WO 02/ 095070 PCT/ GB02/ 02345 POLYNUCLEOTI DE SEQUENCI NG METHOD Fi el d of the
I nvention This invention relates to a nethod for determ ning the sequence
of a polwyouwelgmre de. 5 Background of the Invention The alrCiTiaBo2i02345
determ ne the sequence of a polynucleotide is of great scientific

| nportance, as shown by the Human Genone Project in mapping the three
billion bases of DNA encoded in the human genone. The principle nethod in

general use for large-s Y?Nc}b i ' iy term nation

met hod. Thi s net hod vvasq?dl)rEs eggﬁgggg %!;Qggrﬁ\'géelﬁ%%f%?t?son (Sanger et
al ., Proc. NAtdid ofgadinveaiion USA, 1977; 74: 5463-5467), and relies on the
use of dideoxy derivatives of the four nucleoside trjphosphates which are
i ncor por at ed i nt o Thifeinygstentelads @ Bethabiarestarmining Yo peararges of a
reaction. Upqn, i ncor ation, the dideoxy derivatives term nate the

pol ymer ase lgolrygéfg%oﬁﬁé‘and the products are then separated by gel

el ect r ophor egipskaitfinda dhey §ebrtion' eveal the position at which the

particul ar dideoxy derivative was_ incorporated into the chain. Al though
this method is wi %@E)ﬁhib@dtcaddt%nmdb% seguengs of gepalynycleptideds of diéghi sed

that it is slow . .|labour-intensiye an xpensive~ 20 Fluore I have
been used to??'&@ﬁt'?f'pp?ﬂu@l%ﬁs WH’&@Y@&?@HF@N GSHS@% %ﬂ%@qﬁ@%fmhfe DNA
mol ecul e, uSiigetdifioR Pa¥EE RENA eaebied il ReNuMB LeRBMES) . However, these
t echni ques have the di sadvantage of increasing background interference

from the fl uor ophdihesringiple meetbid imgeserlaisgriontargerasale BiNA segueNCingis e”

I ncreases _ang the tine .required t tect . each nucleoti | 0 I on
needs tp?Be i F‘"é%fgéﬁr.m'ﬁ"ﬁﬁ ng‘g&l@q% ﬁ%@?ﬁ"@t‘%ﬁ‘% ﬁrgt ggg.e@fbeéﬁy §$r§é%o%ﬁqt‘ or
sequencing | gfoﬁlﬁs&wdsaﬂg%'r%@fay.dﬁﬁoc. N, Rl 867 UBSS 1977 t7at 5a83H467), and

pol ynucl eoti de sequencing systems built around fluorescent dyes, however,

is the probreieobnghetuse efadidenyy denivatieeat thentpur nucigaside dirhospiates
phenonenon in fl uorescent g@ in Orﬁ%stems and results fram.exposure of the

dye to excit HNThARNEPHRY fascelifdy %R}Ejgeaﬁh%fﬂi'f‘i DOVBeESrb a
limted numbeg,QiorPRSRNRCHYPESON, the dideoxy derivatives terminate the polymerase

15 reaction and the products are then separated by gel electrophoresis and

analysed to reveal the position at which the particular dideoxy derivative was
incorporated into the chain.

Although this method is widely used and produces reliable results, it is
recognised that it is slow, labour-intensive and expensive.

20 Fluorescent labels have been used to identify nucleotide incorporation
onto a growing nascent DNA molecule, using the polymerase reaction (see
WO091/06678). However, these techniques have the disadvantage of increasing
background interference from the fluorophores. As the DNAmolecule grows, the
background “noise” increases and the time required to detect each nucleotide

25 incorporation needs to be increased. This severely restricts the use of the
method for sequencing large polynucleotides. The most serious limitation of
polynucleotide sequencing systems built around fluorescent dyes, however, is
the problem of photobleaéhing.

Photobleaching is a well documented phenomenon in fluorescent dye

30 systems and results from exposure of the dye to excitation wavelengths. All dye
systems have an ability to absorb a limited number of photons before

photobleaching occurs. Once photobleaching has occurred the fluorescent dye



phot obl eachi ng occurs. Once phot obl eachi ng has occurred the fluorescent dye
WO 02/ 095070 PCT/ GB02/ 02345 2 is no longer visible to the observer and
hence, ifwomjosyat ed to a nolecule, this wll not be det @ctraiBoe/o23ikere is
therefore a need for an inproved nethod for determning the sequence of a
pol ynucl eotide, which significantly increases the rate and 5 fragnent size
of the polynucl eoti de bei ng sequenced and whi ch preferably does not depend
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shoul d be capabl elng carried out an auto process, reducing
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har moni ¢ generation. 15 According to the present invention, a hod, f or
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20 (ii) det egidueihgihecddrapiexiopane aosnassotidtbe wilh exisitg aetiebdd.he enzyme and
e,

t he pol ynucl eotldqi wherein the effect is detected by measurenment of a
non- |inear Swihmay ofia@invention |inear signal coupled to a non-linear
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elimnating the need for anplification prior to initlation of sequencing.
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15 According to the present invention, a method for sequencing a
polynucleotide comprises the steps of:

(i) contacting a polynucleotide processive enzyme, immobilised in a fixed
position, with a target polynucleotide under conditions sufficient for
enzyme activity; and

20 (i) detecting an effect consequent on the interaction of the enzyme and the
polynucleotide, wherein the effect is detected by measurement of a non-
linear optical signal or a linear signal coupled to a non-linear signal.
Numerous advantages are achieved with the present invention.

Sequencing can be carried out with small amounts of polynucleotide, with the

25  capability of sequencing single polynuclecotide molecules, thereby eliminating the

need for amplification prior to initiation of sequencing. Long sequence read
lengths can be obtained and secondary structure considerations minimised.

Obtaining long read lengths eliminates the need for extensive fragment

reassembly using computation. Further, as the invention is not dependent upon

30 the need for fluorescently-labelied nucleotides or any measurement of

fluorescence, the limitation of read length at the single molecule level as a

function of photobleaching or other unpredictable fluorescence effects, is



30 the need for fluorescently-Ilabelled nucleotides or any neasurenent of
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i ncor porati gy gp%mgpigm@ s vBreeot i de. Detailed Description of the

I nvention The present invention nakes use of conventional non-Iinear
optical 25 neasuhermding toc thifrdraspegt of therinventian, endmaging systemset ardPor

energy distribution change occurri as_a pol ynu t ' nzyme
nteracts ARRCkHEORTaER deti el o i AR i Talig RgpiRe
i ncor por at esnAM RS, ER8Fme that interacts with a polynucleotide, and a dipolar molecule

15 positioned on or proximal to the enzyme.

Description of the Drawings

The invention is described with reference to the accompanying figure,
wherein:
Figure 1 is a schematic iliustration of an imaging system that utilises
20 second harmonic generation; and
Figure 2 shows the second harmonic signal generated by a polymerase
on incorporation of a specific polynucleotide.

Detailed Description of the Invention

The present invention makes use of conventional non-linear optical
25 measurements to identify a conformational and/or mass and/or energy
distribution change occurring as a polynucleotide processive enzyme interacts
with the individual bases on a target polynucleotide or incorporates nucleotides
onto a nascent polynucleotide molecule.
The use of non-linear optical methods for imaging molecules is known.
30 What has not been appreciated is that these methods can be applied to the

sequencing of a polynucleotide, making use of an immobilised or fixed enzyme.



onto a nascent pol ynucl eotide nol ecul e. The use of non-linear optical

nmet hods for imaging nolecules is known. 30 What has not been appreciated
Is that twele/nsmvhods can be applied to the sequencing ofPCa/GB02/02345

pol ynucl eoti de, nmaki ng use of an immobilised or fixed enzyne. WO 02/ 095070
PCT/ GB02/ 02345 4 In a separate enbodinmegt, a linear signal is generated in
addition to a non-linear signal and the linear signal is detected. The two

signals are said jpa saBarRERbodifitik!d lingar SoRANRNGAbraRERtddor eat er m

"pol ynucl eoti de" as us herein is to be interpreted broadly,
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dependent U@ew’&iyrrerase I .e. reverse transcriptase, or a RNA-dependent 15
RNA pol yrer a e. RNA replicase. In a preferred enbodi nent of the

i nvention, the pofrpsaeane polyniicotdymroesssive enkymchers psed beredd is to be
enbodi mrents of the invention, the polynerase is either E, coli poI nmer ase

111 hol oenzyW&eTP(%HerhWadb(nr@nchéﬁlatﬁ o@neﬁ‘ﬁy arRgne shal ) gyteracis pWIthmé ase

Sch I 4
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Thi or edoxi n isTpRseraly aalpolynderaBeOénzyﬁ‘éarrand 198y ;be2 62 anyGIJ,évaIGZ)’cbe Beah of
these pol ynerase enzymes binds to a targ}é\} pol ynucl eoti de w t

processi vi t yeXample; ﬂ(’!ﬁéppb‘y‘)eféﬁﬁ maynke anY /?'ngieﬁ?ﬁfjﬁ@t IANA polymerase qf the
BT e PR LB BB SR TE B BT PO B P g e
pol ynucl eot i dgpémigémtdBNRepblyatase fird. Masersehphesiriptase, drop RN Tepandent
gyrase enzynmes. Such enzynes offer
RNA polymerase, i.e. RNA replicase. In a preferred embodiment of the
invention, the polymerase is T4 polymerase. In further preferred embodiments
of the invention, the polymerase is either E. coli polymerase lll holoenzyme
(McHenry, Ann. Rev. Biochem., 1988; 57:519); T7 polymerase (Schwager et al.,
Methods in Molecular and Cellular Biology, 1989/90; 1(4): 155-159) or

20 bacteriophage T7 gene 5 polymerase complexed with E. coli Thioredoxin (Tabor
et al., J. Biol. Chem., 1987, 262: 1612-1623). Each of these polymerase -
enzymes binds to a target polynucleotide with high processivity (and fidelity) and
therefore maintains a polymerase-polynucleotide complex, even when
polymerisation is not actively taking place.

25 Alternative enzymes that interact with a polynucleotide include helicase,
primase, holoenzyme, topoisomerase or gyrase enzymes. Such enzymes offer
further advantages. For example, using a helicase reduces the problem of
secondary structures that exist within polynucleotide molecules, as helicases
encounter and overcome these structures within their natural environment.

30  Secondly, helicases allow the necessary reactions to be carried out on double-

stranded DNA at room temperature.



further advantages. For exanple, using a helicase reduces the problem of
secondary structures that exist wthin polynucl eotide nol ecul es, as

hel i caseswOoanoiont er and overcone these structures w thi nPCrgBo202348r al
environment. 30 Secondly, helicases allow the necessary reactions to be
carried out on double- stranded DNA at roomtenperature. W 02/095070
PCT/ GB02/ 02345 5 As the enzyne interacts with successive bases on the
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sui tabl e eﬁéVg&~°de?@Ié@ﬁddv@dﬂéaﬂalﬁkﬁa&mftﬁ@eneymeple WO A- 99/ 05315
describes the inmobilisation of a polynerase enzype to a SOLI d su&aﬁ
General methods A®Simpertaphaspedt Sif H‘QF Brreéﬁéﬁ yepdoR ipthsrimmeR s AHNE.  The

b e e Sy I PGS, Ha8ah B 26 58 T UEBIEM, o1fis Bforheby!
i mage/ si gnal cfrAed SR TANDBIlisthdthe Bhiyjrie b ®Balidasipport, heith thoknkysed on
a solid support at a density that permts single enzyrre resolnﬁél on.

Theref ore, inetainmgeits diplagical a@ltherMeéfﬂQd&anrt 'F'”tﬂ emgieljlisationn@bsHItekIEd on

a solid support, and th t ho n
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For exanpf e, fomlmmqbémmgipFCZBlr’tSdOeiSWDSIﬁ@f%§é"téW?yne it will be apparent

that the other corRe ggp cal detection methods used in the present invention are intended

to image at the single molecule level, i.e. to generate a distinct image/signal for

one enzyme. A plurality of enzymes may be immobilised on a solid support at

a density that permits single enzyme resolution. Therefore, in one embodiment,

20 there are multiple enzymes immobilised on a solid support, and the method of

the invention can be carried out on these simultaneously. This allows different
palynucleotide molecules to be sequenced together.

It will be apparent to the skilled person to carry out the imaging method

under conditions suitable to promote enzymic activity. For example, with regard

25 to a polymerase enzyme, it will be apparent that the other components

necessary for the polymerase reaction to proceed, are required. In this

embodiment, a polynucleotide primer molecule and each of the nucleoside

triphosphates dATP, dTTP, dCTP and dGTP, will be required. The nucleoside

triphosphates may be added sequentially, with removal of non-bound

30 nucleotides prior to the introduction of the next nucleoside triphosphate.

Alternatively, all the triphosphates can be present at the same time. It may be

preferable to utilise triphosphates that have one or more blocking groups which



necessary for the polynerase reaction to proceed, are required. In this
enbodi nent, a pol ynucl eotide priner nolecule and each of the nucl eosi de

t ri phosphaDag/oghTP, dTTP, dCTP and dGIP, will be requiredPCThBmOzi460si de
tri phosphates may be added sequentially, with renoval of non-bound 30

nucl eotides prior to the introduction of gt he next nucl eoside triphosphate.
Alternatively, all the triphosphates can be present at the sane tine. It

o oups. whi crCET DS 00X 5ol S GIBE oA AR BB BB R AG )
pul sed nonochdrpaBhiroliéd ¢idorpotatioebySyitable biodkgd triphespimteslaredisclosed in

I ncorporation. Suitable blocked triphosphates are disclosed in
WO A- 99/ 05319/O+4-§RLQSISt ut i on non-1inear optical imagi ng systens are known
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and Eis the electric field vector. The first term descri bes nor nal
absorption-and reflection of light; the second describes second harnonic

generation (SHG, sum and difgergnee, ye=generation; and the third
R e s T oo

describes light scattering, sti procésses, third harnonic

generation (TGH), and both two- and three-photon absorption. 15 A preferred
i magi ng system of the present invention relies on the detection of the
signal ari si whete Bis bedoddcen pelarisation Xfbisithe ginerdarinen-linesr syseentibildvul e

Lo as SHE | ag RIS Rieetle Al el dREHFs RET BBk ke o AL pigha & 2°
1999; 95! 67RG1R(iBA oflightRtka@cehddescriBediser8hatarm8Ak gehierdon @HER4um The

general set-up of the Tnmaging systemcan be as described in Peleg et al.,
1996, supr a, anddlifferesperequency generationnang ther thirdndeseripes ightescattedngaser

then ~passed TAHBTEH RATGRN By omsseoauapionie ohae Py e 53 AR pafbes- ' <
directed thr gHgiﬁ-,r%'é_@h&@ﬁ-éBgmqorgr ystal (3) to produce a green beamto aid
the alignnment of the |aser ,
15 A preferred imaging system of the present invention relies on the
detection of the signal arising from second or third harmonic generation.
Single-molecule resolution using second or third harmonic generation
(hereinafter referred to as SHG) is known in the art (Peleg ef al.,, Proc. Natl.
Acad. Sci. USA, 1999; 95: 6700-6704 and Peleg et al., Bioimaging, 1996; 4: 215-
20 224).
The general set-up of the imaging system can be as described in Peleg
etal., 1996, supra, and as shown in Figure 1. With reference to Figure 1, a laser
(1) is used as the illumination source, to generate a laser beam which is then
passed through a polarizer (2). Part of the laser beam may be directed through
25 anon-linear crystal (3) to produce a green beam to aid the alignment of the laser
beam. A photodiode (4) is placed in close proximity to the optical path in order
to provide a means to monitor the generated near-infrared (NIR) intensity. A
filter (5) is positioned in front of the entrance port of a microscope to prevent any
second harmonic from entering the microscope. The laser beam is focussed
30 onto the solid support comprising the immobilised enzyme, and the non-linear
signal is collected by lenses (7) and detected using a monochromator (8). The
fundamental intensity is blocked using an IR filter. The signal from the



beam A photodiode (4) is placed in close proximty to the optical path in
order to provide a neans to nonitor the generated near-infrared (NI R

i nt ensi t ywoA2/09iora er (5) is positioned in front of the enPCcarcGry2pedss of a
m croscope to prevent any second harnonic fromentering the m croscope.
The | aser beamis focussed 30 onto the sglid support conprising the

i mmobi | i sed enzyme, and the non-linear signal is collected by |lenses (7)
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averager and channel integrator (9). The generated signals are then
transferred e@nputesh@Licegenerate the ipaagssate the i mages. In order to
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appropriate | abel ose proxirmt

H ghl'y di pol gasifidh éﬁ@'p?ﬁo fefte Satdl @bl o i Blost Proximity totie m(rhewlse@enzyme Chem
Phys., 1999; 245: 133 An exanpl e of suitable nol ecul es are (3,3/
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refers to bObBrtkbférW' hgryly 2PNl s Aehiraret dpd | JP\whI D68 d- supplies by
t hereof (Tsien, Ann. ochem 1998; 67:509 and US 5, 777,079 ?Rrid us

5, 625, 048) . Mdf@ularsﬁmtﬁﬂ)e(if?§§ FlueresgenidProleinNEFiY is@anathenexsmepls

i vi dudd b g hisiy e PSRBT Bhedk YRESHES. BN poF hBraholrer e
mol ecul es ar ?ef@FsttB(U&ﬂﬁjtﬁeQN'fldﬂ@y é'b'r@teﬂﬁsé dperdtn@ms?%ﬁm@rdaﬁu@mlsmee@bﬂ(ns@n

pol yneri se reaction). preferre ment _of the invention, the
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"sliding chagfeg). Alternatively, the GFP nol ecule can be | ocated
anyvx/nere within the enzynme, provided that enzymc activity is retained.
15 The dipolar molecules may be located on the individual bases of the

polynucleotide (or its complement if the dipolar molecules are attached to the
nucleoside triphosphates and used in a polymerase reaction).
in a preferred embodiment of the invention, the enzyme, e.g. a
polymerase, is prepared as a recombinant fusion with GFP. The GFP can be
20 located at the N— or C- terminus of the enzyme (the C- terminus may be
desirable if a polymerase is to be used in conjunction with a “sliding clamp’).
Alternatively, the GFP molecule can be located anywhere within the enzyme,
provided that enzymic activity is retained.
In a separate embodiment of the present invention, the non-linear optical
25 imaging system is Raman spectroscopy or surface enhanced Raman
spectroscopy (SERS). An overview of Raman spectroscopy is contained in
McGilp, Progress in Surface Science, 1995; 49(1): 1-1086.
The optical radiation used to excite the Raman system is, preferably, Near
Infrared Radiation (NIR). NIR excitation has the advantage of decreasing the
30 fluorescence and Raman signal of the surrounding medium or solvent.
In a separate embodiment of the invention, the non-linear signal can be

enhanced by the use of a metal nanoparticle and/or a roughened metal surface



In a separate enbodi nent of the present invention, the non-linear optical
25 imagi ng systemis Raman spectroscopy or surface enhanced Raman

spect r oscwpy2(08BRE) . An overvi ew of Ranman spectroscopy i sPCaraRRoedsi n
McG | p, Progress in Surface Science, 1995; 49(1): 1-106. The optical
radiation used to excite the Raman systerpis, preferably, Near Infrared
Radi ation (NIR). N R excitation has the advantage of decreasing the 30
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using a netal nanoparticle. Suitable neta anoparticlfes are own, and
i ncl ude gol dirsagingiat itee simghe pwiecue dsvel TBpecinasmpdc imagiegy RasedgenBRaaidny of

a di anet of frombnmt 1g0n ,preferabl from | Oomto 60nm The
nanopart?@l egc%t([ﬁlrgec:%@ tai%(?'l & {’%DPH@d rﬁ@l’%édﬁ@@_{l nagopgriGles Swihie antat i f
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a polynerase reaction). A roughened netal surface has also been Shown to
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Aroughened metal surface has also been shown to improve the sensitivity
of the SHG process (Chen et al., 1981, supra and Peleg et al., 1996, supra) and
is also a requirement for SERS. The metal surface is usually silver or another
nobel metal. An initial selective modification of the metal surface at sub-

20  wavelength spatial resolution can be carried out using various techniques,
including the use of atomic force microscopy (AFM). A platinum-coated AFM tip
can be used to catalyse hydrogenation of terminal azides to amino groups that
are amenable to further derivatisation (Muller ef al., Science, 1995; 268: 272-
273). The enzymes can then be placed into "hot spots” where high local fields

25  exist in regions where optical modes are localised (Shalaev et al. Phys. Rep.,
1996; 272:61).

In a separate embodiment of the invention, a nanoparticle can be brought
into close proximity with the enzyme using an AFM cantilever tip/probe, to
thereby enhance the non-linear signal.

30 AFM has been shown recently to be capable of having a time resolution
and sensitivity applicable to the dynamic imaging of protein conformational

changes (Rousso et al., J. Struc. Biol., 1997; 119: 158-164). This is utilised in



can be used to catal yse hydrogenation of term nal azides to am no groups
that are anenable to further derivatisation (Miuller et al., Science, 1995;
268: 272-wP03)p950The enzymes can then be placed into "hot epotGBo2iksase hi gh
| ocal fields 25 exist in regions where optical nodes are |ocalised (Shal aev
et al. Phys. Rep., 1996; 272:61). In a sgeparate enbodi nent of the

I nvention, a nanoparticle can be brought into close proximty wth the

enzyme usi ng,a-RRYICENbHIBRT of tid PiveRfon, Wherb 28T APV SroRRMGEIsidMBitioned
non-linear signal. 30 AFM has been shown recently to be capable of having a
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far-field usi l.onal confocal optics or in reflection node if used
I n conjuncti Erﬁgwa?ﬁ&l/e?ﬁg " internal reflection. In a further enbodi nent,
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SHG has beenjgeritbtion tivessiaveanosuopictioles tsedim AEM)aeel &sasiple tceolotairan
atomc scale (MG Ip, 1995, 'SUP a). The main _advant age of using NSOM as
part 15 of t ispatiahyerglvedapdisa

| é_fqrmﬁ_ont Neer-Hieid mioraserpy inepewiration with
R s e R e e
enzyme, as i tatdficecars MobGilg) 1@95pelyrRicTRe iaitad Raitaga veusiegiN SO M part
resolution is highly desirable. In the context of this aspect of the
i nventi o3 i 1of the ig1aging systemiis that itatiowsalergainereasggnirgsolution to sub-wave-
length dimensions. As the present invention relates to the conformational
monitoring of a single enzyme, e.g. a polymerase enzyme, as it interacts with a
polynucleotide, sub-wave-length spatial resolution is highly desirable. In the
context of this aspect of the invention, it is preferable if an AFM cantilever tip is
20 used as an apertureless Near-field scanning microscope (Sangohdar ef al, J.
Opt. A: Pure Appl. Opt., 1999; 523-530). This is analogous to the use of metallic
nanoparticles as a source of local field enhancement. It is preferred that the tip
is made out of, or coated with, a nobel metal or any material which acts to
increase the local electromagnetic field. Alternatively, a metallic nanoparticle
25 may be connected directly to the cantilever tip. This has already been shown to
be applicable to the monitoring of conformational changes at the single molecule
level (Rousso, et al. supra).
In a further separate embodiment of the present invention, an
independently generated surface plasmon (or polariton)/evanescent field can be
30 used to enhance the signal-to-noise ratio of the non-linear signal. This
evanescent wave enhanced imaging technique has greater signal-to-noise ratio

than, for example, SHG imaging alone. In this embodiment, the evanescently



20 used as an apertureless Near-field scanning m croscope (Sangohdar et al,
J. Opt. A Pure Appl. Opt., 1999; 523-530). This is anal ogous to the use
of netal IWo 02/09f0particles as a source of |ocal field enh&erarmio23sst is
preferred that the tip is nade out of, or coated with, a nobel netal or
any material which acts to increase theyjgocal electromagnetic field.
Alternatively, a nmetallic nanoparticle 25 may be connected directly to the
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via 10 a detect oguiiase tplasmdnatesbheneeldsdindm ihi the Sty famlereﬂmnnrthe
resonance is known in the art, and relies on the generation of
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to allow non-linear effects to be generated. An incident light beam is applied to
the prism to generate the surface plasmon field. At the same time, a non-linear
signal (e.g. second harmonic field) is generated by directing a pulsed near

20 infrared laser through a polarizer and half wave plate, into an optical scanner for
beam control via a filter to eliminate optical second harmonic noise, and then
into the sample. The non-linear optical signal is collected with lenses and afilter
and directed into a monochromator, passed to a photomultiplier tube for
detection and then amplified and recorded via a computer system.

25 When the non-linear optical is coupled to that generating the evanescent
field, the signal that is detected can also be the linear (evanescent) signal. In
this embodiment, the NSOM can be used in the collection made to detect the
linear signal.

In a separate aspect of the present invention, the polynucleotide

30 sequencing can be carried out within a cell.

It has been demonstrated that, in its native cellular environment, a DNA

polymerase and its associated replisome complex is anchored in place (or



the prismto generate the surface plasnon field. At the sane tine, a
non-linear signal (e.g. second harnonic field) is generated by directing a
pul sed neap 02093omdé r ar ed | aser through a pol arizer and hal PChEBO202HEE, |into
an optical scanner for beamcontrol via a filter to elimnate optica
second harnonic noise, and then into thg sanple. The non-linear optical
signal is collected with Ienses and a filter and directed into a
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achi eved by genetic fusion of the enzyne with, for exanp green
fl uorescent protelhe (emle)sseq“ml@@ |protemambanm1t@éed/dﬁtﬂﬂted gkilis apcheied t

at it anchordiatoiaqelP8, EOkE: BBRIGAIE e RoBiea iRl RtuId fdfbect o
optical det egdinfshi¢ geRERfionhar noni ¢ generation). 15 The fol |l owi ng Exanpl e
il lustrates the invention.
15 The following Example illustrates the invention.
In this experiment, a fusion protein of Green Fluorescent Protein (GFP)
and a polymerase was created via recombinant techniques well known in the art.
Quartz chips (14mm in diameter, 0.3mm thick) were spin-coated with a
50nm thick layer of gold and then coated with a layer of planar dextran. These
20 gold coated quartz chips were then placed into the fluid cell of a custom built
Nearfield Scanning Optical Microscope (NSOM). The gold-coated quartz chips
were coupled optically to a quartz prism via index matching oil. The fluid cell
was then sealed and polymerase buffer was then allowed to flow over the chip.
Immobilisation of the polymerase to the chip surface was carried out
25 according to Jonsson et al., Biotechniques, 1991; 11:620-627. The chip
environment was equilibrated with running buffer (10 mM hepes, 10mM MgCl,
150 mM NaCl, 0.05% surfactant P20, pH 7.4). Equal volumes of N-
hydroxysuccinimide (0.1 M in water) and N-ethyl-N’-(dimethylaminpropyl)
carbodimide (EDC) (0.1 M in water) were mixed together and injected across the
30 chip surface, to activate the carboxymethylated dextran. The polymerase-GFP
fusion protein (150 pl) was mixed with 10mM sodium acetate (100 i, pH 5) and

injected across the activated surface. Finally, residual N-hydroxysuccinimide



In this experinment, a fusion protein of G een Fluorescent Protein (GFP)
and a pol ynerase was created via reconbi nant techni ques well known in the
art. QuawDa20pd0ps (14mm in diameter, 0.3mmthick) were spCa/GRIanedswith a
50nm thick [ayer of gold and then coated with a | ayer of planar dextran.
These 20 gold coated quartz chips were then placed into the fluid cell of
a custombuilt Nearfield Scanning Optical Mcroscope (NSOM. The
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Bi ot echni que§iMakigzationpresgdygrervagperfermed with @icootineews e obmurinindibufferd
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rate of 5 pl/mn at 25C. A primary anti bod conj ugat ed
200 pl nl-1,ME&®S Cruz Biotechnol ogy) was diluted 1:3000 in antibody

binding DUl et a8 AL S Yot SoiPadie G acamotun ey 12,
ol 11 For 3 - o, BIgh BlocHl Ihmatiialbes fhBant 1900 S B Re coa
ant i mouslé | gwffer and allowed to flow over the chip surface at a flow rate of 5 pl/min for 30
minutes. Excess antibody was then washed off the surface by flowing antibody
binding buffer over the chip at a flow rate of 5 pl/min for 30 minutes. The buffer
was then returned to running buffer which was then allowed to flow over the chip
at a rate of 5 pl/min for 30 minutes before initiation of the next stage.
20 Two oligonucleotides were synthesized using standard phosphoramidite
chemistry. The oligonucleotide defined as SEQ ID NO. 1 was used as the target

polynucleotide, and the oligonucleotide defined as SEQ ID NO. 2 was used as
the primer.

25 SEQIDNO. 1

CAAGGAGAGGACGCTGCTTGTCGAAGGTAAGGAACGGACGAGAGAAGGGAGAG

SEQ ID NO.2
30 |
CTCTCCCTTCTCTCGTC



(H+L) 40nm British Biocell International) was diluted 1:1000 in anti body
bi nding 15 buffer and allowed to flow over the chip surface at a flow rate
of 5 pl/Mvoe oko9s03® m nutes. Excess anti body was then washedTadBo2iok@ssurface
by flowi ng anti body binding buffer over the chip at a flowrate of 5
pl/mn for 30 mnutes. The buffer was t{ien returned to running buffer
which was then allowed to flow over the chip at arate of 5 pl/mn for 30
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cell which is associated with the polymerase. The tip is then held in stationary

15 mode over the polymerase.

The pre-initiated pre-primed complex was then injected into the flow cell
at a flow rate of 5 ul/min so that the “clamp” around the primer-template molecule
forms a complex with the immabilized polymerase. The flow cell was maintained
at 25°C by a cooling device built into the flow cell.

20 The running buffer was then flushed continuously through the flowcell at
500 pl/min. After 10 minutes the sequencing reaction was initiated by injection
of 0.4mM dATP (8 pl) into the buffer at a flow rate of 500 pl/min. After 4 minutes
0.4mM dTTP (8 ul) was injected into the flowcell. Then after another 4 minutes
0.4mM dGTP (8 pl) was injected and after another 4 minutes 0.4mM dCTP (8 pl)

25 was injected. This cycle was then repeated 10 times. Over the entire time
period the second harmonic signal transmitted via the multimode fibre was
passed into a monochromator and then into a photomuiltiplier. The signal from
the photomultipler was then amplified and fed into a computer for processing and
storage.

30 The intensity change of second harfnonic signal arising from the
polymerase complex for a period of 10 seconds from the start of each injection

was then calculated and plotted against nucleotide injected into the flow cell.



The pre-initiated pre-primed conplex was then injected into the flow cell

at a flowrate of 5 pl/mn so that the "clanp"” around the priner-tenplate
nol ecul e whar/wssoa conpl ex with the i mmobilized pol yner asePCTIGBoRlozsascel |
was maintained at 25C by a cooling device built into the flow cell. 20 The
running buffer was then flushed continuoygly through the flowcell at 500
pl/mn. After 10 m nutes the sequencing reaction was initiated by injection
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fed into & chymidiges ¢ ty GaASFEEGUAEEE). Storage. 30 The intensity change of
second harnonic signal arising fromthe polynerase conplex for a period of
10 seconds fromthe start of each injection was then calcul ated and

pl otted agai nst nucleotide injected into the flow cell. W 02/ 095070

PCT/ (B02/ 02345 14 The results of the sequencing reaction are shown in
Figure 2. As can be seen fromthe graph, large intensity changes (I arger
intensity changes accounting for identical nucleotides adjacent to each
other) correspond to the conplenment of that of SEQID NO 1 (reading from
right to left, mnus that part of which 5 hybridizes to the priner
sequence). WD 02/095070 PCT/ GB02/02345 15 CLAIMS 1. A nethod for

determ ning the sequence of a pol ynucl eotide, conprising the steps of: (i)
contacting a polynucl eotide processive enzyne inmobilised in a 5 fixed
position, with a target polynucl eotide under conditions sufficient to

i nduce enzynme activity;



(i1) detecting an effect consequent on the interaction of the enzyne and
pol ynucl eoti de, wherein the effect is detected by neasurenent of a

non- | i neawoappwad 10 signal or a |inear signal coupl ed PaT&BR/M2345Near
signal. 2. A nethod according to claim1, wherein the effect is detected by
measurenent of a non-linear signal. 3. t hod according to claim1l or
claim2, wherein the non-linear optical detection is second or third

har noni ¢ gengr n imaging. 15 4. A nethod according to claim1 or claim
2, wherein %@%S;-I i near optical detection is Raman spectroscopy or

surface enhdnced Ramatiiod fe detasninaing theSsec'%embhﬁ@ ;ﬂﬂ icledtidd Tatrisin
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to the enzyr?'ée PsaOfret hod accor di ng to claimb5, vvherel n the nolecule is a
styryl dye ecul ordln to claim5,. whrenlhe

rm?/e)éul eyl s gr eggl)fl uocr% E%%'H@ %b&ﬁgc% otige 9&0 T3V CHEYBR P Q,se(’q W% 5 or
claim 6, swherein the dlxléal gbsm@hewtr@ a 'térgﬁttﬁcﬂpﬁacléenéé‘%dég &bﬁ'&! bngases

of the pol ynucl eoti de. A net hod according to any preceding c aim
wherein the enzyrre is Salfflqmtyﬁﬂlﬁm emgym@ ackivihod according to any of

clains | to 8, ei enz a_ _heli ase or. primase me. 11. A
nmet hod accordi ng ﬁi) rbaﬁtt%‘ﬁ '&ﬁ%ﬁ&?ﬁ%?%‘ﬁ‘ )Onctgﬁﬁ?‘{) adigrhg g’@é?‘f‘?%ﬂe 30
of the nucl eosi de tri W%megﬁ@ dTTP, dGIP and dCTP. 12. A nethod
according to claim 11, wherein the nucl eoside triphosphates conprise one
or more bl ocking Vd’ﬂeiatmsthﬁmféeﬁdardeb@ctedrhyvmaseneemmvm‘laynbyl -liNe b 24 ARE070
uI sed nochro A net hod according to
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any pr ec?!éd %bgsrﬁle?? Wé?@rﬁ‘ QOHElFQ Or%ﬂBBé'?‘FPEF@nal s positioned on or
proxi mal tozthe W%ﬁéfﬁodléeco?dﬁ%t RO LIARE O NWABdiA FedbifedBis WREaEE bie
nanoparticle is a gold
measurement of a non-linear signal.
3. A method according to claim 1 or claim 2, wherein the non-linear optical
detection is second or third harmonic generation imaging.
15 4. A method according to claim 1 or claim 2, wherein the non-linear optical
detection is Raman spectroscopy or surface enhanced Raman spectroscopy.
5. A method according to any preceding claim, wherein a dipolar molecule
is positioned on or proximal to the enzyme.
6. A method according to claim 5, wherein the molecule is a styryl dye

20  molecule.

7. A method according to claim 5, wherein the molecule is green fluorescent
protein.
8. A method according to claim 5 or claim 6, wherein the dipolar molecule

is attached to the individual bases of the polynucleotide.
25 9 A method according to any preceding claim, wherein the enzyme is a
polymerase.
10. A method according to any of claims 1 to 8, wherein the enzyme is a
helicase or primase enzyme.
11. A method according to claim 10, wherein step (i) comprises the addition
30  of the nucleoside triphosphates dATP, dTTP, dGTP and dCTP.
12. A method according to claim 11, wherein the nucleoside triphosphates

comprise one or more blocking groups which can be removed selectively by



5 silver nanoparticle. 15. A nethod according to claim 13 or claim 14,
wherein the nanoparticle is incorporated onto one or nore of the

i ndi vi duaWwobamse®7®f the pol ynucl eotide. 16. A nethod acc@ecaiGrp20z848ny
preceding claim wherein the enzyme is immbilised on a solid support. 10
17. A method according to claim 16, V\,herlsi n there are a plurality of
enzynes immobilised on the solid support. 18. A nethod according to claim

16 or claim ]]7, wher ei,n thﬁ ?ob#d support has a roughened netal surface.
19. A et hodUSBaPANRTeRaUAYOBE ¢l aims 16 to 18, wherein the support is

15 silver o0§390l dméRodAcEBidiRstPRRsécadino@l@ity whersiAd Metat hahopartibkr €i n
detection is carried out in conjuriction with Atom c Force M croscopy or

Near - Fi el d Sgzosifiongedph iot proximat totheo@yzyrn®.. A net hod according to any

preceding claim further conprisjing th 20 applijcation of. |ocali

surface pl a%%on A5 @qcﬁgl_ng,&oncgpmg%g&ﬁrgﬁh@et agwqﬁ?leclﬁg% ﬁéﬁldorto 14,

wher ei n §hesﬁxfgr%dp%rtiél§?mbi lised in a fixed position within a cell. 23. A
al,

solid support naterl conprising at |east one inmobilised polynerise and
at | east oné5di pal methud amordinpdeidaion®d oonlaim ¢ wkiensin the nanepgdicjens ase.

Wherei n t honsGrPOTURRPIEERSOpBIyRE B Tihaga Hrsem e oM eiehted
Don || e 05 o) M8 moBBinditl B89 By MBS e SRR Je
t hereon an gnaphtisekdadn amsbkd sapposti th a 30 pol ynucl eoti de, and a di pol ar
ol ecul (130 po% I7t ! OrAer%e?h%doarcc%Ir’c(I)i)rsligqglc:IaE% ‘It6r,] gvh%?éimﬁére are a plurality of enzymes
immobilised on the solid support.
18. A method according to claim 16 or claim 17, wherein the solid support has
a roughened metal surface.
19. A method according to any of claims 16 to 18, wherein the support is
15  silver or gold.
20. A method according to any preceding claim, wherein detection is carried
out in conjunction with Atomic Force Microscopy or Near-Field Scanning Optical
Microscopy.
21. A method according to any preceding claim, further comprising the
20 application of localised surface plasmon resonance.
22. A method according to any of claims 1 to 14, wherein the enzyme is
immobilised in a fixed position within a cell.
23.  Asolid support material, comprising at least one immobilised polymerase
and at least one dipolar molecule positioned on or proximal to the polymerase.
25 24. A solid support material, comprising a cell immobilised thereon, wherein
the cell comprises a polymerase enzyme maintained in an fixed position within
the cell.
25.  Animaging system set up to detect a non-linear optical signal, comprising
a solid support having immobilised thereon an enzyme that interacts with a

30 polynucleotide, and a dipolar molecule positioned on or proximal to the enzyme.



