METHODS FOR | NCREASI NG ACCURACY OF NUCLEI C ACI D SEQUENCI NG Techni cal Field
of the Invention 100011The invention generally relates to nethods for

i ncreasing accuracy in nucleic acid synthesis reactions. Background of the

I nvention [00021In vitro nucleic acid synthesis is a foundation of nmany
fundanmental research and di agnostic tools, such as nucleic acid
anplification and sequencing. In a tenpl ate-dependent nucleic acid

synt hesis reaction, the sequential addition of nucleotides is catal yzed by
a nucl eic acid polynerase. Depending on the tenplate and the nature of the
reaction, the nucleic acid polynerase may be a DNA pol ynerase, an RNA

pol ynerase, or a reverse transcriptase. [0003] The accuracy of

t enpl at e- dependent nucleic acid synthesis depends in part on the ability
of the polynerase to discrimnmnate between conpl enentary and

non- conpl enmentary nucl eotides. Normally, the conformation of the polynerase
enzyne favors incorporation of the conplenentary nucl eotide. However, there
is still an identifiable rate of m sincorporation that depends upon factors
such as | ocal sequence and the base to be incorporated. [0004] Synthetic or
nodi fi ed nucl eoti des and anal ogs, such as | abel ed nucl eoti des,

METHODS FOR INCREASING ACCURACY OF NUCLEIC ACID SEQUENCING

Technical Field of the Invention
[0o01} The invention generally relates to methods for increasing accuracy in

nucleic acid synthesis reactions.

Background of the Invention

[60D2] In vitro nucleic acid synthesis is a foundation of many fundamental research
and diagnostic tools, such as nucleic acid amplification aﬁd sequencing. In a template-
dependent nucleic acid synthesis reaction, the sequentxal addition of nucleotides is
catalyzed by a nncleic acid polymemsa Depending on the template and the nature of the
reaction, the nucleic acid polymerase may be a DNA polymerase, an RNA polymerase, or

a reverse transcriptase.

[0003] The accuracy of template-dependent nucleic acid synthesis depends in part
on the ability of the polymerase to discriminate between complementary and non-
complementary nucleotides. Normally, the conformation of the polymerase enzyme favors
incorporation of the complementary nucleotide. However, there is still an identifiable rate
of misincorporation that depends upon factors such as local sequence and the base to be

incorporated.

[0004) Synthetic or modified nucleotides and analogs, such as labeled nucleotides,
tend to be incorporated into a primer less efficiently than naturally-occurring nucleotides.
The reduced efficiency with which the unconventional nucleotides are incorporated by the
polymerase can adversely affect the performance of sequencing techmques that depend
upon faithful mcorporat:on of such unconventional fiucleotides.

[o00S] | Single molecule sequencing technigues allow the evaluation of individual
nucleic acid molecules in order to identify changes and/or differences affecting genomic
function. In single molecule techniques, a nucleic acid fragment is attached to a solid

support such that at least a portion of the nucleic acid fragment is individually eptically-




tend to be incorporated into a prinmer less efficiently than
natural | y-occurring nucl eotides. The reduced efficiency wth which the
unconventional nucl eotides are incorporated by the pol ynmerase can adversely
affect the performance of sequencing techni ques that depend upon faithful

I ncor poration of such unconventional nucl eotides. 10005] Si ngl e nol ecul e
sequenci ng techni ques allow the eval uati on of individual nucleic acid

nol ecules in order to identify changes and/or differences affecting genomc
function. In single nolecule techniques, a nucleic acid fragnent is
attached to a solid support such that at |east a portion of the nucleic
acid fragnent is individually optically- resolvable. Sequencing is
conducted using the fragnents as tenpl ates. Sequenci ng events are detected
and correlated to the individual strands. See Braslavsky et al., Proc.

Nat|. Acad. Sci., 100: 3960-64 (2003), incorporated by reference herein.
Because single nol ecul e techniques do not rely on ensenbl e avenging as do
bul k techni ques, errors due to mi sincorporation can have a significant

del eterious effect on the sequencing results. The incorporation of a
nucl eot i deretivpble. Seapensingde eondugiad pung the fegments astamplitepaSequencingkvents c k
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impact on the sequence obtained because fewer sequences are obtained with which to

compare to each other or with a reference sequence.

J0006} There is, therefore, a need in the art for improved methods for improving
the accuracy of nucleic acid synthesis reactions, especially in single molecule sequencing.

Summary of the Invention

[0007] The invention improves the accuracy of nucleic acid sequencing reactions.
According to the invention, a template nucleic acid is hybridized to 2 primer and template-
dependent sequencing-by-synthesis is conducted to extend the 3 end of the primer. The
template is then removed from the extended primer and the primer is then “primed” and re-
sequenced. Practice of the invention allows resequencing of the same sequence and its
complement in situ, and results in increased accuracy of sequence determination.

[C008) According to the invention, a polymerization reaction is conducted on a
nucleic acid duplex that comprises a primer hybridized to a template nucleic acid. The
reaction is conducted in the presence of a polymerase, and at least one nucleotide
comprising a detectable label. If the nucleotide is complementary to the next nucleotide in
the template, it is added to the primer by the polymerase. The added nucleotide is detected
and the reaction is then repeated at least once. Thus, the primer is extended by one or more
nucleotides corresponding to sequence that is complementary to at l=ast a portion of the
template. The template is removed from the duplex, leaving the extended primer.




According to the invention, a tenplate nucleic acid is hybridized to a
primer and tenpl at e-dependent sequenci ng-by-synthesis is conducted to
extend the 3' end of the primer. The tenplate is then renoved fromthe
extended priner and the prinmer is then "prined" and re-sequenced. Practice
of the invention allows resequenci ng of the sane sequence and its
conplenent in situ, and results in increased accuracy of sequence

determ nati on. 100081According to the invention, a polynerization reaction
i s conducted on a nucleic acid duplex that conprises a prinmer hybridized to
a tenplate nucleic acid. The reaction is conducted in the presence of a
pol ynerase, and at | east one nucl eotide conprising a detectable |abel. If
the nucleotide is conplenentary to the next nucleotide in the tenplate, it
is added to the primer by the polynerase. The added nucl eotide is detected
and the reaction is then repeated at | east once. Thus, the priner is

ext ended by one or nore nucl eotides corresponding to sequence that is
conplementary to at |l east a portion of the tenplate. The tenplate is
renoved fromthe duplex, |eaving the extended prinmer. [00091ln one
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herein by reference. The template can then be removed from the surface, for example, by

rinsing the surface with a suitable rinsing solution.

[o011] After removing the template, the extended primer used in the
polymerization reaction remaing on the surface. The 3* terminus of the primer is then
modified by addition of a short polynucleotide. The polynucleotide is added to the primer
by enzymatic catalysis. A preferred enzyme is a ligase or a polymerase. Suitable ligases
include, for example, T4 DNA ligase and T4 RNA ligase (such ligases are available
commercially, fromm New England BioLabs (on the World Wide ‘Web at NEB.com) and
others capable of adding nucleotides to the 3’ terminus of the primer. In a preferred
embodiment, a dephosphorylated polynucleotide is added to the primer. Methods for using
ligases and dephosphorylating oligonucleotides are well known in the art.




pol yneri zation reaction remains on the surface. The 3' term nus of the
primer is then nodified by addition of a short pol ynucl eotide. The

pol ynucl eotide is added to the prinmer by enzymatic catalysis. A preferred
enzynme is a ligase or a polynerase. Suitable |igases include, for exanple,
T4 DNA |igase and T4 RNA |igase (such ligases are available comercially,
from New Engl and Bi oLabs (on the Wrld Wde Wb at NEB.com and ot hers
capabl e of adding nucleotides to the 3" termnus of the prinmer. In a
preferred enbodi nent, a dephosphoryl ated pol ynucl eotide is added to the
primer. Methods for using |ligases and dephosphoryl ating ol i gonucl eoti des
are well known in the art. 1001211f polynerization is used to add

pol ynucl eotides to the 3" terminus of the primer, any suitable enzynme can
be used. For exanple, a polynerase, such as poly(A) polynerase, including
yeast pol y(A) polynerase, comercially available fromUSB (on the Wrld
Wde Wb at USBweb.com, term nal deoxyribonucl eotidyl transferase (TdT),
and the |like are useful. The pol ynmerases can be used according to the
manuf acturer's instructions. 100131Havi ng been nodified as descri bed above,

the pri rrermosz;t hen uspslymerizuibe iHilsad @ aiia otyﬁmoﬁaand@wdaﬂﬁnusome
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correspondi |ner | ygdes ,an oI| T The c | epent ary
sequences a?’gho ﬂ?engqh%gu??é{'gfm?or %%u |%’i “"El‘ilz?m“"(}i‘%ﬂﬁl[IE
polynucledﬁﬂﬂﬁhaﬁﬁ its conpl ementary neM/prlner can be about 10 to about
100 nucl eotides in lLength, and, preferably about 50 nucleotides in |ength.
The added P&} nuci 8 beepmad ?ﬁqfé‘?""éﬁﬂb‘ﬁ'é'ﬁfp?ﬂé”émuﬁg’rﬁt% or of

di fferent templgtelfor teinplatesdepenienneqiencingdycayhthesis axdiestsibeqd genveallylaboes h and/ or
ol igonucleotide length-to optimze hybrldlzatlon 1001510nce a

pol ynucl ed®¥dt i s adhepolyeprcieetidgaddsd tp We primer is chosen suchdhat itdew pri ner

complementary to a new primer (or at least a portion thereof). In a preferred embodiment,
the polynucleotide is a homo.polymer, such as oligo(dA), and the corresponding primer
includes an oligo(dT) sequence. The complementary sequences are of a length suitable for
hybridization. The added polynucleotide and its complementary new primer can be about
10 to about 100 nucleotides in length, and preferably about 50 nucleotides in length. The
added polynucleotide and new primer can be of the same length or of different lengths. It
is routine in the art to adjust primer length and/or oligonucleotide length to optimize \
hybridization.

[0015] Once a polynucleotide is added to the 3’ end of the primer and a new primer
sequence is hybridized to the polynucleotide (or portion thereof), template-dependent
sequencing-by-synthesis is-.conducted on the primer in the opposite direction of the

original sequencing reaction (i.¢., toward to surface to which the primer is bound).

[o016] After conducting the sequencing reaction back toward to the surface, the
“new” extended primer can be melted off, leaving a template having the complementary
sequence as the origina! template for optional resequencing in the 3 to 5’ direction (i.e.,
toward the surface).

{0017] Sequencing and/or resequencing at least a portion of the complement of the
original template increases the accuracy of the sequence information obtained from a given

template by providing more than one set of sequence information to compare, for example,



sequence i s hybridized to the pol ynucl eotide (or portion thereof),

t enpl at e- dependent sequenci ng- by-synthesis is conducted on the priner in
the opposite direction of the original sequencing reaction (i.e., toward to
surface to which the prinmer is bound). 100161After conducting the
sequenci ng reaction back toward to the surface, the "new' extended prinmer
can be nelted off, leaving a tenplate having the conpl enentary sequence as
the original tenplate for optional resequencing in the 3 to 5 direction
(i.e., toward the surface). 100171Sequenci ng and/ or resequencing at |east a
portion of the conplenent of the original tenplate increases the accuracy
of the sequence information obtained froma given tenplate by providing
nore than one set of sequence information to conpare, for exanple, to a
reference sequence. In another enbodi ment, the sequence initially obtained
can be conpared to the sequence obtained fromthe new tenpl ate.

(0018] Sequenci ng net hods of the invention preferably conprise
tenpl ate/ prinmer duplex attached to a surface. I|ndividual nucleotides added

to the surface conprise a detectable |abel - preferably an
opti cal | y- ted eleiraniok sequeanize! In singlier ambadifrenothe s&piibcel isikielly otitsiod candeecot | de

SPeCi €S Caf 0N b sdqébinbL S5:GMES ﬂ-@:%'me%!w ﬁg,glagﬁc‘)rrpr ise the same label. In a
Preferred enbodi ment, éach duplex 1s individually optically resolvable in
order to fmois) t at e sehidhichegThetesds of tHESANERARGEprElefably dbnibiist Rimplaldisrimiioi ce of
a surface L@Jlexaatt‘ttacalgegqgggurfm. Individual nucleotides added to the surface comprise a

detectable label — preferably an optically-detectable label, such as a fluorescent label.

Each nucleotide species can comprise a different label, or can comprise the same label. In

a preferred embodiment, each duplex is individually optically resolvable in order to

facilitate single molecule sequence discrimination. The choice of a surface for attachment

of duplex depends upon the detection method employed. Preferred surfaces for methods of

the invention include epoxide surfaces and polyelectrolyte multilayer surfaces, such as

those described in Braslavsky, et al., supra. Surfaces preferably are deposited on a

substrate that is amenable to optical detection of the surfaoé chemistry, such as glass or

silica.

[0019] Nucleotides useful in the invention include any nucleotide or nucleotide
analog, whether naturally-occurring or synthetic. For example, preferred nucleotides
include phosphate esters of deoxyadenosine, deoxycytidine, deoxyguanosine,
deoxythymidine, adenosine, cytidine, guanosine, and uridine.

- [0020] Polymerases useful in the invention include any nucleic acid polymerase

capable of catalyzing a template-dependent addition of a nucleotide or nucleotide analog to
a primer. Depending on the characteristics of the target nucleic acid, a DNA polymerase,
an RNA polymerase, areverse l:ranscripfase, or a mutant or altered form of any of the
foregoing can be used. According to one aspect of the invention, a thermophilic
polymerase is used, such as ThermoSequenase®, 9°N™, Therminator™, Taq, Tne, Tma,
Pfu, T, Tth, Th, Stoffel fragiment, Vent™ and Deep Vent™ DNA polymerase.,

Brief Description of the Drawing

[0021) The Figure shows a schematic representation of one embodiment of the

present invention.



of dupl ex depends upon the detection nethod enployed. Preferred surfaces
for methods of the invention include epoxide surfaces and pol yel ectrol yte
mul til ayer surfaces, such as those described in Braslavsky, et al., supra.
Surfaces preferably are deposited on a substrate that is anenable to
optical detection of the surface chem stry, such as glass or silica.

[ 0019] Nucl eoti des useful in the invention include any nucl eoti de or

nucl eoti de anal og, whet her naturally-occurring or synthetic. For exanple,
preferred nucl eotides include phosphate esters of deoxyadenosi ne,
deoxycyti di ne, deoxyguanosi ne, deoxythym di ne, adenosi ne, cytidine,
guanosi ne, and uridi ne. 100201Pol ynerases useful in the invention include
any nucl eic acid pol ynerase capabl e of catal yzing a tenpl at e-dependent
addition of a nucleotide or nucleotide analog to a priner. Depending on the
characteristics of the target nucleic acid, a DNA pol ynense, an RNA

pol ynerase, a reverse transcriptase, or a mutant or altered form of any of
t he foregoing can be used. According to one aspect of the invention, a

t her nophi li ¢ pol yrnerase is used, such as ThennoSequenase, TNT",

Ther m nat obétgited Déseription e, Pfu, TI!, Tth, Tli, Stoffel fragment, VenfTM
and Deep \@bia)™ DNARYLWIREASSovibld SlindR 358 bhhbiflichl drifpld@glgld (0021) The
Fi gure sho schematic reprresentation of one e odi ment. of =t he present
i nvent i on.accuracy of nucleic acid sequencing-by-synthesis reactions by re-sequencing a leasta
portion of a template nucleic acid. While applicable to butk sequencing methods, the
inventicn is particularly useful in connecticn with single molecule sequencing methods.
According to the invention, the methods comprise the steps of exposing a duplex
comprising a template and a primer to a polymerase and one or more nucleotide
comprising a detectable label under conditions sufficient for template-dependent
‘nucleotide addition to the primer. In one embodiment, the template is individually
optically resolvable. Any unincorporated labeled nucleotide is optionally washed way.
Any nucleotide incorporated into the primer is identified by detecting the tabel associated
with the incorporated nucleotide. The steps of exposing duplex to polymerase and another
nucleotide comprising a detectable label and polymerizing, optional washing, and
identification are repeated, thereby determining a nucleotide sequence. As a result of the
exposing and polymerizing steps, the primer is extended by the addition of one or more
nucleotides that are complementary to the corresponding positions of the template. The
template is then removed from the duplex, leaving the extended primer. A polynucleotide
is added to the 3’ terminus of the primer or extended primer, thereby forming a modified
primer. The modified primer is used as the template in subseguent sequencing reactions.
{0023] The Figure is a schematic representation of one embodiment of the
invention. In this embodiment, a primer, 2, is attached to a solid support, 3. A templatc, 1,
is hybridized to the primei-, forming a teinplatdpriﬁwr duplex. In step A, the template
primer/duplex is exposed to a polymerase and at least one nucleotide comprising 2 -
detectable label, under conditions sufficient for template-dependent nucleotide addition to
said primer. If the nucleotide is complementary to the template nucleotide immediately :
downstream of the primer, a hucleotide is added to the primer. Afier identifying nucleotide
incorporated into the primer, the process is repeated, thereby adding a second nucleotide to
the primer in a template dependent manner, and so on. As shown in the Figure, as a result
of repeating the process, template complementary sequence, 4, is added to the primer.
After the process has been repeated the desired number of times, the template is removed
as shown in step B, leaving the extended primer. In step C, a polynucleotide, 6, is added to




Det ai |l ed Description (0022i The invention provides nethods and conpositions
for inproving the accuracy of nucleic acid sequencing-by-synthesis
reactions by re-sequencing a |least a portion of a tenplate nucleic acid.
VWil e applicable to bul k sequenci ng nmethods, the invention is particularly
useful in connection with single nolecule sequenci ng nethods. According to
the invention, the nethods conprise the steps of exposing a dupl ex
conprising a tenplate and a prinmer to a polynmerase and one or nore

nucl eoti de conprising a detectable | abel under conditions sufficient for

t enpl at e- dependent nucl eotide addition to the primer. In one enbodi nent,
the tenplate is individually optically resol vable. Any unincor porated

| abel ed nucl eotide is optionally washed way. Any nucl eoti de incorporated
into the prinmer is identified by detecting the |abel associated with the

I ncor porated nucl eotide. The steps of exposing duplex to pol ynense and

anot her nucl eoti de conprising a detectable | abel and pol ynerizing, optional
washing, and identification are repeated, thereby determ ning a nucleotide
sequence. As a result of .the exposing and polynerizing steps, the priner is
ext ended hiye éxtendad giitnieoat tlof 3° cerminms (e eownstrkan bf Ye previously addedtempletenent ar y
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Cl n% I mant%H/ se ue‘gce 4 °§ As a
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primer (6pQk 1G@BRoRthd HIERYSHuenke ¢l for kAl ihdiViabaldBpRR & dofpiledcbmBGRs, as
descri bed abgve. 100241In_a preferred %\.nbod nt _of tdhe mygqgl on, direct
ami ne att aléﬂmltsaquavag fors&uence compila :opan alignment as discuss elow.

{0025) In general, epoxide-coated glass surfaces are used for direct amine
attachment of templates, primers, or béth. Amine attachment to the termini of template
and primer molecules is accomplished using terminal transferase. Primer molecules can be
custom-synthesized to hybridize to templates for duplex formation.

|0026] ' A‘ﬁ:ll—cycle is conducted as many times as necessary to oo_mplete‘
sequencing of a da-.iréd length of template, or resequencing of the desired length of the




to attach prinmer or tenplate to an epoxide surface. The priner or the

tenpl ate can conprise an optically-detectable | abel in order to determ ne
the location of duplex on the surface. At |least a portion of the duplex is
optically resolvable from other duplexes on the surface. The surface is
preferably passivated with a reagent that occupies portions of the surface
that m ght, absent passivation, fluoresce. Optinal passivation reagents

i ncl ude am nes, phosphate, water, sulfates, detergents, and other reagents
t hat reduce native or accunul ating surface fluorescence. Sequencing is then
acconpl i shed by presenting one or nore | abel ed nucleotide in the presence
of a polynerase under conditions that pronote conpl enentary base

i ncorporation in the priner. In a preferred enbodi nrent, one base at a tine
(per cycle) is added and all bases have the same | abel. There is a wash
step after each incorporation cycle, and the | abel is either neutralized

w t hout renoval or renoved from i ncorporated. nucl eotides. After the

conpl etion of a predeterm ned nunber of cycles of base addition, the |inear
sequence data for each individual duplex is conpiled. Numerous al gorithns
are avai | atshpladtocomplemenay sepepéd. Lnce thealasired numbereficyelss Bicomplethebel ow.
(0025)In g&eﬂfala,st&%nnd@e&%;&anai A2 SomphitAdaRsbadd Q=d¢l$.§éi'a si,&ron%éﬁﬁfac@m ne

attachnent of te ates ne att to.the termni
o T ot oot ah o bt 4uaten dbosm i B b eerise PR B g rosse

t r ansf er asecordimatese cormsparslingto wgthehebasa Was nconpatateddn 2eylgiven ¢yplsr iFdr ze t o
tenpl at es éﬁnp@iﬂtﬁé&eﬁﬁia@ieh@&ce HAOZREETALG addiflcRotidesGRpSIbieiatbads miaBNY

or T es equeERGRGPChH el B bl o i S0 - wae%ffrgﬁf‘%z%%@?fgw-aéi”p' e
sequence. mbdpmt@@lof&lhmwbeﬂsmwsmi@smpmdpMQ@mlem%t is a

stack of im&&s&r&&a&&#ﬁm@ﬁ&:@@mﬁﬁ 181 e5ce). 'ﬁGUsaﬁ&prlS:p%ulan t he
surface that,contai,ned an initial rg;ll Vhlaynucleoﬁgl ex pere wll, be a series

of Iight MaUEEFETiuesnPEsarH! na{gs EOPPLLISIRTT S 5 POPIASPRE P 2L was
i ncorporat%’dﬂwpmyﬂghvmniﬂ}‘e-l(é Ummemwth@!t@ﬂﬂ duplexjuence was
gAchT ACG &fﬁﬂxlﬂﬂ&hﬁ@tdim&li@eﬂ{ﬁgﬁfﬁﬁe sbsjrct ﬂ@&h?%%ﬂi}er&ﬁ?n thfa

upl ex wou "dar k" e e or e st cycle
(pr esent at |"dI sﬁf‘"mﬁeg’h\‘/\bbﬁmd’q w°"ﬁ%e% 1“"”']'%1?'2'13 H’
( pr esent atseaneneing data e then fed intp mmﬂsmw bﬂe“'ffPl‘rlS%ﬂlmcwgt orarg enpl at e

sequence) .colipfedfbite Aoy Rusitingds e Wik Srder Sficldonas .ﬁé@ﬁﬁawumeof the G
as that mf’(éj eotide is-conplenentary to the next avail able base in the

tenpl ate pon t he next cycle (present ation of U), the duplex would be
dark, as tP@27hext bIEeImagngfysEmPied fprpaticeof thsinveptienembsEPBHSIM numer ous
zycl es, t hieat pagides e@fficient ileminatign o the suqudndingautfadel at a wghifitaisgkuitbati Mage

st ack. Th%m%ﬁ%?&b&@n@?&ﬁlo@ {f@ Wegd into an aligner as described bel ow

for resequenc or are conp or de novo sequencing as the |inear
order of (ErebLPaEderednns  porated into the priner. f00271The imagi ng system
used in practide of NufleiciAvikNersglatecan be any system

[0028] Nucleic acid ternplates include deoxyribonucleic acid (DNA) and/or
ribonucleic acid (RNA). Nucleic acid template molecules can be isolated from a biological
sample containing a variety of other components, such as proteins, lipids and non-template
nucleic acids. Nucleic acid template molecuies can be obtained from any cellular material,
obtained from an animal, plant, bacterium, fungus, or any other cellular organism'.
Biological samples for use in the invention also include viral paﬁicles or samples prepared
from viral material. Nucleic acid template molecules may be obtained directly from an
organism or from a biological sample obtained from an organism, e.g., from blood, urine,
cerebrospinal fluid, seminal fluid, saliva, sputum, stool and tissue. Any tissue or body
fluid specimen may be used as a source for nuciei_c acid for use in the invention. Nucleic
acid template molecules may also be isolated from cultured cells, such'as a primary cell




that provides sufficient illumnation of the sequencing surface at a
magni fi cation such that single fluorescent nol ecules can be resol ved.
General Considerations A Nucleic Acid Tenplates (0028] Nucleic acid

tenpl ates include deoxyribonucl eic acid (DNA) and/or ribonucleic acid
(RNA). Nucleic acid tenplate nol ecules can be isolated froma biol ogi cal
sanple containing a variety of other conponents, such as proteins, |ipids
and non-tenplate nucleic acids. Nucleic acid tenplate nol ecul es can be
obtained fromany cellular material, obtained froman animal, plant,
bacterium fungus, or any other cellular organism Biological sanples for
use in the invention also include viral particles or sanples prepared from
viral material. Nucleic acid tenplate nol ecules may be obtained directly
froman organi smor from a biol ogical sanple obtained froman organi sm
e.g., fromblood, urine, cerebrospinal fluid, semnal fluid, saliva,
sputum stool and tissue. Any tissue or body fluid specinen may be used as
a source for nucleic acid for use in the invention. Nucleic acid tenplate
nol ecul es may al so be isolated fromcultured cells, such as a primary cel
cul ture orcuufeldra dell lige. Thecelebt Gsstés frons SHRA tdniglare whileib atianik abrinedcl ei c

aci ds are obtai. an, be.infe ] I [ o) & Lan ddo 2 GEk] Ul ar
pat hogen. ﬁ"tsbgn"#éel%‘gﬂh 3I“s_r39%_re&{'%3'é g&@‘@é Pg% é{qy?'glﬁom E) dt%ooﬁ%o&%ﬂc al
speci men, BNARpxattpdfrem g biglpgigal sperimefs aSRINA Ny, wirdxy erririe DNAC d
obt ai ned fgpoemibi ol OghkeRic SaPttEsed Fh GRlbgical Santpl&OpFiBdIRds Fagmémel e
sui tabl e fragnent or_analysis.,ln one e | G ¢id froma
bi ol ogi cal p_rggur?ﬁ ® "?“.";se i r%beﬁ%asynffs’read'ayf's:s 0 h?%‘a%%%’*%ﬁ%?‘é?‘g%?iﬁg’"?e npl at e
mol ecul es Welesisal sampleiis EapraantefdySopisatipn. Nugleis a%m!a‘%ﬂlﬁ‘ﬂ?tqaﬁh" )
2002/ 019068bkined asldedtkibedindt).SCPAtR (ApPlicalion 3002/0¥0660A i paglished Ostvbedp,ar e
I ncor por at rein.i ' ' Aldh  CkCnetfilvd be
extracted #8?%3?%&6':'%@%E%Féhs%p%%%teg%ﬁle'g yé"b?ﬁr%%: h n%(f ueg ’ réuc as those
descri bed as{d 9en e sxirasteddiom ¢ biojagical sample by dyariely ofteqhnisypsaush 9 ME%fual , Col d
Spri ng Hardiedribed!by Manfifis, €280, M8lkc1d: XA 2)ing:Ge Datscahtbiy, Manudi, CotluSyringuc| ei ¢ aci d
tenplate npl gCUNGS CABHSe] [1OHAD 1P 3 B bcid Cenlffiate Mbtdies acid
nDIeculesq%ggube‘sTﬁE?g@g¥{£%g%g,Q%%ﬂ%1§latra%ﬂg§? or ‘doub Efstranged with
si ngl e- st ran e fomagpiisbasesdp abaui 2P kb,  Wpelpie acif nolesylss may fe siggles) |
stranded, double-stranded, or double-stranded with single-stranded regions (for example,
stem- and loop-structures).
{0030} A biological sample as described herein may be homogenized or
fractionated in the presence of a detergent or surfactant. The concentration of the detergent
in the buffer ﬁ:ay be about 0.05% to about 10.0%. The concentration of the detergent can
be up to an amount where the detergent remains soluble in the solution. In a preferred
embodiment, the concentration of the detergent is between 0.1% to about 2%. The
detergent, particularly a mild one that is nondenaturing, can act to solubilize the sample.
Detergents may be ionic or nonionic. Examples of nonionic detergents include triton, such
as the Triton® X series (Triton® X-100 t-Oct-CsHa-(OCH2-CH;)OH, x=9-10, Triton® X-
100R, Triton® X-114 x=7-8), octyl glicoside, polyoxyethylene(9)dodecyl ether, digitonin,
IGEPAL® CA630 octylphenyl polyethylene glycol, n-octyl-beta-D-glucopyranoside
(beta0G), n-dodecyl-beta, Tween® 20 polyethylenc glycol sorbitan monolaurate, Tween®
80 polyethylene glycol sorbitan monooleate, polidocanol, n-dodecyl bet_a-D-maltoside
(DDM), NP-40 nonylphenyl polyethylene glycol, C12ES8 (octacthylene glycol n-dodecyl
monoether), hexaethyleneglycol mono-n-tetradecyl ether (C14EQO6), octyl-beta-
thioglucopyranoside (octyl thioglucoside, OTG), Emulgen, and polyoxyethylene 10 lauryl
ether (C12E !0}. Examples of ionic detergents (anionic or cationic) include deoxycholate,

sodium dodecyl sillfate (SDS), N-lauroylsarcesine, and cetyltrimethylammoniuvmbromide
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10030] A bi ol ogi cal sanple as descri bed herein nmay be honogeni zed or
fractionated in the presence of a detergent or surfactant. The
concentration of the detergent in the buffer nay be about 0.05%to about
10.0% The concentration of the detergent can be up to an anobunt where the
detergent renmains soluble in the solution. In a preferred enbodi nent, the
concentration of the detergent is between 0.1%to about 2% The detergent,
particularly a mld one that is nondenaturing, can act to solubilize the
sanpl e. Detergents may be ionic or nonionic. Exanples of nonionic
detergents include triton, such as the Triton(r) X series (Triton(r) X-100
t-Oct-06144-(0012-CI—|2),PH, x=9-10, Triton(r) X-. 100R, Triton(r) X-114
x=7-8), octyl glucoside, polyoxyethyl ene(9)dodecyl ether, digitonin,
1CGEPALOD CA630 octyl phenyl polyet hyl ene glycol,

n-octyl - bet a- D- gl ucopyr anosi de (beta0G@, n-dodecyl-beta, Tweene 20

pol yet hyl ene gl ycol sorbitan nonol aurate, Tween(r) 80 pol yethyl ene gl ycol
sorbitan nonool eate, polidocanol, n-dodecyl beta-D naltoside (DDM. NP-40
nonyl phenyl pol yet hyl ene egcoI C12E8 (oct aet hyl ene gl ycol n-dodecyl
nonoet her) Cmaﬁ i%h@ﬂ&ﬂé Ve@ EH&?QIstE ficdasl f\purifitdiidh séiemkd 6O@ ,

octyl -betat hio 'B oC %'? hho%(&lg ide, OIG, Enulgen, and
pol yoxyet mﬁ ?s'z("?ﬁ fé} nﬁ?es of ionic detergents
(ani oni c thMMRﬂ)dEMhﬂmwﬂme‘f'@% itis erptraeplrted gl e (SDS)
N-1 aur oyl saé@ﬁsyww&adnm%w.mbmmdnyﬂammwmmﬂe (GTAB). A

ZWitteri o%j {IeagentL ¥’r§°so e?uezatlilosnes% od o%@‘%ﬁlj&g&%‘%ﬂtﬁggﬁm&% t he

resent 1 on ,
Ehol ani dopeeksingageniat ﬁmlwmemﬂmmwimmwmw EDeBnt enpl at ed

al so that riéaptdBianbl DA GEHcyeift, cydaihm, rizamokydthyl phévphine (TCEP)sor f act ant
100311Ly8l%“§)gfsgﬂ{ggg§?ggatl on solutions may further contain other agents,
such as reducing agents. Extunples of such reducing agents include

di t hi ot hr ei t ol & DTTIVeefegddeser capt oet hanol , DTE, GSH, cysteine, cysteanine,
tricarboxyebsnyl phosubicotdes hsdh)in. uﬁrmﬁeahb:‘suﬁﬁndeaﬂjnm:[wﬁdcamirﬁicleand&ucI eot i des

 0032) Nicl i} U5 hllpl Dbk BRGHEAD SDEkc It EROGLE O

nucl eoti dé occurring or synt etlc For exanpl e,

preferred 'H‘i]!‘!eéﬁ‘f’ﬂ!’é%‘ eSiSEs Qfd@’fﬂ%@ﬁﬁaf deporegiding, AeoxYERaRgsae-s osi ne,
deoxycyt i dieteythysiity Cadanaxirie(lCytidi@Opahbsje, shdueridise ddtben nueleotides nshfildn

9UaNOS | e i)l oBRprifd dhSlichiHE L SR SRutL bl basl s daiialsron compr i se
an adeni ne, cyt 0S| ne, -guamnl ne ym ne ase xant h ;ﬁ%{f%% oxant hi ne,

5- br onour AYPpranthing; 5 W%?-WV%QWWW URR  such
as 5-net hybsyﬁmlcmsnmﬁmmmEmyteowmmlﬂw basksefed are bases

of pol ynug Nﬁﬂ&éaaﬁdmmssssucﬁ% n,eaﬁua%mm@taeﬁs 'B?'?Jdlnm peptilte:

-0-neth peptid [ ei.c act"’f é‘{m l?.ept p cpucl Sle aci ds | ocked
nucl ei c adugiicargs. mRifgd peptids pusleiqAc "'ﬁﬁ'f 2198 &1 Yot STyeRERt o) | y
li ke a nuchcey thebcaprachsubstantially l@ﬁanpttleot-dbyrbesmmrﬂwlﬁasmmmmﬂt arily

with one @pm :ha@emﬂ morwsuamﬂmecmnammﬁmw& bangapaiit e of
base- corrpl nt ar nco or at i on an&jm Q§ ges chalq t%&]} atl ng anal ogs. A
I

nucl eot i dé’ ?ff'l"g'? '"?%'36?% ¢ Rt Ly t hey shar e

de"Speci
base- conp/rerietida chrgspopdstio p epgsifistnurigotde speaistif Hine sherg ease-complementarity

with respect to at least one base.

{0033) Nucleotides for nucleic acid sequencing accordihg to the invention
preferably comprise a detectable label that is directly or indirectly detectable. Preferred
labels include optically-detectable labels, such as fluorescent labels. Examples of
flucrescent labels include, but are not limited to, 4-acetamido-4"-isothiocyanatostilbene-
2,2 disulfonic acid; acridine and derivatives: acridine, acridine isothiocyanate; 5-(2%
aminoethyl)aminonaphthalene-1 -sulfonic acid (EDANS); 4-amino-N-{3-
vinylsulfonyl)phenyl}naphthali mide-3,5 disulfonate; N-(4-anilino-l-naphthyl)maleimide;

anthranilamide; BODIPY; Brilliant Yellow; coumarin and derivatives; coumarin, 7-amino-
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(0033) Nucl eotides for nucleic acid sequencing according to the invention
preferably conprise a detectable label that is directly or indireltly
detectable. Preferred | abels include optically-detectable |abels, such as
fluorescent |abels. Exanples of fluorescent |abels include, but are not
limted to, 4-acetatnido-4'-isothiocyanatostil bene2, 2" disulfonic acid;
acridine and derivatives: acridine, acridine isothiocyanate; 5-(2'-

am noet hyl ) am nonapht hal ene-1 -sul fonic acid (F-DANS);

4- am no- N- pvi nyl sul fonyl ) phenyl i napht hal i m de-3, 5 di sul f onat e;

N- (4-anilino-I|-naphthyl)nmal ei mde; anthranilam de; BODI PY; Brilliant
Yel |l ow; coumarin and derivatives; coumarin, 7-am no- 4-nethylcoumarin
(AMC, Counmarin 120), 7-am no-4-trifluoronethylcouluarin (Coumaran 151);
cyani ne dyes; cyanosi ne; 4',6-di am ni di no-2-phenylindole (DAPl1); 5 5"-
di br onopyr ogal | ol - sul f onapht hal ei n (Bronopyrogal | ol Red);

7-di et hyl am no- 3- (4= i sot hi ocyanat ophenyl) - 4- et hyl cour nari n;

di et hyl enetri am ne pentaacetate; 4, 4=

di i sot hi ocyanat odi hydro-stil bene-2, 2=clisul fonic acid;

4, 4=di | sot%wwammﬁﬂhb@@@n@m 120); 7+ #eing-¢-teiflyqromethylcouluarin (Coumaran

2 3' i ”ELh?dls h FrdoRe; Aﬂ-’ﬁ&iihﬁﬁiﬁ:ko-ﬁ-bﬁ@fyhﬂh(blé@?l) syl chl O(r]I i de);
i met hy ophe ot hi oc ; ,n an
derivati v& m@ﬁ&?ﬁaﬁggﬁ ’@%’E’I‘ﬁ' ané’?gt’gaeq{r;ikﬁdr)b?lﬁﬁk =%]"'aerl atl ves;
eryt hrosi Ml«mwmylewlmwaﬁawhﬂﬁvﬁFﬂF geptaacpatiefdScei n and
derivati vV@§isothio Q%ﬁ{a&nﬂ%ﬁ‘éﬁ@ﬂﬂ ~§iEA¥nic acid; 4,4"-diisothiocyanatostilbene-2,2"%

o (4, 6-di gﬁ"gg.,gg;'y - RigehaR Tt Rlonti s §°|eiuikf,f.ﬁoﬁ@1tte&) ng-di et hoxy- 4 5° -

di chl oro- esc orescein rescein i sothi ocyanate,

QFITC. ( erhlmﬂmﬂmmlm-nozmwm:@ﬁ “iqoghioryRpate (BARIFC): eosin
I sot hi OCyaﬁcsaérﬂrnu&s EBRin) ydsirl i elibdyhmitq REAKILA ahd Esivafvts @l diozin B,

ni trotyr os; ay r.osanj | i v
o- pht hal dee %"“c &ne °§‘§8‘“ﬂ£r. o 5 and RONGRREYS- Db fluoreseein

Ives rene, Vér en yrate,
succ. i ni nimmvls-'%ﬁ‘é'ﬁ %%?‘é”)qﬁw?ﬂﬂﬂﬁ%ﬂg(g& W “RH!T"&‘“(SO bacr onTM
Brilliant dﬁﬁ&r&woimﬁ&ae, fRideksEkai, i fluatdsteirs isobicepiraeX QFKFC, (ERITCK ne

(ROX), 6- g% 0 D Meng B sul fonyl chloride
r hodar ni ne 'Il %&%@@l hhﬁ% negl%gg%hodat ni ne X |§ot hi ocyanat e,

sul f or hod ngbelliferonenrihe graspphthatein; WW&W‘H& Bhgmol Bed: Bz of

sul f or hod phyo (cﬂiﬂmnﬂaeﬁyde;l\lpﬁpw brheb idedvatiotsh \plyrde, ppoeho bytyiredam ne
TAVRA 1 ot MARdd

(TRITG) %’"?FE&MY{%% SIS qudgleh ?‘e‘?b%‘éhe| a‘%“ﬁ‘d IRIMBARRORS. s

Qy5. 5; Q/ ?\ﬂlﬂ%ﬁﬂ“’ef_a? Spshaxy-girhpgam [‘ﬁ % ?’H’é""%ﬁ'ﬁﬂ' ®napht hal o

cyani ne. B{ﬁ)erssaduielrmesmntsulfemm@lm mMIne{Bh@didrfmﬂammeBS Label s
ot her t hap,dubifde 355 GRbdahftX Ssoftibeyahi é%mlnﬁmlhahtdwomﬂ%hqm i ncl udi ng

ot her opticall efectable | u c A

100341 Nucf8fegy °&%8F9%‘P5§§§3}§§f?8m'1" f'{lgg?xuﬁsqe!'g) Eﬁxg‘if nven ony incl ude
DNA pol ymmdmeﬂwnmemmog@nw-amﬂpﬂ d!f’éﬁ‘““!fnd mut ant or

al tered fgbifocPina@ I REFCY:, RBofifiR §8dohiE aciBNErbien MRl O8& Fratved; cfmlcyspr operties

are descr ther nd
edition, kﬁﬁg'e‘l'l:’& %ﬁéa’héfker sc&lnﬁf—lgdf%rgeierfﬁ E'QEW%B 5‘8%"2' Known
convent i oh@fﬂ'@ﬂlﬂuweiﬂh@%@?&w%ﬁaw?m@ﬂﬁvﬁhlﬁ?ﬁﬁﬁbszimﬁm‘ are not
limted tmmﬂ&%:&s&pm&wm&:&ﬂhu}m% pkysiticaiBeddéambibabgs.et  al .
1991, Gene, 10 ,NS r.at; giggpg) fI%yr ococcus woesei (Pwo) DNA pol yner ase
(H nni sdael s et al. '§'S§'§ ni ques 20: 186- 8, Boehr.i nger_Mannhei m,
Ther nus t 1983#Hophi | dcleiy agjd Eﬂbﬁnmm ysgipk inghe jpyentionrnglade NA

Bi ochem spdiymeses, m,mmw&ﬁmmhpfmlm@mwmasﬂnﬁﬁ enesh

and Mo 97 m’ ﬁq QRLY.S.a myal=Vale alis
(TN) DNA po yr?e éisg' ?:ﬂfﬁk erre%l to as ﬁl ?’w o%%%ggehh%a@rl ello et
al ., 19910theplases, ONA Replisatien3nd editiony Kgmbengapd -aWp BFRB%NEYO NN | d DNA
pol ymer aseerfkNewY. sy ankndsiotanivegtionst Mﬁaﬂol;ﬁnmmmﬁﬂ in the invention

Ther noSe ™ VRS 2 indbéew Engl and
Bi ol abs)%ﬁﬂgf%ﬁgg&?r&?fgﬁ&g nlﬁa’sar%sﬁg?ﬁ#ﬁ%g?: D az gnd Sabi na, 1998
Braz J Med. Res, 31:1239), Therrrus aquaticus (Taq) DNA pol ynerase (Chien et
al ., 1976,1 Bacteoriol, 127: 1550), DN pol ynerase, Pyrococcus

kodal caraensi s KOD DNA pol ynerase (Takagi et al., 1997, Appl. Environ.

M crobiol. 63:4504), JDF-3 DNA pol ynerase (fromthernococcus sp. JDF-3,

Pat ent application WD 0132887), Pyrococcus GB-D (PGB-D) DNA pol ynerase

(al so referred as Deep Vent"' DNA pol ynerase, Juncosa-G nesta et al., 1994,
Bi ot echni ques, 16: 820, New Engl and Bi ol abs), U Trna DNA pol ynmerase (from
ther mophi | e Ther not oga ITB.I’I ti ma; D az and Sabl no, 1998 Br az. J I\/Ed. Res,

L A A PN N N P~ — A e . — 4 g - o




[ 00351Whi | e nesophilic polynerases are contenplated by the invention,
preferred polynenses are thennophilic. Thennophilic DNA pol ynerases

i nclude, but are not limted to, ThernpSequenase, 9Nma, Tham natorm Taq,
Tne, Trma, Pfu, Tfl, Tth, Tli, Stoffel fragnment, Vent", and Deep Vent"' DNA
pol ymerase, KOD DNA pol ynmerase" Tgo, JDF-3, and mutants, variants and
derivatives thereof [00361Reverse transcriptases useful in the invention

i nclude, but are not limted to, reverse transcriptases from W,

HTLV-1, FeLV, Fly, SW AW, MMIV, MoMILV and other retroviruses (see Levin,
Cell 88:5-8 (1997); Verrna, BiochimBiophys Acta. 473:1-38(1977); W et
al., CRC Cit Rev Biochem 3:289-347(1975)). ftSurfaces 100371lln a
preferred enbodi nent, nucleic acid tenplate nolecules are attached to a
substrate (also referred to herein as a surface) and subjected to anal ysis
by sequencing as taught herein. Nucleic acid tenplate nol ecules are
attached to the surface such that the tenplate/prinmer dupl exes are
individually optically resol vable. Substrates for use in the invention can

be two- or three-di nensional and can conprise a planar surface (e.g., a
gl ass sl i cb) 199, Gene, be8: hSiwatakend), Byrosaccus woeseir(Pival Phidepalyragase( e. g. ,
control | eqHRNRadt asp, 1998 Biotechii {.&,220 ﬁ@tﬁcﬁhﬁ%h{aﬂﬂ\m Shéhane (1 ow

Cross- I|n SS- Ilnke e o r hon

pol ypr opyl ene%n%ﬁ}%@& d@& Heﬁn J%ﬁgq JB%’S %T'ﬁoevﬁﬁyam de,
silicon, MmecHl Psﬁteargtmﬂmphdmft)ﬂﬁcnm tenash andiMgGlowpn, 1047.|Bivehim, ny| on,

| at ex, dem&;a@s ASR|4758bY, ThednfbcBeous HitdrdlZITHEDNA poMnYaise QAISY fRfenll t&APOSI t es.

Vent™ DNA polymerase, Cariello et al., 1991, Polynucleotides Res, 19: 4193, New
England Biolabs), 9"°Nm™ DNA polymerase (New England Biolabs), Stoffel fragment,
ThmnoSequcnase‘(Amersham Pharmacia Biotech UK), Therminator™ (New England
Biolabs), Thermotoga maritima (Tma) DNA polymefase {Diaz and Sabino, 1998 Braz J
Med. Res, 31:1239), Thermus aquaticus (Taq) DNA polymerase (Chien et al..' 1976, ).
Bacteoriol, 127: 1550), DNA polymerase, Pyrococcus kodakaraensis KOD DNA
polymerase (Takagi ¢t al., 1997, Appi. Environ. Microbiol. 63:4504), JDF-3 DNA
polymerase (from thermococcus sp. JDF-3, Patent application WO 0132887), Pyrococcus
GB-D (PGB-D) DNA polymerase (also referred as Deep Vent™ DNA polymerase,
Juncosa-Ginesta et al., 1994, Biotechniques, 16:820, New England Biolabs), UITma DNA
polymerase (from thermophile Thermotoga maritima; Diaz and Sabino, 1998 Braz J. Med.
Res, 31:1239; PE Applied Biosystems), Tgo DNA polymerase {from thermococcus
gorgonarius, Roche Molecular Biochemicals), E. coli DNA polymerase I (Lecomte and
Doubleday, 1983, Polynucleotides Res. 11:7505), T7 DNA polymerase (Nordstrom et al.,
1981, J Biol. Chem. 256:3112), and archaeal DP1I/DP2 DNA polymerase 1l (Cénn et al,
1998, Proc Natl Acad. Sci. USA 95:14250-->5).
[0035S) While mesophilic polymerases are contemplated by the invention, preferred
polymerases are thermophilic. Thermophilic DNA polymerases include, but are not
limited to, ThermoSequenase®, °Nm™, Therminator™, Taq, Tne, Tma, Pfu, Tfl, Tth, Th,
Stoffel fragment, Vemt™ and Deep Vent™ DNA polymerase, KOD DNA polymerase,
Tgo, JDF-3, and mutants, variants and derivatives thereof. '
[0036] Reverse transcriptases useful in the invention include, but are not limited to,
reverse transcriptases from HIV, HTL V-1, HTLV-I, Fel.V, FIV, SIV, AMV, MMTV,
MoMulLV and other retroviruses (see Levin, Cell 88:5-8 (1997); Verma, Biochim Biophys
Acta. 473:1-38 (1977); Wu et al.,, CRC Cnit Rev Biochem, 3:289—347(1975)).

D. Surfaces

12




100381Sui t abl e t hree-di nensi onal substrates include, for exanple, spheres,
m croparticles, beads, nenbranes, slides, plates, mcromachined chips,
tubes (e.g., capillary tubes), mcrowells, mcro fluidic devices, channels,
filters, or any O her structure suitable for anchoring a nucleic acid.
Substrates can include planar arrays or matrices capabl e of having regions
that include popul ations of tenplate nucleic acids or prinmers. Exanples

i ncl ude nucl eosi de-derivati zed CPG and pol ystyl ooe slides; derivatized
magneti c slides; polystyrene grafted with pol yethyl ene glycol, and the

i ke. (0039)In one enbodinent, a substrate is coated to allow opti num
optical processing and nucleic acid attachnent. Substrates for use in the

i nvention can also be treated to reduce background. Exenplary coatings

i ncl ude epoxi des, and derivatir-ed epoxides (e.g., with a binding nolecule,
such as streptavidin). The surface can also be treated to inprove the
positioning of attached nucleic acids (e.g., nucleic acid tenplate

nol ecul es, prinmers, or tenplate nol ecul e/ pri mer dupl exes) for analysis. As
such, a surface according to the invention can be treated with one or nore
char ge | ay®331 (e. g. In apm ewbodimgntgaycleipacid jemplate molecylstarpaitaded i (e. g. |
a negat i valsybstR(@esrdf@hal 1o teréinCis @Qhifite) and-Mabjeetca Kpindlysis bysbpieneing as

ACCOr 0f N0 bl 15 NROE QB SEBE e 0)S ekl 0) 4B oA 3 Hinhlhd 0w Y

polyacryllc acl ectro |'ayer. The carboxyl groups
of the potwvyfppelea@meaﬁ vleuﬂb’gwwm rysobyikleg é&bwtf?m? e
negati vel m\ehw:gad bk &é ot dhreeidinembioskad and tadoniprisgja plasarsodhdei(api, aglasé t he

| abel for g t iANQGSsette dabhls t ¢ uld be
able to wt Hg que% treaétahé@u%%g&? Pﬁ;ﬁbﬁ ot oe&%ogﬁ?@o

boi Ii ng, B%@%&H"ﬁg P?WWM’E‘@F&SQ'&‘H’E% e plestyrEng): ¢ he'
i ke) w t polytarbanass myp:abyldw:ﬂ@ly(ﬁahmemmmmmhmpbmwt he substrate.

[ 0040j Exa iaRfsi S QaLLA gmggfm r tieQs of 3-
am nopr othﬁ'ﬁdg ocl%nsllhﬁq‘tégcas ap B lallé]d'&to a\ségﬂﬂ ﬁ‘ggﬁgﬁgﬁgt !;t@ﬂ,f or

exanmpl e, PFEFERNEST E’E’Et"aﬂfgﬁ)fﬂ'&ﬁﬁﬁ'bp" th’%""’"&%sﬁ“fsor nia. In addition,
gener al | ylodsmr ophcﬂiuﬂbnMemmeﬁﬂtsumeahdmﬁeJfhse:am]b!ﬂ. sp!tetas uni form

di stri but| ,gt(,{i wdbd er#m S5idbL B1aRR, shidforddhiabd Alifs, Mtled

| mpor t ant I'n I nents_qQf the Inven n that e substrate
coat i ngs B?P“f*ﬂ’ tbes)y icreugrdls; Mg flyidie Wt‘t‘?&'ﬂ“‘iﬁ ‘%’Erb‘gt’ﬁ%g@ﬁ‘i %9‘
non- i nt er fudtablegorintioring amexclemdcil Subsiratgscban gichalt planasirmys ocmettipesef er r ed.
Ad g l { 0 n aLAp\Amf ht- htv‘éng%g.t,ﬁé a.?t :ﬁclltﬁ%‘ﬁopﬁﬂﬁoﬁm‘ttélﬂﬂﬁte thclizitc ae§s ,ga? t 0 the
2t ) cact | BRI rr A as) GG BHEpY B Ry deT00AH var | ous
met hods cemagiptic skides; polysgymeriecgratind wnmmydthy!@etgh@opmc llke t he
[0039] in one embodiment, a substrate is coated to allow optimum optical
processing and nu‘cleic acid attachment. Substrates for use in the invention can also be
~ treated to reduce background. Exemplary coatings include epoxides, and derivatized
epoxides (e.g., with a binding molecule, such as streptavidin). The surface can also be
treated to improve the positioning of attached nucleic acids (e.g., nucleic acid template
molecules, primers, or template molecule/primer daplexes) for analysis. As such, a surface
according to the invention can be treated with one or more charge layers {e.£., a negative
charge) 10 repel a charged molecule (e.g., 2 negatively charged labeled nucleotide). For
example, a substrate according to the invention can be treated with polyallylamine
followed by polyacrylic acid to form a polyelectrolyte multilayer. The carboxyl groups of
the polyacrylic acid layer are negatively charged and thus repel negatively charged labeled
nucleotides, improving the positioning of the label for detection. Coatings or films applied
to the substrate should be able to withstand subseguent treatment steps (e.g.,'
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surface of the substrate. The imobilization can be achi eved through direct
or indirect bonding to the surface. The bondi ng can be by coval ent |inkage.
See, Joos et at, Analytical Biochem stry 247:96-101, 1997, Ooslcar et at,
Chit Chem 42:1547-1555, 1996; and Khandjian, Mot Rio. Rep. 11:107-115,
1986. A preferred attachnment is direct am ne bonding of a term nal

nucl eotide of the tenplate or the prinmer to an epoxide integrated on the
surface. The bonding al so can be through non-coval ent |inkage. For exanple,
biotin-sireptavidin (Taylor et aL, J. Phys. D. AppL Phys. 24:1443, 1991)
and digoxigenin with anti-digoxigenin (Smth et al., Science 253:1122.
1992) are conmmon tools for anchoring nucleic acids to surfaces and
parallels. Alternatively, the attachnent can be achi eved by anchoring a
hydr ophobic chain into a |ipid nonol ayer or bilayer. O her methods for
known in the art for attaching nucleic acid nolecules to substrates al so
can be used. E. Detection 100421Any detection nethod nay be used that is
suitable for the type of | abel enployed. Thus, exenplary detection nethods
i ncl ude radioactive detection, optical absorbance detection, e.g.,

UV- Vi si bl epkdicexpbsiing Boiling, daking) soakifg imﬁm&&g&ﬂaoﬂﬁhﬁguiqm_s, afid the;
ot o oG i) Y B sl SYRBAE o Blars BRI Fom B SBARL DT 1o 0 020 D

detected on nning a I'ons of each substrate
si mul t aneolf9f% or sé’?’i%ﬂ‘?“ﬂ@ﬁﬁﬁﬁﬂjﬂwﬂﬁlﬂ@ yenos Rherg contingeef rsed.  For
fl uor escenﬁembﬁdapylunmha@kmﬁe,w apPlEEdad glad¥ slide pdDAs, Toi exakiply, #emseri al |y

Stch a6 doloIbREByfib QUL CAHTIAR, T padiBhl ERRTR, MELARGRRR,RRET T U
(U.S. Pat efRatines a9d §dms §id 3 the paifprerdisebpion of hygroghilic melpcrirs.on e sebstratef r om a
si ngl e nol stfite. nporttiday,da dose agbdmaakbrugemveﬁtmemanﬁmywj;bsaad the atomc

force mecr d using a
CCD carrera ﬁﬂ%rﬁeggﬁe?%r%i %H%&:’%‘?‘E)@FMWW&? q’%n -g
with suit @S’eﬂfﬂgﬂmaéﬁ?s%P#Weé@é%ﬂ%ﬁd'ttwmm apy eapines or

Bi ol ogi calorAihins uppilied kduhe sybsiratés eithéir incrdedenplate Rici&a)le Hinditiow, thgdsnbstiatel 1

(1993), S%mt@éséaéﬁat'shmguyﬁcp%m \}ahe%snd"l?g oc. Natl. Aca. Sci.

nonitoring. For radioactive signals,

93:4913(1
a phospho rltg%é er aﬂg“sdﬁﬁh‘ff’e" S é*a usged %Wﬂr?’é’f"“&f’"'zﬁ'@@f'f’ﬁbﬁ&“es is,
13: 566, 1£hﬁﬂ‘¢ce|3|fnlairmbstme allhe llﬁh‘@bﬂmu schicveéd Bidéugh URO& ;or irfdregt. Q her

(VAL or { ot 8RB @6 Surfloc! TEAngTEh UBPONRINDEIIES SeRIVRORer o O hinol g1 s
(Waterl oo A% “r]@mg%gg %?%é‘{g'ﬁglwg’e"r}vﬁ a&‘glﬁ?déﬂ B, and

Appl i ed Prieeﬁ,mmam:msadnsdesmtluldn7m HO86 anmmthydumef ul to
achi eve S'aﬂiﬂnéﬁﬁ%@ﬂﬁ%fﬁ%ﬂfﬁﬂ%c%n&%‘hiﬁ:@leﬂlpﬁé a&rmh@a?oxmcl ei ¢ acids.

010431A nu e use at i n of

fl uorescen'ff?a a ﬂ% . uclggf %féd'"ﬁ?‘}fc'ocag%%ﬁ&'f '??ﬂ'(?f’é? 28{‘ Pecul e.
Opti cal se&ruprle, hietinmrepasidin (Tadprierad afi Amy Drdepl Blbrpda: 1443y 1991kard conf ocal
M Cr 0SCOpYWigowigein it atlti Qg cixidentili(Slith @ al., Stighte 2583125 N1D9 ardldiiindn €l d

M G 05CODYoouPIOLAGSRYER IR eidl Bl Yaraile AROOLALZYE kB, SPECEr 2l

wavel engt h crimnation uor ophore | vanescent wave

i | | umi nat F¥hbe achigvediancheringahyriraphebie ehainintg 3 lrjd svmelnees of ilsyes. Qther oscopy.
| n gener ahnetlmai for kflowieinlihelat fop udchingdtieiztacidingléculed 36 subdkdtesiddoasdn be

fl uorescepgq using a mcroscope-equipped with a canera. Suitable photon
detection systens include, but are not limted to, photodi odes and
intensified CCP caf®¥e&omor exanple, an intensified charge couple device
(1 CCD) calt®s2t can benyrdegsitionlinethod eayibe ased/thith shitalile for e typeafdatiendi vi dual

f1 uorescegfidy&. fﬂh@%ﬂ&ﬁﬁa}yr&eﬁxﬁ&&%ﬁhgﬁ%a@dﬁd&@&@e BlétQéﬁoﬂ gl Ter ous

advant ages or exan'}') tical  set ossible to
acquire a*esgpgeRFdstegton ﬁ'&gé’%’ ('ﬁ't!?\'ﬁ ‘ﬁ’é?’bﬂf"eﬁl"ﬁ‘éﬂ"ap?ﬂi&"é'é’"“““’“ etection,

e.g., fluorescence or chemiluminescence. For example, extended primers can be detected
on a substrate by scanning all or portions of each substrate simultaneously or serially,

deperlding' on the scanning method used. For fluorescence labeling, selected regions on a
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(0044) Sone enbodi nents of the present invention use TIFLF m croscopy for
two- dinensional imaging.. TIRF mcroscopy uses totally internally
reflected excitation |ight and is well known in the art. See, e g., the
Wrld Wde Web at ni koni nstrinnents. | p/eng/page/ products/tirf.aspx. In
certain enbodi nents, detection is carried out using evanescent wave
illumnation and total internal reflection fluorescence m croscopy. An
evanescent light field can be set up at the surface, for exanple, to image
fluorescently-1abel ed nucleic acid nol ecules. Wien a | aser beamis totally
reflected at the interface between a liquid and a solid substrate (e.g., a
glass), the excitation |light beam penetrates only a short distance into the
liquid. The optical field does not end abruptly at the reflective
interface, but its intensity falls off exponentially with distance. This
surface el ectromagnetic field, called the "evanescent wave", can
sel ectively excite fluorescent nolecules in the liquid near the interface.
The thin evanescent optical field at the interface provides | ow background
and facilitates the detection of single nolecules with high signal-to-noise
rati o at \gubstisemempbesesially prannedygeyTane opRATRYE TR sing & OSSR can | nage
f 1 uor escervicyostapeabpatis|GueiDid dtecribed AFdBL(W.Si Paeit Pl 5,445)934) ahd Malites
attached {Supl@epRLIIRS, sTBIRSEY BllidelCapRbE 32 DG Ring Bl Rl BRI Sing 0! 2!
i nternal ref ctance uoréstence mcro cop_xﬁl S tHen used to_visudlize the
attached tweelptule inrlyde srepning imaglingraicosconsdsiMiEad fsaianpg FEeMESPCERSs Wi t h
si ngl e: nojaFM)l eTybaaRRbtidn Ritternks iy alss e Scahbéfidshiy 4 QCDRainea(egoMadelpi | ati on
o | SeauenCrhyERNd isk PRhUNE ol Bl Aok P RO N2 Kieable QPGSR P18, fENST A1 | Y
descri bed above u slclT'l ?gs {;&Bos-u gL’;{b _es&?g]gjt' t ake |nteogacggt?%t%’ ossi bl e
sequences reipiey apd humineseent PPg espior Bialogiqal Agtivibdasag €-G; %9@%% ly,
sequenci NgprésSiintion, PPl Bil D €IPIBY skt deltitcdiR Birshodleal, Pifea Natl. Ae. 8cil 00k- Up
type ! abl Gslisah (f538), 8L Ay B imRRI VY IV mbRlRnE" Fo ARMUARESRRRLYS 1 of 2 base
' phosphorimager device can be used (Johnston et al., Electrophoresis, 13:566, 1990;

Dmmanac et al., Electrophoresis, 13:566, 1992; 1993). Other commercial suppliers of

imaging instruments include General Scanning Inc., (Watertown, Mass. on the World

Wide Web at genscan.com), Genix Technologies (Waterloo, Ontario, Canada; on the

World Wide Web at confocal.com), and Applied Precision Inc. Such detection methods

are particularly useful to achieve simultaneous scanning of multiple attached template

nucleic acids. .

[0043} A number of approaches can be used to detect incorporation of

fluorescently-labeled nucleotides into a single nucleic acid molecule. Optical setups

include near-field scanning microscopy, far-field confocal microscopy, wide-field epi-

illurnination, light scattering, dark field microscopy, photoconversion, single and/or

multiphoton excitation, spectral wavelength discrimihation, fluorophore identification,

evanescent wave illumination, and total internal reflection fluorescence (TIRF)

microscopy. In general, certain methods involve detection of laser-activated fluorescence

using a microscope equipped with a camera. Suitable photon detection systems include,

bat are not limited to, photodiodes and intensified CCD cameras. For example, an

intensified charge couple device (ICCD) camera can be used. The use of an ICCD camera

1o image individual fluorescent dye molecules in a fluid near a surface provides numerous

advantages, For ethple, with an ICCD optical setup, it is possible to acquire 3 sequence

of images (movies) of fluorophores.

[0044) Some embodiments of the present invention use TIRF microscopy for two-

dimensional imaging.- TIRF microscopy uses totally internally reflected excitation light
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1004711 n resequencing, a preferred enbodi ment for sequence alignnent
conpares sequences obtained to a database of reference sequences of the
sanme length, or within 1 or 2 bases of the sane length, fromthe initially
obt ai ned sequence or the target sequence contained in-a | ook-up table
forrnat. In a preferred enbodi nent, the | ook-up table contains exact

mat ches with respect to the reference sequence and sequences of the
prescribed I ength or |engths that have one or two errors (e.g., 9-nmers with
all possible 1-base or 2- base errors). The obtained sequences are then

mat ched to the sequences on the | ook-up table and given a score that
reflects the uniqueness of the match to sequence(s) in the table. The
obt ai ned sequences are then aligned to the reference sequence based upon
the position at which the obtained sequence best matches a portion of the
reference sequence. More detail on the alignnment process is provided bel ow
in the Exanple. Exanple: . [00481The 7249 nucl eoti de genone of the

bact eri ophage M 3npl 8 was sequenced using single nolecul e nethods of the
invention. Purified, single-stranded viral M 3npl 8 genom c DNA was

obt ai ned f anshis Ml kilph tiie 8t.0Beebe 2., gWorld WadeWeb atnikorg of ML3 DNA was

di gested t pis@iname fpﬁﬁ%{ tgeﬂﬂmwtﬁ& xofxn é&tab.%uoaim&:sldézbmassecdnédNew

Engl and Bi ol abs% for 8 | %w%rﬁﬂ Ig}lAJ{ura nent sizes were
esti mated BY ¥ mﬁﬂt"éﬂwa‘fﬂl"“ﬁ?""ﬁﬁ'@tﬂfdg il 'é° pr ecast

denat uri ngmééfBEomr e&)e\m@é@pallghtﬁe}dmmcgwﬂmmnﬁrmﬂ%@ imagg Wit h
SYBRf GFIt d ﬂﬁMﬁHtEgﬁgélM%\;f%ﬂ %Ed .B]g,tellagés) twﬂéhea :mas&n} 1sdb %:9&&@33@;: DNA
was filterg r a rafiltration in, co ore) to
renove snal ?""%ﬁf %@W’&“M@t" ofid substrfs (.55 fss?s‘éhe't"c"'%%ﬁr'cﬁhf ety 20
prmol of t heenpirjtesondyia Eidatalistince inje the ligaisl. tTﬂ!enPlgml field dngsi not ewtl abirapitlytabr ni nal

t ransf er as@ie ateeiv in@rihe, &H@&ﬁm&%’hﬁ?@ﬁ oﬁli&ymmfwlm diftarded ﬂ% surfack980,

Ter m nal transfera ﬁc@ %addltlon of nucgéq x9(i 3' termni of
DNA. Met hod& RIS e ﬁ%‘ﬁ G s A PSP YR ST “r?"isﬁe"\?vas 504- 1-5
nucl eot i dwaﬂwmllmm@smwmtﬁwmwmﬁﬂéaﬂhagmfaps With
Cy3- dUTP. ﬁaa@@ammamama ae&lfa‘cﬁmsrta& 8éleciioh br sihgle melebilies (vith hignad

usmttermnal m.?%w e.resulting fragnents were again filtered
with a ' YMIO® u ra TP F=col um to renove free nucl eotides and
stored in @M$0 at TE@@#@G@G@W@MW&MW@S‘WHMpar ed

for ol i go théit mcHipBRtion meéd&nheé ihiplatPptithérzBalpIY inlihe peisadteloes #1.5 gl ass
cover sli ps sI i dez.L yere, 9 | Je d{uro(r)er;}: Erie.Sci ent'J Ehmn(séf‘ e, lIi\l . The
slides we e pr &¢onart| oneyd Bey SBA% mﬁiggﬂ’sf’%pryi es At 37

Next, a SOFWMWB?‘W“FdMM‘WPW@G?“WMEFSV%F'?EIHW ni d| ne of
50 nucI eotrhélecld fesdlaigt h wwth a 5 termnal amne) is incubated with each
slide for 30 miguteg, g%n;oomtenperature in a volume of 80 nl. The
resulting slides have prinmer_ attached by direct amne |inkage to the

epoxi de. TPM6L| | desAlipament and/en compilation ¢fifepIraesrsnis optaingyl frogythoimage s at
room t enpeatagksiprediced ey ghatrallp desasisedabbee itliizeslonk-ag ableSkhat ke into 4deemtst or ed

in pol Y MBS it &é&%&h&&'&ﬂaﬁé&&&% B, 1 drtors, Hiltariths rcly2 Bssenflallf defudiichdg®n X100,

H 8.0) unti] they are us or_ Sequencin
P ) results obtaJXeda as descn%ed herein areqcompaerQo a look-up type table that contains all

possible reference sequences plus 1 or 2 base errors.

[0047) In resequencing, a preferred embodiment for sequence alignment compares
sequences oblained to a database of reference sequences of the same length, or within 1 or
2 bases of the same length, from the initially obtained sequence or the target sequence
contained in-a look-up table format. In a preferred embodiment, the look-up table contains
exact matches with respect to the reference sequence and sequences of th;.a prescribed
length or lengths that have one or two errors (e.g., ?-mers with all possible 1-base or 2-
base errors). The obtained sequences are then matched to the sequences on the look-up
table and given a score that reflects the uniqueness of the match to sequencé(s) in the table.
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100501For sequencing, the slides are placed in a nodified FCS2 fl ow cel

(Bi optechs, Butler, PA) using a 50 urn thick gasket The flow cell is placed
on a novabl e stage that is pan of a high-efficiency fluorescence inmaging
system built around a N kon TE-2000 inverted m croscope equipped with a
total internal reflection (Tilt) objective. The slide is then rinsed with
E1EPES buffer with 100 nfvf NaCl and equilibrated to a tenperature of 50 C
An aliquot of polii(4T50) tenplate is placed in the flow cell and incubated
on the slide for 15 m nutes. After incubation, the flowcell is rinsed with
| aSSC/ HEPES/ 0. 1%8DS fol | owed by HEPES/ NaCl . A passive vacuum apparatus is
used to pull fluid across the flow cell. The resulting slide contains M3
tenpl ate/ primer duplex. The tenperature of the flow cell is then reduced to
37 C for sequencing and the objective is brought into contact with the flow
cell. 100511For sequencing, cytosine triphosphate, guanidine triphosphate,
adeni ne triphosphate, and uracil triphosphate, each having a cyanine-5

| abel (at the 7-deaza position for ATP and GIP and at the C5 position for
CT and UTP (PericittEhner)) are stored separately in buffer containing 20
ri LM Tri s-Thelobtajned gegiendes afathen align i, the @larerics sequrpes bassdypon teppsition 1 JC) |
and 0. 1% Tk Whi2R the didiinedidguehid® skt IHaRREM sslorlsT thd Rfrarsesdqblaly. Mapgiuenci ng

pr oceeds f.ol | . 1006521Fi rst, initial i n s used to determ ne the
Posi t i onsaa(s)e?a"d’ﬁ'ﬁﬁ%%%"r?eﬁ?e' “eapsso'fipﬂi'e"&slegibfg’(":ve'." Ei%e’“&? ‘| abel attached to the
ML3 tenpl at es Exapmpeged by excitation using a laser tuned to 532 nm
radi ation 604§ di V- Thé 2349 nucletlid gibme bithe bactéitiplage M1 Fnp1@Agasi N order to
establish duplex position. [For each.sldde. only si f.l yores . ol ecul es
raged | n THEE RRB e uoteBin SBhaafor Bipliska bt InHRLERERIGID O
descr i bed ME3mni8jasneraic I v obraingd &om New Foglang Biglaby ofwwnveximawlye2Sug ng a
635 nrn r agvaBioNA vas digebted Reinivitage Fragidntyiaéd 10 p Wwitlno.e W Dhdse I (Naw f | ow
cell and . . [+ )y 7 | £ ; lide is
i nsed | n Eaaag e} B 10 il 576 By P@‘f@%&%’ﬁ%ﬁ%ﬁ%ﬁﬁ% ti mes
in 60 ul bymRng aaliguotiafthedigagtion mixtyre gp fppfepit denplsing (TREATFRHO% o
(" HEPES/ Npblyadrylatfiict geff@Sovaierl) @ndistainig witsy YBRIGolk{igdmogeadalagiar cont ai ni ng
30% acet Ol gl &ngd PNSE RURBIAES cdhbiEONANEE ilerddiabuln Pl 0dtrddhratidf] { NM
Trol ox i n%) pHg.iyi_~l . 18 %P DA%%% I n_MES, 1f6. 1.8 ul 2M gslr?ucose, 20 ul Nal
(50 M st &RIR cplmpLMillipore) i emoye srg?*tﬂfﬁ?&%ﬁ?ﬂ?%ﬂﬁﬁ than abopCI0Med.  The sli de
i s then | mpgedingde 20 pavkef thé Glteréd PNaschdigs:t was then polyddenylatgdwith| aser
( Coher ent }en@inaPéidnsilse GAkBNEH INSwlhnsfiibds (Roychoudhury, R and Wu, R.1980,

Terminal transferase-catalyzed addition of nucleotides to the 3’ termini of DNA. Methods

Enzymol. 65(1):43-62.). The average dA tail length was S0+/-5 nucleotides. Terminal

transferase was then used to label the fragments with Cy3-dUTP. Fragments were then

terminated with dideoxyTTP (also added using terminal transferase). The resulting

fragments were again filtered with a YM10 ultrafiltration spin column to remove free

nucleotides and stored in ddH>0 at -20° C, )

[0049] _ Epoxide-coated glass slides were prepared for oligo attachment. Epoxide-

functionalized 40 min diameter #1.5 glass cover slips (slides) were obtained from Erie

Scientific (Salem, NH). The slides were preconditioned by soaking in 3xSSC for 15

minutes at 37° C. Next, a 500 pM aliquot of 5° aminated polydT(50) primer

(polythymidine of 50 nucleotides in length with a 5' terminal amine) is incubated with each

slide for 30 minutes at room tg.mpemture in a volume of 80 ml. The r'esl.ilting slides have

primer attached by direct amine linkage to the epoxide. The slides are then treated with

phosphate (1 M) for 4 hours at room temperature in order to passivate the surface. Slides

re then stored in poly?nerase rinse buffer (20 mM Tus, 100 mM NaCl, 0.001% Triton X-

100, pH 8.0) until they are used for sequencing.
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imaging wwth a Verdi V-2 |aser (Coherent) at 532 nmfor 2 seconds to
confirm dupl ex position. The positions having detectable fluorescence are
recorded. After imaging, the flowcell is rinsed 5 tines each with

SSC/ HEPES/ SDS (60 ul) and HEPES/ NaCl (60 up. Next, the cyanine-5 |label is
cl eaved off incorporated CTP by introduction into the flow cell of 501nNI
TCEP for 5 nminutes, after which the flowcell is rinsed 5 tines each with .
SSC/ HEPES/ SDS (60 uI) and HEPES/ NaCl (60 ul). The remaining nucleotide is
capped with 50 ni Miodoacetam de for 5 mnutes followed by rinsing 5 tines
each with SSCHEPES/ SDS (60 ul) and HEPES/ NaCl (60 ul). The scavenger is
applied again in the manner descri bed above, and the slide is again imged
to determine the effectiveness of the cleave/cap steps and to identify
non-i ncor porated fluorescent objects. 100531The procedure described above
I's then conducted 100 nN1 Cy5dATP, followed by 100 zi.M Cy5dGIP, and
finally 500 nN1 Cy5dUTP. The procedure (expose to nucl eotide, polynerase,
ri nse, scavenger, image, rinse, cleave, rinse, cap, rinse, scavenger, final
i mage) is repeated exactly as described for ATP, CT?, and UTP except that
Cy5dUl P i slobsmubat e Hof Sruéncingitht slides st pdamtd iri a thodified FES2 flowicdllne i s used

i nstead ofeg Flexdm) béind Qeo fRGhick Badket aﬂe YW cLﬁﬁqJ:ach& oh BRRVRKIE at ed at

t he p05|t|on nor rral occup he meth rou
1T phoapheHBe St 35 A AR T BoreAr BT BIne S "éhxwﬂ%@k(’t A C

ar e CcorEi2009dnasted ascrosdopel equippet ivathafdtal h&rmlwhdtlwgﬂ‘p&)
(00541010%*;&&@ Hleh s IR HEPES GUALASIIR I 6D AN RAC & oq &h@m‘eﬂ&gﬁ stack data

.e., the single ul e |ne fro

surface bd ﬂ%"%ﬂ'ﬁl"ggbgé aﬁ?’ﬂgﬂé’g"%&dﬂﬁh ee'f@ﬂ@ﬁ‘lq 2 dée ‘h ﬁeldehe i mge
dat a obt aiimmbatedion the stiderfor ¢§ paubteso Pdt#lmpb-@mhcﬁheﬂewml garinsed wighons. Thus,
tlhe Sequ;%rlszg éﬁ%@%sgsr@m&a%tm I@AGCpasg.ne bmuﬂa.bamiaag& aesed for
al i gnnen 0 c re ence se nce are
col I'apsed" ?B‘f‘@'ﬁ“ﬁ@ﬂﬁ%‘g gog 'TW‘S%%%P"'&‘P‘&B&IPE #ﬁ?‘&,’ﬁ' S g‘é"é énces
obt ai ned e trprative of &!bdlne' wltlhthmwamd}ali*"‘l\g for sqeguenciog gerbihe obieivec enent
of obt ai n%@mm&mtw,msﬂmsgﬂ upon the best match between the

obt ai ned ?&%ance orltg!g?c%}og;ne m;ﬁzogpha he sa‘mm_I ﬁggpa‘&taggip into

consi dera error 0 errors
( mreani ng mﬂvsnﬂa@ym«ml W'Phwbﬂe,&ﬂgl baving wmems’eﬂaﬁwé’rﬁ@zm\s@nce) are
first al isgnerk YiddTin at BRons gékitionlidr CTR A UTP (PEKMEInher]) ad stdre@®l 1 Or  ar e

al gggg- EL0AY in lefer & diREgE 20 Trd18R%EE, Pix8E, o mivt MYSCF, FI RN S ar €
(NH)2804, 10 mM HC), and 0.1% Triton X-100, and 100U Klenow exo” polymerase
(NEN). Sequencing proceed's as follows.
[0052) First, initial imaging is used to determine the positions of duplex on the
epoxide surface. The Cy3 label attached to the M13 templates is imaged by excitation
using & laser tuned to 532 nm radiation (Verdi V-2 Laser, Coherent, Inc., Santa Clara, CA)
in order to establish duplex position. For each slide only single fluorescent molecules
imaged in this step are counted. Imaging of incorporated nucleotides as described below is
accomplished by excitation of a cyanine-5 dye using a 635 nrm radiation laser (Coherent).
5 uM CySCTP is placed into the flow cell and exposed to the slide for 2 minutes. After
incubation, the slide is rinsed in 1xSSC/15 mM HEPES/0.1% SDS/pH 7.0
(“SSC/HEPES/SDS™) (15 times in 60 ul volumes each, followed by 150 mM HEPES/150
mM NaCl/pH 7.0 (“HEPES/NaClI") (10 times at 60 ul volumes). An oxygen scavengér
containing 30% acetonitrile and scavenger buffer (134 ul HEPES/NaCl, 24 ul 100 mM
Trolox in MES, pH6.1, i( ul DABCO in MES, pH6.1, 8 ul 2M glucose, 20 ul Nal (50 mM
stock in water), and 4 ul glucose oxidase) is next added. The slide is then imaged (500
frames) for 0.2 seconds using an Inova301K laser (Coherent) at 647 nm, followed by green
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100561The tenplate fragnents are renoved by increasing the tenperature of
the flow cell above the nelting tenperature of the duplex, thereby

rel easing the tenplate fragnments fromthe dupl exes. The free tenplates are
removed fromthe flow cell by washing the flow cell, for exanple the flow
cell can be rinsed 5 tinmes eaeh with SSC/ REPES/ SDS (60 ul) and HEPES/ NaCl
(60 Id). 100571The priners are then nodified by addi ng a pol ynucl eoti de
sequence to the 3' termnus of the prinmer. The oligonucl eotide-nodified
priners are then used as the tenplate in subsequent polynerization
reactions. Free primer capable of hybridizing to the added oligonucl eotide
Is added to the flow cell and incubated under conditions sufficient to

al | ow hybri di zati on between the added ol i gonucl eotide portion of the
tenplate and the free primer. After incubation, the flowcell is rinsed

wi th 1xSSC/ REPES/ 0. 1ASDS f ol | owed by HEPES/ NaCl. The resulting slide
contains tenplate/prinmer dupl exes where the tenplate conprises the origina
prinmer having MS tenplate conpl enentary sequences added thereto and

nodi fied with:-an pli%onucleotide. The tenperature of the flow cell is then

reduced t oimeging wigha ¥endi ¥ricterrg (Geherenieat 533 mm fior\2escpends toeyfiemidyplex cont act
W th the fpanione The pdsitonp hivifgldctectAl flasresciite AHe@R8dd] A RRIMYERE, WKL, I NSE,

scavenger, gl oo ] Fed | i nal i mage)
i s repeat eﬁé’\ggggresg%%l Eedngp%%%%éé%%szg?ﬂgd&égﬁ e _n%gr;g‘g@ (SP“QW es is
conpl et ed, Nefiethe prpginest labat isgdeayeq pffincormorpted CTR) by intefuction dntg ghe floycesd)

ob]'E ai ned fofS0HMETOER fob 5 Snifutéd, aferafititle HuR|cenjs rafsaiahihgaeahlt\ﬁui he ML3 .
reference §§9ﬁ% s !@.H_:%%g: . al. ai ned as
descri bed al ove?ﬁ%he i rrgggqéita obt al %g%%lgﬁr%g%%ﬁgjgggﬁl%d%?ﬁgapse
honopol ymeVity 50 @ ipdeacgtamieder 5 gippiegfalieved Wygispeimesrpeh¥ithn may be

enbodi ed | SSWHEPESASDPSA50 ul) 2hd HEPES/NAC) (80 ule [Khietst av@ngelr isapplibdagapi ihithe OF

essenti al ﬁ%&mﬁ;{,&amgm&li{mﬁﬁ&%% Q 'J@%}é@a&&w efore

to be considered in all respects 1lTuStratrve rather than rmting on the
i nvent i on TEXHFIRRPS AR tojidenti€y ponsingprpprted;fivoresgentobiects-t ys i ndi cated by t he
appended dPes3js r at Mbe probaiorddestrited abowjothegcahdscted pot o, CyeddTR, | changes
Whi ch CcomEroiddd Y fobAMTBPSUHEP, ARl RhAYR0 A SHBHYE. SiHepriteah@Repbid (5 2T e
therefore :Jugttegtml,egnl;[ngetgsec, l?lll:lrsbel; sac(a:nefgnguj ?rLaGgleP rinse, cleave, rinse, cap, rinse, scavenger,

final image) is repeated exactly as described for ATP, GTP, and UTP except that

Cy5dUTP is incubated for 5 minutes instead of 2 minutes. Uridine is used instead of

Thymidine due to the fact that the CyS5 label is incorporated at the position normally

occupied by the methyl group in Thymidine triphosphate, thus tuming the dTTP into

dUTP. In all 64 cycles (C, A, G, U) are conducted as described in this and the preceding

paragraph.

[0054] Once the desired number of cycles are completed, the image stack data (i.e.,

the single molecule sequences obtained from the various surface-bound duplex) are aligned

to the M13 mfereuée sequence. The image data obtained can be compressed to collapse

homopolymeric regions. Thus, the sequence “TCAAAGC” is represented as “TCAGC” in

the data tags used for alignment. Similarly, homopolymeric regions in the reference

sequence are collapsed for alignment.

[0055] The alignment algorithm matchée sequences obtained as described above

with the actual M13 linear sequence. Placement of obtained sequence on M13 is based

upon the best match between the obtained sequence and a portion of M13 of the same

length, taking into consideration 0. 1, or 2 possible errors. All cbtained 9-mers with 0

ermors {meaning that they exactly match a 9-mer in the M 13 reference sequence) are first
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Clains W claim 1. A nethod of increasing accuracy of nucleic acid
sequenci ng, the nethod conprising the steps of: a) exposing a dupl ex
conprising a tenplate and a prinmer to a polynmerase and one or nore

nucl eoti de conprising a detectable | abel under conditions sufficient for

t enpl at e- dependent nucl eotide addition to said priner, wherein said
tenplate is individually optically resolvable; b) identifying nucleotide

i ncorporated into said prinmer; c) repeating steps a) and b), thereby
determ ning a nucl eoti de sequence; d) renoving the tenplate fromthe priner
of step c); e) adding a polynucleotide to a 3' termnus of the primer of

step d) to forma tenpl ate;

aligned with M13. Then 10-, 11-, and 12-mers with 0 or 1 error are aligned. Finally, all
13-mers or greater with 0, 1, or 2 errors are aligned.

[00S6) ‘The template fragments are removed by increasing the temiaerature of the
flow cell al:aove the melting temperature of the duplex, thereby releasing the templat;e
fragments from the duplexes. The free templates are removed from the flow cell by
washing the flow cell, for exampie the flow cell can be rinsed 5 times each with
SSC/HEPES/SDS (60 ul) and HEPES/NaCl (60 uf). '

[0057) The primers are then modified by adding a polynucleotide sequence to the
3’ terminus of the primer., The oligonucleotide-modified primers are then used as the
template in subsequent polymerization reactions. Free primer capable of hybridizing to the
added oligonucleotide is added to the flow cell and incubated under conditions sufficient to
allow hybridization between the added oligonucleotide portion of the template and the free
primer. After incubation, the flow cell is rinsed with 1xSSC/HEPES/0.1%8DS followed
by HEPES/NaCl. The resulting slide contains template/primer dupiexes where the
template comprises the original primér having M13 template complementary sequences
added thereto and modified with an oligonucleotide. The temperature of the flow cell is
then reduced to 37° C for sequencing and the objective is brought into contact with the
flow cell. The procedure {(expose to nucleotide, polymerase, rinse, scavenger, image,
rinse, cleave, rinse, cap, rinse, scavenger, ﬁhal irmage) is repeated as described above,
[0058] Once the desired number of cycies is completed, the image stack data (i.e.,
the single molecule sequences obtained from the various surface-bound duplex) are aligned
to the M 13 reference sequence and/or are aligned to the sequence initially obtained as
described above. The image data obtained can be compressed to collapse homopolymeric
regions as described above.

-[0059} The invention may be émbodied in other specific forms without departing
from the spirit or essential characteristics thereof. The foregoing embodiments are
therefore to be considered in all respects illustrative rather than limiting on the invention
described herein. Scope of the invention is thus indicated by the appended claims rather
than by the foregoing description, and all changes which come within the meaning and
range of equivalency of the claims are therefore intended to be embraced therein.
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exposing the tenplate of step e) to a prinmer capable of hybridizing to said
added pol ynucleotide to formtenpl ate/ prinmer duplex, and repeating steps a)
through c) to sequence a portion of the tenplate, wherein a | east a portion
of the sequence obtained is conplenentary to the nucl eoti de sequence of c),
t hereby increasing the accuracy of nucleic acid sequencing. 2. The nethod of
claim1, wherein the sequence obtained in c) is conpared wth a conpl enent
of the sequence obtained in f). 3. The nethod of claim11, further conprising
repeating steps d) and U. 4. The nethod of claim 1, wherein said |abel is an
optically-detectable | abel. 5. The nethod of claim4, wherein said
optically-detectable label is a fluorescent |label. 6. The nethod of claim
5, wherein said fluorescent |abel is selected fromthe group

We claim:
1. A method of increasing accuracy of nucleic acid sequencing, the method

comprising the steps of:

a) exposing a duplex comprising a template and a primer to a polymerase and
one or more nucleotide comprising a detectable label under conditions
sufficient for teunpiate-depend'ent nucleotide addition to said primer,

wherein said template is individually optically resolvable;
b) - identifying nucleotide incorporated into said primer;
c) repeating steps a) and b), thereby determining a nucleotide sequence;

d) removing the template from the primér of step ¢);

e) adding a polynucieotide to a 3" terminus of the primer of step d) to form a
template;
f) exposing the template of step €) to a primer capable of hybridizing to said

added polynucleotide to form template/primer duplex, and repeating steps
a) through ©) to sequence a portion of the template, wherein a least & portion
of the sequence obtained is complementary to the nucleotide sequence of c),
thereby increasing the accuracy of nucleic acid sequencing.

2. The method of claim 1, wherein the sequence obtained in c) is compared with a
complement of the sequence obtained in f).

3. The method of claim 1, further comprising repeating steps d) and f).

4. The method of claim 1, wherein said label is an optically-detectable label.
5. The method of ¢laim 4, wherein said optically-detectable label is a fluorescent
label.
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consisting of fluorescein, thodasnine, ermne, Cy5, Cy3, BOD PY, alexa,
derivatives thereof. 7. The nethod of claim 1, wherein said duplex is
attached to a surface. 8. The nethod of claim1, wherein said priner is

attached to a surface.

6. The method of ciaim 5, wherein said fluorescent label is selected from the group
mnsisﬁnﬁ of fluorescein, thodamine, cyanine, Cy5, Cy3, BODIPY, alexa, and
derivatives thereof.

7. The method of claim 1, wherein said duplex is attached to a surface.

8. The method of claim 1, wherein said primer is attached to a surface.
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