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Methods for sequencing a polynucleotide template

Field of the invention

The invention relates to methods for pairwise

sequencing of a polynucleotide template, which methods

result in the sequential determination of nucleotide

sequence in two distinct and separate regions of the

polynucleotide template .

Background to the invention

Advances in the study of biological molecules have been

led, in part, by improvement in technologies used to

characterise the molecules or their biological reactions.

In particular, the study of the nucleic acids DNA and RNA

has benefited from developing technologies used for sequence

analysis .

US 5 ,302, 509 describes a method for sequencing a

polynucleotide template which involves performing multiple

extension reactions using a DNA polymerase or DNA ligase to

successively incorporate labelled polynucleotides

complementary to a template strand. In such a "sequencing

by synthesis" reaction a new polynucleotide strand based-

paired to the template strand is built up in the 5 ' to 3 '

direction by successive incorporation of individual

nucleotides complementary to the template strand. The

substrate nucleoside triphosphates used in the sequencing

reaction are labelled at the 3 ' position with different 3 '

labels, permitting determination of the identity of the

incorporated nucleotide as successive nucleotides are added.



In order to carry out accurate sequencing a reversible

chain-terminating structural modification or "blocking

group" may be added to the substrate nucleosides to ensure

that nucleotides are incorporated one at a time in a

controlled manner. As each single nucleotide is

incorporated, the blocking group prevents any further

nucleotide incorporation into the polynucleotide chain.

Once the identity of the last-incorporated labelled

nucleotide has been determined the label moiety and blocking

group are removed, allowing the next blocked, labelled

nucleotide to be incorporated -in a subsequent round of

sequencing.

In certain circumstances the amount of sequence data

that can be reliably obtained with the use of sequencing-by-

synthesis techniques, particularly when using blocked,

labelled nucleotides, may be limited, typically to around

25-30 cycles of incorporation. Whilst sequencing "runs" of

this length are extremely useful, particularly in

applications such as, for example, SNP analysis and

genotyping, it would be advantageous in many circumstances

to be able to reliably obtain further sequence data for the

same template molecule .

The technique of "paired-end" or "pairwise" sequencing

is generally known in the art of molecular biology,

particularly in the context of whole-genomic shotgun

sequencing (Siegel A .F . et al. , Genomics. 2000, 68: 237-246;

Roach J .C . et al., Genomics. 1995, 26: 345-353). Paired-end

sequencing allows the determination of two "reads" of

sequence from two places on a single polynucleotide



template. The advantage of the paired-end approach is that

there is significantly more information to be gained from

sequencing two stretches each of "n" bases from a single

template than from sequencing "n" bases from each of two

independent templates in a random fashion. With the use of

appropriate software tools for the assembly of sequence

information (Millikin S .C . et al. , Genome Res. 2003, 13: 81-

90; Kent, W.J. et al ., Genome Res. 2001, 11: 1541-8) it is

possible to make use of the knowledge that the "paired-end"

sequences are not completely random, but are known to occur

on a single template, and are therefore very close in the

genome. This information has been shown to greatly aid the

assembly of whole genome sequence into a consensus sequence.

Paired-end sequencing has typically been performed by

making use of specialized circular shotgun cloning vectors

known in the art. After cutting the vector at a specific

single site, the template DNA to be sequenced (typically

genomic DNA) is inserted into the vector and the ends

resealed to form a new construct. The vector sequences

flanking the insert DNA include binding sites for sequencing

primers which permit sequencing of the insert DNA on

opposite strands.

A disadvantage of this approach is that it requires

time-consuming cloning of the DNA templates it is desired to

sequence into an appropriate sequencing vector.

Furthermore, because of the need to clone the DNA template

into a vector in order to position binding sites for

sequencing primers at both ends of the template fragment it

is extremely difficult to make use of array-based sequencing

techniques. With array-based techniques it is generally



only possible to sequence from one end of a nucleotide

template, this often being the end proximal to the point of

attachment to the array.

With the use of hairpin nucleic acid anchors or double

stranded nucleic acid anchors (such as those described in

the applicant's co-pending International application

published as WO 01/57248) , one end of a template immobilised

on an array may be "covalently closed" giving a free 3 ' end

which permits sequencing of the 5 ' overhanging template

strand by successive incorporation of nucleotides. However,

given that the distal portions (distal from the point of

attachment to the array) of such immobilised templates are

generally single-stranded and that the sequence of the

template is usually unknown prior to immobilisation on the

array, it is not straightforward to devise means for

determining the sequence of the distal end of the

immobilised template, beyond the first "run" of sequence

that can be obtained from the free 3 ' end provided by the

anchor. It is not possible simply to design a sequencing

primer complementary to a region of the template whose

sequence is unknown.

WO 2004/070005 describes a method for double-ended

sequencing of a polynucleotide template which can be carried

out on a solid support. The method relies on simultaneous

hybridisation of two or more primers to a target

polynucleotide in a single primer hybridization step.

Following the hybridization step, all of the primers

hybridized to the template are blocked except for one, which

has a free 3 ' hydroxyl group which serves as an initiation

point for a first sequencing reaction. Sequencing proceeds



until no further chain elongation is possible, or else the

sequencing reaction is terminated. Then one of the blocked

primers is unblocked to give a free 3 ' hydroxy 1 and a second

sequencing reaction is performed from this initiation point.

An advantage of this approach is that there is no need to

perform any denaturation and re-hybridization steps between

the first and second sequencing reactions, as the two

primers providing the initiation points are annealed in a

single hybridisation step. Thus, the template remains

intact and attached to the solid support throughout.

A major drawback of this approach based in

hybridisation of blocked and unblocked primers is that it is

necessary to know the sequence of at least two regions of

the polynucleotide template to be sequenced in order to

design two or more suitable primers capable of binding to

the target. If the method is to be used to sequence

polynucleotides of unknown sequence then it is necessary to

carry out sample preparation steps in order to add regions

of known sequence to the polynucleotide to be sequenced in

order to provide the necessary primer-binding sites. This

can be achieved, for example, by amplification or by sub-

cloning a template of unknown sequence into a vector in

order to add known sequences onto the 5 ' and 3 ' ends of the

template.

The present inventors have sought to develop techniques

which generally permit the paired-end or pairwise sequencing

approach to be used without any knowledge of the sequence at

the distal end of the template and without the need for any

intermediate cloning of the template into a vector. Such

techniques would permit pairwise sequencing to be used in



conjunction with a wide range of array-based sequencing

technologies, including single molecule arrays as well as

clustered arrays .

Description of the invention

In accordance with a first aspect of the invention

there is provided a method for pairwise sequencing of a

polynucleotide template, the method comprising:

(a) providing a polynucleotide template having a first free

3 ' hydroxyl group which is positioned to initiate sequencing

of a first region for sequence determination on a first

template strand,

(b) carrying out a first sequencing reaction by sequential

addition of nucleotides to the first free 3 ' hydroxyl group

to determine the sequence of the first template strand in

the first region,

(c) generating a second free 3 ' hydroxyl group within the

polynucleotide template at a nucleotide position which is

spaced apart from the last nucleotide added in the

sequencing reaction of step (b) , wherein the second free 3 '

hydroxyl group is positioned to initiate sequencing of a

second region for sequence determination on a second

template strand, and wherein the second free hydroxyl group

is in continuous covalent linkage with the last nucleotide

added in the sequencing reaction of step (b) , and

(d) carrying out a second sequencing reaction by sequential

addition of nucleotides to the second free 3' hydroxyl group



to determine the sequence of the second template strand in

the second region.

The invention provides a method for sequencing two

regions of a polynucleotide template, referred to herein as

the first and second regions for sequence determination.

The first and second regions for sequence determination may

be on the same strand of a single -stranded polynucleotide

template, or they may be on complementary strands of a

double -stranded or self-complementary polynucleotide

template .

If the first and second regions for sequence

determination occur on a single polynucleotide strand then

they must not be immediately adjacent to each other, meaning

that the last nucleotide to be sequenced in the first region

is not in phosphodiester linkage with the first nucleotide

to be sequenced in the second region. It is an essential

feature that the two regions for sequence determination must

be separated by at least one nucleotide, and are preferably

separated by at least 50, more preferably at least 100 or

more preferably at least 500 nucleotides.

If the first and second regions for sequence

determination occur on complementary strands of a double-

stranded polynucleotide template, or a self -complementary

template, then the two regions may or may not be

complementary to each other.

A key feature of the method of the invention is that is

does not require primer hybridisation to the template to be

sequenced in order to provide initiation points for the



first and second sequencing reactions. This is a particular

advantage when the method is carried out on a solid support,

such as a chip-based array, since there is no need to carry

out any hybridisation reactions on the solid support.

The starting point for the method of the invention is

the provision of a polynucleotide template including a first

free 3 ' hydroxyl group which can serve as an initiation

point for a sequencing reaction.

In the context of this invention the term "sequencing

reaction" refers to any polynucleotide "sequencing-by-

synthesis" reaction which involves sequential addition of

nucleotides to a growing polynucleotide chain in the 5 ' to

3 ' direction using a polymerase in order to form an extended

polynucleotide chain complementary to the template region to

be sequenced. The identity of the added nucleotide is

preferably determined after each addition step, thus the

sequence of the template may be inferred using conventional

Watson-Crick base-pairing rules.

The starting polynucleotide template is at least

partially double -stranded, or self -complementary. The first

free 3 ' hydroxyl group is provided on one strand that is

base-paired to a complementary strand (which can be the same

polynucleotide strand if the template is self-

complementary) , which forms the first strand of the template

to be sequenced (first template strand) , in the region

immediately upstream of the first 3 'hydroxyl group. The

region of base-pairing between the strand bearing the first

hydroxyl group and the first template strand need only be

long enough to hold the two strands together under the



conditions used for the subsequent sequencing reaction, in

order that the hydroxyl group is positioned to initiate the

sequencing reaction. Therefore, this region of base-pairing

may be as short as from 10 to 13 base-pairs. In embodiments

wherein the template is linked to a hairpin linker (see

below) , the region of base-pairing is provided by the "stem"

portion of the hairpin linker.

The first template strand overhangs the first 3 '

hydroxyl group in order to define a first region of the

template to be sequenced. The overhanging portion of the

first template strand may be single- stranded.

Alternatively, the overhanging region may be annealed to a

complementary strand downstream of the free 3 ' hydroxyl .

The latter arrangement may be used if the first sequencing

reaction is to be performed using a strand-displacement

polymerase . The length of the overhanging strand may be

from 100 nucleotides (or base-pairs if double- stranded) up

to lkb, or even longer. Preferably the overhanging strand

will be at least 500 nucleotide (or base-pairs) .

The template may be provided as a single polynucleotide

molecule which is partially self -complementary. For

example, the template polynucleotide molecule may fold back

on itself to form a self -complementary hairpin structure at

its 3 ' end.

In one embodiment the starting polynucleotide may be

formed by ligating a self -complementary hairpin linker

polynucleotide to the desired polynucleotide template to be

sequenced, such that the 5 ' end of the hairpin linker is

joined to the 3 ' end of the first template strand. The



first free 3 ' hydroxyl group is then provided by the 3 ' end

of the hairpin linker. An advantage of this approach is

that it may be used for sequencing templates of unknown

sequence. Suitable self -complementary hairpin

polynucleotide linkers include those described in the

applicant's published International application WO 01/57258.

A first sequencing reaction is carried out by

sequential addition of nucleotides to the first free 3 '

hydroxyl group. The nature of the added nucleotide is

preferably determined after each nucleotide addition in

order to determined the sequence of the first template

strand in the first region for sequence determination. This

first sequencing reaction can proceed for as long as is

technically possible within the limitations of the chosen

sequencing methodology, for example until the sequence

obtained is no longer accurate or reliable. The first

sequencing reaction will preferably involve sequencing of

from 10 to 200 or more consecutive bases, preferably from 15

to 35 consecutive bases of the first template strand,

preferably from 20 to 30 consecutive bases and more

preferably about 25 consecutive bases of the first template

strand. The precise number of bases sequenced will be

dependent upon the limitations of the chosen sequencing

methodology, and more specifically the methodology used to

determine the nature of the base added in each nucleotide

addition step.

Once the first sequencing reaction is deemed to be

complete, sequencing of a second region of the

polynucleotide template can be carried out . In order to

sequence a second region of the template it is necessary to



generate a second free 3 ' hydroxyl group which serves as an

initiation point for a second sequencing reaction. The

second free 3 ' hydroxyl group must be provided on a

polynucleotide strand which is base-paired to the second

template strand to be sequenced in the region immediately

upstream of the second free 3 ' hydroxyl group. The second

template strand overhangs the second free 3 ' hydroxyl group

to define a second region of the template to be sequenced.

The first and second template strands may be the same strand

of the polynucleotide template if the template is single-

stranded, or self -complementary.

It is an essential feature of the invention that the

second free 3 1 hydroxyl group is "spaced apart from" the

last nucleotide added in the first sequencing reaction,

meaning that the second free 3 ' hydroxyl group must not be

provided by the last nucleotide added in the first

sequencing reaction, and that there must be at least one

nucleotide separating the last nucleotide added in the first

sequencing reaction and the nucleotide which provides the

second free 3 " hydroxyl group. Preferably the last

nucleotide added in the first sequencing reaction and the

nucleotide which provides the second free 3 ' hydroxyl group

will be separated by at least 50 nucleotides, more

preferably at least 100 nucleotides and more preferably at

least 500 nucleotides.

It is also a feature of the invention that the last

nucleotide added in the first sequencing reaction and the

nucleotide which provides the second free 3 ' hydroxyl group

should be generated in "continuous covalent linkage" . This

means that the last nucleotide added in the first sequencing



reaction and the nucleotide which provides the second free

3 ' hydroxyl group should form part of a single

polynucleotide molecule with continuous backbone

phosphodiester linkage, or at least that they should have

been so-joined on a single polynucleotide molecule at some

stage in the sequencing method. This polynucleotide

molecule may be a single strand or it may be a partially

self-complementary polynucleotide strand, having a hairpin

or stem- loop structure.

The requirement for the last nucleotide added in the

first sequencing reaction and the nucleotide which provides

the second free 3 ' hydroxyl group to be in continuous

covalent linkage is advantageous for pairwise sequencing of

templates of unknown sequence, since it overcomes the

problem of designing a primer to initiate sequencing of

second region of a template of unknown sequence. Thus, the

second free 3 ' hydroxyl group is NOT provided by

hybridisation of a separate primer. This in turn means that

when the method of the invention is carried out on an array

there is no need to carry out any hybridisation steps after

the templates are immobilised on the array.

There are several different ways in which the second

free 3 ' hydroxyl group may be generated, as will be

discussed in further detail below.

Non- limiting embodiments of the invention are now

described in detail with reference to the accompanying

drawings, in which:



Figures 1 and 2 illustrate different embodiments of the

sequencing method according to the invention which allow

sequencing of first and second regions of a single- stranded

polynucleotide template;

Figures 3 to 6 illustrate different embodiments of the

sequencing method according to the invention which allow

sequencing of first and second regions on complementary

strands of a double -stranded polynucleotide template.

Referring to figure IA, a polynucleotide template (1)

is provided, having a first free 3 ' hydroxyl group (2) . In

this embodiment the template to be sequenced is a single

polynucleotide strand (3) . In the embodiment shown in

Figure IA the first free 3 ' hydroxyl group is provided by

the 3 1 end of a self-complementary hairpin linker (4) which

is ligated to the template strand (3) such that the 5 ' end

of the linker (4) is joined to the 3 ' end of the template

strand (3) . The linker is also linked to a solid support

(5) via any suitable linkage (6) . The template strand (3)

overhangs the first free 3 1 hydroxyl group to define a first

region of the template to be sequenced (7) . Although the

specific embodiment shown in Figure IA involves use of a

hairpin which acts as a primer for sequencing and provides a

means for attachment to a solid support the invention is not

intended to be limited to the use of hairpins. Any suitable

oligonucleotide primer hybridised to the template strand (3)

could be used to provide an initiation point for sequencing.

Linkage to the solid support could be provided via the

primer or via the template strand itself. If linkage to the

solid support is provided via the template strand then this

may occur at the 5 ' or the 3 ' end of the template strand, or



even via an internal portion of the template provided that

this does not interfere with subsequent sequencing

reactions. Template strands generated by solid-phase

amplification will generally be linked to a solid support

via covalent linkage at their 5 ' end. Such template strands

can be sequenced with the use of "standard" oligonucleotide

sequencing primers.

Referring back to the embodiment shown in Figure IA, a

first sequencing reaction proceeds by sequential addition of

nucleotides to the first free 3 ' hydroxyl group (2). When

this sequencing reaction is determined or deemed to be

complete, the strand complementary to the template strand

(3) is further extended by sequential addition of a known or

unknown number of nucleotides to the last nucleotide added

in the first sequencing reaction in a nucleotide addition

step. This nucleotide addition step occurs without

sequencing, i.e. nucleotides are added without any

determination of the nature of the nucleotide added in each

addition. Thus, the nucleotides added in the addition step

need not be modified to permit sequencing and are preferably

"unmodified", meaning that they do not contain any labels

required for sequencing, e.g. fluorescent labels, or any

blocking groups. It is most preferred to use naturally

occurring nucleotides in this addition step, although

nucleotides bearing "modifications" other than labels or

blocking groups could be used as long as the modification

does not interfere with incorporation into polynucleotide by

the chosen polymerase or addition of subsequent nucleotides

(e.g. no chain termination effect) to a material extent.



The free 3 ' hydroxyl group of the last nucleotide added

in the nucleotide addition step forms the second free 3 '

hydroxyl group (9) - shown in Fig. IB. The template strand

(3) now overhangs the second free 3 ' hydroxyl group to

define a second region of the template to be sequenced (8) .

Thus, in this embodiment the first and second template

strands are provided by a single template strand (3) . A

second sequencing reaction can then proceed from the second

free 3 ' hydroxyl group .

The addition of further nucleotides following the first

sequencing reaction serves to move the sequencing reaction

on to a new position on the template. Constraints in the

sequencing methodology may limit the number of sequential

base additions which can be made with accurate determination

of the added nucleotide, meaning that it would not be

possible to reach this point in the template in a single

continuous sequencing reaction. By switching to addition of

further (unmodified) nucleotides without sequencing and then

initiating a second sequencing reaction it is possible to

sequence a region farther into the template, by carrying out

two sequencing reactions separated by a number of

"unsequenced" nucleotides.

The number of further nucleotides added between the

first and second sequencing reactions is typically at least

50, more preferably at least 100 and more preferably at

least 500.

Figure 2 illustrates a further embodiment of the

invention which is substantially similar to the embodiment

shown in Figure 1 and described above, except that the



nucleotides added to further extend the complementary strand

after completion of the first sequencing reaction comprise a

mixture of unmodified deoxynucleo tides (dATP, dCTP, dTTP and

dGTP) and a small quantity of deoxyuracil, resulting in

incorporation of uracil into the complementary strand at

some of the positions opposite an A in the template strand.

An enzyme which cleaves DNA immediately adjacent to uracil,

for example uracil DNA glycosylase, also known as

glycosidase or uracil N-glycosylase or uracil DNA N -

glycosylase, may then be used to generated a second free 3 '

hydroxyl group (9) by cleavage of the complementary strand

(10) .

Figure 3 illustrates a still further embodiment of the

invention which allows for sequencing of two regions on

complementary strands of a double- stranded template. As

shown in Figure 3A, formation of the starting polynucleotide

template and sequencing of a first region of the template

(7) proceeds as described for the embodiment shown in Figure

1 . After the first sequencing reaction is deemed to be

complete further nucleotides are added to the 3 ' hydroxyl

group of the last nucleotide added in the first sequencing

reaction in order to fully extend the complementary strand

(10) to the full length of the first template strand (3) .

This extension reaction proceeds without sequencing, i.e.

without determination of the nature of the added

nucleotides, and results in the production of a blunt-ended

fully double -stranded template ligated at one end to a

hairpin linker (4) , which itself is linked to a solid

support (5) (shown Figure 3B) .



The open end of the double- stranded template (distal

from the solid support) is then ligated to a second hairpin

linker polynucleotide (11) which has a phosphate group at

the 5 ' end and a free hydroxyl group at the 3 1 end, such

that the 5 1 end of the second hairpin linker is joined to

the free 3 ' end of the extended complementary strand (10) .

As illustrated in Figure 3 , the 5 ' end of the first template

strand is dephosphorylated (or blocked by some other means)

such that it is not capable of forming a phosphodiester

linkage with the hydroxyl group at the 3 ' end of the second

hairpin linker. The resulting product has a nicked circular

structure (3C) . A substantially equivalent structure may

also be formed by ligating the second hairpin linker to both

the first and second template strands to form a closed

circle and then creating a nick in the first template strand

(3) or the hairpin linker. The free 3 ' hydroxyl group (9)

of the second hairpin linker provides the second free 3 '

hydroxyl group for initiation of the second sequencing

reaction. The second region of the template to be sequenced

(8) is on the complementary strand (10) , thus this

embodiment allows sequencing of two regions (7, 8 ) on

complementary strands of a double -stranded template. The

second free 3 ' hydroxyl group is formed in continuous

covalent linkage with the last nucleotide added in the first

sequencing reaction, thus there is no need for hybridisation

of a separate sequencing primer in order to initiate

sequencing of the second region of the template and no need

for any fore -knowledge of the sequence of the template.

The second sequencing reaction can be carried out

starting from the nicked circle structure shown in Fig. 3C

with the use of a strand displacing polymerase enzyme. In



an alternative embodiment, illustrated in Figs. 3D and 3E, a

portion of what was the first template strand (3) may be

removed prior to the second sequencing reaction. This may¬

be achieved, for example, by creating a second nick (12)

towards the proximal end of the first template strand near

the solid support (5) . The nick may be created in the first

template strand or within the first hairpin linker (4) ,

provided that this does not affect the linkage to the solid

support . In a preferred embodiment the nick may be created

with the use of an appropriate nicking (single side cutting)

restriction enzyme (endonuclease) . In order to direct

nicking at an appropriate position the first hairpin linker

may contain a recognition sequence for a nicking enzyme

which directs cleavage of a single strand at a site before,

at or beyond the 3 " end of the first linker. By including

this recognition site in the hairpin linker, generation of

the "nick" is independent of the sequence of the template

and dependent only on ligation of the linker to the

template. This means that the method may be universally

applied to templates of unknown, and different, sequence.

It will be appreciated that nicking can also be accomplished

by blocking one side of a standard restriction enzyme

cleavage site (in the hairpin linker sequence or sequences)

using methods familiar to those skilled in the art, e.g., by

using thiophosphate linkages in one side of the restriction

enzyme recognition site, to prevent cutting in that side,

but not in the other, or by the use of DNA methylation.

Following the nicking reaction the resulting product

may be denatured in order to remove the "free" portion of

the first template strand located upstream (5") of the

cleavage site, as shown in Fig. 3E.



Figure 4 illustrates a further embodiment of the

invention which allows sequencing of two regions on

complementary strands of a double -stranded template. This

method starts with provision of a fully double- stranded

(i.e. blunt ended) polynucleotide template in solution

comprising a first template strand (3) annealed to a

complementary strand (10) . The first template strand has a

5 1 phosphate group, whereas the complementary strand lacks a

5 1 phosphate group (or 5 ' phosphate may be blocked) such

that it cannot be joined in phosphodiester linkage to the 3 '

hydroxy 1 group of a further nucleotide.

The double -stranded template can be any double -stranded

polynucleotide that it is desired to sequence. In a

preferred embodiment it will be a fragment of genomic DNA.

Double- stranded templates bearing a 5 1 phosphate on one

strand but lacking a 5 ' phosphate on the complementary

strand can be generated in a number of different ways . For

example, in one embodiment templates can be generated by

limited or controlled digestion of double -stranded DNA

fragments bearing 5 ' phosphates on both strands with a

phosphatase enzyme, in order to generate a maximal

proportion of strands in which 5 ' phosphate is removed from

one strand only.

In a further embodiment double -stranded DNA fragments

may be treated with phosphatase in order to remove 5 '

phosphate from both strands. The resulting de-

phosphorylated product may then be subject to limited or

controlled treatment with a kinase in order to restore 5'

phosphate, limited treatment ensures that a maximal number



of fragments will have 5 ' phosphate restored on one strand

only.

In a still further embodiment an adapter, consisting of

paired oligonucleotides having hydroxy 1 groups at both 3 '

and 5 'ends of both strands may be ligated to one end only of

a double -stranded DNA fragment which has 5 ' phosphate on

both strands. A suitable site for attachment of the adapter

to one end only may be generated by cutting the template

with a suitable restriction enzyme at a site proximal to the

chosen end.

In a still further embodiment an adapter

oligonucleotide having a 5 ' phosphate group may be ligated

to one end only of a double -stranded DNA template which has

been treated with phosphatase to remove all 5 ' phosphates .

Again, suitable site for attachment of the adapter to one

end of the template may be generated by cutting the template

with a suitable restriction enzyme at a site proximal to the

chosen end.

A second hairpin linker polynucleotide (11) is ligated

to one end of the double -stranded template. This second

linker has hydroxyl groups at both its 3 'and 5 'ends, thus in

the ligation reaction the 3 ' end of the second linker (OH)

is joined to the 5 ' end of the first template strand

(phosphorylated) , but the 5 ' end of the second linker (also

OH) remains free. The second hairpin linker may include a

marker moiety, for example biotin, which facilitates

selection of template molecules that have been successfully

ligated to the second linker.



A first hairpin linker (4) is ligated to the second end

of the double -stranded template. This first linker has a

hydroxy 1 group at the 3 ' end and a phosphate group at the 5'

end. Thus, in the ligation reaction the 5 1 end of the first

linker (phosphate) is joined to the 3 ' end of the first

template strand (OH) but the 3 ' end of the first linker (OH)

remains free. The first hairpin linker may be attached to a

solid support (5) via a suitable linkage (6) . Attachment to

the solid support is preferably carried out after the first

linker (4) has been ligated to the double -stranded template.

This provides a means of selection, since only templates

that have been correctly ligated to the first linker will be

linked to the solid support.

The terms "first" and "second" hairpin linker are used

for convenience solely for the purposes of identifying the

different structure/ function of the two linkers. The

designations "first" and "second" do not require the linkers

to be joined to the template strands in any particular

order. In the embodiment shown in Figure 4 it may be

convenient for the second linker to be ligated to the

template before the first linker, since the presence of

biotin, or other suitable selectable marker moiety, will

enable selection of templates bound to this linker prior to

linkage to the solid support.

The product resulting from ligation of the first and

second hairpin linkers is a closed circle which is "nicked"

in two places, as illustrated in Fig. 4A. The "free" strand

between the two nicks (10) may be removed by denaturation to

give the structure illustrated in Fig. 4B. Following



denaturation the 5 ' end (17) of the second linker (11) may¬

be treated with a kinase to restore the 5 1 phosphate group.

The 3 ' end of the first linker provides the first free

3 ' hydroxyl group (2) for initiation of the first sequencing

reaction (illustrated Fig. 4B) . When the first sequencing

reaction is deemed to be complete, further nucleotides are

added to the 3 ' hydroxyl group of the last nucleotide added

in the first sequencing reaction in order to fully extend

the complementary strand (10) to the full length of the

first template strand. This extension reaction proceeds

without sequencing, i.e. without determination of the nature

of the added nucleotides. The 3 'hydroxyl end of this

extended strand (which will subsequently form the second

template strand) is ligated to the phosphate group newly

added to the 5 ' end of the second hairpin linker (11) .

Addition of phosphate to the 5 ' end of second linker could

be carried out after extension of the complementary strand,

immediately prior to the ligation reaction, if convenient.

The product of this ligation is a fully closed circle

structure, as illustrated in Fig. 4C.

In order to generate a second free 3 ' hydroxyl group

for initiation of the second sequencing reaction the closed

circle structure shown in Fig. 4C may be nicked at a

suitable position in the first template strand (3) . The

position of this first "nick" (13) will determine the

position of the second region to be sequenced on the

complementary strand (10, now referred to as the second

template strand) . Again, the nick may be generated with the

use of a suitable nicking or side-cutter enzyme. The second

hairpin linker (11) may include a recognition site for a



nicking enzyme which directs nicking/cleavage at a site

before, at or beyond the 3 ' end of the second linker. Thus,

generation of the nick (13) is dependent only on the

presence of the hairpin linker and is independent of the

sequence of the template.

Following generation of a first nick (13), the second

sequencing reaction can proceed from the second free 3 '

hydroxyl group generated as a result of the nicking reaction

with the use of a strand displacing polymerase enzyme.

Alternatively, a portion of the first template strand

downstream from (3 1 of) this first nick can be removed

altogether prior to the second sequencing reaction. This

can be achieved by generating a second nick (14) spaced

apart from (downstream of) the first nick (13) . Again a

suitable nicking enzyme can be used for this purpose. In

order to form the second nick the first hairpin linker (4)

may include a recognition site for a nicking enzyme which

directs cleavage at a site before, at or beyond the 5 1 end

of the first hairpin linker. Following generation of the

second nick, the portion of the first template strand

located between the two nicks may be removed by

denaturation, leaving the structure illustrated in Fig. 4E.

The second sequencing reaction may then proceed from the

second free 3 ' hydroxyl group (9) .

Figure 5 illustrates a further embodiment of the

invention which allows sequencing of two regions on

complementary strands of a double- stranded template. The

starting template for this method is a partially self-

complementary covalently closed circle structure as

illustrated in Figure 5A. This structure can easily be



formed by ligation of first (4) and second (11) hairpin

linkers to the ends of a fully double -stranded, blunt ended

template comprising first (3) and second (10) template

strands .

A first free 3 ' hydroxyl group is generated by cleavage

of one template strand (10) of the covalently closed circle

to generate a first "nick" (13) with the use of an

appropriate nicking or side-cutter enzyme. Formation of

this nick can be directed by including a suitable

recognition site in the first hairpin linker (4) which

directs cleavage (nicking) at a site before, at or beyond

the 3 1 end of the linker. This first "nick" generates the

first free 3 ' hydroxyl group (2) for initiation of the first

sequencing reaction. Sequencing may then proceed from this

initiation point using a strand displacement polymerase

enzyme .

Once this first sequencing reaction is deemed to be

complete a second nick (14) may be generated within the

opposite (complementary) template strand (3) . Formation of

this nick can be achieved by the inclusion of a suitable

recognition site in the second hairpin linker (11) which

directs cleavage (nicking) at a site before, at or beyond

the 3 ' end of this linker. This second nick generates the

second free 3 1 hydroxyl group (9) for initiation of the

second sequencing reaction. Sequencing may then proceed

from this initiation point using a strand displacement

polymerase enzyme. Thus, this method allows sequencing of

two target regions (7,8) on opposite strands of a double-

stranded template.



In this method the nucleotides which will ultimately

provide the first and second free 3 ' hydroxyl groups are in

continuous covalent linkage before initiation of the first

sequencing reaction through the formation of the closed

circle structure illustrated in Figure 5A. Thus, this

embodiment provides the same technical advantages as the

other embodiments of the invention, since it permits

sequencing of two distinct regions of a template of unknown

sequence, without the need for hybridisation of two (or

more) separate sequencing primers to provide initiation

points for sequencing.

Figure 6 illustrates a further embodiment of the

invention which allows sequencing of two regions on

complementary strands of a double- stranded template. The

starting template for this method is a partially self-

complementary covalently closed circle structure (6A)

identical to that illustrated in Figure 5A. The covalently

closed circle may be formed by ligating first (4) and second

(11) hairpin linkers to a double -stranded polynucleotide

comprising first (3) and second (10) template strands.

The second template strand (10) is then "nicked" at two

sites (13,14) spaced apart from each other. These nicks can

be formed by the inclusion of suitable recognition sequences

in the first (4) and second (11) hairpin linkers. The

portion of the template strand (10) located between the two

nicks is then removed by denaturation to generate the

structure shown in Figure 6C. A first sequencing reaction

may then proceed from the first free 3 ' hydroxyl group (2) .

When the first sequencing reaction is complete, the

method continues substantially as described above with

reference to Figure 4 , from completion of the first



sequencing reaction. In brief summary, the covalently

closed structure is re-generated by extending the strand

formed in the first sequencing reaction to produce a fully

double -stranded template and then ligating the 3 1 end of

this extended strand to the free 5 ' end of the second linker

(11) . A further nick may then be formed in the first

template strand (3) at a third nicking site (15) . Again

formation of this nick can be directed by including a

suitable recognition sequence in the second linker (11)

which directs cleavage before, at or beyond its 3 ' end. The

free 3 ' hydroxyl group generated as a result of this nicking

then provides the second free 3 1 hydroxyl group (9) for

initiation of the second sequencing reaction.

The second sequencing reaction may be carried out with

the use of a strand displacement polymerase. Alternatively,

a portion of the strand downstream of the third nicking site

(15) may be removed by nicking this strand at a still

further (fourth) nicking site (16) . Again formation of this

nick can be directed by including a suitable recognition

sequence in the first hairpin linker (4) which directs

cleavage before, at or beyond its 5 " end. The "free"

portion of the template strand (3) located between the two

nicking sites (15,16) may then be removed by denaturation

and sequencing can proceed from the second free 3 ' hydroxyl

group (9) . Thus, this embodiment results in sequencing of

two regions (7,8) located on opposite strands of a double-

stranded template.

The following preferred features apply mutatis mutandis

to all embodiments of the invention:



The polynucleotide template to be sequenced using the

method of the invention may be any polynucleotide that it is

desired to sequence. A key advantage of the invention is

that the template may be of unknown sequence. However, the

method may also be used to sequence templates of known or

partially known sequence, for example in re-sequencing

applications. With the use of arrays it is possible to

sequence multiple templates of the same or different

sequence in parallel. A particularly preferred application

of the method is in the sequencing of fragments of genomic

DNA.

Certain embodiments of the method of the invention make

use of hairpin linker polynucleotides, as described above.

Self -complementary hairpin polynucleotide linkers generally

have a "stem- loop" structure, formed by base -pairing of

complementary polynucleotides that are covalently linked at

one end. The covalent linkage may be provided by a short

single-stranded polynucleotide loop, or may be a non-

polynucleotide chemical linkage. Preferred chemical

linkages include an arrangement of two hexaethylene glycol

(heg) spacers separated by an amino deoxy- thymidine

nucleotide. Preferred hairpin linker polynucleotides are

those described in the applicant's published International

application WO 01/57258. The hairpin linker is effectively

"self -priming" , including a free 3 ' hydroxyl group to which

further nucleotides may be added. This 3 ' hydroxyl group

provides an initiation point for sequencing of any

polynucleotide template strand ligated to the 5 ' end of the

hairpin, independent of the sequence of the template strand.

The precise nucleotide sequence of the hairpin linker is not

material to the invention.



Hairpin linkers can also provide a means of linking the

template strands to be sequenced to a solid support, for

example to form an array. For example, hairpins including

the above-described linkage consisting of two hexaethylene

glycol (heg) spacers separated by an amino deoxy- thymidine

nucleotide can be linked to epoxide -modified surfaces (e.g.

as described in WO 01/57248) . The solid support can be of

any suitable material, for example glass, ceramic, silicon,

plastics or other polymeric material. Suitable support

materials are also described in the applicant's published

International applications WO 00/06770. The support may

take any convenient form. For example it may be

substantially planar, such as a slide or "DNA chip", or may

be a three dimensional support, or a support formed from

multiple discrete units, for example beads of glass,

plastics, magnetic material etc.

Templates may be attached to a solid support via any

suitable linkage method known in the art. Preferably

linkage will be via covalent attachment. The templates may

be attached to the support directly or via a hairpin linker.

If hairpin linkers are used then they may be attached to the

solid support before they are linked to template (s) to be

sequenced. For example, hairpin linkers may be attached to

the solid support to form an array prior to attachment of

the template (s). Techniques for forming arrays of hairpin

linkers are described in WO 01/57248. The templates/ linkers

are preferably attached to the solid support via a covalent

linkage. Linkage may be made via any part of the template

or hairpin, provided that this does not interfere with the

ability of the template/ linker to participate in a



sequencing reaction. If hairpins are used, the linkage may-

advantageous Iy be made via an internal portion of the

hairpin, leaving the 3 ' end free to initiate a sequencing

reaction and the 5 ' end free for attachment to the template .

In the case of template strands generated by solid-phase

amplification attachment to the solid support will usually

be via covalent linkage with the 5 ' end of the template.

If the templates are "arrayed" on a solid support then

the array may take any convenient form. An advantage of the

method of the invention is that large numbers of templates

of different sequence can be processed in parallel, since

the method is independent of the sequence of the template

and does not require any sequence-specific hybridisation

steps to take place on the array. Thus, the method is

applicable to all types of "high density" arrays, including

single-molecule arrays and clustered arrays.

Single molecule arrays are formed by immobilisation of

a single polynucleotide molecule at each discrete site that

is detectable on the array. Single -molecule arrays

comprised of nucleic acid molecules that are individually

resolvable by optical means and the use of such arrays in

sequencing are described, for example, in WO 00/06770.

Single molecule arrays comprised of individually resolvable

nucleic acid molecules including a hairpin loop structure

are described in WO 01/57248. The method of the invention

is suitable for sequencing template molecules on single

molecule arrays prepared according to the disclosures of WO

00/06770 of WO 01/57248.



However, it is to be understood that the scope of the

invention is not intended to be limited to the use of the

method in connection with single molecule arrays. The

method may be used for sequencing on essentially any type of

array formed by immobilisation of nucleic acid'molecules on

a solid support, and more particularly any type of high-

density array. In addition to single molecule arrays

suitable arrays may include, for example, multi-

polynucleotide or clustered arrays in which distinct regions

on the array comprise multiple copies of one individual

polynucleotide molecule or even multiple copies of a small

number of different polynucleotide molecules (e.g. multiple

copies of two complementary nucleic acid strands) .

In particular, the method of the invention may be

utilised for sequencing on multi polynucleotide or

"clustered" arrays. Multi-polynucleotide or clustered

arrays of nucleic acid molecules may be produced using

techniques generally known in the art. By way of example,

WO 98/44151 and WO 00/18957 both describe methods of nucleic

acid amplification which allow amplification products to be

immobilised on a solid support in order to form arrays

comprised of clusters or "colonies" of immobilised nucleic

acid molecules. The nucleic acid molecules present on the

clustered arrays prepared according to these methods may be

suitable templates for sequencing using the method of the

invention. However, the invention is not intended to be

limited to use of the method in sequencing reactions carried

out on clustered arrays prepared according to these specific

methods.



When using arrays formed from nucleic acid "colonies",

such as arrays prepared according to the teaching in WO

98/44151 and WO 00/18957, it is not necessary to use a

hairpin linker polynucleotide to link the template molecule

to the array and provide the first free 3 ' hydroxyl group

for sequencing. The arrays of WO 98/44151 and WO 00/18957

are formed by "on-chip" amplification using primers and

templates immobilised on a solid support. Once

amplification is complete, the colonies may comprise

pluralities of double- stranded nucleic acid molecules.

These double -stranded molecules may be processed to form

templates suitable for use in the methods of the invention,

either by forming a "nick" in one strand only of the double-

stranded molecules or by removing a portion of one strand

altogether. Either way, a free 3 ' hydroxyl group will be

formed on one strand which serves as an initiation point for

the first sequencing reaction. After the first sequencing

reaction is complete, formation of the second free 3 '

hydroxyl group can proceed using some of the alternatives

described above, with appropriate modification.

As outlined above, sequencing can be carried out using

any suitable "sequencing-by- synthesis" technique, wherein

nucleotides are added successively to a free 3 ' hydroxyl

group, resulting in synthesis of a polynucleotide chain in

the 5 ' to 3 ' direction and the nature of the nucleotide

added is preferably determined after each addition.

One preferred sequencing method which can be used in

the methods of the invention relies on the use of modified

nucleotides that can act as chain terminators. Once the

modified nucleotide has been incorporated into the growing



polynucleotide chain complementary to the region of the

template being sequenced there is no free 3 '-OH group

available to direct further sequence extension and therefore

the polymerase can not add further nucleotides. Once the

nature of the base incorporated into the growing chain has

been determined, the 3 ' block may be removed to allow

addition of the next successive nucleotide. By ordering the

products derived using these modified nucleotides it is

possible to deduce the DNA sequence of the DNA template.

Such reactions can be done in a single experiment if each of

the modified nucleotides has attached a different label,

known to correspond to the particular base, to facilitate

discrimination between the bases added at each incorporation

step. Alternatively, a separate reaction may be carried out

containing each of the modified nucleotides separately.

The modified nucleotides carry a label to facilitate

their detection. Preferably this is a fluorescent label.

Each nucleotide type may carry a different fluorescent

label. However the detectable label need not be a

fluorescent label. Any label can be used which allows the

detection of the incorporation of the nucleotide into the

DNA sequence .

One method for detecting the fluorescently labelled

nucleotides comprises using laser light of a wavelength

specific for the labelled nucleotides, or the use of other

suitable sources of illumination. The fluorescence from the

label on the nucleotide may be detected by a CCD camera or

other suitable detection means.



The methods of the invention are not limited to use of

the sequencing method outlined above, but can be used in

conjunction with essentially any sequencing methodology

which relies on successive incorporation of nucleotides into

a polynucleotide chain. Suitable techniques include, for

example, Pyrosequencing™, FISSEQ (fluorescent in situ

sequencing) , . MPSS (massively parallel signature sequencing)

and sequencing by ligation-based methods.

The invention will be further understood with reference

to the following non-limiting experimental example:

Example

Methods and Materials

(1) Extension of polynucleotide strands with polymerase and

all four nucleotides-without sequencing.

A polymerase (e.g., Taq DNA polymerase, Pfu plymerase,

Klenow fragment of E.coli Pol I , etc.) is added at a

suitable concentration in a buffer designed to be used with

that enzyme. All four deoxynucleotide triphosphates are

added at a concentration in the 1-11 micromolar range.

Extension is for a time (10 sec to a few minutes) that will

allow approximately 500 base pairs to be incorporated.

(2) Extension of polynucleotide strands with polymerase,

deoxyuracil and all four nucleotides.

As in previous description (3) , but with a small amount

(1 part in 100, e.g. compared with standard deoxythymidine

triphosphate) of deoxyuracil triphosphate mixed in. The



amount of U nucleotide is adjusted to provide incorporation

of U at a rate of the order of IU every 500 nucleotides

added .

(3) Cleavage of U-containing DNA with Uracil DNA

Glycosylase (UDG) .

After an appropriate wash, chips containing DNA can be

incubated in 14 parts UDG Buffer (70 mM Hepes-KOH pH 8.0, 1

tnM dithiothreitol, 1 mM EDTA) , 1 part uracil DNA glycosylase

(BRL) . After e.g. two hours of incubation at 370C the chips

are optionally washed with a high pH wash solution and

heated to 94 0C for up to 10 min to kill the enzyme. This

step may not be necessary for a chip. They are then

subjected to appropriate washes in an appropriate buffer and

made ready for the next step.

(4) On-chip ligation.

Hairpin DNA on the surface at a density to allow

appropriate single molecule array analysis (107-109

molecules per square cm) and double -stranded genomic DNA are

mixed together. The molecules to be ligated must contain

the appropriate phosphate or hydroxyl termini as described

above. The DNA molecules are incubated in the presence of a

1:2 dilution of "2X Quick Ligation Reaction Buffer" (NEB =

New England Biolabs, Beverly, MA) and a 1:20 dilution of NEB

"Quick T4 DNA Ligase", both components of the NEB kit called

"Quick Ligation Kit", at room temperature for approximately

1 h . Subsequently, washing is performed in a suitable wash

reagent (s) or buffer(s), using suitable times and

temperatures.

(5) Nicking reaction.



Nicking of DNA on a surface via specific recognition

sequences in the known part of the DNA is described here.

The surface equivalent of roughly a solution amount of 1.25

pmoles of DNA is digested at 55 0C for 30 minutes with

N.BstNBI (50 Units/mL final concentration) in its supplied

buffer (NEBuffer N.BstNBI at "IX" final concentration) from

the manufacturer (NEB) . This experiment can also be

performed with little modification in a flow- cell where the

substrate comprises DNA ligated to DNA hairpins that are

covalently attached to the glass surface of the flow-cell.

In this case, the attachment of the DNA to a solid support,

the glass, obviates the need to employ a DNA purification

step between enzyme steps,- instead, products can be removed

and new reagents added by flowing solutions through the

cell. Suitable wash buffers as known in the art can be

employed.

It will be appreciated that nicking can also be

accomplished by blocking one side of a standard restriction

enzyme cleavage site (in the hairpin oligonucleotide

sequence or sequences) using methods familiar to those

skilled in the art, e.g., by using thiophosphate linkages in

one side of the restriction enzyme's recognition site, to

prevent cutting in that side, but not in the other.

(6) Strand-displacement polymerisation.

Strand- displacement polymerisation is carried out using

a suitable strand- displacement polymerase (e.g., BST

Polymerase). The reaction conditions are, e.g., "IX

Thermopol buffer" (final concentrations: 20 mM Tris-HCl pH

8.8 measured @ 25°C, 1OmM KCl, 1OmM (NH4 2SO4, 2mM MgSO 4,

0.1% Triton X-100), all four dNTPs at a concentration of



between 1 and 200 micromolar, 160 Units/mL (final

concentration) of BST large fragment polymerase (NEB) .

Reactions are performed, for 2 hrs . at 600C , for example,

followed by washing in a suitable wash buffer, using

suitable times and temperatures .

(7) Denaturation.

Denaturation may be performed by any of the methods

known to those skilled in the art . Typically there are

three preferred methods:

Chips are washed in very low ionic strength or

distilled water.

Chips are incubated at high temperature (80-90 0C ,

typically) for a few minutes in an appropriate buffer

or at 40-70 0C in 50% deionized formamide dissolved in

water .

Chips are incubated at high pH briefly, i.e. pH greater

than 10. This latter method is least preferred as it

may be damaging to the surface chemistry of the chip.

(8) Phosphatasing and kinasing.

See e.g., Maniatis, T., E .F . Fritsch and J . Sambrook.

1982. Molecular Cloning: A Laboratory Manual. Cold Spring

Harbor Laboratory, Cold Spring Harbor, New York.



Claims

1 . A method for pairwise sequencing of a polynucleotide

template, the method comprising:

(a) providing a polynucleotide template having a first free

3 ' hydroxyl group which is positioned to initiate sequencing

of a first region for sequencing determination on a first

template strand,

(b) carrying out a first sequencing reaction by sequential

addition of nucleotides to the first free 3 ' hydroxyl group

to determine the sequence of the first template strand in

the first region,

(c) generating a second free 3 ' hydroxyl group within the

polynucleotide template at a nucleotide position which is

spaced apart from the last nucleotide added in the

sequencing reaction of step (b) , wherein the second free 3 '

hydroxyl group is positioned to initiate sequencing of a

second region for sequencing determination on a second

template strand, and wherein the second free hydroxyl group

is in continuous covalent linkage with the last nucleotide

added in the sequencing reaction of step (b) , and

(d) carrying out a second sequencing reaction by sequential

addition of nucleotides to the second free 3 ' hydroxyl group

to determine the sequence of the second template strand in

the second region.



2 . The method of claim 1 wherein the 3 ' end of the first

template strand is linked to the 5 ' end of a self-

complementary hairpin linker polynucleotide and the 3 ' end

of the linker polynucleotide forms the first free 3 '

hydroxyl group of part (a) .

3 . The method of claim 1 or claim 2 wherein the

polynucleotide template or linker polynucleotide is linked

to a solid support.

4 . The method of claim 3 wherein the polynucleotide

template forms part of an array.

5 . The method according to claim 4 wherein the addressable

array is a single molecule array.

6. The method according to claim 4 wherein the addressable

array is a clustered array.

7 . The method of any one of claims 1 to 6 wherein the

first and second regions for sequence determination are in

the same strand of the polynucleotide template.

8 . The method of claim 7 wherein the second free 3 '

hydroxyl group is generated by sequential addition of one or

more nucleotides to the 3 ' end of the last nucleotide added

in the sequencing reaction of part (b) without determining

the identity of the nucleotides to produce an extended

complementary strand, wherein the last such nucleotide added

provides the second free 3 ' hydroxyl group which is spaced

apart from but in continuous covalent linkage with the last

nucleotide added in the sequencing reaction of part (b) .



9 . The method of claim 8 wherein at least 50, preferably

at least 100, and more preferably at least 500 nucleotides

are added to the last nucleotide added in the sequencing

reaction of part (b) .

10. The method of claim 7 wherein the second free 3 '

hydroxyl group is generated by sequential addition of

nucleotides including dUTP to the 3 ' end of the last

nucleotide added in the sequencing reaction of part (b) to

produce an extended complementary strand incorporating one

or more uracil bases, followed by treatment with an enzyme

which hydrolyses uracil glycosidic bonds, thereby generating

a second free 3 ' hydroxyl group.

11. The method of any one of claims 1 to 6 wherein the

first and second regions for sequence determination are in

complementary strands of the polynucleotide template.

12. The method of claim 11 wherein the second free 3 '

hydroxyl group is generated by (i) removing or blocking any

5 ' phosphate group present on the first template strand such

that it is not capable of being ligated to a free 3 '

hydroxyl group, (ii) sequentially adding nucleotides to the

3 ' end of the last nucleotide added in the sequencing

reaction of part (b) to produce a second template strand

complementary to the full length of the first template

strand, thereby generating a double -stranded blunt ended

polynucleotide, (iii) ligating a self -complementary hairpin

polynucleotide having a free 3 ' hydroxyl group to the free

3 ' hydroxyl group of the second template strand, whereby the



free 3 ' hydroxyl group of the linker polynucleotide provides

a second free 3 ' hydroxyl group.

13 . The method of claim 12 wherein the second sequencing

reaction of part (d) is carried out using a strand-

displacing polymerase enzyme.

14 . The method of claim 12 wherein prior to step (d) a

portion of the first template strand is removed.

15 . The method of claim 14 wherein a portion of the first

template strand is removed by cleavage of the first template

strand with a nicking endonuclease followed by denaturation

of the resulting product to remove the portion of the first

template strand upstream of the cleavage site.

16. The method of claim 15 wherein the 3 ' end of the first

template strand is joined to the 5 ' end of one strand of a

self-complementary hairpin linker polynucleotide, which

linker polynucleotide comprises a recognition site for a

nicking endonuclease which directs cleavage by the nicking

endonuclease at a site before, at or beyond the 5 1 end of

the linker polynucleotide.

17. The method of claim 16 wherein the template is linked

to a solid support via the self -complementary hairpin linker

polynucleotide .

18 . The method of claim 11 wherein the polynucleotide

template of step (a) is generated by:

(i) providing a fully double- stranded polynucleotide

consisting of a first template strand having a 5 ' phosphate



group and a complementary strand lacking a 5 ' phosphate

group ;

(ii) ligating a second self -complementary hairpin linker

polynucleotide having hydroxyl groups at both the 3 ' and 5 '

ends to a first end of the double- stranded polynucleotide

such that the 3 ' end of the second linker is joined to the

5 ' end of the first template strand but the 5 ' end of the

second linker remains free;

(iii) ligating a first self -complementary hairpin linker

polynucleotide having a 5 ' phosphate group and a 3 ' hydroxyl

group to the second end of the double -stranded

polynucleotide such that the 5 ' end of the first linker is

joined to the 3 ' end of the first template strand but the 3 '

end of the first linker remains free;

(iv) denaturing the product of step (iii) to remove the

complementary strand of the double- stranded polynucleotide,

thereby forming a polynucleotide template having a first

free 3 ' hydroxyl group; and

(v) optionally restoring a 5 ' phosphate group to the 5 ' end

of the second linker polynucleotide.

19. The method of claim 18 wherein following the first

sequencing reaction of part (b) a second free 3 ' hydroxyl

group is generated by:

(i) sequentially adding unmodified nucleotides to the 3 ' end

of the last nucleotide added in the first sequencing

reaction, thereby forming a second template strand

complementary to the entire length of the first template

strand;

(ii) ligating the 3 ' end of the second template strand to

the 5 ' end of the second hairpin polynucleotide linker,



which linker has been treated to restore the 5 ' phosphate

group, thereby forming a self-complementary closed circle /

(iii) generating a second free 3 ' hydroxyl group by cleavage

of the first template strand or the second hairpin linker

polynucleotide ligated to the 5 ' end of the first template

strand.

20. The method of claim 19 wherein step (iii) comprises

cleaving the first template strand at two cleavage sites

spaced apart from each other and then denaturing the product

to remove the portion of the first template strand located

between the two cleavage sites.

21. The method of claim 20 wherein the second linker

polynucleotide includes a recognition site for a nicking

endonuc lease which directs cleavage by the nicking

endonuclease at a cleavage site before, at or beyond the 3 '

end of the second linker.

22. The method of claim 20 or claim 21 wherein the first

hairpin polynucleotide linker includes a recognition site

for a nicking endonuclease, which directs cleavage by the

nicking endonuclease at a site before, at or beyond the 5 '

end of the first linker.

23. The method of claim 19 wherein step (iii) comprises

cleaving the first template strand at a site before, at or

beyond the 3' end of the second linker and the second

sequencing reaction is carried out using a strand

displacement polymerase.



24 . The method of any one of claims 18 to 23 wherein the

first hairpin polynucleotide linker is linked to a solid

support .

25. The method of claim 11 wherein the polynucleotide

template of step (a) is generated by:

(i) providing a fully double -stranded polynucleotide

consisting of a first template strand and a complementary

second template strand;

(ii) ligating a first self -complementary linker

polynucleotide to a first end of the double -stranded

polynucleotide, the first linker polynucleotide having a

recognition site for a first nicking endonuclease which

directs cleavage by the nicking endonuclease at a site

before, at or beyond the 3 ' end of the first linker;

(iii) ligating a second self -complementary linker

polynucleotide to a second end of the double- stranded

polynucleotide, the second linker polynucleotide having a

recognition site for a second nicking endonuclease which

directs cleavage by the nicking endonuclease at a site

before, at or beyond the 3 ' end of the second linker,

thereby producing a self -complementary closed circle;

(iv) cleaving one strand of the self -complementary closed

circle produced in step (iii) with a first nicking

endonuclease at a site before, at or beyond the 3 1 end of

the first linker, thereby generating a first free 3 '

hydroxy 1 group .

26. The method of claim 25 wherein the first sequencing

reaction of step (b) is carried out using a strand

displacement polymerase enzyme .



27. The method of claim 26 wherein the second free 3 '

hydroxyl group is generated by nicking one strand of the

self-complementary closed circle produced in step (iii) with

a second nicking endonuclease at a site before, at or beyond

the 3 1 end of the second linker, thereby generating a second

free 3 ' hydroxyl group .

28. The method of claim 27 wherein the second sequencing

reaction of step (d) is carried out using a strand

displacement enzyme.

29. The method of claim 11 wherein the polynucleotide

template of step (a) is generated by:

(i) providing a fully double- stranded polynucleotide

consisting of a first template strand and a complementary

second template strand;

(ii) ligating a first self -complementary linker

polynucleotide to a first end of the double -stranded

polynucleotide, the first linker polynucleotide having a

recognition site for a first nicking endonuclease which

directs cleavage by the nicking endonuclease at a site

before, at or beyond the 3 ' end of the first linker,-

(iii) ligating a second self -complementary linker

polynucleotide to a second end of the double -stranded

polynucleotide, the second linker polynucleotide having a

recognition site for a second nicking endonuclease which

directs cleavage by the nicking endonuclease at a site

before, at or beyond the 5 ' end of the second linker;

(iv) cleaving one template strand of the ligated product of

step (iii) with a first nicking endonuclease at a site

before, at or beyond the 3 ' end of the first linker and

cleaving the same strand with a second nicking endonuclease



at a second site before, at or beyond the 5 ' end of the

second linker,-

(v) denaturing the product of step (iv) to remove the

portion of the template strand cleaved in step (iv) located

between the two cleavage sites, thereby generating a

polynucleotide template having a first free 3 ' hydroxyl

group .

30. The method of claim 29 wherein following the first

sequencing reaction a second free 3 ' hydroxyl group is

generated by:

(vi) sequentially adding unmodified nucleotides to the 3 '

end of the last nucleotide added in the first sequencing

reaction of step (b) , thereby forming a second template

strand complementary to the entire length of the first

template strand;

(vii) ligating the 3 ' end of the second template strand to

the 5 ' end of the second polynucleotide linker;

(viii) generating a second free 3 ' hydroxyl group by

cleavage of the first template strand or the second linker

polynucleotide ligated to the 5 ' end of the first template

strand.

31. The method of claim 30 wherein step (viii) comprises

cleaving the first template strand at two cleavage sites

spaced apart from each other and then denaturing the product

to remove the portion of the first template strand located

between the two cleavage sites.

32. The method of claim 30 or claim 31 wherein the second

polynucleotide linker includes a recognition site for a

nicking endonuclease which directs cleavage by the nicking



endonuclease at a cleavage site before, at or beyond the 3 '

end of the second linker.

33. The method of claim 31 or claim 32 wherein the first

polynucleotide linker includes a recognition site for a

nicking endonuclease which directs cleavage by the nicking

endonuclease at a site before, at or beyond the 5 ' end of

the first linker.

34. The method of claim 32 wherein the second sequencing

reaction is carried out using a strand displacement

polymerase .
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