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Nucleic Acid Characterisation

Field of the invention

The present invention is concerned with nucleic acid
characterisation and in particular the use of nucleic acid

arrays in such characterisation and analysis.

Background to the invention

The study of complex genomes, in particular, the search
for the genetic basis of disease in humans requires
genotyping on a massive scale. Screens for numerous genetic
markers performed for populations large enough to yield
statistically significant data are needed before
associations can be made between a given genotype and a
particular disease. However, large-scale genotyping is
demanding in terms of cost, time and labour, especially if
the methodology employed involves serial analysis of
individual DNA samples, i.e., separate reactions for
individual samples. One shortcut is to pool DNA from many
individuals and to determine parameters such as the
frequencies of a genotype, e.g., an allele, among the
individuals and then to correlate the frequency of an allele
in an affected population with the occurrence of a disease.
Hence, an association study involving 1000 patients would in
theory only necessitate a ‘one-pot’ reaction. Pooling
therefore represents an effective technique for analysing

large quantities of samples in a facile manner.

One disadvantage of pooling samples prior to analysis
is that information pertaining to individual DNA samples is
lost: only global information such as allele frequencies is

gathered. There is no easy method of discerning which
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individuals gave rise to a particular genotype. An ability
to genotype large populations in a small number of reactions
while retaining the information relating to individual
samples would yield the information of a full ‘non-pooled’

population screen at the cost of a few pooled reactions.

DNA from more than one source can be sequenced on an
array if each DNA sample is first tagged to enable its
identification after it has been sequenced. Many different
DNA-tag methodologies already exist ranging from: ESTs
(short sequences derived from cDNAs that map the position of
expressed genes in a genome, Adams et al., (1991) Science
252, 1651) to simple fluorescent dyes for labelling
(Haugland, R., Handbook of Fluorescent Probes and Research

9t edition, Molecular Probes). Other methods

Products,
include the use of: branched nucleic acid dendrimers (US
Pat. 6504019), quantum dots (Bruchez, M.P. et al., (1998)
Science 281, 2013) and combinatorial nucleic acid words (US
Pat. 5604097). In the last reference, DNA tags are added to
the ends of genomic DNA fragments by cloning. The tags
consist of eight four-base ‘words’, where each word uses
only three bases (A,T, and C) in various combinations
resulting in a total of 16,777,216 different tags that all
have the same base-pair composition and identical melting
points. The tagged DNA fragments are substrates for analysis
of gene expression on microbead arrays (Brenner et al.,
(2000) Nat. Biotech, 18, 630). These combinatorial DNA tags
are more applicable to tagging large numbers of DNA samples
in comparison to physical tags, such as fluorescent
molecules, because of the size of the tag repertoire.

Furthermore, nucleic acid based tags are more amenable to
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manipulation by standard molecular biology protocols, such

as PCR or endonuclease cleavage.

Summary of the invention

The present invention employs tags comprising defined
sequences of nucleic acid bases to tag polynucleotide
molecules derived or isolated from a plurality of different
sources, such as for example molecules isolated different

individuals.

Therefore, in accordance with the present invention
there is provided a method of sequencing and distinguishing
between nucleic acid sequences on an array, which sequences
originate from different sources, which method comprises the
steps of,

a) immobilising target nucleic acid sequences from
different sources to said array via a capture moiety
comprising a functionality capable of effecting
immobilisation of said target nucleic acid seguences to said
array thereby producing immobilised molecules, each
immobilised molecule comprising a target nucleic acid
sequence and a nucleic acid sequence tag characteristic of
the target nucleic acid sequence source and,

b) sequencing said immobilised molecules whereupon
said sequencing identifies a sequence of each of the nucleic
acid molecules comprising the characteristic nucleic acid
sequence tag to identify the corresponding source of the

target nucleic acid sequence.

The present invention represents an advance in array
technology whereby pooled target nucleic acids from a

plurality of sources can be sequenced on a single array and
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the origin of the target nucleic acids identified. As
described herein, the presence of a characteristic nucleic
acid sequence tag on an immobilised molecule comprising a
target nucleic acid sequence permits the source of the
target nucleic acid to be identified concurrently with the
sequencing of said nucleic acid. The term " distinguishing
between" nucleic acid sequences on an array therefore refers
to distinguishing between nucleic acid sequences on the
array which originate from different sources. This is a
dramatic improvement over pre-existing array technologies
which generally require an initial sequencing step for
sequencing the pooled nucleic acid, followed by a subsequent

step wherein the source of the nucleic acid is determined.

As will be apparent to the skilled reader, references
herein to a particular nucleic acid sequence may, depending
on the context, also refer to nucleic acid molecules which

embody the nucleic acid segquence.

The present invention will now be further described.
In the following passages different aspects of the invention
are defined in more detail. Each aspect so defined may be
combined with any other aspect or aspects unless clearly
indicated to the contrary. In particular any feature
indicated as being preferred or advantageous may be combined
with any other feature or features indicated as being

preferred or advantageous.

The terms "target nucleic acid sequence", "target
nucleic acid molecule", "target nucleic acid" and "target
nucleic acid fragment" may be used interchangeably to refer
to nucleic acid molecules that it is desired to sequence on

an array according to the invention. The target nucleic
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acid may be essentially nucleic acid of known or unknown
sequence. It may be, for example, a fragment of genomic DNA
or cDNA. Sequencing way result in determination of the

sequence of a whole or a part of the target molecule.

The method of the invention utilises "nucleic acid
sequence tags" as markers characteristic of the source of
particular target nucleic acid molecules on the array. A
nucleic acid sequence tag characteristic of source is
attached to each of the target nucleic acid molecules
immobilised on the array. The tag is not itself formed by
part of the target nucleic acid molecule or derived from the
target molecule, meaning that the tag is not a sequence
contiguous with the target nucleic acid sequence when the
latter is in its natural context. Generally the tag will be
a synthetic sequence of nucleotides which is added to the
target nucleic acid prior to or during immobilisation on the

array.

Preferably, the nucleic acid sequence tag may be up to
100 nucleotides (base pairs if referring to double stranded
molecules) in length, more preferably from 1 to 10
nucleotides in length, and most preferably 4, 5 or 6
nucleotides in length. Different tags may comprise
different combinations of nucleotide characteristic of a

given source of target nucleic acids.

In one embodiment of this aspect of the invention, the
capture moiety itself comprises a nucleic acid sequence
which can be immobilised on the surface of the array and
this capture moiety preferably comprises the characteristic

nucleic acid sequence tag. In a preferred embodiment, the
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capture moiety comprises a double stranded nucleic acid
molecule. In one embodiment this may comprise, for example,
a hairpin oligonucleotide, to which the nucleic acid

sequence may be covalently attached.

A number of different embodiments of the capture moiety
may therefore be utilised in accordance with the method of
the invention. In a first aspect, the double stranded
nucleic acid molecule may comprise first and second ends one
end of which will be for attachment to the target nucleic
acid molecule, the other being for anchoring to the array.
Hence, the capture moiety may be referred to as a "double
stranded nucleic acid anchoring molecule". In this context
"anchoring" is taken to mean immobilisation of a molecule

incorporating the anchoring molecule on the array.

The capture moiety may comprise a 5' or 3' overhanging
sequence at one of its ends. In a first embodiment of this
aspect the overhang may be provided on the 5' end of one of
said strands relative to the 3' end of the complementary
strand thereof and which 5' overhanging sequence may
comprise the nucleic acid sequence tag, which tag is
characteristic of a particular nucleic acid source. Where
the double stranded molecule includes said 5' overhang,
target nucleic acid, which is preferably DNA, from a
particular source may be covalently attached to the 5'
overhanging end of the double stranded capture moiety using
an appropriate ligation reagent such as, for example a
ligase enzyme, preferably a DNA ligase. In this embodiment
a single stranded DNA molecule may be ligated to said 5'
end. The 3' end of the double stranded capture moiety that

is complementary to the 5' end of the strand having the
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target nucleic acid molecule ligated thereto may thus act as
a primer sequence in a DNA resequencing protocol to identify
the sequence of the 5' overhang which functions as the
template and includes both the nucleic acid sequence tag
associated with the 5' overhanging portion, in addition to

the DNA ligated thereto.

The term "ligation reagent" encompasses any reagent
capable of effecting or catalysing ligation between two
nucleic acid strands. Suitable ligation reagents include
ligase enzymes, such as DNA ligase. Different ligase
enzymes have the ability to ligate different types of
single-stranded or double-stranded DNA and/or RNA, as would
be apparent to the skilled reader.

As would be known to the skilled practitioner, a ligase
enzyme requires the presence of a phosphate molecule at the
51 end of the molecule to which it is to be ligated, in
order to ligate the DNA sequence thereto, such a phosphate
moiety may be provided on the 5' end of the double stranded
nucleic acid capture moiety to which the target nucleic acid
sequence is to be attached. Thus, the sequence of bases
including the characteristic tag sequence on the 5' template
overhanging strand may be determined by employing a
polymerase enzyme to synthesise a complementary strand to
the template DNA one base at a time. Each added base
preferably comprises a characteristic fluorophore attached
that permits its identification by an appropriate detection
means and the next base can be similarly identified once the
fluorophore is removed. While any suitable DNA sequencing

method may be utilised, as would be known to one of skill in
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the art, a preferred method involves DNA resequencing

methodology, as described in US 5,302,509.

Alternatively, the capture moiety may not contain any
overhang, the nucleic acid tag being provided in the
sequence of the double stranded capture moiety.

Accordingly, in one embodiment double stranded DNA (e.g.
genomic DNA) may be covalently attached or otherwise ligated
to-one end of the double stranded nucleic acid capture
moiety. In one such an embodiment, only the 5' end of the
strand to which the target nucleic acid is to be attached
may include the phosphate moiety, and accordingly the ligase
will only ligate a single strand of the genomic DNA to be
tested to this 5'end. Thus, the genomic DNA may preferably
be pretreated (e.g. with phosphatase) to remove any
phosphate moiety from its 5' and 3' ends. In such an
embodiment, the non-contiguous strand of the genomic DNA may
be removed according to procedures known in the art, thus
leaving a single strand attached to the 5' end of one of the
strands of the capture moiety. The 3' end of the
complementary strand of the capture moiety may then function
as a primer sequence to sequence the target DNA attached to
the 5' end of the capture moiety in the manner described

above.

Therefore, in one embodiment, the nucleic acid tag is
provided as a single strand on an overhanging portion on the
5! end of the strand to which the target nucleic acid is to
be attached, together with the target nucleic acid sequence.
The corresponding 3' end of the complementary strand may be
used as a primer for extension of the 3' strand in the 5' to

3' direction using the complementary strand at the 5' end as
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a template resulting in sequencing and therefore
identification of the target nucleic acid sequence and the

tag.

In further embodiments the double stranded capture
moiety by be blunt-ended, i.e with no 5' overhang, at the
end to which the target nucleic acid molecule is to be
ligated. The tag sequence may be present at the 5' end of
the strand to which the target molecule is to be ligated. A
complement to the tag sequence will be present on the other
strand (referred to herein as the 3' strand) of the double
stranded molecule. Following ligation of the target nucleic
acid molecule to the 5' end of the double stranded capture
moiety, a portion of the 3' strand may be cleaved and
removed in order to create a 5' overhang, thereby providing
a template ready for sequencing. This cleavage step may
remove the region of the 3' strand complementary to the tag,
thereby exposing the tag for seguencing. In such
embodiments cleavage of the 3' strand generates a 3!
hydroxyl group which provides an initiation point for

sequencing.

In order tovdirect cleavage of the 3' strand, the
double stranded capture moiety may comprise an endonuclease
recognition sequence and a cleavage site. Preferably, the
nucleic acid sequence tag and the endonuclease recognition
sequence are oriented with respect to each other such that
the endonuclease is capable of cleaving or nicking at the
cleavage site on the 3' strand at a nucleotide position that
is upstream (i.e. 5') of, and preferably immediately
adjacent to (or up to but not including) a nucleotide of

complement of the nucleic acid sequence tag on the 3!
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strand. By "immediately adjacent to" is meant that the
enzyme cleaves at a phosphodiester bond formed between the
51 phosphate of the first nucleotide forming the tag
sequence and the 3' hydroxyl group of the preceding
nucleotide. However, the recognition and cleavage sites wmay
be designed in said capture moiety such that the
endonuclease cleaves at any position on the 3' strand
complementary to the strand to which the target nucleic acid
is .attached so as to remove the sequence complementary to
the nucleic sequence tag (optionally together with further
upstream nucleotides from the 3' strand). Therefore, the tag
is exposed on the 5' strand and the remainder of the 3
strand may as a primer for the sequencing-by-synthesis of
the complementary strand in the 5' to 3' direction.
Preferably cleavage will occur at a position not more than 5
and more preferably not more than 2 nucleotides upstream of
the nucleic acid tag, and most preferably immediately
adjacent to the tag. If cleavage occurs immediately
upstream of the complement of the tag sequence on the 3'
strand then the first bases sequenced in such a seguencing

reaction will be the tag sequence.

Accordingly, once the endonuclease has nicked or
cleaved the complementary strand to remove the complement of
the tag sequence, the remaining 3' end of the nicked strand
orn the double stranded capture moiety may again function as
a primer in a polymerase based resegquencing reaction to
identify both the nucleic acid sequence tag and the ligated
target nucleic acid sequence in a single sequencing

protocol.
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The method may involve determining sequence of a
portion of the target nucleic acid and the sequence of the
tag characteristic of the source of the target nucleic acid
in a single sequencing reaction step. Such embodiments may
require a cleavage step prior to sequence in which the 3!
strand of the capture moiety is nicked or cleaved by an
endonuclease at a cleavage site positioned so the cleaved
portion of 3' strand that is removed at least includes the
complement of the nucleic acid sequence tag. Such cleavage
thus exposes the sequence tag for sequencing and generates a
3'" end for initiation of a sequencing-by-synthesisg reaction.
The sequencing reaction will first determine the sequence of
the characteristic tag, followed by a portion of the target

nucleic acid molecule.

Alternatively a two step sequencing procedure may be
utilised whereby the target nucleic acid attached to the
double stranded capture moiety at the 5' end of one of the
strands is first sequenced by virtue of the end of the 3!
strand acting as a primer. Sequencing can proceed simply by
addition of further nucleotides to the 3' end of this
strand. Such sequencing will result in determination of the
sequence of a portion of the target nucleic acid. The
complementary (3') strand may then subsequently be cleaved
to reveal or expose a single stranded nucleic acid seguence
tag and which may then be subsequently sequenced in a second
sequencing reaction to identify the source of the nucleic

acid.

As would be known to one of sgkill in the art, a nicking
endonuclease is one of a class of enzymes that bind

reversibly to a specific recognition sequenc in a double
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stranded nucleic acid and cleaves a phosphodiester bond in
only one strand at a cleavage site located short distance
from the recognition site. The result is a "nick" in one
strand rather than a cleavage of both strands. In general
the nicks occur at the 3'hydroxyl, 5' phosphate, therefore
cleavage generates a free 3' hydroxyl group. Whén a nick is
produced in a section of double stranded nucleic acid, the
portion of the nicked strand distal to (downstream of) the
cleavage site is no longer continuous with the main body of
the double stranded nucleic acid. It becomes, in essence a
single stranded molecule hybridised to the rest of the
nucleic acid and can therefore be removed by procedures

known in the art.

The restriction site for a given endonuclease comprises
both a recognition sequence and a cleavage site. The
recognition sequence is the precise sequence of nucleotides
recognised by a particular endonuclease. The recognition
seguence for the endonuclease N.BstNBI is GAGTCNNNN, where N
canl be any nucleotide. The cleavage site for this
endonuclease is four nucleotides 3' from the end of this
recognition sequence. Therefore, the restriction site can be
oriented in the capture moiety to ensure that the nicking or
cleavage of the 3' strand embraces all of the complementary
tag sequences on the 3' strand. There is no requirement that
the restriction site be situated so that the endonuclease
cuts or nicks exactly at the nucleotide on the 3' strand
immediately before the complement of the tag sequence. The
cleavage site can be positioned at any point to ensure that
the endonuclease cuts or nicks upstream (5') of a sequence
that comprises the tag sequences in the 3' strand. Thus any

appropriate endonuclease can be used.
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For example, there exist nicking endonucleases that
nick or cleave at a position 3' of the recognition sequence,
that is, the recognition sequence and the cleavage site are
separated by several nucleotides. Such nicking endonucleases
include N.AInI, N.BspD6I, N.Bst9I, N.BstNBI, N.BstSEI, where
four random nucleotides separate the recognition sequence
and the cleavage site, and N.MlyI, where time random

nucleotides separate the recognition and the cleavage site.

There is no requirement that the recognition sequence
be separated from the cleavage site. There exist nicking
endonucleases that cut (cleave) within the recognition
sequence (eg N.BbvCIB, N.BpnlOIA, N.BpnlOIB, N.CviPII,
N.CviQXI), similar to the action of an ordinary restriction
enzyme, i.e. an enzyme that cleaves through both strands of

a double stranded nucleic acid.

Preferably, the double stranded nucleic acid capture
moiety comprises a hairpin oligonucleotide. Hairpins
including a 5' overhanging sequence portion may be generated
by designing said hairpin to have regions of internal self
complementarity to encompass the 3' end but with additional
nucleotides at the 5' end which do not have complements on
the 3' strand. In another embodiment, the hairpin may be
"blunt-ended" such that the region of complementarity
enables the formation of the intramolecular duplex including
each of the 5' and 3' ends of the oligonucleotide, each
nucleotide thus having a complementary nucleotide in the

other arm of the intermolecular duplex.
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The capture moiety according to the invention may be
immobilised on an array prior to or subsequent to attachment

of the target nucleic acid.

Target nucleic acids from different sources may be
immobilised on the array together with different sequence
tags, each characteristic of a particular source of nucleic
acid. Therefore, nucleic acid from a first source may be
added to the array and immobilised thereto using a hairpin
oligonucleotide, in the same manner as previously described,
having a characteristic nucleic acid sequence tag. Nucleic
acids from other sources may also be immobilised using
hairpin oligonucleotides incorporating different

characteristic nucleic acid sequence tags.

In a preferred embodiment, the array may comprise an
array of single molecules that are capable of being resolved
by optical microscopy. An array of single molecules may be
prepared in accordance with the methods as disclosed in WO
00/06770. Single molecule arrays are arrays of molecules,
such as polynucleotide molecules immobilised on a surface at
a density which allows each of the target molecules to be
individually resolved. Thus, advantageously, the massive
sequencing capacity of a single chip could be used to
sequence large subsets of a genome across many individuals.
DNA samples from control and affected patients may be run on
the same array for example. Moreover, by tagging the source
of each nucleic acid sample in a pool, there is no need to
stringently measure and balance the absolute quantities of
each DNA source mixed in a pool as is requisite in
conventional pooling methodologies where an undetermined

excess of individual input DNAs can result in an incorrect
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estimation of allele frequencies. By knowing the source of
each DNA after pooling and analysis, allele frequencies can
be determined with respect to the total number of pooled

samples rather than the absolute quantity of DNA.

The utility of the invention is not, however,
restricted to single molecule arrays. The method can also
be applied to clustered arrays, and in particular clustered
arrays generated by solid phase nucleic acid amplification,

as will be apparent from the following description.

Brief description of the drawings

The present invention may be more clearly understood'
from the following description and examples which are not
intended to limit the invention but are by way of
illustration, and with reference to the accompanying Figures

wherein,

Figure 1 is a representational illustration of an array
of hairpin-genomic DNA constructs immobilised on a glass
slide. Key: a) a double-stranded genomic DNA fragment (each
symbol represents a base), b) anchor hairpin DNA, c¢) single
strand of genondé DNA template ligated to hairpin, d)
synthetic nucleotide with fluorescent group, e)
incorporation of one complementary synthetic nucleotide, £)
cleavage of fluorescent group from the incorporated
synthetic nucleotide, g) another synthetic nucleotide with
fluorescent group, h) incorporation of a second
complementary synthetic nucleotide and i) template strand

base-paired to a complementary synthetic strand.
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Figure 2 is a schematic illustration of multiple cycles

of sequencing on a single molecule.

Figure 3a illustrates ligation of genomic DNA to a
hairpin prior to immobilisation onto a surface. X denotes a

functionality for coupling the hairpin to a surface.

Figure 3b illustrates ligation of genomic DNA to a
hairpin already immobilised on a surface. X denotes a

functionality for coupling the hairpin to a surface.

Figure 4a is a schematic illustration demonstrating

sequencing of a tag after sequencing of the genomic DNA

.template and nicking to remove the sequencing strand.

G1G2G3C4Gs... and TyT2Ts... refer to the first few bases of the
synthetic strand complementary to the genomic DNA and the

tag sequence, respectively.

Figure 4b is a schematic illustration demonstrating
sequencing of a tag after sequencing of the genomic DNA
template and cleavage of both the sequencing strand and
template strand to leave an overhang. GiG3G3G4Gs.. and TiT;Ts..
refer to the firét few bases of the synthetic strand
complementary to the genomic DNA and the tag sequence,

respectively.

Figure 4c is a schematic illustration demonstrating
nicking of the hairpin-genomic DNA construct prior to
concomitant sequencing of the tag and genomic template.
G1G,G334CGs... and TyT,Ts.. refer to the first few bases of the
synthetic strand complementary to the genomic DNA and the

tag sequence, respectively.
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Figure 5 igs a schematic illustration of a template
nucleic acid construct used for production of clustered
arrays of immobilised nucleic acid molecules via solid-phase
amplification. The construct is a double-stranded
polynucleotide molecule which comprises a nucleic acid
fragment, which can be any nucleic acid fragment of
interest, of known or unknown sequence, flanked by first and
second adaptors (adaptor 1, adaptor 2) which respectively

comprise amplification primer sequences b) and a).

Figure 6a is a schematic representation of a template
nucleic acid construct which is a double-stranded
polynucleotide comprising a nucleic acid fragment b) flanked
by first and second adaptors. One of the adaptors comprises
an amplification primer sequence a) and a sequencing primer
binding sequence b). This construct can be used for
production of clustered arrays of immobilised nucleic acid
molecules via solid-phase amplification. Such clustered
arrays will comprise immobilised polynucleotide molecules

having the structure shown in Figure 6b.

Figure 6b is a schematic illustration of a
polynucleotide molecule corresponding to one strand (the
template strand) of the template construct shown in Figure
6a. A universal sequencing primer d) is shown hybridised to

the complementary sequencing primer binding segquence.

Figure 7a is a schematic representation of a template
nucleic acid construct according to the invention which is a
double-stranded polynucleotide comprising a nucleic acid

fragment b) flanked by first and second adaptors. One of
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the adaptors comprises an amplification primer sequence a),
a sequéncing primer binding sequence b) and a tag sequence
e). This construct can be used for production of clustered
arrays of immobilised nucleic acid molecules via solid-phase
amplification. Such clustered arrays will comprise
immobilised polynucleotide molecules having the structure

shown in Figure 7b.

Figure 7b is a schematic illustration of a
polynucleotide molecule corresponding to one strand of the
template construct shown in Figure 7a. A universal
sequencing primer d) is shown hybridised to the

complementary sequencing primer binding sequence.

Figure 8 is a schematic illustration of a method of

sequencing on a clustered array according to the invention.

Figure 9a is a schematic representation of a template
nucleic acid construct according to the invention which is a
double-stranded polynucleotide comprising a nucleic acid
fragment b) flanked by first and second adaptors. One of
the adaptors comprises an amplification primer sequence a),
and a tag sequence <). The amplification primer sequence
also serves as a binding site for a universal sequencing
primer. This constxruct can be used for production of
clustered arrays of immobilised nucleic acid molecules via
solid-phase amplification. Such clustered arrays will
comprise immobilised polynucleotide molecules having the

structure shown in Figure 9b.

Figure 9b is a schematic illustration of a

polynucleotide molecule corresponding to one strand of the
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template construct shown in Figure 9a. A universal
sequencing primer d) is shown hybridised to the

complementary amplification primer (binding) sequence.

Detailed description of specific embodiments

Presently, many sequencing technologies enable DNA from
only a single source to be sequenced on an array while DNA
from more than one source (e.g., several different patients)
may be pooled, fragmented and sequenced. During the
subsequent analysis of the fragments, there is no way of
discerning the origin of each fragment. The invention
described herein enables this discernment and hence the
sequencing of DNA from more than one source on an array and

particularly an array of single molecules.

The present invention therefore comprises a sequencing
methodology that can distinguish DNA or other target nucleic

acid molecules from different sources on an array.

Suitable target nucleic acid molecules include genomic
DNA. A specific embodiment of the method may involve
fragmenting genomic DNA to less than 400 bp in length,
preferably less than 100 bp, dephosphorylating the 5’ ends,
then coupling the DNA to the array via a capture moiety,
such as a double-stranded nucleic acid anchor, for example a
DNA hairpin oligonucleotide. While the present invention may
be described with respect to genomic DNA and hairpin
oligonucleotides, it will be apparent that other target
nucleic acid molecules and other capture moieties known to

the skilled practitioner may also be employed.
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The DNA molecules may be attached to the capture moiety
for subseguent attachment to the array. Alternatively, they
may be contacted with the capture moiety subsequent to its
attachment to the surface of the array. Therefore, in the
case where the anchor comprises a hairpin oligonucleotide,
the hairpin may contain a functionality at its looped end
that allows it to be covalently coupled to a solid surface,
for example, a glass slide. At its other end, the hairpin
may comprise a 5’ phosphate moiety and a 3’ OH that enables
it to be covalently coupled to only one of the two strands
of a dephosphorylated genomic DNA fragment. The non-
contiguous strand of the genomic DNA may then be removed by
methods known to those skilled in the art. The coupled
hairpin-genomic DNA construct may then be attached to the
solid surface (Figure 3A). Alternatively, the hairpin may
first be attached to the surface before it is coupled to the

genomic DNA fragment (Figure 3B).

The array preferably consists of a surface with
multiples of a nucleic acid construct, each construct
preferably consisting of a universal double-stranded hairpin
attached to a unique single-stranded genomic DNA fragment.
The complementary (or 3’) strand of the double-stranded
hairpin that is not contiguous with the genomic DNA strand
forms a primer for sequencing of the genomic DNA strand.
Sequencing is performed by incorporating a fluorescently
labelled nucleotide at the end of the primer that is
complementary to the first base of the genomic DNA strand
(Figure 2). The inclusion of a blocking functionality on the
fluorescent nucleotide ensures that only one nucleotide is

incorporated. Removal of the block and the fluorescence
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enables another single nucleotide incorporation
complementary to the second base of the genomic DNA strand.
The process is iterated and at each cycle the fluorescence
of the incorporated nucleotide is recorded, preferably by a
microscope and camera. The use of a different fluorophore
for each of the four nucleotides, A, C, G and T enables the
identity of the bases added during the seguencing reaction
to be determine, and hence the sequence of the genomic DNA
strand to be inferred by conventional base-pairing rules.
The camera is capable of resolving and recording the
fluorescence incorporated at many individual molecules
simultaneously, preferably 1000 to 2000 molecules
simultaneously from an image area of 0.0l mm®’. If repeated
over a 10 cm®’ area, then sequence data from 10° fragments of
genomic DNA can be acquired. These seguenced fragments,
preferably 20 to 30 bases in length, can be reassembled into
their original genome contiguity by alignment to a reference

sequence database.

DNA from more than one source can be sequenced on a
sequencing array if the double stranded nucleic acid anchors
are designed such that the end bases that immediately adjoin
the genomic DNA strand form a variable tag sequence (Figures
4A, B, C). This tag sequence can be up to 100 nucleotides in
length (base pairs if referring to double stranded
molecules), preferably 1 to 10 nucleotides in length, most
preferably 4, 5 or 6 nucleotides in length and comprises
combinations of nucleotides. For example, in one embodiment,
if six base-pairs are chosen to form the tag and a
permutation of four different nucleotides used, then a total

of 4096 nucleic acid anchors (e.g. hairpins), each with a
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unigque 6 base tag can be made. This variable sequence tag
may commence at the hairpin nucleic acid base immediately
next to the genomic DNA strand or it may commence at a
position more distal to the junction between the nucleic

acid hairpin and the genomic DNA strand.

The double-stranded anchor may also contain a
recognition sequence of an endonuclease, preferably a
niéking endonuclease, capable of directing cleavage at a
cleavage site immediately adjacent to, upstream of or within
the complement of the tag sequence (Figure 4A, B, C).
Following cleavage with the endonuclease, the tag sequence
or part thereof is renderxred single-stranded and suitable for
further sequencing to determine the bases of the tag. Thus,
the original source of the target nucleic acid fragment can

be determined.

In one embodiment of the invention (Figure 4A), the
genomic DNA strand is sequenced first, then the
endonuclease, preferably a nicking endonuclease, is added to
cleave and expose the tag sequence. In some cases of this
embodiment (Figure 4B), an endonuclease can be used that
cleaves in both strands of the tag generating a 5’ overhang.
The sequence of the tag is then determined in a second round
of sequencing. In another embodiment (Figure 4C), the
endonuclease is added to the coupled hairpin-genomic DNA
construct prior to sequencing to generate a single-stranded
portion of the construct that encompasses the single-
stranded genomic DNA and a single-stranded tag sequence. In
this format, the tag and genomic DNA are seguenced in the

gsame round of sequencing cycles.
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“Solid support”, as used herein, refers to the material
to which the polynucleotides molecules are attached.
Suitable solid supports are available commercially, and will
be apparent to the skilled person. The supports can be
manufactured from materials such as glass, ceramics, silica
and silicon. Supports with a gold surface may also be used.
The supports usually comprise a flat (planar) surface, or at
least a structure in which the polynucleotides to be
interrogated are in approximately the same plane.
Alternatively, the solid support can be non-planar, e.g., a
microbead. Any suitable size may be used. For example, the

supports might be on the order of 1-10 cm in each direction.

The term “individually resolvable by optical
microscopy” is used herein to indicate that, when
visualised, it is possible to distinguish either at least
one target polynucleotide on the array from its neighbouring
polynucleotides using optical microscopy methods available
in the art. Visualisation may be effected by the use of
reporter labels, e.g., Eluorophores, the signal of which is

individually resolved.

As used herein, the term “interrogate” means contacting
one or more of the complementary copies of the target
polynucleotides with another molecule, e.g., a polymerase, a
nucleoside triphosphate or a complementary nucleic acid
sequence, wherein the physical interaction provides
information regarding a characteristic of the arrayed target
polynucleotide. The contacting can involve covalent or non-
covalent interactions with the other molecule. As used

herein, “information regarding a characteristic” means
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information regarding the sequence of one or more
nucleotides in the target polynucleotide, the length of the
target polynucleotide, the base composition of the target
polynucleotide, the T, of the target polynucleotide, the
presence of a specific binding site for a polypeptide or
other molecule, the presence of an adduct or modified
nucleotide, or the three-dimensional structure of the

polynucleotide.

As aforementioned, the target molecule may be capable
of being attached to the solid. support by virtue of a
chemical or other functionality thereon that can interact
with a complementary capture moiety to effect attachment to
the surface of the support. The capture moiety may comprise
a sequence of nucleotides that is capable of hybridising
with a complementary sequence on the target molecule. The
capture moiety may itself be present on the surface of the
support and thus may itself include means for attachment to
the surface of the support. In this regard, the target
nucleic acid may include a further adaptor molecule that can
hybridise to the sequence of nucleotides on the capture
moiety, which adaptor molecule or seguence may be positioned
at the 3' end of the nucleic acid. Thus, advantageously,
the capture moiety may itself act as a primer for surface

dependent amplification of the target nucleic acid.

In a preferred embodiment the capture moiety comprises
a hairpin oligonucleotide. In one embodiment, “hairpin
oligonucleotide” means a single-stranded nucleic acid
molecule which is capable of forming a hairpin, that is, a
nucleic acid molecule whose sequence contains a region of

internal self-complementarity enabling the formation of an
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intramolecular duplex or self-hybxrid. “Region of self-
complementarity” refers to self-complementarity over a
region of 4 to 100 base pairs. When not self-hybridized,
the hairpin oligonucleotide can be 8 to 200 base pairs,
preferably 10 to 30 base pairs in length. By saying that
the hairpin oligonucleotide is a “self-hybrid”, or that the
hairpin oligonucleotide has “self-hybridized”, means that
the hairpin oligonucleotide has been exposed to conditions
that allow its regions of self-complementarity to hybridize
to each other, forming a double-stranded nucleic acid
molecule with a loop structure at one end and exposed 3’ and

5’ ends at the other.

In another embodiment, the hairpin oligonucleotide is
synthesized in a contiguous fashion but is not made up
entirely of DNA, rather the ends of the molecule comprise
DNA bases that are self-complementary and can thus form an
intramolecular duplex, while the middle of the molecule
includes one or more non-nucleic acid molecules. An example
of such a hairpin nucleic acid molecule would be Nu-Nu-Nu-
Nu-Nu-LM-Nc-Nc-Nc-Nc-Ne¢, where “Nu” is a particular
nucleotide, “Nc¢” is the nucleotide complementary to Nu, and
“IM” is the linker moiety linking the two strands, e.g.,
hexaethylene glycol (HEG) or polyethylene glycol (PEG). The
non-nucleic acid molecule(s) can be linker moieties for
linking the two nucleic acids together (the two nucleic acid
halves of the overall hairpin nucleic acid molecule), and
can also be used to attach the ovexall hairpin nucleic acid
molecule to the substrate. Alternatively, the non-nucleic
acid molecule(s) can be intermediate molecules which are in
turn attached to linker moieties used for attaching the

overall hairpin nucleic acid to the solid substrate.
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In another embodiment, the hairpin oligonucleotide may
be composed of two separate but complementary nucleic acid
strands that are hybridized together to form an
intermolecular duplex, and are then covalently linked
together. The linkage can be accomplished by chemical
crosslinking of the two strands, attaching both strands to

one or more intercalators or chemical crosslinkers, etc.

In a preferred embodiment of the invention, the hairpin
molecule includes a 3’ overhang which is taken to mean that
at the 3’ end of the hairpin molecule, there is provided a
sequence of nucleotides which do not hybridise to a

complementary region.

In this embodiment the 3' end of the hairpin may
include a 3' block. An adaptor molecule on said target
nucleic acid molecule is preferably complementary to a
sequence on the 3' end of the hairpin oligonucleotide.
Therefore, once the target nucleic acid molecule including
said 3' adaptor molecule is brought into contact with said
hairpin molecule, the 3' adaptor molecule on the target
molecule will hybridise to its complementary sequence on the
3' overhanging sequence of the hairpin. The hairpin
oligonucleotide also preferably includes a phosphate moiety
at the 5' terminus thereof so that the 3' end of the target
nucleic acid molecule can be ligated thereto in the presence
of an appropriate ligase enzyme. Accordingly, in this
embodiment the hairpin oligonucleotide must be designed such
that upon hybridisation of the 3' region of the target
molecule (with 3’ adaptor) to its complementary sequence on

the 3' of the hairpin, the phosphate moiety on the 5' end is
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sufficiently proximal to the 3' end of the target nucleic
acid molecule so as to be capable of undergoing a ligation
reaction. Once the stabilised ligation product is
generated, the sequence at the 3' end of the hairpin
complementary to that of the 3' end of the target can serve
as a primer for a subsequent polymerase based sequencing

reaction.

Immobilisation of the hairpin oligonucleotides may be
by specific covalent or non-covalent interactions. In the
present invention, biotin may be used to immobilise the
hairpin oligonucleotides to a streptavidin coated solid
support. Immobilisation may also be carried out using
covalent means such as amino or thiol oligonucleotides onto
activated carboxy, maleimide or other suitably reactive

surfaces.

Double stranded anchors, including hairpins, and other
capture moieties comprising or consisting of polynucleotide
molecules may include natural and/or non-natural bases and

also natural and/or non-natural backbone linkages.

The target nucleic acid molecule used in accordance
with the invention may typically be DNA or RNA, although
nucleic acid mimics, e.g., PNA or 2'-O-methyl -RNA, are

within the scope of the invention.

A first step in the fabrication of the axrays will
usually be to functionalise the surface of the solid
support, making it suitable for attachment of the
molecules/polynucleotides. Biotinylated albumins (BSA) can

form a stable attachment of biotin groups by physisorption
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of the protein onto surfaces. Covalent modification can be
performed using silanes, which have been used to attach
molecules to a solid support, usually a glass slide. Biotin
molecules can be attached to surfaces using appropriately
reactive species such as biotin-PEG-succinimidyl ester which
reacts with an amino surface. The molecules can then be
brought into contact with the functionalised solid support,

to form the arrays.

in an alternative embodiment, the support surface may
be treated with different functional groups, one of which is
to react specifically with different target molecules.
Controlling the concentration of each functional group
provides a convenient way to control the densities of the

hairpin molecules/target nucleic acid.

Suitable functional groups will be apparent to the
skilled person. For example, sultable groups include:
amines, acids, esters, activated acids, acid halides,
alcohols, thiols, disulfides, olefins, dienes, halogenated

electrophiles, thiophosphates and phosphorothioates.

In one embodiment, the unreactive silanes may be of the
type RnSiX(4-n) (where R is an inert moiety that is
displayed on the surface of the solid support, n is an
integer from 1-4 and X is or comprises a reactive leaving
group, such as a halide (e.g. Cl, Br) or alkoxide e.g. (1-6
alkoxide). Such modified surfaces may be created by
reactions with silanes, such as tetraethoxysilane,
triethoxymethylsilane, diethoxydimethylsilane or
glycidoxypropyltriethoxysilane, although many other suitable

examples will be apparent to the gkilled person.



10

15

20

25

30

WO 2005/068656 PCT/GB2005/000080
29

The target nucleic acid molecules may be immobilised
onto the surface of the solid support to form a single
molecule array (SMA) in which the target nucleic acid
molecules are capable of being resolved by optical mneans.
This means that, within the resolvable area of the
particular imaging device used, there must be one ox more
distinct signals, each representing one polynucleotide.
Thus, each molecule is individually resolvable and
detectable as a single molecule fluorescent point, and
fluorescence from said single molecule fluorescent point

also exhibits single step photobleaching.

Clusters of substantially identical molecules do not
exhibit single point photobleaching under standard operating
conditions used to detect/analyze molecules on arrays. The
intensity of a single molecule fluorescence spot is constant
for an anticipated period of time after which it disappears
in a single step. In contrast, the intensity of a
fluorescence spot comprised of two or more molecules, for
example, disappears in two or more distinct and observable
steps, as appropriate. The intensity of a fluorescence spot
arising from a cluster consisting of thousands of similar
molecules, such as those present on the arrays consisting of
thousands of similar molecules at any given point, for
example, would disappear in a pattern consistent with an
exponential decay. The exponential decay pattern reflects
the progressive loss of fluorescence by molecules present in
the cluster and reveals that, over time, fewer and fewer

molecules in the spot retain their fluorescence.
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Typically, the polynucleotides on a single molecule
array are resolved using a single molecule fluorescence
microscope equipped with a sensitive detector, e.g., a
charge-coupled device (CCD). Each polynucleotide of the
array may be imaged simultaneously or, by scanning the
array, a fast sequential analysis can be performed. While
the density of the polynucleotides is not critical, it must
be such as to render the polynucleotides individually
resolvable as hereinbefore described. Preferably, however,
the polynucleotides are provided in the range of 10° to 10°
polynucleotides per cm® and even more preferably 107 to 10°
/cm® or one molecule is provided per 250 nm®> or per 62500

nm?.

Once formed the arrayed polynucleotides may be used in
procedures to determine the sequence of the target nucleic
acid molecule. 1In particular, the single molecule arrays
may be used in conventional assays which rely on the
detection of fluorescent labels to obtain information on the
arrayed polynucleotides. The arrays are particularly
suitable for use in multi-step assays where the loss of
synchronisation in the steps was previously regarded as a
limitation to the use of arrays. The arrays may be used in
conventional techniques for obtaining genetic sequence
information. Many of these techniques rely on the stepwise
identification of suitably labelled nucleotides, referxed to
in US-A-5654413 as “single base” sequencing methods or

“sequencing-by-synthesis”.

In an embodiment of the invention, the sequence(s) of
the target polynucleotide may be determined in a similar

manner to that described in US-A-5654413, by detecting the
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incorporation of nucleotides into the nascent strand through
the detection of a fluorescent label attached to the
incorporated nucleotide. In the present invention, the
primer is located on the 3' end of the hairpin
oligonucleotide following ligation of the 3' end of the
target nucleic acid molecule to the 5' end of the hairpin.
The nascent chain may then be extended in a stepwise manner
by the polymerase reaction. Each of the different
nucleotides (A, T, G and C) incorporates a unigque
fluorophore and a block at the 3' posgition on the nucleotide
acts as a blocking group to prevent uncontrolled
polymerisation. The polymerase enzyme incorporates a
nucleotide into the nascent chain complementary to the
target, and the blocking group prevents further
incorporation of nucleotides. The array surface is then
cleared of unincorporated nucleotides and each incorporated
nucleotide is “read” optically by a charge-coupled device
using laser excitation and filters. The 3' -blocking group
is then removed (deprotected), to expose the nascent chain

for further nucleotide incorporation.

US Patent No. 5,302,509 also discloses another method
to sequence polynucleotides immobilised on a solid support.
The method relies on the incorporation of fluorescently-
labelled, 3'-blocked bases A, G, C and T to the immobilised
polynucleotide, in the presence of DNA polymerase. The
polymerase incorporates a base complementary to the target
polynucleotide, but is prevented from further addition by
the 3'-blocking group. The label of the incorporated base
can then be determined and the blocking group removed by

chemical cleavage to allow further polymerisation to occur.
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Other suitable sequencing procedures will be apparent
to the skilled person. In particular, the sequencing method
may rely on the degradation of the arrayed polynucleotides,
the degradation products being characterised to determine

the sequence.

An example of a suitable degradation technique is
disclosed in WO-A- 95/20053, whereby bases on a
polynucleotide are removed sequentially, a predetermined
number at a time, through the use of labelled adaptors

specific for the bases, and a defined exonuclease cleavage.

However a consequence of sequencing using non-
destructive methods is that it is possible to form a
spatially addressable array for further characterisation
studies, and therefore non-destructive seguencing may be
preferred. 1In this context, the term “spatially
addressable” is used herein to describe how different single
nucleic acid molecules may be identified on the basis of

their position on an array.

In the case that the target nucleic acid molecules are
generated by restriction digest of genomic DNA, the
recognition sequence of the restriction or other nuclease
enzyme will provide 4, 6, 8 bases or more of known sequence
(dependent on the enzyme). However, as aforementioned,
adaptor molecules of known sequence can be added to the 3!
ends thereof. Further sequencing of between 10 and 20 bases
on the array should provide sufficient overall sequence
information to place that stretch of DNA into unique context

with a total human genome sequence, thus enabling the
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sequence information to be used for genotyping and wmore

specifically single nucleotide polymorphism (SNP) scoring.

Thus the arrays of this invention may be incorporated
into, for example, a sequencing machine or genetic analysis

machine.

The polynucleotides immobilised onto the surface of a
solid support to form a single molecule array should be
capable of being resolved by optical means. This means
that, within the resolvable area of the particular imaging
device used, there must be one or more distinct signals,
each representing one single molecule. Typically, the
polynucleotides of the array are resolved using a single
molecule fluorescence microscope equipped with a sensitive
detector, e.g., a charge-coupled device (CCD). Each
polynucleotide of the array may be imaged simultaneously or,
by scanning the array, a fast sequential analysis can be

performed.

The extent of separation between the individual
polynucleotides on a single molecule array will be
determined, in part, by the particular technique used to
resolve the polynucleotides. Apparatus used to image
molecular arrays are known to those skilled in the art. For
example, a confocal scanning microscope may be used to scan
the surface of the array with a laser to image directly a
fluorophore incorporated on the individual polynucleotide by
fluorescence. Alternatively, a sensitive 2-D detector, such
as a charge-coupled device, can be used to provide a 2-D
image representing the individual polynucleotides on the

array.
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“Resolving” single molecules on the array with a 2-D
detector can be done if, at 100 x magnification, adjacent
molecules on the array are separated by a distance of
approximately at least 250 nm, preferably at lest 300 nm and
more preferably at least 350 nm. It will be appreciated
that these distances are dependent on magnification, and
that other values can be determined accordingly, by one of

ordinary skill in the art.

Other techniques such as scanning near-field optical
microscopy (SNOM) are available which are capable of greater
optical resolution, thereby permitting more dense arrays to
be used. For example, using SNOM, adjacent polynucleotides
may be separated by a distance of less than 100 nm, e.g., 10
nm. For a description of scanning near-field optical
microscopy, see Moyer et al., Laser Focus World (1993)

29(10) .

An additional technique that may be used is surface-
épecific total internal reflection fluorescence microscopy
(TIRFM) ; see, for example, Vale et al., Nature (1996)
380:451-453) . Using this technique, it 1s possible to
achieve wide-field imaging (up to 100 um x 100 um) with
single molecule sensitivity. This may allow arrays of
greater than 10’ resolvable polynucleotides per cm?® to be

used.

Additionally, the techniques of scanning tunnelling
microscopy (Binnig et al., Helvetica Physica Acta (1982)
55:726-735) and atomic force microscopy (Hansma et al., Ann.

Rev. Biophys. Biomol. Struct. (1994) 23:115-139) are
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suitable for imaging the arrays of the present invention.
Other devices which do not rely on microscopy may also be
used, provided that they are capable of imaging within

discrete areas on a solid support.

The utility of the invention is not limited to
sequencing target molecules on single molecule arrays. In
addition, the methods of the invention can also be applied
to.clustered arrays, and in particular clustered arrays
formed by amplification of a target nucleic acid molecule on

a solid support.

Therefore, in one embodiment of the invention the array
is a clustered array. In a preferred embodiment the
clustered array will be formed by solid-phase amplification.
In this embodiment, the individual nucleic acid molecules
immobilised on the array which serve as templates for
subsequent sequencing will be amplification products of the

solid-phase amplification reaction.

The formation of clustered arrays comprised of
pluralities of immobilised nucleic acid molecules (also
referred to as nucleic acid colonies) by nucleic acid
amplification on a solid support is described in general
terms in, for example, WO 98/44151 and WO 00/18957. The
amplification techniques described therein may be adapted in
order to prepare clustered arrays incorporating sequence

tags according to the invention.

A key step in the generation of clustered arrays by
amplification is the attachment of known adaptor sequences

to the ends of target nucleic acid molecules to be amplified
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(e.g. random fragments of human genomic DNA) that enable
amplification of these molecules on a solid support to form
clusters. The adaptors are typically short oligonucleotides
that may be synthesised by conventional means. The adaptors
may be attached to the 5' and 3' ends of target nucleic acid
fragments by a variety of means (e.g. subcloning, ligation.
etc). More specifically, two different adaptor sequences
are attached to a target nucleic acid molecule to be
amplified such that one adaptor is attached at one end of
the target nucleic acid sequence in the target molecule and
another adaptor is attached at the other end of the target
nucleic acid molecule. The resultant construct comprising a
target nucleic acid sequence flanked by adaptors may be

referred to herein as a "template nucleic acid construct".

The adaptors contain sequences which permit nucleic
acid amplification using amplification primer molecules
immobilised on a solid surface. These sequences in the
adaptors may be referred to herein as "amplification primer
sequences". In order to act as a template for nucleic acid
amplification, a single strand of the template construct
must contain a sequence which is complementary to a first
amplification primer molecule (such that the first primer
molecule can bind and prime synthesis of a complementary
strand) and a sequence which corresponds to the sequence of
a second amplification primer molecule (such that the primer
molecule can bind to the complementary strand). The
sequences in the adaptors which permit hybridisation to
primer molecules will typically be around 20-25 nucleotides
in length, although the invention is not limited to
sequences of this length. The term "hybrisidation"
encompasses sequence-specific binding between primer and

template. During the amplification reaction, binding of an
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immobilised primer molecule to its cognate sequence in the
template can occur under typical conditions used for primer-

template annealing in standard PCR.

The precise identity of the amplification primer

sequences, and hence the sequence of the cognate

.amplification primer molecules, is generally not material to

the invention, as long as the primer molecules are able to
interact with the amplification sequences in order to direct
PCR amplification. The criteria for design of PCR primers
are generally well known to those of orxdinary skill in the

art.

The amplification primer molecules are oligonucleotide
molecules which may comprise a functionality enabling
attachment to. a solid support. Suitable primers can be
synthesised using standard synthetic technigues well known
in the art. Attachment can be by any suitable attachment
means or attachment known in the art, including any
attachment means described herein in connection with any
other aspect of the invention. Once immobilised, they serve
as amplification primers for nucleic acid amplification on

the solid support (illustrated schematically in Figure 5).

In embodiments based on the formation of clustered
arrays the '"capture moiety" can be considered to be the
functional group which is used for immobilisation of the
amplification primers to the array. Molecules comprising
the target nucleic acid sequence together with a tag
characteristic of the source of the target nucleic acid
sequence are thus immobilised on the array via such capture
moieties as a result of solid-phase amplification using the

immobilised capture primers. Solid-phase amplification
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results in the formation of amplification products
comprising the target nucleic acid sequence and the tag

sequence immobilised on the array.

In one embodiment of the invention solid phase
amplification may be carried out as follows: both
amplification primers are first immobilised on the solid
support by an suitable attachment chemistry. Following
attachment of the primers the solid support is contacted
with the template to be amplified under conditions which
permit hybridisation between the template and the
immobilised primers. The template is generally added in free
solution and suitable hybridisation conditions will be
apparent to the skilled reader. Typically hybridisation
conditions are, for example, 5xSSC at 40°C, following an
initial denaturation step. Solid-phase amplification can
then proceed, the first step of the amplification being a
primer extension step in which nucleotides are added to the
3'" end of the immobilised primer hybridised to the template
to produce a fully extended complementary strand. This
complementary strand will thus include at its 3' end a
sequence which is capable of binding to the second primer
molecule immobilised on the solid support. Further rounds
of amplification (analogous to a standard PCR reaction) lead
to the formation of clusters or colonies of template

molecules bound to the solid support.

In an alternative embodiment of the invention the
amplification primers and template constructs may be mixed
and then immobilised on the golid support in a single
attachment step. In this embodiment the amplification
reaction is substantially similar to that described in WO

98/44151 and WO 00/18957.
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DNA amplification on solid supports is a procedure well
documented in the literature. A wide range of support types
(e.g. microarrays (Huber M. et al. (2001) Anal. Biochem.
299(1), 24-30; Rovera G. (2001) US patent 6221635 Bl
20010424), glass beads (Adessi C. et al. (2000) Nucl. Acids
Res. 28(20), e87; Andreadis J. D. et al. (2000) Nucl. Acids
Res. 28(2), e5), agarose (Stamm S. et al. (1991) Nucl.
Acids Res. 19(6), 1350) or polyacrylamide (Shapero M. H. et
al. (2001) Genome Res. 11,1926-1934; Mitra, R. D. et al.
(1999) Nucl. Acids Res. 27(24), e34)) and attachment
chemistries (e.g. 5'-thiol oligo on aminosilane slides via
heterofunctional crosslinker (Adessi C. et al. (2000) Nucl.
Acids Res. 28(20), e87; Andreadis J. D. et al. (2000) Nucl.
Acids Res. 28(2), e5), EDC chemistry on NucleoLink™ surface
(Sjoroos M. et al. (2001) Clin. Chem. 47(3), 498-504) or
amino silane (Adessi C. et al. (2000) Nucl. Acids Res.
28(20), e87), radical polymerization (Shapero M. H. et al.
(2001) Genome Res. 11,1926-1934; Mitra, R. D.et al. (1999)
Nucl. Acids Res. 27(24), e34) ) have been described. PCR on
polyacrylamide coated glass slides (Shapero et al., ibid) or

beads (Mitra et al., ibid) has also been reported.

One or both of the adaptors flanking the target nucleic
acid sequence may also include an additional sequence
complementary to a sequencing primer. In the target
molecules immobilised on the array (i.e. the products of
solid-phase amplification) this additional sequence will be
positioned between the amplification primer sequence and the
target nucleic acid seguence, such that when a seqguencing
primer is hybridised to the additional sequence the next
base after that nucleotide base-paired the 3’ end of the

sequencing primer is the first base of the target nucleic
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acid molecule. The additional sequence is preferably
included in the adaptor which is located distal from the
solid support following amplification to generate clusters
of immobilised molecules. A suitable template construct is
illustrated in Figure 6a and amplified strands in Figure 6b,
assuming attachment to the support via the 5' end. The
additional sequence is herein referred to as the "sequencing
primer binding sequence". The hybridising sequencing primer
may also be referred to as the "universal sequencing primer"
(illustrated schematically in Figure 6b). Binding of the
sequencing primer to its cognate sequence in the adaptor
provides an initiation point for sequencing of

polynucleotide molecules on the clustered array.

A tag of additional bases can be included in the
adaptor between the sequencing primer binding sequence and
the target nucleic acid molecule to generate an encoded tag
sequence in the immobilised molecules on the array (template
construct illustrated schematically in Figure 7a and
amplified strands in Figure 7b). The tag sequence is again
an additional sequence added to the target nucleic acid
sequence, typically to provide a marker of the source of the
target nucleic acid sequence. Preferred features of the tag

are as described for other embodiments of the invention.

In the embodiment illustrated in Figure 7, the first
bases identified in a sequencing reaction initiated at a
sequencing primer binding to the sequencing primer binding
sequence will be the bases that form the tag; the next bases
identified will be the first bases of the attached target
nucleic acid sequence (illustrated schematically in Figure

7b) . Thus, the adaptor will consist of the following order
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of constituents: the amplification primer sequence, the
sequencing primer binding sequence, then the encoded tag
sequence; the complete construct is herein referred to as an
"encoded tag adaptor'. This entire construct can be
synthesised and added to target nucleic acid
molecules/fragments using standard molecular biology
techniques, such that the tag is positioned immediately

adjacent to the target nucleic acid sequence.

The nucleic acid tag sequence may be included in either
one or both of the adaptors present in the template nucleic
acid constructs used in the construction of the arrays by
solid-phase amplification. It will be appreciated that any
given solid-phase amplification will result in the formation
of two types of immobilised single-gstranded amplification
products which are complementary to each other. Following
amplification one of the amplified strands may be removed
from the array, for example by selective cleavage at a pre-
determined cleavage site in one of the adaptors, leaving
only a single type of template strand on the array. The
amplified template strands left on the array must include a
target nucleic acid sequence and a nucleic acid tag
sequence, plus a binding sequence for a sequencing primer in
order to prime sequencing-by-synthesis of the template.

Such strands are immobilised via their 5' ends, leaving the
3! end of the molecule free to act as a template for

sequencing.

Many encoded tag adaptors can be designed, each with a
unique tag sequence. A unique encoded tag adaptor can be
attached to each of several sets of target nucleic acid

fragments and the sets then pooled. When the resultant
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constructs are used as templates for the generation of a
clustered array, all clusters derived from a given set of
nucleic acid fragments will have the same tag sequence,
which differs from the tag sequence in clusters derived from
a different set of nucleic acid fragments. All clusters may
include the same "sequencing primer" binding sequence, such
that a universal sequencing primer can be used to sequence
all the clusters from all sets of nucleic acid fragments.
During a sequencing reaction on a clustered array, the tag
sequence will be sequenced first, then the attached nucleic
acid fragment. By this means the set of nucleic acid
fragments from which an individual nucleic acid fragment on
the array originates can be identified following sequencing
of a portion of the nucleic acid fragment and its associated

tag.

In another embodiment of this invention, a sequencing
primer can be designed with additional bases such that it
hybridises to the sequencing primer binding sequence and the
sequence of the tag. Such a primer may be herein referred
to as a "tagged sequencing primer" (illustrated
schematically in Figure 8) as opposed to a "universal"
sequencing primer. For each unique encoded tag adaptor, a
tagged sequencing primer can be designed that hybridises to
the sequencing primer binding sequence and the sequence of-
the tag. During the sequencing reaction on a clustered
array, a plurality of tagged sequencing primers are
hybridised under stringent conditions to the array such that
every tagged sequencing primer hybridises to its
complementary sequencing primer binding sequence. In this
instance, the first bases seguenced in a sequencing reaction

are the first bases of the target nucleic acid fragment.
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Following a completed sequencing reaction{ the tagged
sequencing primer can be dehybridised and removed (i.e. by
denaturation under standard conditions). A subsequent
hybridisation of a universal sequencing primer followed by
further sequencing reactions will identify the sequence of

the tag.

The embodiment outlined in the preceding paragraph is
illustrated schematically in Figure 8. 1) illustrates a
template nucleic acid construct comprising a nucleic acid
fragment b) flanked by first and second adaptors. One of
the adaptors comprises an amplification primer sequence a),
a sequencing primer binding sequence b) and a tag sequence
d) . The template construct shown in i) can be used for
production of clustered arrays of immobilised nucleic acid
molecules via solid-phase amplification. Such clustered
arrays will comprise immobilised single stranded
polynucleotide molecules having the structure represented
schematically in part ii). Part ii) shows a tagged
sequencing primer hybridised to the complementary sequencing
primer binding sequence and tag sequence. The primer
provides an initiation point for a first sequencing reaction
to determine the sequence of a portion of the nucleic acid
fragment. In part iii) the extended primer produced in this
first seguencing reaction is dehybridised (under standard
denaturing conditions) to regenerate the template strand
shown in part iv). The template strand may then be
hybridised to a universal sequencing primer which is
complementary to the sequencing primer binding sequence but
not the tag sequence, as shown in part v). This universal
primer provides an initiation point for sequencing of the

tag sequence.



10

15

20

25

WO 2005/068656 PCT/GB2005/000080
44

In a still further embodiment of this invention
(schematically illustrated in Figure 9) the "sequencing
primer binding sequence" can be provided by an
amplification primer sequence in one of the adaptors, which
thus performs a dual function of: (i) enabling cluster
generation by virtue of its complementarity to amplification
primers immobilised on the solid support, and (ii) enabling
hybridisation of a universal sequencing primer. In this
embodiment the encoded tag adaptor will consist of the
following order of constituents: the amplification primer

sequence, then the encoded tag (Figure 9).

The invention will be further understood with reference

to the following experimental example.

Example.

Two hairpins with the following sequence were

synthesized by a commercial source:

Hairpin A 5¢ TTTGGACGCTCAGCCTATCTA® [SEQ ID NO:1]
<:::§TACCTGCgagtcGGATAGAT3’ [SEQ ID NO:2]

Hairpin B >C:::TTTGGACGCTCAGCCTATACTy [SEQ ID NO:3]
TTACCTGCgagtcGGATATGA?  [SEQ ID NO:4]

(sequence tags are underlined; X denotes a
functionality for attaching the hairpin to a surface; bases
in lower-case indicate a recognition site for N.BstNBI
nicking endonuclease). Each hairpin was synthesised with a

5’ phosphate.

Two double-stranded DNA template molecules were also

synthesized as follows:
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Template 1 > TCTTGGAGTGGTGAATC [SEQ ID NO:5]
3’ AGAACCTCACCACTTAGGC [SEQ ID NO:6]

Template 2 *'CGCTTCGTTAATACAGA [SEQ ID NO:7]
*'GCGAAGCAATTATGTCTAC [SEQ ID NO:8]

Each double-stranded template is blunt at one end and
ovérhanging at the other; this ensures that only one end,

the blunt end, joins with the blunt end of a hairpin.

A twenty microlitre reaction was prepared containing 10
pmoles of a DNA hairpin A, 10 pmoles of a double-stranded
template 1, and several thousand units of a DNA ligase
enzyme. A second reaction was prepared containing 10 pmoles
of a DNA hairpin B, 10 pmoles of a double-stranded template
2, and several thousand units of a DNA ligase enzyme. The
reactions were incubated at room temperature for 30 minutes,
then purified by phenol/chloroform extraction upon
completion. The action of the ligase enzyme fuses the
hairpin and the double-stranded oligonucleotide at their
blunt ends only, and because only the 5’ end of the hairpin
carries a phosphate group, the reaction results in joining

one strand to the hairpin - the longer strand, as follows:

¢ CTTTGGACGCTCAGCCTATCTA—AGAACCTCACCACTTAGGC
TTACCTGCgagtcGGAT,AGAT TCTTGGAGTGGTGAATC

% C TTTGGACGCTCAGCCTATACT -GCGAAGCAATTATGTCTAC
TTACCTGCgagtcGGAT,ATGA CGCTTCGTTAATACAGA
(a indicates the nicking position of N.BgtNBI; the
hyphen indicates a chemical bond between the hairpin and the

template DNA)
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The purified reaction, resuspended in 10 upl of HO,
were pooled together, then subjected to a nicking reaction
at 55°C for 30 minutes with N.BstNBI (5 Units; New England
Biolabs, Inc., Beverly, Massachusetts, USA), which nicks the
extended DNA between the fourth and fifth base downstream of
its recognition site and immediately before the tag
sequence. The reaction was performed in the buffer
recommended by the supplier of the enzyme. The pooled DNAs
were then purified by phenol/chloroform extraction, coupled
to a surface and subject to sequencing by single-molecule
array sequencing protocols as described in WO 00/06770. The
first four cycles of sequencing determine the identity of
the hairpin whereas the subsequent cycles determine the

sequence of the template DNA.

All patents, patent applications, and published
references cited herein are hereby incorporated by reference
in their entirety. While this invention has been
particularly shown and described with references to
preferred embodiments, it will be understood by those
skilled in the art that various changes in form and details
may be made without departing from the scope of the

invention encompassed by the claims.
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Claims
1. A method of sequencing and distinguishing between

nucleic acid sequences on an array, which sequences
originate from different sources, which method comprises the
steps of,

a) immobilising target nucleic acid sequences from
different sources to said array via a capture moiety
comprising a functionality capable of effecting )
immobilisation of said target nucleic acid sequences to said
array thereby producing immobilised molecules, each
immobilised molecule comprising a target nucleic acid
sequence and a nucleic acid seqguence tag characteristic of
the target nucleic acid sequence source and,

b) sequencing said immobilised molecules whereupon
said sequencing identifies a sequence of each of the nucleic
acid molecules comprising the characteristic nucleic acid
sequence tag to identify the corresponding source of the

target nucleic acid sequence.

2. A method according to claim 1 wherein said capture

moiety comprises said nucleic acid sequence tag.

3. A method according to claim 1 or claim 2 wherein said
capture moiety comprises a double stranded nucleic acid

anchoring molecule.

4. A method according to any preceding claim wherein said

capture moiety comprises a hairpin oligonucleotide.
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5. A method according to any preceding claim wherein said
target nucleic acid sequence comprises a single stranded DNA

polynucleotide.

6. A method according to claim 3 and claim 5 wherein said
DNA polynucleotide is ligated to the 5' end of one strand of
said double stranded nucleic acid anchoring molecule that is

not used for said anchoring.

7. A method according to claim 4 and claim 5 wherein said
target nucleic acid sequence comprises a single stranded DNA
polynucleotide and said DNA polynucleotide is ligated to the

5' end of said hairpin oligonucleotide.

8. A method according to any one of claims 3 to 7 wherein
sald double stranded anchoring molecule or hairpin comprises
a 5' overhanging sequence and the nucleic acid sequence tag

is located on said overhanging sequence.

9. A method according to claim 7 wherein said capture
moiety is a hairpin oligonucleotide comprising a single
stranded nucleic acid sequence which contains a region of
internal self complementarity, said region being capable of
forming a intramolecular duplex comprising the 5' and 3!

ends thereof.

10. A method according to claim 9 wherein said hairpin
oligonucleotide comprises said nucleic acid sequence tag
characteristic of said target nucleic acid sequence source
positioned immediately adjacent the 5' end of said hairpin
and the complement of said nucleic acid sequence tag

positioned immediately adjacent the 3' end of said hairpin.
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11. A method according to claim 10 wherein said target
nucleic acid is ligated to said hairpin oligonucleotide by
removing any phosphate groups from 5' and 3' ends of said
target nucleic acid whilst providing a single phosphate
group at the 5' end of said hairpin oligonucleotide, and
incubating said target nucleic acid and hairpin
oligonucleotide in the presence of a ligation reagent,
whereby a 3' end of the target nucleic acid is ligated to

the 5' end of said hairpin oligonucleotide.

12. A method according to any of claims 8 to 11 wherein
said overhanging sequence is generated in a cleavage step
comprising cleavage of the 3' strand of said double stranded
anchoring molecule or hairpin at a cleavage position
upstream (5') of or adjacent to the complement of the
nucleic acid tag sequence, thereby removing the complement

of said tag sequence on said 3' strand.

13. A method according to claim 12 wherein cleavage is
carried out by providing on said double stranded anchoring
molecule or hairpin a recognition sequence for an
endonuclease capable of cleaving the 3' strand of the
anchoring molecule or hairpin at a cleavage site upstream of
or adjacent to the complement of nucleic acid tag sequence
to remove the complement of said tag sequence on said 3'

strand and contacting with said endonuclease.

14. A method according to claim 12 or 13 wherein said
cleavage step to generate the overhanging sequence is
carried out prior to said sequencing and sequencing

comprises adding one or more nucleotides simultaneously or
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sequentially to the 3' hydroxyl group generated by cleavage
of the 3' strand and determining the identity of one or more

of the added nucleotides.

15. A method according to claim 12 or claim 13 wherein
sequencing of a portion of the target nucleic acid sequence
is carried out prior to said cleavage step, said sequencing
comprising adding one or more nucleotides simultaneously or
sequentially to the 3' end of the anchor molecule or hairpin
and determining the identity of one or more of the added
nucleotides and sequencing of the nucleic acid sequence tag
is carried out after said cleavage step said sequencing
comprising adding one or more nucleotides simultaneously or
sequentially to the 3' hydroxyl group generated by cleavage
of the 3' strand and determining the identity of one or more

of the added nucleotides.

16. A method according to any preceding claim wherein said
nucleic acid sequences on said array are disposed at a
density such that they are capable of individual resolution

using optical microscopy.

17. A method according to claim 16 wherein said immobilised
molecules are present on said array at a density of one

immobilised molecule per 250nm*.

18. A method according to any preceding claim wherein said
method comprises immobilising on said array a first set of
nucleic acid sequences isolated from a first source via a
capture moiety comprising a characteristic nucleic acid
sequence tag and repeating for second and subsequent nucleic

acid molecules from second and subsequent sources using
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second and subsequent capture moieties having characteristic

nucleic acid sequence tags for each of said sources.

19. A method according to claim 1 wherein each of said
immobilised molecules comprises a target nucleic acid
sequence flanked by first and second adaptor molecules,
wherein the first adaptor molecule is attached to the 5' end
of the target nucleic acid sequence and the second adaptor
molecule is attached to the 3' end of the target nucleic
acid sequence, and the second adaptor includes a nucleic

acid sequence tag.

20. A method according to claim 1 wherein the first adaptor
molecules comprise a first amplification primer sequence and
the second adaptor molecules comprise a second amplification

primer sequence.

21. A method according to claim 20 wherein the second
adaptor molecule further comprises a sequencing primer
binding sequence positioned between the amplification primer

sequence and the nucleic acid seguence tag.

22. A method according to claim 20 wherein the
amplification primer sequence in the second adaptor molecule

also functions as a sequencing primer binding sequence.

23. A method according to any one of claims 19 to 22
wherein in step a) immobilised molecules are produced by

solid-phase amplification on said array.

24. A method according to claim 23 wherein said solid-phase

amplification comprises the following steps:



10

15

20

25

30

WO 2005/068656 PCT/GB2005/000080
52

i) providing template nucleic acid constructs, each template
construct comprising a target nucleic acid sequence and two
adaptor molecules, wherein one adaptor molecule is attached
to the 5' end of the target nucleic acid sequence and the
other adaptor molecule is attached to the 3' end of the
target nucleic acid sequence, wherein at least one of the
adaptors includes a nucleic acid sequence tag;

ii) providing a solid support having immobilised thereon
amplification primer molecules capable of directing
amplification of the template nucleic acid constructs via
interaction with amplification primer sequences in the
adaptor molecules; and

iii) performing a nucleic acid amplification reaction using
the template nucleic acid constructs and the immobilised
amplification primer molecules, thereby forming a plurality
of immobilised amplification products each of which
comprises a target nucleic acid sequence and a nucleic acid

sequence tag.

25. A method according to claim 24 wherein the
amplification primer molecules of step ii) comprise a
mixture of first primer molecules complementary to an
amplification primer sequence in one of the adaptors and
second primer molecules corresponding to an amplification

primer sequence in the other adaptor.

26. A method according to claim 25 wherein in a first step
of the amplification reaction the immobilised primers are
contacted with template constructs to be amplified under
conditions which permit specific binding of one of the
immobilised primers to a complementary amplification primer

sequence present in one of the adaptor molecules.
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27. A method according to claim 24 or claim 25 wherein the
template nucleic acid constructs are also immobilised on the
solid support via a functionality at the 5' end of an
adaptor molecule prior to the nucleic acid amplification

reaction.

28. A method according to any one of claims 24 to 27
wherein the template nucleic acid constructs provided in
step i) comprise two or more sets of constructs, each set of
constructs comprising nucleic acid sequences isolated from a
different source, wherein each set of constructs comprises a
different nucleic acid sequence tag characteristic of the

source of the target nucleic acid segquences.

29. A method according to any one of the preceding claims
wherein the nucleic acid sequence tag is from 1 to 10

nucleotides in length.

30. A method according to claim 29 wherein the nucleic acid

sequence tag is 4, 5 or 6 nucleotides in length.

31. A method according to any of the preceding claims
wherein said sequencing comprises at least one cycle of
sequencing and is performed in the presence of a polymerase,
said sequencing comprising addition of one or more
nucleotides simultaneously or sequentially wherein each
nucleotide comprises a characteristic label, and a blocking
group that is capable of preventing uncontrolled
polymerisation, wherein a cycle of sequencing comprises
identifying any incorporated nucleotide incorporated by said

polymerase and removing the blocking group and
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characteristic label from said nucleotide incorporated by

said polymerase.
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