BROMOACETAMIDE , 2-BROMO-N-(2-CYANOPHENYL)ACETAMIDE, 2-BROMO-N-(3-
(TRIFLUOROMETHYL)PHENYL)ACETAMIDE, N-(2-benzoylphenyl)-2-bromoacetamide , 2-
bromo-N-(4-fluorophenyl)-3-methylbutanamide, N-Benzyl-2-bromo-N-phenylpropionamide, N-

38



10

15

20

235

30

35

CA 03044351 2015-0b5-17

WO 2018/100370 PCT/GB2017/053603
(2-BROMO-BUTYRYL)-4-CHLORO-BENZENESULFONAMIDE, 2-Bromo-N-methyl-N-

phenylacetamide, 2-bromo-N-phenethyl-acetamide,2-ADAMANTAN-1-YL-2-BROMO-N-
CYCLOHEXYL-ACETAMIDE, 2-bromo-N-(2-methylphenyl)butanamide,
Monobromoacetanilide, (1v) Disulphides such as: ALDRITHIOL-2 , ALDRITHIOL-4 |
ISOPROPYL DISULFIDE, 1-(Isobutyldisultfanyl)-2-methylpropane, Dibenzyl disulfide, 4-
AMINOPHENYL DISULFIDE, 3-(2-Pyridyldithio)propionic acid, 3-(2-Pyridyldithio)propionic
acid hydrazide, 3-(2-Pyridyldithio)propionic acid N-succinimidyl ester, am6amPDP1-3CD

and (v) Thiols such as: 4-Phenylthiazole-2-thiol, Purpald, 5,6,7,8-TETRAHYDRO-
QUINAZOLINE-2-THIOL.

In some embodiments, the tag or tether may be attached directly to the nanopore or via
one or more linkers. The tag or tether may be attached to the nanopore using the hybridization
linkers described in WO 2010/086602. Alternatively, peptide linkers may be used. Peptide
linkers are amino acid sequences. The length, flexibility and hydrophilicity of the peptide linker
are typically designed such that 1t does not to disturb the functions of the monomer and pore.
Preferred flexible peptide linkers are stretches of 2 to 20, such as 4, 6, 8, 10 or 16, serine and/or
glycine amino acids. More preferred flexible linkers include (SG)1, (SG)., (SG)s3, (SG)s, (SG)s
and (SG)s wherein S 1s serine and G 1s glycine. Preferred rigid linkers are stretches of 2 to 30,
such as 4, 6, 8, 16 or 24, proline amino acids. More preferred rigid linkers include (P)12 wherein
P 1s proline.

The transmembrane pore may be modified to enhance capture of polynucleotides. For
example, the pore may be modified to increase the positive charges within the entrance to the
pore and/or within the barrel of the pore. Such modifications are known in the art. For example,
WO 2010/055307 discloses mutations 1n a-hemolysin that increase positive charge within the
barrel of the pore.

Modified MspA, lysenin and CsgG pores comprising mutations that enhance
polynucleotide capture are disclosed in WO 2012/107778, WO 2013/153359 and WO
2016/034591, respectively. Any of the modified pores disclosed in these publications may be
used herein.

In some embodiments, a CsgG nanopore may be modified to comprise one or more tags
or tethers as described herein. One or more tags or tether(s) can be attached to one or more
monomers (e.g., 1,2, 3, 4,5, 6,7, 8,9, ormore) of a CsgG nanopore by amino acid
modifications at one or more of the following: T3, K7, R11, Q19, K22, A29, T31, R76, N102,
G103, N108, R110, Q114, E170, C215, L216, D238, A243, D248, and H255 of SEQ ID NO: 7.
In some embodiments, one or more tag(s) or tether(s) can be attached to one or more monomers

(eg., 1,2, 3,4, 5, 6,7,8,9, ormore) of a CsgG nanopore by amino acid substitutions at one or
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more of the following: T3C, K7C, R11C, Q19C, K22C, A29C, T31C, R76C, E170C, D238C,

A243C, D248C, H255C, C215A/T/S/M/G/I/L, L216V of SEQ ID NO: 7.

In some embodiments, the CsgG nanopore can be further modified to improve capture
and/or translocation of analyte through the nanopore, to improve analyte (e.g., polynucleotide)
recognition or discrimination, to improve interaction with a polynucleotide unwinding enzyme,
and/or to improve signal-to-noise ratios. For example, in some embodiments, at least one of the
monomers that form a CsgG nanopore can comprise one or more mutations as disclosed in WO
2016/034591.

In some embodiments, the CsgG nanopore can comprise one of the following
combinations of amino acid substitutions (referenced to SEQ ID NO: 7): (T3C); (K7C); (R11C);
(Q19C); (K22C); (A29C); (T31C); (R76C); (E170C); (D238C); (A243C); (D248C); (H255C);
(C215A); (C215T); (C215S); (C215M); (C215G); (C215I), (C215L); (C215A, L216V), (A29C,
C215T);, (T31C, C215T); (R76C, C215T); (T3C, C215A); (K7C, C215A); (R11C, C215A);
(Q19C, C215A); (K22C, C215A); (A29C, C215A); (T31C, C215A); (R76C, C215A); (E170C,
C215A); (C215A, D238C); (C215A, A243C); (C215A, D248C), (C215A, H255C); (R76C,
NOIIR, C215A); (R76C, N91R, C215A); (R76C, C215A); and (R76C, C215T).

Polynucleotide

The polynucleotide can be a nucleic acid, such as deoxyribonucleic acid (DNA) or
ribonucleic acid (RNA). The polynucleotide can comprise one strand of RNA hybridized to one
strand of DNA. The polynucleotide may be any synthetic nucleic acid known 1n the art, such as
peptide nucleic acid (PNA), glycerol nucleic acid (GNA), threose nucleic acid (TNA), locked
nucleic acid (LNA) or other synthetic polymers with nucleotide side chains. The PNA backbone
1s composed of repeating N-(2-aminoethyl)-glycine units linked by peptide bonds. The GNA
backbone 1s composed of repeating glycol units linked by phosphodiester bonds. The TNA
backbone 1s composed of repeating threose sugars linked together by phosphodiester bonds.
LNA 1s formed from ribonucleotides as discussed above having an extra bridge connecting the 2
oxygen and 4' carbon 1n the ribose moiety.

The polynucleotide 1s preterably DNA, RNA or a DNA or RNA hybrid, most preferably
DNA. The target polynucleotide may be double stranded. The target polynucleotide may
comprise single stranded regions and regions with other structures, such as hairpin loops,
triplexes and/or quadruplexes. The DNA/RNA hybrid may comprise DNA and RNA on the
same strand. Preferably, the DNA/RNA hybrid comprises one DNA strand hybridized to a RNA

strand.
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In some embodiments, the target polynucleotide does not comprise a hairpin structure or
any covalent linkage to connect a template and a complement. In some embodiments, the target
polynucleotide (e.g., template) and polynucleotide complementary to the target polynucleotide
(e.g., complement) are not linked by a bridging moiety, such as a hairpin loop. However, in
some embodiments, as a single strand (e.g., template or complement) translocates through a
nanopore, the strand 1tself can form a hairpin structure due to the interaction of the adaptors on
1ts both ends. See, e.g., Figure 19. Such adaptor design can be beneficial for characterizing a
long polynucleotide, e.g., by maintaining the other end of the strand close to the nanopore.

The target polynucleotide can be any length. For example, the polynucleotides can be at
least 10, at least 50, at least 100, at least 150, at least 200, at least 250, at least 300, at least 400
or at least 500 nucleotides or nucleotide pairs in length. The target polynucleotide can be 1000
or more nucleotides or nucleotide pairs, 5000 or more nucleotides or nucleotide pairs 1n length or
100000 or more nucleotides or nucleotide pairs 1n length or 500,000 or more nucleotides or
nucleotide pairs in length, or 1,000,000 or more nucleotides or nucleotide pairs 1n length, 10,
000,000 or more nucleotides or nucleotide pairs in length, or 100,000,000 or more nucleotides or
nucleotide pairs 1n length, or 200,000,000 or more nucleotides or nucleotide pairs in length, or
the entire length of a chromosome. The target polynucleotide may be an oligonucleotide.
Oligonucleotides are short nucleotide polymers which typically have 50 or fewer nucleotides,
such 40 or fewer, 30 or fewer, 20 or fewer, 10 or fewer or 5 or fewer nucleotides. The target
oligonucleotide 1s preferably from about 15 to about 30 nucleotides 1n length, such as from about
20 to about 25 nucleotides 1n length. For example, the oligonucleotide can be about 15, about
16, about 17, about 18, about 19, about 20, about 21, about 22, about 23, about 24, about 25,
about 26, about 27, about 28, about 29 or about 30 nucleotides in length.

The target polynucleotide may be a fragment of a longer target polynucleotide. In this
embodiment, the longer target polynucleotide 1s typically fragmented into multiple, such as two
or more, shorter target polynucleotides. The method of the invention may be used to sequence
one or more, such as 2, 3, 4, 5 or more of those shorter target polynucleotides.

In some embodiments, the method of various aspects described herein may be used to
sample multiple target polynucleotides, such as 2, 3, 4 or 5 to 10, 15, 20 or more
polynucleotides, within a sample.

In some embodiments, the method of various aspects described herein may be used to
sequence polynucleotides that are present in double stranded form 1n a sample.

In some embodiments, the method of various aspects described herein may be used to
sequence single stranded polynucleotides by first synthesizing the complement of the single

stranded polynucleotide to produce a double stranded polynucleotide. For example, the single
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stranded polynucleotide may be a RNA, such as mRNA and the complementary cDNA strand

may be synthesized to produce a double stranded polynucleotide for sequencing 1n a method of
the invention. For example, the single stranded polynucleotide may be a DNA and the
complementary strand may be synthesized to produce a double stranded DNA polynucleotide for
sequencing in a method of the invention.

In some embodiements the polynucleotide may be a concatenated polynucleotide.
Methods of concatenating polynucleotides are described in PCT/GB2017/051493. In one
embodiment, the method of attachment used to join the polynucleotides together 1s click
chemistry. In this embodiment, a template (first strand captured) and complement (reverse
complement of the first strand) of a first double stranded polynucleotide are characterised using a
nanopore when the template and complement are not covalently linked. As the template and
complement are separated, a sequence complementary to a pore tether in a follow-on adapter
ligated to the first double stranded polynucleotide 1s exposed in the complement and the
complement binds to a pore tether attached to the nanopore. In this embodiment, a concatenation
adapter 1s also ligated to the first double stranded polynucleotide so that the complementary
strand can be concatenated to a second double stranded polynucleotide

A concatenation adapter complex that contains a motor protein and a release protein may
be prepared. This concatenation adapter may be ligated to both ends of a target polynucleotide.
Both the motor protein and the release protein may be stalled on the ligated adapter complex
until a polynucleotide 1s captured by the pore. Once the first polynucleotide has been captured,
the blocking chemistry 1s overcome by both proteins and the motor protein controls the
interaction of the polynucleotide with the pore as previously. The release protein, which can
translocate quicker than the motor protein, reaches the 3 of the first polynucleotide to release a
hybridisation site, complementary to a 5° nucleic acid sequence of the leader strand of the
concatenation adapter complex. With this hybridization site revealed, a second polynucleotide
can then hybridise to the revealed site and covalent coupling of the 3° end of the first
polynucleotide to the 5’ of a second polynucleotide can occur (Figure 43). This process then
repeats for further concatenation of target polynucleotides.

In one embodiment, a method of characterising and concatenating double stranded target
polynucleotides 1s provided, where the method of attachment 1s non-covalent. In this
embodiment, the complement strand of the first double stranded target polynucleotide recruits a
second double stranded target polynucleotide and brings it into a local concentration to the pore.
In turn, as the first complement strand 1s sequenced the recruited second double stranded target
polynucleotide becomes dehybridised from the complement strand and 1nstead hybridises to a

pore tether. This enables the first and second (and subsequent, third, fourth, fifth, etc, etc,)
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double stranded target polynucleotides to follow one another through the pore with minimal time
between strands. This 1s especially useful when the concentration of double strand target
polynucleotides 1s low as the second target polynucleotide can be recruited while the first 1s
being sequenced.

In another embodiment, the method of characterising and concatenating double stranded
target polynucleotides, e.g. where the method of attachment 1s non-covalent, may be carried out
using a two component fishing tether that provides a second hybrisidation site for the follow-on
sequences and for the pore tether, to increase the proportion of events seen.

In one embodiment, the method of characterising and concatenating many double
stranded target polynucleotides, e.g. where the method of attachment 1s non-covalent, may be
used to bring multiple, such as from 2 to 20, e.g. 4, 5, 6, 8, 10, 12 or 15, double stranded target
polynucleotides to the pore. The complement strand of the first double stranded target
polynucleotide may recruit other double stranded target polynucleotides and concentrate them 1n
the vicinity of the pore. This provides a higher local concentration around the pore than in the
general bulk solution and so double stranded target polynucleotides follow one another through
the open pore with minimal time between strands. This 1s especially useful when the
concentration of double strand target polynucleotides 1s low. In this embodiment, a tether
consisting of an oligo coupled to a single stranded binding protein may be used. As the template
strand of the first double strand target polynucleotide 1s sequenced the complement strand 1s
released into solution as ssDNA. The single stranded binding proteins of the other double
stranded target polynucleotides are able to bind to the sSDNA. As part of the follow-on process,
as the complement strand 1s sequenced the 3° of the complement strand 1s drawn back towards
the pore. The single stranded binding proteins on the sSDNA complement strand are displaced
from the complement strand when they encounter the motor protein controlling movement of the
complement through the pore and so are deposited around the pore increasing the local
concentration. This 1s depicted in Figure 44. If the sequence of the target polynucleotide 1s
known, such analyte trawling can be carried out but with complementary sequences also added

to the 3’ of the pore tether, which can be used to tile sections of the complement strand.

Sample

The analytes (including, e.g., proteins, peptides, molecules, polypeptide, polynucleotides)
may be present in a sample. The sample may be any suitable sample. The sample may be a
biological sample. Any embodiment of the methods described herein may be carried out in vifro
on a sample obtained from or extracted from any organism or microorganism. The organism or

microorganism 1s typically archaean, prokaryotic or eukaryotic and typically belongs to one of
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the five kingdoms: plantae, animalia, fungi, monera and protista. In some embodiments, the
methods of various aspects described herein may be carried out iz vifro on a sample obtained
from or extracted from any virus.

The sample 1s preferably a fluid sample. The sample typically comprises a body fluid.
The body fluid may be obtained from a human or animal. The human or amimal may have, be
suspected of having or be at risk of a disease. The sample may be urine, lymph, saliva, mucus,
seminal fluid or amniotic fluid, but 1s preferably whole blood, plasma or serum. Typically, the
sample 1s human 1n origin, but alternatively 1t may be from another mammal such as from
commercially farmed animals such as horses, cattle, sheep or pigs or may alternatively be pets
such as cats or dogs.

Alternatively a sample of plant origin 1s typically obtained from a commercial crop, such
as a cereal, legume, fruit or vegetable, for example wheat, barley, oats, canola, maize, soya, rice,
bananas, apples, tomatoes, potatoes, grapes, tobacco, beans, lentils, sugar cane, cocoa, cotton, tea
or coffee.

The sample may be a non-biological sample. The non-biological sample 1s preferably a
fluid sample. Examples of non-biological samples include surgical fluids, water such as drinking
water, sea water or river water, and reagents for laboratory tests.

The sample may be processed prior to being assayed, for example by centrifugation or by
passage through a membrane that filters out unwanted molecules or cells, such as red blood cells.
The sample may be measured immediately upon being taken. The sample may also be typically
stored prior to assay, preferably below -70°C.

In some embodiments, the sample may comprise genomic DNA. The genomic DNA
may be fragmented or any of the methods described herein may further comprise fragmenting the
genomic DNA. The DNA may be fragmented by any suitable method. For example, methods of
fragmenting DNA are known in the art. Such methods may use a transposase, such as a MuA

transposase or a commercially available G-tube.

Leader Sequence

The leader sequence typically comprises a polymer. The polymer 1s preferably
negatively charged. The polymer 1s preferably a polynucleotide, such as DNA or RNA, a
modified polynucleotide (such as abasic DNA), PNA, LNA, polyethylene glycol (PEG) or a
polypeptide. The leader preferably comprises a polynucleotide and more preferably comprises a
single stranded polynucleotide. The single stranded leader sequence most preferably comprises a
single strand of DNA, such as a poly dT section. The leader sequence preferably comprises the

one or more spacers.
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The leader sequence can be any length, but 1s typically 10 to 150 nucleotides in length,

such as from 20 to 150 nucleotides 1n length. The length of the leader typically depends on the
transmembrane pore used 1n the method.

The leader sequence preferentially threads into the transmembrane pore and thereby
facilitates the movement of polynucleotide through the pore. The leader sequence can also be
used to link the polynucleotide to the one or more anchors as discussed herein.

Typically, a leader sequence 1s present at one end of the target polynucleotide and at one
end of the polynucleotide complementary to the target polynucleotide. Leader sequences may be
present at the 5’end of the target polynucleotide and at the 5° end of the complement of the target
polynucleotide. Alternatively, leaders sequence may be present at the 3’ end of the target
polynucleotide and at the 3° end of the complement of the target polynucleotide. A leader
sequence may be present at the 5° end of the target polynucleotide and at the 3° end of the
complementary polynucleotide, or vice versa. In these latter embodiments, two different
polynucleotide binding protein (e.g., polynucleotide unwinding enzyme)s are typically used,
wherein a first polynucleotide binding protein (e.g., polynucleotide unwinding enzyme) moves
along the polynucleotide 1n a 5’ to 3” direction and a second polynucleotide binding protein (e.g.,
polynucleotide unwinding enzyme) moves along the polynucleotide 1n a 3’ to 5° direction.

The leader sequence may be attached to the double stranded polynucleotide by any
suitable method. For example, the leader sequence may be ligated to the target polynucleotide
and/or to the complement thereof. Alternatively, the leader sequence may be generated by
digesting one strand of the double stranded polynucleotide to produce a single stranded overhang
on the other strand.

A polynucleotide binding protein (e.g., polynucleotide unwinding enzyme) may be bound
to the leader sequence prior to i1ts attachment to the target polynucleotide or complement thereof.
A polynucleotide binding protein (e.g., polynucleotide unwinding enzyme) may be bound to a
leader sequence present in the double stranded polynucleotide. The activity of the
polynucleotide binding protein (e.g., polynucleotide unwinding enzyme) bound to the leader
sequence may be stalled until the polynucleotide contacts the transmembrane pore. Methods of

stalling polynucleotide binding protein (e.g., polynucleotide unwinding enzyme)s are known in

the art, for example in WO 2014/135838.

Adaptor
The leader sequence may be present 1n an adaptor, wherein the adaptor comprises a
double stranded region (e.g., a duplex stem) and at least one single stranded region. At least one

of the single stranded regions may be a leader sequence. The adaptor may comprise at least one

43



10

15

20

235

30

35

CA 03044351 2015-0b5-17

WO 2018/100370 PCT/GB2017/053603

non-polynucleotide region. The adaptors attached to the two ends of the target double stranded
polynucleotide may be the same or different. Preferably, the adaptors in the pair are the same.

The leader sequence 1s preferably present in a first single stranded region at the 5° end (or
3’ end) of one strand of the adaptor. A second single stranded region may be present at the 3°
end (or 5° end) of the other strand of the adaptor. The first and second single stranded regions
are not complementary. In this embodiment, the adaptor may be referred to as a Y adaptor.

A'Y adaptor typically comprises (a) a double stranded region (e.g., a duplex stem) and (b)
a single stranded region or a region that 1s not complementary at the other end. A Y adaptor may
be described as having an overhang i1f 1t comprises a single stranded region. The presence of a
non-complementary region in the Y adaptor gives the adaptor 1its Y shape since the two strands
typically do not hybridise to each other unlike the double stranded portion. The Y adaptor may
comprise one or more anchors.

In some embodiments, the adaptor may comprise one or more (e.g., at least one, at least
two, at least three or more) binding sites for one or more (e.g., at least one, at least two, at least
three or more) tags on the nanopore. In some embodiments, the binding site for the tag on the
nanopore may be within the double stranded region (e.g., a duplex stem) such that the binding
site 1S exposed upon separation of the two strands of the double stranded region. See, e.g.,
Figure 10. Additionally or alternatively, the binding site for the tag on the nanopore may be on
a single stranded portion of the adaptor. By way of example only, Figure 9A shows an example
adaptor comprising at least one anchor for a solid substrate, e.g., a membrane or a bead, while
Figure 15 shows an example adaptor comprising at least two anchors, wherein a first anchor 1s
capable of coupling to a solid substrate, e.g., a membrane or a bead, and a second anchor 1s
capable of coupling to a nanopore. The second anchor for the nanopore can be configured to
bind to a tag conjugated to the nanopore.

The Y adaptor comprises a leader sequence which preferentially threads into the pore.

The Y adaptor may be attached to the polynucleotide using any method known 1n the art.
For example, one or both of the adaptors may be ligated using a ligase, such as T4 DNA ligase,
L. coli DNA ligase, Taq DNA ligase, Tma DNA ligase and 9°N DNA ligase.

In a preferred embodiment, the double stranded polynucleotide, for example the double
stranded polynucleotides 1n the sample are modified so that they comprise Y adaptors at both
ends. Any manner of modification can be used. The method may comprise modifying the
double stranded target polynucleotide by adding the adaptors.

The double stranded polynucleotide may be provided with adaptors, such as Y adaptors,
or anchors by contacting the polynucleotide with a MuA transposase and a population of double

stranded MuA substrates. The transposase fragments the double stranded polynucleotide and
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ligates MuA substrates to one or both ends of the fragments. This produces a plurality of
modified double stranded polynucleotides comprising an adaptor or anchor. The modified

double stranded polynucleotides may then be investigated using the method of the invention.

These MuA based methods are disclosed in WO 2015/022544 and WO 2016/059363.
They are also discussed 1n detail in WO2015/150786.

The adaptor may further comprise an anchor to tether the double stranded polynucleotide
comprising the target polynucleotide and/or 1its complement to the transmembrane pore or to the
membrane comprising the pore, i.e. the adaptor may further comprise a membrane-tether or a
pore-tether. The anchor 1s preferably attached to the single stranded region that 1s not the leader
sequence.

The polynucleotide binding protein (e.g., polynucleotide unwinding enzyme) may be
bound to the leader sequence 1n the adaptor, or the polynucleotide binding protein (e.g.,
polynucleotide unwinding enzyme) may be added after the adaptor has been attached to the
double stranded polynucleotide. The activity of the polynucleotide binding protein (e.g.,
polynucleotide unwinding enzyme) bound to the leader sequence may be stalled until the
polynucleotide contacts the transmembrane pore.

The leader sequence or adaptor may be attached to the double stranded polynucleotide by
any suitable method. For example, the leader sequence may be ligated to the target
polynucleotide and/or to the complement thereof or the adaptor may be ligated to the double
stranded polynucleotide.

In some embodiments, a double stranded barcode sequence may be ligated to one or both
ends of the target double stranded polynucleotide. The barcode sequence may be added to the
double stranded polynucleotide before the leader sequence or adaptor 1s added. For example, the
barcode sequence may be located between the end of the target double stranded polynucleotide
and the adaptor. Preferably, the barcode sequence 1s comprised 1n the adaptor.

A unique barcode sequence may be attached, for example ligated, to each double stranded
polynucleotide in a sample. The barcode sequence may be used to identify signals
corresponding to sequential translocation through the pore of the target polynucleotide and the
polynucleotide complementary to the target polynucleotide.

In some embodiments, the adaptor described herein can comprise one or more spacers to
prevent pre-bound polynucleotide binding protein (e.g., a polynucleotide unwinding enzyme)
from moving along and unwinding a double stranded polynucleotide. These spacers prevent
further movement of the polynucleotide binding protein (e.g., a polynucleotide unwinding
enzyme) until the polynucleotide binding protein (e.g., a polynucleotide unwinding enzyme) 1s

located at the pore and a potential difference 1s applied across the pore. The additional force

477



10

15

20

235

30

35

CA 03044351 2015-0b5-17

WO 2018/100370 PCT/GB2017/053603
provided by the potential difference pushes the polynucleotide binding protein (e.g., a

polynucleotide unwinding enzyme) over the spacers and allows 1t to unwind and control
movement of the polynucleotide through the nanopore. Thus movement by the polynucleotide
binding protein (e.g., a polynucleotide unwinding enzyme) typically only occurs when the
polynucleotide 1s 1n the nanopore and not before. Examples of spacers and methods for
preventing pre-bound polynucleotide binding protein (e.g., a polynucleotide unwinding enzyme)
from moving along and unwinding a double stranded polynucleotide until the polynucleotide 1s
1n a nanopore are described, for example, in W0O2015/110813, the contents of which are

incorporated herein by reference 1n their entireties.

Barcode

Polynucleotide barcodes are well-known 1n the art (Kozarewa, 1. et al., (2011), Methods
Mol. Biol. 733, p279-298). A barcode 1s a specific sequence of polynucleotide that affects the
current flowing through the pore 1n a specific and known manner.

The barcode may comprise a nucleotide sequence. A nucleotide typically contains a
nucleobase, a sugar and at least one phosphate group. The nucleobase 1s typically heterocyclic.
Nucleobases include, but are not limited to, purines and pyrimidines and more specifically
adenine, guanine, thymine, uracil and cytosine. The sugar 1s typically a pentose sugar.
Nucleotide sugars include, but are not limited to, ribose and deoxyribose. The nucleotide 1s
typically a ribonucleotide or deoxyribonucleotide. The nucleotide typically contains a
monophosphate, diphosphate or triphosphate. Phosphates may be attached on the 5° or 3° side of
a nucleotide.

Nucleotides include, but are not limited to, adenosine monophosphate (AMP), adenosine
diphosphate (ADP), adenosine triphosphate (ATP), guanosine monophosphate (GMP),
guanosine diphosphate (GDP), guanosine triphosphate (GTP), thymidine monophosphate (TMP),
thymidine diphosphate (TDP), thymidine triphosphate (TTP), uridine monophosphate (UMP),
uridine diphosphate (UDP), uridine triphosphate (UTP), cytidine monophosphate (CMP),
cytidine diphosphate (CDP), cytidine triphosphate (CTP), S-methylcytidine monophosphate, 3-
methylcytidine diphosphate, S-methylcytidine triphosphate, S-hydroxymethylcytidine
monophosphate, S-hydroxymethylcytidine diphosphate, S-hydroxymethylcytidine triphosphate,
cyclic adenosine monophosphate (cAMP), cyclic guanosine monophosphate (cGMP),
deoxyadenosine monophosphate (dAAMP), deoxyadenosine diphosphate (dADP),
deoxyadenosine triphosphate (1ATP), deoxyguanosine monophosphate (dGMP),
deoxyguanosine diphosphate (dGDP), deoxyguanosine triphosphate (dGTP), deoxythymidine
monophosphate (dTMP), deoxythymidine diphosphate (dTDP), deoxythymidine triphosphate
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(dTTP), deoxyuridine monophosphate ({UMP), deoxyuridine diphosphate (dUDP), deoxyuridine

triphosphate (dUTP), deoxycytidine monophosphate (dCMP), deoxycytidine diphosphate
(dCDP) and deoxycytidine triphosphate (dCTP), 5-methyl-2’-deoxycytidine monophosphate, 5-
methyl-2’-deoxycytidine diphosphate, 5-methyl-2’-deoxycytidine triphosphate, 5-
hydroxymethyl-2’-deoxycytidine monophosphate, 5-hydroxymethyl-2’-deoxycytidine
diphosphate and 5-hydroxymethyl-2’-deoxycytidine triphosphate. The nucleotides in the adaptor
are preferably selected from AMP, TMP, GMP, UMP, dAMP, dTMP, dGMP or dCMP. The
nucleotides may be abasic (i.e., lack a nucleobase). The nucleotides may contain additional
modifications. In particular, suitable modified nucleotides include, but are not limited to,
2’amino pyrimidines (such as 2’-amino cytidine and 2’-amino urid