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This invention relates to pol ynucl eotide sequence determ nations. 5

Backct r ough qifasdshe i Nnvention The ability to ‘deternine thgcrensmassn of a

p ucleotide is of. great 'scientific inportance. For exanple, the Human
G&_n_ Project is an anbitious international effort to map and sequence
the three billion 10 bases of DNA encodéd in the human genome. WWen
conplete, the resulting sequence database will be a tool of unparalleled"
power for bionedical research PNPHEEREERFINGIBTHID: to t he successful

conpl eti on ofiéhd soprehecinverniienr ns the technol ogy used in the sequencing
process. 15 The PEASS! rl'n%eﬁ%&!aﬂd.fe&a%eerﬂa HS ey W1dH s SEaLBenthA

sequencing is the chain termnation nmethod. Th met hod was first
devel oped bydSE@ER+PAMPRSHUl son (Sanger et al., Proc. Natl. Acad. Sci.
USA, 197%; T7Backdbdubd6df tiendnveakties on the use of dideoxy derivatives of

the four 20 nucl e'?ﬁéd?aBEEEQ?SpQQt egetai-mlind’ € thaCorfRnakRd | B ay nascent
n a po

pol ynucl eotide_chain in, of ynerase react)on., _.Upon i'ncorporatign, the
di deoxy deriRalYDeslecriffate Ohe IGFRALy TR 1L i MPEFEhe pFBHucts are
t hen separ at edalaylegel thé ecHwumegn orGsicsnean Prarj&cgsedst o aneveabitheuposi ti on

at 25 whi ch iHﬁePﬁéEiSHAﬁreﬁo‘I%o?éx ASh a7 isugubase | IO 8d1158R0 the
chain. Al thou this method 1s w.dely used and produc rellaglg results,
"t Qs rdQgnPaBes  RaONR srcadesl,in £he RUmRR SRRy o IR SERBATES 20 An

al ternative sbgquenesnytimghosequenmeopdsbabanse EWiALl 0421732, talilcholises
spect r oscopi ﬁnﬁﬁ?&ﬁlé?e&lePsﬁér't her ivicHeRacali eesehraniucl epdi dajbpto a
nascent pol ynucl eoil d sirand conpl ntary,to.a tard eth. The _nmethpd relies
on an i mobPPFERF %o?ﬁﬂ X% f SPEﬁﬁ”Bﬁ?‘é aﬁ&'%}l gr%?, i ch't: BE°dSGbsed to a
f1 ow cont ai nFagcenhy Yne tfchredodiyf sednin fhe|s8AUeRSINISPESCLESc0pi C
techni qugs are theRe Useinéfple method in general use for large-scale

DNA sequencing is the chain termination method. This

method was first developed by Sanger and Coulson (Sanger et

al., Proc. Natl. Acad. Sci. USA, 1977; 74: 5463-5467), and

relies on the use of dideoxy derivatives of the four

20 nucleoside triphosphates which are incorporated into a
nascent polynucleotide chain in a polymerase reaction.

Upon incorporat:ion,: the dideoxy derivatives terminate the
polymerase reaction and the products are then separated by
gel electrophoresis and analysed to reveal the position at

25 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 e:ipensive.

30 An alternative sequencing method is proposed in EP-A-
0471732, which uses spectroscopic means to detect the
incorporation of a nucleotide into a nascent polynucleotide
strand complementary to a target. The method relies on an
immobilised complex of template and primer, which is

35 exposed to a flow containing only one of the different
nucleotides. Spectroscopic techniques are then used to
measure a time-dependent signal arising from the polymerase



nmeasure a tinme-dependent signal arising fromthe pol ynerase WO 01/ 25480
PET/ GBOO' 03860 2 catal ysed growh of the tenplate copy. The spectroscopic
t echni ques ‘gsﬁﬁk'ﬁ&ed are surface plasnon resonance (SPR) p&PE&BéoidsseOpPY .,

whi ch measur eés changes in an analyte within an evanescent wave field, and
fLuorescence neasuring 5 techni ques. However, limtations of this nethod
are recogni sed; the nost serious for thhe SPR techni que being that, as the
size of the copy strand grows, the absolute size of the signal also grows
due to the noygyenised drwwthsbfante otémpifatieheopy aneBaerapaghrescopid, naking
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t he chai n groys, e\trdtfedmicgr oave "fielse" amir ddseseandncee ngasuniaguired to
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severely rest ri

t he nethod for _seq cin
pol ynucl eot i dEQSOTRHRFE’ firiiy MART FERYEN £BFi HRe gg% 'g?fblcﬁ%prbﬁégﬁes are
outlined in Vénée 9924 79He antz\DA-tIR3 3R, sbuahdogrcm. vithe rakaediuge

fluorescent dgjeot{pne,ofsahil lahebed aue! e8! tde MVamtens These
si ngl e nucl eo es_are cledved fromthe te Iatﬁdp Fl%gucleotlde held in a

flow by an oft¥asd W& P Fdie evapegpent pa ', Berseg.
7:301- 309, byot haeaetton intrememt@nuc| eZse nibluvcpescens: THE%%,S@J@Hved

nUC: eotides tbgp,f %Q{/)ﬁg rt@fé“'d‘i’sﬁﬁ*r&n@agéﬂ%ﬂr t:LZ'chaQ‘é/J.ﬁ§| baclagrouziddj ect ed
to | aser exci tatlo an en ect sepsi.t ] i tem
However , IlrﬁlPﬁ‘F? PSS t Fgm dﬁé}oépgggeﬁ d5g %%Fﬁgg%étggerﬁ%oseus f or
the exonucl eageotrm@mazgmmepngymelmmdq ﬁeemhe Px) thehehpel FRAYSeot i des
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resultlng i n Thisnusteorelae frleewrbeeemwgeomseof ofha§ge method for
sequencing large polynucleotides.

Single fragment polynucleotide sequencing approaches

are outlined in WO-A-9924797 and WO-A-9833939, both of

20 which employ £fluorescent detection. of single labelled

nucleotide molecules. These single nucleotides are cleaved

from the template polynucleotide, held in a flow by an

optical trap (Jett, et al., J. Biomol. Struc. Dyn, 1989;

7:301-309), by the action of an exonuclease molecule.

25 These cleaved nucleotides then flow downstream within a

quartz flow cell, are subjected to laser excitation and

then detected by a sensitive detection system. However,

limitations of this method are recognised; the most serious

for the exonuclease technique being the fact that the

30 labelled nucleotides severely affect the processivity of

the exonuclease enzyme. Other limitations of this method

include 'sticking' of the nucleotide(s) to the biotin bead

used to immobilise the polynucleoctide fragment, thus

resulting in the nucleotide flow becoming out of phase;

35 inefficiency and length limitation of the initial enzymatic

labelling process; and the excitation 'cross-over' between



35 inefficiency and length limtation of the initial enzymatic |abelling
process; and the excitation 'cross-over' between WO 01/25480 PCT/ GB00/ 03860
3 the fou&wgh%%ﬁﬁent dye nol ecules resulting in a greatlx i ncreased error
rate. There 1 s therefore a need for an inproved nethod, FCHCEMEE v at the
single fragnent level, for determining 5 the sequence of polynucleotides, .
which significantly increases the rateg and fragnent size of the

pol ynucl eoti de sequenced and which is preferably carried out by an

aut omat ed peReegsur’ Adlengnt heys ongledilley aRduloshg 28SACHREAHIW th

exi sting methads. 19 M@%—‘étgf the I nvention The present invention is
based on the reafll satiron that _the sequence of a target pol ynucl eotide can

be determ ned bFhEEAsHPi HECESHIRSH nit PePAI LR aRBedmPROERd emeyhedt hat bi nds
to and procpgeeerabbyndat hthd avigelepdhrugmeheolévial, Hee Hetexheningf the
conformatio o ?%5 at_.t RS I ) t di_n n which
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Accor di ng t dnereasepdtte spte mnd fEegnent igh PEnthey Padynedepbidelet er mi ni ng
t he sequenceegbenced! yndc!winidideis?2prdeprablegs ddieistiepsudf by(ianreacting a
target poly Lale n e .4 h is&gzppegl- f_Lnte ing with
and precess?ﬁgéﬁf%%g Q%ﬂggggfynﬁ%‘%%?F%e%%ﬁnd%r condﬁ??oﬁ?asu%ggéient to

i nduce t he@B8RRGHRECR 1AMy $X18kPPIqENCASdet ecti ng conf or mational changes

in the ¥nzygsemasryidf thez Inweptimesses al ong the pol ynucleotide. In a
preferred embodi fRotorelbhe SR 1b8 £ MAKERSAtRe AMLYIE MU CpL Pt eracts

with the target in the process of extending a . conplenentary strand. The
enzyne is t §PEcEPEVERRS i(GhBpERTERY @%@JF?B"@%&%&&% Gleltﬁ%E‘FPg‘é t he
reaction webymeansuriati oenfammadionst cchlinggst in ansepoyme eriiaedbimeds of t he
invention, tHeanBNiBeeelEB! hi8agathe! thrietngolpheclabt fud abekpe t he
15 extent of the conformational change that takes place is
different depending on which individual nucleotide on the
target is in contact with the enzyme.
: According to one aspect of the present invention, a
method for determining the sequence of a polynucleotide
20 comprises the steps of: '

(i) reacting a target;'polynu'cleotide with an enzyme
that is capable of interacting with and precessing along
the polynucleotide, under conditions sufficient to induce
the enzyme activity; and |

25 (ii) detecting conformational changes in the enzyme as
the enzyme processes along the polynucleotide.

In a preferred embodiment, the enzyme is a polymerase
enzyme which interacts with the target in the process of
extending a complementary strand. The enzyme is typically

30 immobilised on a solid support to localise the reaction
within a defined area.

According to a second embodiment of the invention, the
enzyme comprises a first bound detectable 1label, the
characteristics of which alter as the enzyme undergoes a

35 conformational change. The enzyme may also comprise a
second bound detectable label capable of interacting with
the first label, wherein the degree of interaction is



characteristics of which alter as theaenzyne under goes a 35 confornmati onal
change. The enzyne may al so conprise a- second bound detectable | abel

capabl e of ing wwth the first | abel, wherein the
I nteracti on | s 01/ 25480 PCT/ GBOO 03860 4 dependent on"gﬁg%ﬁ'?ogg{"rat i onal
change in the enzyne. Typically, the first |abel is an energy acceptor and

the second |abel is an energy donor, and detecting the conformtional
change is carried out by neasuring energy 5 transfer between the two

| abel s. Accoraﬂﬂ&deema Bﬁrthrc&&BeﬂAeﬁéﬁalof chhagknvent ivha  ehb éescence
resonance ener nsf ed to . detect grma al change
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accept or abel ch b nd t Al ternatively, one of the
| abel s ma ﬁg eﬁlﬁlt}é" aﬁ'&éﬁ% ot her | abel bound to the
" pol ynucl eot i de I $qm1@8ng°ta furtihehecemkoitintef theedavienting, use of

a det ect abl y-#nhald RErReZ YeBonsAGE bérte 2y llﬂta@{ﬁ%&l r(@nmbhlsanaear geessi ng

I I I d d f
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the enzyne wq:hr ogeds@rogksagst iadopal ynukheart declreesaee ng therebyur t her

afspeg:t Oso!d&l:e%kﬁl@ﬂh rn*gd CeRpr i sgﬁigncbeasbfonetnénm@dllﬁﬁQmBﬂgE caﬁabl e
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advantages over vent 1 onal sequencl ng nol ogy pol yner ase
According to a further embodiment, there is the use of

a detectably-labelled enzyme, capable of interacting with
and precessing along a target polynucleotide, to determine
the sequence of the polynucleotide, wherein the label
alters its detectable characteristics as the enzyme

20 processes along the polynucleotide.

According to a further aspect, a solid support
comprises at least ‘one immobilised enzyme capable of
interacting with and precessing along a target
polynucleotide, the enzyme being labelled with one or more

25 detectable labels.

According to a further aspect, a system for
determining the sequence of a polynucleotide comprises a
solid support as defined above, and an apparatus for
detecting the label.

30 The present invention offers several advantages over
conventional sequencing technology. Once a polymerase
enzyme begins its round of polynucleotide elongation, it
tends to polymerase several thousand nucléotides before
falling off £from the strand. Additionally, certain

35 specific polymerase systems are able to anchor or tether
themselves to the template polynucleotide via a ‘sliding
clamp' (e.g. Polymerase III) which encircles the template



enzynme begins its round of polynucleotide elongation, it tends to

pol ynerase several thousand nucl eotides before falling off fromthe
strand. Ag@idihegal |y, certain 35 specific polynerase sy&.ﬁ e 4 abI eto
anchor or tether thenselves to the tenplate pol ynucl eo e via a 'sliding
clamp' (e.g. Polynerase I11) which encircles the tenplate WO 01125480

PCT/ GB00/ 03860 S5 nol ecule or via a ma ecul ar hook (e.g. T7:thireodoxin
conpl ex) which partially encircles the tenplate. The invention may al so
enabl e tensmoledhl®bagesrigkbd molebuls#rt hoble JequencET:thHirebdogin at a rate

of hundreds a | |t of sequencing on
a si ﬁgl e fragé‘w%ln%)b%ﬁ%ﬁ& b%§tpgilé%%qc%ls;§%%?\% ﬁ% singl e ?Eagn{en? of
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associ at ed wé e di sg‘osa g hazar.dous wast suc as acr m de,
whi ch pl agueRtFsEm  SEEBRREANg EFFTHCDS DestP pt i of HRESEPER ngs 20
Fi gure 10 i scarsesmonadinglyl highent | Justofasaivpeltad! asntie dsighpeaset up for

use in the iQVQHélélEhll@ygltroe s%quhhaétiﬂe;é Frdgmaeest akehnaf t epn{d uorescence
resonance ene resentlnﬁ?the

ks
detection of* ggs%lec{ﬂl%ﬁfaﬁﬁareﬁq‘ﬁecgﬁg Tﬂ%‘ﬂﬁpﬁg 8Hb‘5f BHE ARdetRS on The
present netheubénr ofeqoeetlappingobpaueness i dequined| s mlgempbe ysi s of

conformat i o aﬁwgggmbﬁtwse@emmnmw.g%MEysﬁptide- The
term H%lynggv§§§$é§3 S%S gﬁgd Qfgg e 'f%a% egg approach is the

elimination of problems associated with the disposal of

hazardous wastes, such as acrylamlde, which plague current
sequencing efforts.
Description of the Drawings

20 Figure 1 is a schematic illustration of a confocal
microscope setup for use in the invention;

Figure 2 illustrates a trace taken after fluorescence
resonance energy traﬁsfer, with each of the peaks
representing the detection of_a'specific nucleotide.

25 Description of the Invention _

The present method for segquencing a polynucleotide
involves the analysis of conformational changes between an
enzyme and a target polynucleotide.

The term "polynucleotide™ as used herein is to be

30 interpreted broadly, and includes DNA and RNA, including
modified DNA and RNA, as .well as other hybridising nucleic
acid-like molecules, e.g. peptide nucleic acid (PNA).

The enzyme may be a polymerase enzyme, and a
conformational change is brought about when the polymerase

35 incorporates a nucleotide into a nascent strand
complementary to the target polynucleotide. It has been
found that the conformational change will be different for



30 interpreted broadly, and includes DNA and RNA, including nodified DNA
and RNA, as.well as other hybridising nuci'eic acid-like nolecules, e.g.
peptide nu ' id (PNA). The enzyme may be a pol yneras and a
conf or rrati%k(g 192c"’aﬁ'nge i s brought about when the pol yner aslgc'ﬁ Iﬁgsggr por at es
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measuri ng di 8nm scal e and r.elies _on .the
"di-st ance- epeRBEYe ?\gq,ht about by n;].ts :{nteractlon with' the target

polynucleotide alters the relative positioning of the

labels. The differences in positioning are reflected in

the resulting energy transfer and are characteristic of the

particular nucleotide in contact with the enzyme.

20 Alternmatively, one label may be positioned on the enzyme

and the other on a nucleotide of the target or on a

nucleotide incorporated onto a strand complementary to the
target.

The use of fluorescence resonance energy transfer

25 (FRET) is a preferred embodiment of the. invention. This

technique is capable of measuring distances on the 2- to

gnm scale and relies on the distance-dependent energy

transfer between a donor fluorocphore and an acceptor

fluorophore. The technique not only has superior static

- 30 co-localization capabilities but can also provide

information on dynamic changes in the distance or

orientation between the two fluorophores for intramolecular

and intermolecular FRET. Since the first measurement of

energy transfer between a single donor and a single

35 acceptor (single pair FRET) (Ha, et al., Proc. Natl. Acad.

Sci. USA, 1996; 96:893), it has been used to study ligand-

receptor co-localisation (Schutz, et al., Biophys. J.,



transfer between a donor fluorophore and an acceptor fluorophore. The
techni que not only has superior static 30 co-localization capabilities but
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I nternol ecul ar FRET. Since the first measurenent of energy transfer

bet ween a single donor and a single 3% acceptor (single pair FRET) (Ha, et
al., Proc. Natl. Acad. Sci. USA, 1996; 96:893), it has been used to study
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these vari aﬁmsﬁ@ememseéw@% %%lﬁ?%ﬁ&amﬁlwéfh'tﬂeEQengﬂt?Bg of the
i nvention. The gl’ esent vent I O B ried out usin neasur enent
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mol ecul e | evel rHeS pRs@RE CPEPEh STHP Hae Bl s6f béhéai-ﬁi/&'i‘téﬂf‘ usidg OUS

roperties of_ sin Iefluoecent bes at.tache eotlde
Brogesm ve ¥ %ﬁ?ﬁ‘&/ &F¢C Piqg ttq'faa T8 fﬁﬂyba 8}5%(;%&%’?]11 t he

cont extlCof Ame $ysteawm | hat odlproapalde i ameApuRimdathangeist Hinn e i n cl ose
proxinity trbdane exﬁfmsmeﬁyswmanél %ii-ﬂyﬂxé itV i vHe N@itg il alor & 1epeci fic to
a - nucl eotlldq’ Fp&%tcbggg%(ent od%ﬂ(é tﬁgl eve Cii?l%{:le,v bu'éﬁare not

limted to, écu ions, enzrra|02 on

ki neti cs, cRﬁﬁR?rrr?&FForRﬂ HoatR c§1u°ﬁ%$‘€9ﬁﬂ aPrCf*?%%déFerhﬁ?ﬁ)t Fena and

al t er ati onpdlymeilievtige pf@l:esrsle:laaemyheaaﬂd%fcit@sgamsﬁrﬁyosnonrrent For
exanpl t 0, n o e

fl uorogﬁorg‘gargg’% %’ggjifm:e% gﬁ?@ﬁ% &gf%%%%ghé %‘F%e?ne)%g% T on I i ght or

by anal ysi ,@%eorényggq.%mles w:.thln or "in close proximity to the
enzyme system/molecular environment that are specific to a

nucleotide incorporation event. Such variables include,
but are not limited to, molecular interactions, enzymatic
20 activity, reaction kinetics, conformational dynamics,
molecular freedom of motion, and alterations in activity
" and in chemical and electrostatic environment.
For example, the absorption and emission transition
dipoles of single fluorophores can be determined by using
25 polarized excitation light or by analysing the emission
polarisation, or both. The temporal variation in dipole
orientation of a rigidly attached or rotationally diffusing
tethered label c¢an report on the angular motion of a
macromolecule system or one of its subunits (Warshaw, et
30 al., Proc. Natl. Acad. S8Sci. USA, 1998; 95:8034) and
therefore may be applied in the present inventiom.

The labels that may be used in the present invention
will be apparent to those skilled in the art. Preferably,
the label is a fluorescence label, such as those disclosed

35 in Xue, et al., Nature, 1995; 373:681l. Alternatively,
fluorescing enzymes such as green fluorescent protein (Lu,
‘et al., Science, 1998; 282:1877) can be employed.
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(Warshaw, eVO8/Y2MP0  proc. Natl. Acad. Sci. USA, 1998; 95PSBGBIU/ERE
therefore may be applied in the present invention. The | abels that may be
used in the. present invention wll be_apparent to those skilled in the
art. Preferably, the label is a fl uor e8cence |1 abel , such as those

di scl 0sed 35 1N Xifo Gl dHerrehObih 515 o Khicd ek iBANAbbUELYr,

fl uorescing enzynes s as green uorescent protein

u, al .,
Sci ence, 1998nvegyesghhe uss Bk R0 \FEHOTARFERIS THEF FGE%‘o%‘S%o 8 The -
preferred enkegamentlel tamdi nednk-epechfivnldly, anvethed t e usehef snall

f1 uor escence gl g 85+ 18R AR ast 08 Un3hb ¥ eggc! ShBanReeh bhegbhynat t ached

to the polynucCteotide processive enzyne, = tetranet hyl rhodam ne
(TMR). 3¢ UGMBdcent |abels are used in the invention, their detection
may be affected byfphidhobésemit dgbedhssart hyedrigpehteihexpoisur,etheir

exci tati on VeueleRgs nePpRONrlkEea By LohatiiidachingD e | By 0 carTy

out many sequential 10 reéactions, but ng fl uorescence S|gnf S on
only a few &IPSt SXPRPHES (47 SXFLERGIPR dayesEeBEENS hORS PPEBLPI  equence
"of signals camybeodetverdd bhds gocbllem igolktpnosteptowe mwayusecgeedeial m ned.

For exanppe, Q. cciiBiRli bisidut e2cRhy! Bhidie2bnBZYiBR 1 o8 S0y & SapPOrt and
15 contacting themwth the target, polynucl eotide,” the sequencin

reactions sh&fl o staft:at T el YoTRR CanRTOPERE. ERG F&FFS%‘: and
det ecti on of delgweneecene® caiobels| oczdn sebet o detgropoedi orarsd t bhet ot al

reactions, fQoigmidiE@eyaki | s@faimid caghingimaconesreyi danlmpidt, thys tine,
20 excitation an%.gelt ection can bl% re ngferreesd L0, gl f%esruent »cPLOROr tion
of the react iS¢t o ESREI AR ‘frnel sé’qu ncﬁ'?’?@‘.‘ AS" 8 P jf:'ﬁ Feacti-one“are
“relatively i reqptassinghethemr egith sddpgentargabul re bawhiegtice -wi theni ni mal
sequence re- gsequencing reactions should start at approximately the same
time. Excitation and detection of £luorescence can be
localised to a proportion of the total reactions, for a
time until photobleaching becomes evident. At this time,
20 excitation and detection can be transferred to a different
proportion of the reactions to continue the sequencing. As
all the reactions are relatively in phase, the correct
sequence should be obtained with winimal sequence re-
agsembly. _
25 The labels may be attached to the enzymes by covalent
or other linkages. A number of strategies may be used to
attach the labels to the enzyme. Strategies include the
use of site-directed mutagenesis and unnatural amino acid
mutagenesis (Anthony-Cahil, et al., Trends Biochem. Sci.,
30 1989; 14:400) to introduce cysteine and ketone handles for
specific and orthogonal dye labelling proteins (Cornish, et
al., Proc. Natl. Acad. Sci. USA, 1994; 91:2910).
Another foreseen embodiment used to tag the
polynucleotide processive enzyme is the fusion of green
35 fluorescent protein (GFP) to the processive enzyme (e.g.
polymerase) via molecular cloning techniques known in the
art (Pierce, D.W. et al., Nature, 1997; 388:338). This



assenbly. 25 The | abel s may be attached to the enzynmes by coval ent or
ot her linkages. A nunber of strategies may be used to attach the |labels to.

t he enzynwyo @isalegi es i nclude the wuse of site-direct egcmﬁaglﬂ@g&si s and

unnatural am no acid nutagenesis (Anthony-Cahil, et al Bi ochem
Sci., 30 1989; 14:400) to introduce cysteine and ketone handl es for
speci fic and orthogonal dye |abelling ¢groteins (Cornish, et al., Proc.

Nat|. Acad. Sci. USA, 1994; 91:2910). Another foreseen enbodi nent used to
tag the pokgnboiguei Hespbeersdemmnshrared ite bke abpliocabbé goeehe 35

f1uor escent BLohPbRehTE) LohidinaRl RSP SLUMA VFEybSatts ALY HEI 2SE) Vi a
nmol ecul ar cl oni ng tgghgl gues kn mﬁ}'lfg the. art (Piérce, D.W ef al.,
Nature, 199¥3t4E8.33877: TAPR: 843 )0 PS5 ARFPCP nge8cJLigPigchRtque has
been denpns&alat eBroo. MatdpplAicedbl #ci o0 UsSle 1A&sWRrAAN3)af conformati onal
changes (M yawakgupgbred suithBid®or d894n %b%&%hiagdcﬂ@%ﬂzymggchanges

(Li opis, et ﬁg roc. Natl. Aca Sggz USA‘5 1998; . 95: 6803) : Supports
suitabl e folihs s PERATSHFI F]iThG ¢ prEson. Sitigen, nfdo the
skilled persenamiSh|natrriadisagsyabel usssi.anitbe swpportalwilinypsbelliped. The
support Wi | heUsysl dpar Reraabé andnghel SafobiEIZXERch HRPILd $aLr98gMRY be
carried out gy covcac; erlt ngr oot h(aﬁtrh neans. . F ore)gang{pg, coval ent 10 |i nker
mol ecul es nBY-bEYUSEY 31825t CEc P62 "SRR abI ¢ OXprRBAPAE e FRAYAEEMAt t achnent
nmet hodsiOar elknken melekuleskmayedepensesh. tdhatsanghy tse ansudtabbye enzynes

i mobi | i sedpi@pahed sakime SUPPYtachinene meeheasedremhaeldiviento Lhere are a
15 plurali t¥k°h§& égessonattached. This allows nonitoring of nany separate

reactions, and nay Dbe useful to overcome photobl eaching problens. as
outlined above. TR%%R %Y hef onechri Hore erIymes (feebid igedstpethe
 conf or mat i oaaliéhangeort. t hanenz \prefeRgaananbedbneitly tRérd ransfer may be

measur 6 bypixﬁf?i@'%ﬂ%%ixﬁfessgééa?&?ed%' ag{py éff%@%i(t%g@xgoéf
fluorescent”surface plasno i
many Separate reactions, and may be useful to. overcome

photobleaching problems as outlined above.
A variety of techniques may be used to measure a
conformational change in the enzyme.  Resonance energy
20 transfer may be measured by the techniques of surface
plasmon resonance (SPR) or fluorescent surface plasmon
resonance.
However, other techniques which measure changes in
radiation via interaction with a 'label' or energy
25 transducer may be considered, for example spectroscopy by
total internal reflectance fluorescence (TIRF), attenuated
total reflection (ATR), frustrated total reflection (FIR),
Brewster angle reflectomet_:i‘y, scattered total internal
reflection (STIR), fluorescence lifetime imaging microscopy
30 and spectroscopy (FLIMS), fluorescence polarisation
anisotrophy (FPA), fluorescence spectroscopy, or evanescent
wave ellipsometry.
The invention will now be illustrated further by the
following Example, with reference to the accompanying
35 drawings.



resonance. However, other techniques which neasure changes in radiation
vila interaction with a "label' or energy 25 transducer may be considered,

for exanpl oscopy by total internal reflectance flaeq (TIRF),
at t enuat ed%(ftﬁﬁgs{’r eflection (ATR), frustrated total refl EC{I og R),

Brewster angle reflectonetry, scattered total internal reflection (STIR),
fluorescence lifetinme i magi ng m croscogy 30 and spectroscopy (FLIMS),
fluorescence pol arisation anisotrophy (FPA), fluorescence spectroscopy, or
- evanescent m%pél i psonetry. The invention will now be illustrated

further by the V\%%% hebeher enaordsddie araupamgi ng 35
drawi ngs. WO 01/ 2@1@% %any(?%S Octolo Exanpl erThl s Exanpl e used a

conf ocal fluah@‘sleemef'%-tt}p as shown in Fig. 1. Wth reference to Fig. 1,

the setup consist@ifh refei@nceStd Hilge (1)thablsettip emaists REgh aaaol ut i on

in X Y and gl mees Qe BoCLAse LOVAISH | FeddluconCia X Par larll 2

mcroflwdlc systemw an |n %)8 % |ntrod mgthe

pri mer - t enpl diwepsignaci éotqld’ésco?ﬁ)‘f%? lP) (D d¥RLEH edfi RE ovEF the

i mobi | i sed @9Frepli@iasElbe nodlEcubysten wiithi nam buf¥esr  (8hd £aF outl et
(7) for wastenar?gﬁagg teyld ggg_mg{.q{g,@plﬁgebo”gmlﬂird‘eec(;ﬁi,,légr(gonor

Coni ugat i on PRI HPECeSPErienE oFet it TUMHIGASane (L TVFECHBRESSe 15 and
Cy5 (acceptomplebale (Bedwashihe IEREfepaland'Bm gu%st dlefen vmq wel |
separ at ed e”‘:ﬁ%&ﬁbnwﬁ\iﬁpﬁegtf%m( 210Qa 1@.@@&! e cEas(eyr ﬂc&dldtinoﬂ? DNA
Pol ynerase from a |0Lefg %sug llleqmmg£ %%n%%%eg% used.
SOoL of T7 m?xﬁaFPEi‘oﬁg’cgngﬁ &g AVvaspn s I'vaspi n) agai nst 4 x
5001 of 200W_;h;&o_d_mﬁmmffer at pH4 in order to remove the DIT -
In this experiment, Tetramethylrhodamine (TMR, donor)
15 and Cy5 (acceptor) where used as the FRET pair. This was
due to their well separated emission wavelengths (>100nm)
and large Fdster radius.
T7 DNA Polymerase from New England Biolabs (supplied
_at 10 000 U/ml) was used. 50ul of T7 was buffer-exchanged
20 in a Vivaspin 500 (Vivaspin) against 4 x 500ul of 200mM
Sodium Acetate buffer at pH 4 in order to remove the DTT
from the storage buffer that the T7 DNA Polymerase is
supplied in. Then, 50ul of the buffer-exchanged T7 DNA
polymerase was added to 100pl of Sodium Acetate buffer at
25 pH 4 and 50 pl saturated 2-2-DiPyridyl-DiSulphide in
aqueous solution. This reaction was then left for 110
minutes and the absorption at 343nm noted. Finally, the
sample was then buffer-exchanged into 200mM Tris at pH 8
as before (4 times 500ul).
30 Dye attachment was verified by denaturing
polyacrylamide gel electrophoresis. Cy5 succinimidyl ester
(Molecular Probes) was conjugated to the TMR-T7 DNA
Polymerase under the same labelling conditions and purified
and characterized as described above.
35 Polymerase Immobilization
Glass coverslips were derivatized with N-[(3-
trimethoxysilyl)propyl] ethylenediamine triacetic acid.



fromthe storage buffer that the T7 DNA Polynerase is supplied in. Then, -
501 of the buffer-exchanged T7 DNA pol ynerase was added to 100l of Sodi um.
Acet at e bg‘f&ﬁ{z ﬁﬁ 25 pH 4 and 50 Al saturated 2-2-Di Pyridyl-D Sul phide in
aqueous sOTUPERY This reaction was then left for 110 REHGBUM3SAJ t he
absorption at 343nmnoted. Finally, the sanple was then buffer-exchanged
into 200mM Tris at pH 8 as before (4lti mes 5001) . 30 Dye attachnent was
verified by denaturing polyacrylam dle gel el ectrophoresis. CyS

;u?:ci ni m dyfbne_gsa&fers(lwel asglx%s?xlf’rgq%a) iigﬁ‘;é_é?oﬂidwa@e‘ﬁ 5f9:;£ Jé\éld% T7 DNA
chay ot or | MRS e LSS DO RS T BOPYL: BRE PG AHorthe ass
coversl i ps dmrivatardedatdlasg wurfiack| ( 3Ther Labehdsy spbiyneransy | qas
ethyl enedi amidie saaégetbCcrnsi Bur¥r 03445430 0ked/ EBOR10386Rrexl Inlhe
cover sl kp wasvth%]n | ued |Q.\t/oxa fl.%wcel . arrg.g engnt tfp%cgalomed buf f er
to be fPoneTP SRR Py HTWRED FBS TR s £% -25fhe | abel | ed
pol yner ase swisfagehen added to the buffer and allowed to flow over the 5
e Theh, T s A ikaat S, e RO e B 0L
R s
time. Laserundey tdix lesen emsitation vadume alm any erectiwvely Jaserized) was
fOPUSFFOODtﬁ.gith- 1% I|ORrUSbAJlAse®) |15 NaveS sdim&ula:ﬂl?pbbwrifb@nme
P o eoon A CBoSEIUP 8icd 2CBT0 I A0 0 oY CLBaEERRn 1
two by a 15PRiGHFEc iBeaimePiritlepinatiny §E5YP AT MECARPIBIE RI%®ct ed by
two Aval ancdumfidrailo biodesddidd) coohéi nflusrdstsence memiastenslwas A 585 nm
band pass fididcots v ehedkdmt bRkt Phe i HRAWeadehes! Bho 1By &0 NM | ong
pass fllgterdic Sroe.lca %gml Qplitter (long pass at 630 nm) and detected
by two Avalanche Photo Diode (APD) counting wunits,
simultaneously.
A 585 nm band pass filter was placed in front of the
donoxr detector; a 650 nm long pass filter was placed in
20 front of the acceptor detector. Since the spectral ranges
during fluorescence detection are sufficiently removed from
the cutoff wavelength of the dichroic beam splitter, the
polarization dependence of the detection efficiency of both
donor and acceptor signal is negligible. It has been shown
25 that the polarization mixing due to the high near field‘
aperture (NA) objective can be overlooked (Ha et al,
Supra) . ' '
In order to acquire donor and acceptor emission times,
a search condition on the acceptor signal was employed as
30 outlined in (Ha, et al., Appl. Phys. Lett., 1997; 70:782).
This procedure aids in the screening ©of doubly labelled
proteins: with no direct excitation of the acceptor, only
proteins experiencing FRET could show acceptor signal.
Once a protein was screened, located and positioned under
35 the laser spot, donor and acceptor time traces (5 ms
integration time) were acquired. The acquisition time
lasted until all the fluorescent labels on the target



20 front of the acceptor detector. Since the spectral ranges during
fluorescence detection are sufficiently renoved from the cutoff wavel ength

of the di crewghﬁzsggnam splitter, the polarization dependenggﬁgb?qtmggﬁ& o It

det ecti on Icrency of both donor and acceptor signal i

has been shown 25 that the polarization m xing due to the high near field
aperture (NA) objective can be overl ookﬁd (Ha et al, Supra). In order to
acqui re donor and acceptor. em ssion tinmés, a search condition on the

acceptor sigpahc¥es GHRLOYSKbtsbledlnedl!ined in (Ha, et al., Appl. Phys.
Lett., 1997; " 70: 782)_1. Thi:s ‘procedure aids in the screening of doubly
Beaegion, luitiation

| abel l ed pr > ect excitation of the acceptor, only

prot ei ns experi enEwagokREMmesisat ideswware egiiihesigesd usiggcstangardei n was
scr eetned, | 05%%:@5h@59t(n@9§'téi&ﬂét&ﬁsﬁﬂt§_@r ﬁté bm)ggb@s@re&pme dg@.a%édaé@
acceptor fi rage ms__integrat.io | re ired. e

a‘cqu!osi t isg)nmtaﬁﬁe%ﬁl &gtgdﬁlﬁﬁt stagfa‘ftheer}ztalrggge%éé\%ﬁuﬁalg%élﬁdnaf‘ﬁetl?%r get WO
- 01/ 25480 PCThCBoonogdeotide dpfined nash8EQ BRoNohPed@FeBsTk AR | the
Initiation TyeigkikrgonuelROt LRSS JIREBnEYIéSESI s dwle NOrsd MR Gnder

phosphoram dite chem.stry. e. ol i gonucl eot. de defined . | D NO 1
was used as h’fg’rﬂgﬁ‘aéf‘g'p%??%h ’r°é‘ost_i% e?oﬁﬁdt}ﬁ:ta(ﬁgleé:oﬁg%ﬁ'%gt ?8‘?" &1 ned as
SEQ ID No.2 was used as the primer. The two oligonucleotides were reacted

under hydri diaacegcacettterercterdopnreGrARGEANRIACEAGNEAAGEERGRE. 10
CAAGGAGAGGACGCTGT CTGTCGAAGGT AAGGAACGEA G SEQ ID NO 1
CTCTCCCTTCTCTCGIC SEQ I D NO. 2 15 The reaction was then initiated by
injecting the prined DNA into the flow cell with all four nucl eotides

- (dGTP, dCTP, at&TecerdcudT&ITEr esent at a semceniNcatd on of 0.4nM The fl ow
cell was maintained at 25 degrees Celsius by a nodified peltier device. 20

An oxygen-scavengi ng system was al so_enpl oyed [ 50 L. .
- - 15 The reaction was then initiated by injecting the

primed DNA into the flow cell with all four nucleotides
{deTP, 4ACTP, dATP and ATTP) present at a concentration of
0.4mM. The flow cell was maintained at 25 degrees Celsius
by a modified peltier device. .

20 An oxygen-scavenging system was also employed [50
pg/ml glucose oxidase, 10 pug/ml catalase, 18% (wt/wt)
glucose, 1% (wt/vol) B-mercaptoethanol] to prolong
fluorescent. lifetimes (Funatsu, et al., Nature, 1995;
374:555-559).

25 ERET data anaylsis

Initial studies have determined the origins of
blinking, photobleaching and triplet state spikes (Ha, et
al., Chem. Phy., 1998; 247:107-118), all of which can
interfere with the underlying changes in FRET efficiency,

30 due to distance changes between fluorophores as a result of
conformational changes. After subtracting the background
signal from donor and acceptor time traces as disclosed in
Ha, et al., 1999 (Supra), a median filter, with five points
average, was applied to remove triplet spikes. Next, data

35 points that showed simultaneous dark counts on both
detectors due to donor blinking events were disregarded
from the time traces.



jig/m glucose oxidase, 10 Kg/m catal ase, 18% (w/wt) glucose, 1%
(wt/vol) R-nercaptoethanol] to prolong fluorescent. lifetinmes (Funatsu, et
al ., Natyre. 935, 374:555-559). 25 FRET data anayl si gcikipbdibeost udi es
have determhéd the origins of blinking, photobleaching and triplet state
spi kes (Ha, et al., Chem Phy., 1999; 247:107-118), all of which can
interfere with the underlying change513i n FRET efficiency, 30 due to
di stance. changes between fluorophores as a result of conformational
changes. After sybt ra&@hhﬂgolfh@ldm@crkg!iquﬁél recgMary f MPRPd AFSLPEAH accept or
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with five aver age, to noy t _spi kes. Next, data
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CLAIMS 1. A nethod for determ ning the sequence of ' a polynucleotide,
conprising the steps of: i. reacting a target polynucleotide with an enzyne

5 that is capable of interacting with and precessing al ong
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a( hklit8se enzyme or a primase enzyme.

4. A method according to any preceding claim, wherein the
enzyme is immobilised on a solid support.

5. A method according to claim 4, comprising a plurality
of enzymes immobilised on the solid support.

6. A method according to any preceding claim, wherein the
enzyme comprises a first bound detectable 1label, the
characteristics of which alter as the enzyme undergoes a
conformational change.

7. A method according to claim 6, wherein the enzyme
comprises a second bound detectable label capable of
interacting with the first label, wherein the degree of
interaction is dependent on a conformational change in the
enzyme.

a. A method according to claim 6, wherein a second
detectable label is bound to a nucleotide brought into
contact with the enzyme.

o. A method according to claim 7 or claim 8, wherein the
first label is an energy acceptor and the second label is
an energy donor, or vice versa, and wherein step (ii) is
carried out by measuring energy transfer between the two
labels.

10. A method according to any preceding claim, wherein
step (ii) is carried out using confocal microscopy.

11. A method according to claim 10, wherein step (ii) is

met hod according to claim 10, wherein step (ii)

15
m 6,



carried out by neasuri-ng—a pol orrisation ef fect consequent on the altered
characteri StICS of the 1 | mlmm“ullf . A nethod according to claim12, .
wher ei N s{fRPeslss l“l H or escence pol ari sation ani sot rophy
14. Use of f uor escence resébnahce” eferdy transfer to dECEGBIY03860
conformational change in an enzyne that interacts wth and processes al ong
a target polynerase, to thereby 10 de*serm ne the sequence of the

pol ynucl eoti de. 15. Use according to cfaim 14, wherein the enzyne is a

pol ymer ase enzyfed it bt}eff,g&,_cgéyé;&et ngéﬁ{ 14 or cl a| m 15, wherein the

enzynme is innobiljsed on a sol suppor.t . a

det ect abl y- | el Ipéd“ , éﬂ'ﬂﬁ e'PCtE;fc Laify ér’a&’%"?ﬁﬁlw Fﬁe%nél:b\' eefessi ng

al ong a tar gerrissl mbvomewrltng depolarihsativn effeenceonbedient

Itoﬁl ynucl eot i ge, tH@%ﬂQ‘e&eHhéhéPMfdﬁHtl%é 6% stk%etfg_gggbllgzegh?r gct eri st |t Cs as
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conpri si ge é 34 e}St 5%‘88 %ﬁ% E%QW%’ad&ﬁr?Bf SERPefibt id®y with and

precessi ng atanmjed cndr bt fmmst pdbaridationz présberophyabel l ed with

one or nor eudet efdeabb e |f§h6k§sc@:§:e19re§o§éﬁééj éHQP&{rt t3an@Edingd o claim
18, wherei n% enzyne LS a;:lpol Z’ Eport according to
claim 18 or ¥H5h fo! 5% e e 3%7 ﬁnsaﬂ ?rﬁ}f)"} 5 GFelnEAT %%ystem for
det erm ni ng W@E@%@Qﬂesées%l@@ﬂl yauedraati golynenpeesi vy thewdbyd support
accordi ng t aeddrmidle €hai 88quidhded o2lrnansoBmanracabds for detecting the

| abel .

15. Use according to claim 14, wherein the enzyme is a
polymerase enzyme.

16. Use according to claim 14 or claim 15, wherein the
enzyme is immobilised on a solid support.

15 17. Use of a detectably-labelled enzyme, capable of
interacting with and précessing along a target
polynucleotide, to determine the sequence of the
polynucleotide, wherein the label alters its detectable
characteristics as the enzyme processes along the

20 polynucleotide. |
18. A solid support comprising at least one immobilised
enzyme capable of interacting with and precessing along a

- target polynucleotide, the enzyme being labelled with one
or more detectable labels.

25 19. A solid support according to claim 18, wherein the
enzyme is a polymerase.

20. A solid support according to claim 18 or claim 19,
wherein the label is a fluorophore.
21. A system for determining a sequence of a

30 polynucleotide, comprising a solid support according to any
of claims 18 to 21, and an apparatus for detecting the
label.



